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Abstract 

This study presents a numerical investigation of Newtonian fluid flow 

through a backward step duct using the Galer kin Least Square Finite 

Element Method (GLSFEM) within the COMSOL Multiphysics 

environment. The research explores the impact of fluid inertia and geometric 

variations on flow characteristics, specifically focusing on aspect ratios of 

1:6 and 1:12. By solving the incompressible stationary and non-stationary 

Navier-Stokes equations, the simulation characterizes vortex formation, 

recirculation flow rates, and reattachment lengths across a range of 

Reynolds numbers. Results indicate that increasing the Reynolds number 

and expansion ratio significantly enhances the intensity and length of 

primary and secondary eddies at the duct corners. Quantitative analysis is 

supported by newly developed empirical equations for recirculation flow 

rates, which demonstrate high correlation with existing literature. The 

findings provide critical insights for industrial applications involving flow 

separation and mixing, such as automotive silencers, chemical transport 

tanks, and turbine blade design. 
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INTRODUCTION  

Computational Fluid Dynamics (CFD) serves as a bridge between pure theory and physical 

experimentation [1]. It involves the use of numerical analysis and data structures to analyze 

and solve problems that involve fluid flows. In modern engineering, CFD is indispensable for 

predicting how fluids interact with surfaces and internal geometries. By discretizing the 

continuous domain into a finite number of elements, complex partial differential equations 

(PDEs)—which are often impossible to solve analytically—can be approximated with high 

precision [2,3] 

The study of fluid flow in a backward step duct is governed by the incompressible Navier-

Stokes equations, which represent the fundamental principles of the conservation of mass and 

the conservation of momentum. For an incompressible Newtonian fluid, mass conservation is 

expressed by the continuity equation∇⋅u=0 [4,5]. While the conservation of momentum is 

defined as, 𝜌(
𝜕𝑢

𝜕𝑡
+ 𝑢 ⋅ 𝛻𝑢) = −𝛻𝑝 + 𝜇𝛻2𝑢 + 𝑓,in these expressions, 

𝜕𝒖

𝜕𝑡
represents the velocity 

vector, p denotes the pressure, ρ is the fluid density, and μ refers to the dynamic viscosity 

[6,7]. In the context of this topic, either stationary or steady-state conditions and non-

stationary or transient conditions are analyzed to provide a comprehensive understanding of 

how flow patterns either evolve over time or stabilize under constant boundary conditions [8]. 

The "backward step" or "sudden expansion" duct is classic benchmark geometry in fluid 

mechanics, consisting of a narrow inlet channel that abruptly opens into a wider expansion 

area [9].This geometry is scientifically significant because it triggers several critical fluid 

phenomena, beginning with flow separation, where the fluid can no longer remain attached to 

the wall as it passes the sharp corner of the step.This separation results in the creation of a 

low-pressure zone behind the step, leading to recirculation and the formation of eddies, 

specifically a primary vortex known as the recirculation zone. At higher Reynolds numbers, 

this phenomenon becomes more complex as secondary vortices may appear at the upper 

corners or further downstream. Eventually, the separated flow reaches a point where it 

reattaches to the bottom wall, and the distance from the step to this specific location is 

defined as the reattachment length, which serves as a key quantitative metric in this study 

[10].To solve the governing equations within the backward step geometry, this research 

employs the Galer kin Least Square Finite Element Method (GLSFEM) [11]. Traditional 

Galer kin methods often suffer from numerical instabilities (oscillations) when dealing with 

convection-dominated flows (high Reynolds numbers) or when using equal-order 

interpolation for velocity and pressure [12].GLSFEM overcomes these issues by adding a 

"least squares" stabilization term to the standard Galer kin formulation. This enhances the 

stability of the solution without sacrificing accuracy, allowing for a robust calculation of 

velocity streamlines and pressure gradients even in regions of high turbulence or rapid 

geometric transition [13]. 

The simulation is implemented using COMSOL Multiphysics, which is a powerful finite 

element analysis software. COMSOL allows for a "Multiphysics" approach, meaning it can 

couple fluid flow with heat transfer or chemical reactions if needed [14,15]. For this specific 

work, the COMSOL CFD module is utilized to generate high-quality meshes and 

discretization around the sharp corner of the step where gradients are steepest. It is also used 

to apply boundary conditions such as “No Slip” at the walls and specific velocity profiles at 

the inlet, while executing parametric sweeps to compare different expansion ratios of 1:6 

versus 1:12 across varying Reynolds numbers [16]. The engineering and industrial 

significance of this study is substantial, as the study of backward step ducts is not merely 
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academic but mimics real-world scenarios found in numerous industrial applications. In the 

automotive industry, it is essential for designing silencers and mufflers for heavy sports 

vehicles where gas expansion and noise reduction are critical [17]. In the field of aerospace, it 

aids in understanding flow over air foils and turbine blades where sudden changes in 

geometry can lead to stall or loss of efficiency. Chemical engineering benefits from this 

research through the design of mixing tanks and transport routes where "dead zones" or 

recirculation areas can affect the sedimentation of chemicals or the efficiency of a reaction. 

Additionally, environmental engineering utilizes these models to understand sedimentation 

patterns in reservoirs and water treatment facilities [18]. The primary goal of this work is to 

set the stage for a comparative analysis. By varying the aspect ratio of the duct and the inertia 

of the fluid (represented by the Reynolds number), this research aims to quantify exactly how 

the vortex intensity and reattachment length changes? Through the development of new 

empirical equations, the thesis seeks to provide a predictive tool that can be used by engineers 

to optimize duct designs for better flow control and energy efficiency 

METHODOLOGY  

Computational Fluid Dynamics (CFD) has emerged as a vast and essential field by 

integrating complex mathematical models—specifically partial differential equations—with 

physical principles and high-performance computing to resolve large-scale problems. This 

discipline spans across numerous sectors, including medical sciences, aerodynamics, 

hydraulic engineering, and the automotive industry. Modern CFD relies on sophisticated 

software packages such as ANSYS, COMSOL Multiphysics, and FlexPDE to design, 

discretize, solve, and visualize fluid interactions within both open and closed geometries that 

mirror real-world scenarios. A critical aspect of this process is selecting an appropriate 

numerical technique to manage the steady-state and transient characteristics of fluid motion, 

as each method possesses unique limitations despite potential advantages in convergence 

speed. Given its robust capabilities and widespread industrial relevance, the Finite Element 

Method (FEM) was utilized in this study via COMSOL Multiphysics, following the 

established frameworks as given in references of 19, 20 & 21[19-21]. The COMSOL 

Multiphysics package utilizes the Finite Element Method (FEM) as its core mathematical 

foundation, offering a broad range of applications through advanced computational 

algorithms that ensure results meet a specified level of numerical accuracy. 

 

Figure –1: Flow diagram of the COMSOL Multi-Physics 
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The program includes a large flow chart where a laminar flow issue is selected, followed by 

the discretization of the governing equations of fluid dynamics using a variety of finite 

element methods, including Galer kin and Petrov-Galerkin, among others. First, it was 

explained how the governing equations connect to the project’s research topic. 

THEORY OF GOVERNING EQUATIONS  

The governing theoretical framework is centered on the fundamental conservation laws of 

physics, specifically the conservation of mass and momentum. Given that the domain consists 

of a rectangular channel, these principles are expressed here through the continuity and 

momentum transport equations in two-dimensional Cartesian coordinates. To effectively 

couple the velocity field and pressure, the equations are defined under the assumptions of 

Newtonian and incompressible fluid behavior 

EQUATIONOF CONTINUITY  

The continuity assumption that the fluid transport rate at the body's entrance must match the 

fluid outflow rate at the body's outlet is the basis for this equation. Due to the scope of 

interest, this assumption is only formally addressed here in two dimensions and for 

incompressible fluids; 

For Incompressible fluids 
* *

* *

u v
0

x y

 
+ =

 
         (1) 

The vector velocity field, denoted as the divergence free vector, is shown here by u and v. 

EQUATIONFOR MOMENTUM TRANSPORT 

The governing equations employed here describe the transfer of momentum resulting from 

the coupling of external forces, such as pressure gradients. Derived from Newton's second 

law of motion—perhaps the most fundamental principle in mechanics—this formulation 

dictates that the net force acting on a fluid element is directly proportional to its acceleration. 

The resulting momentum equations are expressed as follows: 

 

F = m a           (2) 

In this context, F represents the external force, m is the constant of proportionality (mass), 

and ‘a’ denotes the body's acceleration. By incorporating specific fluid properties—including 

density, dynamic viscosity, the velocity vector field, and pressure—Equation (3.2) can be 

expanded into its differential form. The general dimensional representation of the momentum 

transfer equations is provided below: 

 

( ) ( )( )T
p I F   =  − +  +  +

 
u. u u u

     
(3) 

While Equation (3.3) can accommodate a diverse range of fluid types and flow regimes, this 

research focuses specifically on the two-dimensional, laminar flow of Newtonian liquids. To 

streamline the computational process and ensure rapid convergence, the governing equations 

are presented in their non-dimensional form. By non-dimensional zing the variables, physical 

properties such as density and viscosity are consolidated into the Reynolds number (Re). This 

dimensionless parameter represents the ratio of inertial forces to viscous forces, effectively 
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characterizing the fluid's resistance to flow. The resulting non-dimensional equations for this 

specific study are as follows: 
 

* * * * * *
* *

* * * * * * *

u u u 1 u u
 

Re

P
u v

t x y x x x y y

             
+ + = − + +      

                

(4a) 

* * * * * *
* *

* * * * * * *

v v v 1 v v
 

Re

P
u v

t x y y x x y y

             
+ + = − + +      

             

  (4b) 

 

Here, Reynolds number, or Re, is referred to as fluid flow inertia and is concentrated as 

follows: 
 

Re
avgu L



 
=  

In contrast, L denotes the channel's length, µ mean denotes the average velocity, and  

denotes the fluid's density and ⁭ its viscosity. 

INITIAL AND BOUNDARY CONDITIONS 

The computational domain is composed of three primary sections: two small rectangles 

representing the inlet and outlet, and a larger central rectangle acting as the tank. Within this 

geometry, several boundary conditions are established. All external boundaries are defined as 

stationary walls, requiring the application of the no-slip condition. The right-hand boundary 

is designated as the outlet with a fixed zero-pressure condition, while the left-hand boundary 

serves as the inlet under a specified maximum pressure. To visualize the flow patterns within 

the domain, a parabolic velocity profile is implemented at the inlet, defined by the following 

expression: 

( ) 6 1m

y y
u y U

L L

 
=   − 

 
, 𝑃 =  𝑃𝑚𝑎𝑥

      

(5) 

NUMERICAL TECHNIQUES THROUGH CFD PACKAGE COMSOL 

MULTIPHYISCS  

Within the framework of partial differential equations (PDEs), the field of CFD provides a 

mathematical representation of physical laws governing both spatial and transient 

phenomena. While analytical solutions are generally limited to fundamental problems with 

simple geometries, complex domains and non-linear PDEs necessitate approximate numerical 

solutions. In this study, the Finite Element Method (FEM) is employed for the discretization 

of these governing equations. This discretization process utilizes a structured mesh to 

transform continuous differential operators into a system of discrete variables across space 

and time. Once discretized, a stable numerical solver can be applied to calculate the unknown 

parameters of the PDE. Specifically, the discretization strategy implemented here is the Galer 

kin method, supplemented by the integration of least-squares residuals to stabilize the shape 

functions. This computational approach is executed using the COMSOL Multiphysics 

package. 
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FINITE ELEMENT METHOD 

Historically, this technique was pioneered by the German-American mathematician Richard 

Courant in the early 1940s. While initially developed to resolve complex problems in 

structural mechanics—a field where it remains a standard—the method has since expanded 

into solid and fluid mechanics. Beyond mechanical engineering, the Finite Element Method 

(FEM) has proven to be a versatile numerical tool applicable to chemistry, physics, and the 

biological sciences. Within the COMSOL Multiphysics environment, FEM can be effectively 

implemented across one, two, or three-dimensional domains, as illustrated by the following 

examples: 

 
 

 

Figure – 2: various styles of the finite element discretization’s 

The different form elements, such as edges, nodes, and entire faces of the domain, are shown 

in Figure–2 above. After converting the derivatives into little unknowns with the necessary 

boundary value conditions, the set of discrete form equations was built using the individual 

node. 

The FEM is a numerical technique that breaks down a complex domain into discrete, tiny 

components that may be calculated in relation to one another. The piecewise elements show 

the basic algebraic terms obtained from the discretization process of the FEM, and the entire 

domain describes the partial differential equations. Many CFD software, including ANSYS 

CFX, COMSOL Multiphysics, open Foam, and many more, use the FEM tool. 

Numerous businesses and other physical and biological research sectors use the FEM tool. 

There are several uses for the material, including extensive use in the electrical, computer, 

and aerospace industries. These days, FEM is a very significant instrument in the biosciences 

and in the production of medications. In particular, it is necessary to model the structure of 

tissues and to simulate the flow of blood via arteries, bones, muscles, and many other 

structures. Additionally, FEM shown that modelling and simulation are superior to 

experimental methods. 

Due of its widespread use in the literature, the FEM tool is used here. It is applied to the 

governing equations using the CFD application COMSOL Multiphysics. However, the 
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packages included several FEM systems like Petrov-Galerkin and Galer kin. To readily 

regulate the steady state solution of the governing equations, only Galer kin FEM was used in 

this case, along with the FEM and least squares procedure. 

GALERKIN LEAST SQUARE FINITE ELEMENT TECHNIQUE 

In the field of CFD, the Finite Element Method (FEM) is frequently employed to obtain 

numerical solutions for the Navier-Stokes equations, especially when dealing with complex 

partial differential equations. While other established techniques—such as the Lattice 

Boltzmann Method (LBM), the Finite Volume Method (FVM), and Boundary Element 

methods—are widely used across various CFD platforms and custom computational codes, 

this study utilizes individual FEM models tailored for elasticity, fluid mechanics, and 

structural mechanics. Specifically, a hybrid approach is implemented here to solve the 

governing PDEs by integrating the Least Squares stabilization technique with the traditional 

Finite Element framework. When it comes to handling with discrete circumstances, removing 

the attribute of symmetry, and dealing with positive definite simple systems, LSGFEM is a 

more dependable and driven methodology that covers all the advantages of Rayleigh-Ritz 

techniques. This approach is centered on optimizing convex unknowns that are created using 

system of equation residuals. In the context of solving partial differential equations, the 

Least-Squares Galer kin Finite Element Method (LSGFEM) is fundamentally characterized 

by forcing the functional residuals into an orthogonal direction relative to the finite element 

subspaces. Integrating the least-squares process into the finite element framework offers 

significant practical advantages, including the rapid development of bases for compatible 

subspaces, the efficient construction of linear systems, and the improved well-posed Ness of 

those systems. Furthermore, LSGFEM provides distinct benefits over traditional FEM or 

Rayleigh-Ritz methods; most notably, the least-squares residual functions as a reliable error 

indicator that can be directly used to drive adaptive mesh refinements. Consequently, this 

approach allows residuals from both homogeneous and non-homogeneous boundary 

conditions to be seamlessly integrated into the minimization of the least-squares unknowns. 

The Least-Squares Galer kin Finite Element Method (LSGFEM) serves as a robust approach 

for solving Navier-Stokes problems in fluid mechanics, offering a more dependable and 

computationally efficient means of resolving the unknowns within partial differential 

equations—particularly when applied to first-order systems. To leverage these advantages, 

the standard second-order Navier-Stokes equations are transformed into a vorticity-velocity-

pressure formulation by introducing vorticity as an additional parameter. 

PROCEDURE OF FIRST ORDER SYSTEM THROUGH LSGFEM 

The numerical strategy implemented in this study is the Least-Squares Galer kin Finite 

Element Method (LSGFEM), which is strictly designed for first-order systems of equations. 

Because the governing momentum and continuity equations are initially second-order, an 

algebraic transformation is required to eliminate higher-order terms. To achieve this, 

vorticity—defined as the curl of the velocity field—is introduced as an auxiliary variable. 

This transformation allows the system to be recast into a more manageable first-order 

framework. The specific procedures for this conversion are described below: 

. 0 =u          (6) 

( )
1 2 0

Re
P−  +  +  =u u u       (7)  
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Now added extra parameter Vorticity that are:  

= w u          (8)  

As per identity of vector analysis, it is described as below; 
2( ) .u u  = −         (9) 

After the equations (8) and (9) substituted into the (7), the resulted the system described 

below; 

. 0 =u          (10a) 

1
. 0

Re
p +  +  =u u w        (10b) 

0w −  =u         (10c) 

 

The necessary problem is two-dimensional, the fluid is Newtonian and incompressible, and it 

may be expressed in the form of Cartesian coordinates as follows: 

 
* *

* *

u v
0

x y

 
+ =

 
        (11a) 

* * *
1

0
Re

u u P w
u v

x y x y

   
+ + + =

   
     (11b) 

* * *v v v1
0

Re

P
u v

x y y x

   
+ + − =

   
     (11c)

* *
* 0

u v
w

y x

 
+ − =
 

        (11d)  

The system (11) is now referred to as a first order system. The matrix system of all unknowns 

(u, v, P, and w) with regard to x and y may be used to further solve the problem. 

. 

1 2

1 0 0 0 0 1 0 0

0 1 0 1
0 0

A , A Re1
0 0

0 1 0Re

0 1 0 0 1 0 0 0

u
v

u
v

   
   
   

= =   
−   

   
   −   

 

0 0 0 0

0 0 0 0
A

0 0 0 0

0 0 0 1

 
 
 =
 
 
  ,           

0

0

0

0

f

 
 
 =
 
 
  ,           

u

v

p

w

 
 
 =
 
 
 

u

 

The system KU = F is now discretized using the least square Galer kin FEM, and the stiffness 

matrix (k) is solely calculated using the subsequent procedure: 

 

j j, x 1 j, y 2 jL = A + A + ψ          (12a) 

 

d

T

e 1 2 3 Ne 1 2 3 NeK = <L ,L ,L ,.....,L L ,L ,L ,.....,L d


            (12b) 

 

Following the assembly of the global stiffness matrix K, the discrete algebraic system is 

formulated as KU = f to solve for the velocity field (u and v), pressure (p), and vorticity (ꞷ). 
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To resolve this system efficiently, the Newton-Raphson method was selected as the most 

appropriate numerical instrument. This iterative methodology is particularly well-suited for 

these equations due to its superior convergence properties when handling the non-linearity 

inherent in fluid flow. 

 

NEWTON RAPHSON METHOD 

Primarily recognized as a robust iterative process, this method was famously detailed by 

reported literature [31] for resolving non-linear equations involving a single variable. While 

initially utilized across various physical disciplines for single-unknown problems, the 

evolution of computer algorithms has greatly extended its application to complex systems of 

both linear and non-linear equations with multiple variables. This approach has been widely 

integrated into modern CFD software, most notably COMSOL Multiphysics, which leverages 

the technique to efficiently manage non-linear research problems. By utilizing this method, 

the software maintains a controlled number of iterations while ensuring the solution reaches 

the required threshold of numerical accuracy. 

( )
( )

*

* *

1 *
0, 1, 2, 3,....

i

i i

i

f x
x x i

f x
+ = − =


     (13) 

Equations (3–13) may be transformed into the Jacobean determinant form, which is as 

follows: 

 

( ) ( )
1

* * * *

1 0, 1, 2, 3,....i i i ix x J x f x i
−

+ = − =     (14) 

 

However, ( )
1

iJ x
−

 is sometimes referred to as the Jacobean matrix, which has the following 

definition and is recognized as the inverse matrix of all differentials of unknowns in terms of 

x and y; 

 

( )

( ) ( ) ( )

( ) ( ) ( )

( ) ( ) ( )

1 1 1

1 2

2 2 2

1 2

1

1 2

......

......

. . ...... .

. . ...... .

. . ....... .

.....

n

n

n n n

n

f f f
x x x

x x x

f f f
x x x

x x x

J x

f f f
x x x

x x x

−

   
   
 
   
   
 
 =
 
 
 
 
   
    

 

 

To compute the unknowns from equations (14), it is necessary to establish an initial guess for 

all variables. In this study, these initial values—covering the velocity components, pressure, 

and vorticity—are assumed to be zero. By initializing the system at U (0) = 0, the iterative 

process described above is applied to the governing equations to reach a converged solution. 

RESULTS AND DISCUSSION  

The power law concept, which stated that all fluids had constant viscosity, was followed by 

Newtonian fluids. Chemical engineers and chemical industries use these fluids through the 
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backward step duct extensively. For example, they are used to design water bottles, study 

how water fluids behave in these bottles, and analyse the patterns of molecular mixing in 

bioreactors. The backward step duct has a wide range of possible uses in major companies 

that are specifically constructed for water tanks and interpret the behavior of water via these 

tanks. As a result, backward step duct flows are specifically employed in the automotive 

industry to create silencers or mufflers for large automobiles.In order to create the greatest 

CFD packages, these mufflers were used in sports cars. They looked at air flows and 

managed the loud noises they produced [22-24]. 

The free surface shallow water flows across the rectangular basin domain that are connected 

to the forward and backward step ducts were studied [30]. Three methods—theoretical, finite 

volume tool using the CFD program WOLD 2D and experimental—were examined for the 

turbulence flow patterns. Different rectangular basin geometries with varying hydraulic 

conditions were discussed, including variations in the basin's width and length. It was 

discovered that these geometries either provided symmetric conditions for inflow or had non-

symmetric flow patterns, and various Froude numbers were evaluated.According to the 

findings, symmetric vortices were detected in small basins, but as the basins' length and 

breadth increased, non-symmetric vortices were also seen. Three distinct types of vortices 

were discovered: lower, upper corner and main core flow vortices. Additionally, using the 

CFD software, the stable projected outcomes of the streamline flow characteristics were 

expressed. 

By using experimental methods and WOLD 2D turbulence models, [25] were also able to 

mimic the geometry of shallow water reservoirs, such as backward and forward step 

channels. The Reynolds-AveragedNavier-Stokes equations for shallow seas were used to 

calculate the velocity profile using the k–Ɛ model with finite volume discretization technique. 

River engineering and urban hydraulics served as the foundation for this concept. In order to 

alter the ratio, a number of flow characteristics at various geometries, including average 

velocity profiles, velocity flow patterns, and turbulent energy, both kinetic and average 

kinetic, which were relevant for the global indicator were calculated.Every flow pattern was 

examined experimentally before being contrasted with the WOLF 2D package's predicted 

outcomes. It was determined that mean flow characteristics were more accurately and 

steadily measured using the k-turbulent model. 

To investigate Newtonian flow phenomena across various expansion ratios of 1:4, 1:6, and 

1:8 in converging and diverging channels, a finite volume model using the ANSYS Fluent 

CFD platform was developed as reported [26]. The study utilized the Gambit package to 

design and mesh specific geometries, including a basin and a backward-facing step channel 

with varying length-to-width ratios, before exporting them to the solver. These geometries 

were used to analyze laminar flow characteristics by coupling pressure and velocity within 

the Navier-Stokes equations, focusing on both clear-flow and porous-media configurations. 

By varying the Reynolds number, literature shows that laminar streamline patternswere 

demonstrated, calculated reattachment lengths, and determined recirculation flow rates. The 

results revealed the formation of distinct eddies in the primary core flow as well as in the 

upper and lower corners of the backward-facing step. As the Reynolds number increased, 

these vortices transitioned into non-symmetric patterns, illustrating the evolution of the 

vortex phenomenon. 
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PROBLEM SPECIFICATIONS WITH NECESSARY CONDITIONS 

Selecting a rectangle domain with a fixed rectangular tiny channel as an upper inlet and 

another rectangular as an exit at the lower level is the challenge of interest. The schematic 

design defines the total dimensions for both the small and large channel segments, 

incorporating no-slip boundary conditions at all stationary walls to account for fluid 

friction.Because the governing equations are parabolic,fixed the parabolic velocity profile at 

inlet as ( ) ( )max10 U 1u f y y y= =   − and imposed zero pressure at outlet of the channel. 

Select triangle pieces for the domain's mesh design on both the boundaries and throughout 

the domain. The total number of triangle elements is thus 4704; there are 252 edge elements, 

8 vertex elements, and 7437 degrees of freedom correspondingly. The element has a 

minimum size of 1.2×10-3and a maximum size of 6×10-3. The precision is highest at the 

smallest size. The high degree of correlation between the current results and the established 

data [27-29] validates the accuracy of the findings obtained through the GLSFEM approach. 

DISCUSSIONS OF THE PREDICTED RESULTS 

The discussion is predicated on the anticipated outcomes obtained by using the finite element 

method with Galer kin least square residuals included. The anticipated outcomes center on 

the examination of Newtonian and incompressible fluid transport through the different 

backward step duct ratios. The fluids were analysed based on the impacts of the ratio in the 

domain with a fixed Reynolds number and the various Reynolds numbers. The flow patterns 

were seen as velocity streamlines, and vortex measurements were seen at the domain's 

corners. 

INFLUENCE OF THE REYNOLDS NUMBER ON FLOW PATTERNS OF THE 

DIFFERENT RATIOS IN THE BACKWARD STEP DUCT 

The actual backward step duct domain was first designed with the required initial and 

boundary conditions at each zone of the duct, mesh structures, velocity streamlines, and flow 

feature plots such as vortex length and intensity as recirculation flow rate based on the 

Reynolds number. Figure 3 first outlined the study problem's schematic domain, which is 

referred to as a backward step channel with a tiny channel as the outlet. Due to the 

immovable walls, the domain has a parabolic intake, zero pressure at the exit, and Neumann 

boundary conditions. For both the 1:6 and 1:12 ratios of the backward step channel, Figure 4 

described the finer, highly refined, and structured meshes in the continuity. 

The triangular finite element structure with the smallest step size (1.3×10-3) is selected. The 

streamline laminar flow patterns of the velocity and varying varied Re's were described in 

Figure 5(a). Surprisingly, the expansion channel's left quiet corner displays the relatively thin 

primary eddy. As Re increases, the size of the main eddy increases and moves toward the 

channel's exit, but no secondary eddy appears at lower Re values (= 300). The flow 

phenomena are also changed in figure 5(b). As a result of the higher Re's, the primary eddy is 

larger, more visible in the quiet corner of the expansion channel, and almost fills the whole 

space of the core flows. 

Re=300 also starts the secondary vortex in the top corner of the expansion channel, and when 

Re increases to 700, the secondary eddy gradually enlarges in the upper right corner of the 

expansion channel. At the lower left corner of the backward step duct, another secondary 

vortex is also visible. The streamline patterns for the backward step channel's enlarged 1:12 
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ratio were shown in Figure 6(a and b). Here, the ratio was raised to 1:12 in order to expand 

the size of the channel's extension section. Both primary and secondary eddies, which are not 

generated in the lower ratio (1:6), are initially seen as a result of the ratio being enhanced (Re 

= 01).Additionally, when Re increases, the primary vortex's size increases significantly in 

both horizontal and vertical directions, while the secondary eddy's size gradually increases at 

the corners of the channel's expansion section. As a result, when Re's are increased, the 

primary eddy is clearly seen to be enhanced both vertically and horizontally at the left silent 

corner of the channel's expansion portion, but the secondary vortex's size enhancement at the 

upper right corner of the channel's expansion portion occurs far too slowly. 

The enormous primary eddy is then readily visible at the expansion channel's quiet corner 

and fills the whole expansion part of the channel with the large eddy when Re's are increased 

to 500. Likewise, the top right corner of the channel's expansion section exhibits a fairly 

gradual increase in the size of the secondary eddy. The calculations are raised to the Reynolds 

number 1000 as a result of increasing the ratio from 1:6 to 1:12.Three distinct vortices are 

seen in the more streamline laminar flow patterns depicted in Figure 7: the major vortex at 

the bottom corner (main core flow), the secondary vortex at the upper right corner, and the 

tertiary vortex at the lower corner of the backward step duct. The calculations begin with Re 

= 700 and go up to 1000. The magnitude of the primary vortex in the main core flow is 

clearly visible, while the secondary and tertiary vortices are growing but moving extremely 

slowly and too slowly, respectively. 

INFLUENCE OF THE ASPECT RATIOS ON FIXED REYNOLDS NUMBER 

The effect of increasing the ratio from 1:6 to 1:12 in the channel's expansion portion with 

fixed Re = 01, 200, 300, and 600 is shown in Figure 8(a). At the lowest Reynolds number 

(=01), only the primary eddy is visible in the left corner of the channel, but at the large ratio 

(1:12), both primary and secondary tinny eddies are visible in each corner of the channel's 

expansion portion. As Reynolds number (200) is increased, the primary vortex increases in 

both ratios, but the size of the vortex is higher in the ratio 1:12 to 1:6. The secondary vortex 

grows in size, but it does so very slowly that it is insignificant.The streamline patterns with 

higher Reynolds numbers (300 to 600) were also shown in Figure 8(b). The tertiary vortex 

developed in the bottom corner of the backward step duct and expanded slowly, while the 

primary and secondary vortices were clearly visible and further increased. The enhancement 

of the Reynolds number is found to increase the vortex size in all streamline flow patterns; 

however, the enhancement is smaller in the low ratio (1:6), with the exception of the stronger 

enhancement in the higher ratio (1:12) of the backward step duct. Plotting the recirculation 

flow rate as a function of the rising Reynolds number so justifies improvement. 

The similar enhancement was shown in Figure 9 as a result of an increase in Reynolds 

number. Both plots showed the enhancement, but they also showed the rapid linear 

enhancement in the recirculation flow rate for the larger ratio of 1:12 of the backward step 

duct. Additionally, Figure 9(a – d) depicted the plot of the primary vortex length calculations 

seen in the streamline laminar flow patterns, making it evident that the primary vortex 

increases gradually in the lower ratio (1:6) and quickly in the higher ratio (1:12) of the 

backward step duct. The detailed quantitative values of the vortex length and recirculation 

flow rate in size with varying Reynolds numbers were lastly given in tables 1 and 2.In this 

study, the empirical equations for both geometry ratios were freshly calculated using 

statistical measures as least square regression equations. The maximum value of the 

recirculation flow rate with different Reynolds numbers, which are mentioned below, is the 

main emphasis of these empirical formulae; 
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For ratio 1:6 
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Figure–3:The two-dimensional rectangular backward step duct's schematic diagram. 
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Figure–4: The rectangular backward step duct's finer and very small mesh for ratios (a) 1:6 and (b) 1:12. 

 

Re = 01

Re = 100

Re = 200

Re = 300

 
Figure –5(a): Simplify the 2-D backward step duct's velocity contours at a 1:6 ratio (01 ≤ Re ≤ 300). 
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Re = 400

Re = 500

Re = 600

Re = 700  

Figure –5(b): Simplify the 2–D backward step duct's velocity contours at a 1:6 ratio (400 ≤ Re ≤ 700). 

Re = 01 Re = 100

Re = 200
 

Figure –6(a): Simplify the 2–D backward step duct's velocity contours in a 1:12 ratio (01 ≤ Re ≤ 200). 
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Re = 300 Re = 400

Re = 500

 
Figure –6(b):Simplified Velocity Contours of the 2–D Backward Step Duct at a 1:12 Ratio 

Re = 700 Re = 800

Re = 1000
 

Figure –7:Simplify the 2–D backward step duct's velocity contours in a 1:12 ratio (700 ≤ Re ≤ 1000). 

Re = 200

Re = 01

 



KJMR VOL.03 NO. 02 (2026) FINITE ELEMENT ANALYSIS OF INCOMPRESSIBLE …… 

 

pg. 211 

Figure –8(a): Using fixed Re = 01 and 200, streamline the velocity contours of the 2–D backward 

step duct in various ratios (1:6 and 1:12). 

Re = 300

Re = 600

 

Figure –8(b): The 2–D backward step duct's streamline contours of velocity in various ratios 

(1:6 and 1:12) with fixed Re = 300 and 600. 

 

Figure –9(a, b, c, d): Vortex length (X) at different Reynolds numbers (Re) for the 2-D 

backward step duct in different ratios (1:6 and 1:12) and recirculation flow rate at different 

Reynolds numbers (Re). 
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Table–1: Recirculation flow rate minimum and maximum values at various Reynolds 

numbers for the 1:6 and 1:12 2-D backward step duct ratios 

  Recirculation Flow rate() 

Reynolds  

number(Re) 

Ratio of the domain 

( 1:6 ) 

Reynolds  

number(Re) 

Ratio of the domain 

( 1 :12 ) 

(1 min) (1 max) (2min) (2max) 

600 1.03×10−8 1.19×10−3 500 4.47×10−10 9.94×10−4 

500 1.83×10−10 1.08×10−3 400 1.99×10−10 7.97×10−4 

400 3.54×10−9 7.96×10−4 300 5.87×10−11 5.99×10−4 

300 6.81×10−9 5.98×10−4 200 8.23×10−11 4.00×10−4 

200 2.57×10−10 4.00×10−4 100 2.74×10−11 2.01×10−4 

100 7.81×10−11 2.01×10−4 50 1.28×10−11  1.00×10−5 

50 5.25×10−11 1.00×10−4 1 2.47×10−13 2.00×10−6 

1 1.14×10−12 2.00×10−6 

   

Table–2: Vortex Length (X) at various Reynolds Numbers for the 2–D backward step duct 

ratios of 1: 6 and 1:2. 

Vortex Length(X) 

Reynolds  

number(Re) 

Ratio of the domain 

( 1:6 ) 

Reynolds  

number(Re) 

Ratio of the domain 

( 1 :12 ) 

(X) (X) 

600 0.300 500 0.310 

500 0.280 300 0.260 

300 0.190 200 0.70 

200 0.140 100 0.070 

100 0.049 01 0.030 

01 0.020 ----- ------ 

CONCLUSION  

The numerical investigation concludes that the Galer kin Least Square Finite Element 

Method (GLSFEM) within the COMSOL Multiphysics environment effectively characterizes 

the complex flow phenomena of Newtonian fluids in a backward step duct. The study 

successfully demonstrates that both fluid inertias, represented by the Reynolds number, and 

geometric variations, specifically aspect ratios of 1:6 and 1:12, significantly influence vortex 

formation and flow stability. Results indicate that increasing the Reynolds number and 

expansion ratio leads to enhanced intensity and length of primary, secondary, and even 

tertiary eddies at the duct corners. Quantitative findings, supported by newly developed 

empirical equations for recirculation flow rates, reveal a quick linear enhancement in the 

higher aspect ratio of 1:12 compared to the 1:6 ratio. Ultimately, these insights into flow 

separation and reattachment provide essential predictive tools for optimizing industrial 

designs in fields such as automotive engineering, aerospace, and chemical processing to 

improve flow control and energy efficiency. 
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