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ABSTRACT 

The flow characteristics of an air-Y-shaped intake duct adapter are discussed in this   paper. The chosen duct has 

an actual subsection geometry of 45°, 50°, 55°from the rectangular cross section, with the adjustment of the flow 

being introduced. Computational investigations were conducted with three types of surface roughness (1e-12 m. 

0.001 m, 0.002 m) and 4.5 m/s, 5.5 m/s and 6.5 m/s, 7.5 (speed spectrum used in the blower applications). This 

research paper aims to study the effects of controlling the separation of the boundary layer by reducing the surface 

roughness in the area with varying velocity ratios and adjusting to a 2D Y-intake duct at different angles. The 

study aims to concentrate on the changes in the duct's flow characteristics and identify the best  velocity possible. 

Using the compressible, Reynolds Averaged Navier Stokes equation with the RNG k-ε one equation turbulence 

model, the modeling and analysis was carried out. For the two different degrees of height roughness, the velocity 

profiles and pressure at different positions on the suction surface were plotted. With the increase in roughness 

height, the shear stress distribution is found to have been increased.  The highest improvement in output was 

achieved when (A=1e-12 m) by increasing Pressure Coefficient 𝐶𝑃, and the least improvement was achieved when 

(A=0.002 m). The quantitative observations of velocity profiles and pressure distribution are also accompanied 

by the qualitative results of span-wise flow contours. 
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INTRODUCTION 

To reduce the size of the wake (streamlining), it may be desirable to decrease flow separation on most fluid 

dynamic machines. Boundary layer separation in aircraft high lift coefficient systems and jet engine intakes is 

usually undesirable. In order to hold it fixed to its surface, the energy in a boundary layer will need to be increased. 

It is well understood that wall roughness increases turbulent skin friction of the boundary layer and creates thicker 

boundary layers. For the rough-wall case, the separation region is significantly larger. For fluid mechanics 

engineers, the most significant event was the discovery by Ludwig Prandtl in 1940 of a thin boundary layer in 

fluid flow with low viscosity. The boundary layer thickness varies according to the curvature of the wall in the Y-

intake duct adapter and this adjustment in the nozzle region is of high importance since we want a desired flow in 

the test portion. That is, uniform and parallel to the maximum speed, and this maximum velocity depends on the 

thickness of the boundary layer. The thickness of the boundary layer should therefore be unchanged and have the 

least possible value. 

Ju Hyun Shin et al as noted. [1] With the FPG, the increases in the boundary layer thickness parameters (δ,𝜃 , 

𝛿∗/δ, and H) caused by roughness are significantly greater than with the ZPG in the sample to provide a 

fundamental understanding of the individual and combined effects of the FPG and surface roughness on turbulent 

boundary layers.  Under the FPG, for y/𝑘𝑟 ≤30, the roughness effect of rising mean velocity defect is greater than 

under the ZPG, and the maximum velocity defect difference between the FPG and ZPG flows is found near 

y/𝑘𝑟=2. In the rough surface boundary layer, the FPG induces extra turbulence energy and thus increases the TKE, 

while in the smooth surface boundary layer, the FPG barely affects the TKE. Wen Wu et al.[2] studied the features 

of the separation and the difference in the flow separation dynamics between the rough and smooth situations on 
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a flat-plate turbulent boundary layer subjected to an adverse-to-favorable pressure gradient. Streamline 

detachment takes place earlier and the separation area is marginally greater for the rough-wall event. This is due 

to the momentum deficit created by the roughness. Roughness in the separated shear layer leads to an early growth 

of TKE and the peak TKE occurs close to the point of separation. The local development process is indirectly 

affected by the roughness due to the inflectional instability in such a region: in the ZPG region, the marginally 

higher wall-normal velocity gradient in the rough-wall case results in a much higher output of Reynolds stresses. 

Such a mechanism does not occur in the smooth-wall case due to the lack of a wide mean velocity gradient in the 

outer layer, which serves as the original cause of the development of shear stress TKE and the production of 

Reynolds stresses.  

Fluidic actuation based on synthetic jets is used by Michael Amitay et al.[3] to monitor the separation flow in the 

internal duct flow. The jet array is located downstream of the separation (that is, within the separated flow 

domain). In the streamwise scope of the domain of separation flow, actuation results in a substantial reduction. 

The flow is completely related to M <0.2, and the reattachment of 0.2< M <0.3 is observed further upstream than 

in the baseline flow. Flow re-attachment results in reduced losses within the duct and can increase the volume 

flow rate. The flow characteristics of the commercially used S809 wind turbine airfoil powered by triangular 

counter-rotating micro-vortex generators were computationally investigated by Yashodhar V et al.[4] at a stall 

angle of attack of 15 degrees and different speeds. Navier Stokes equation with Spalart-Allmaras one equation 

turbulence model is used by Reynolds Averaged. The shear stress distribution of the managed airfoil was 

dramatically increased near the trailing edge of the airfoil, revealing the dominance of vortex generators in 

increasing wind turbine performance by delaying the separation of the boundary layer.  

On the other hand, for NACA0084M Aerofoil, researcher Akshay Ashok Kumar [5] is also studying the delay of 

Boundary Layer Separation by Active Flow Control. A thorough study of flow separation showed that the problem 

of concern in aerofoils is an increase in drag at a higher angle of attack. It has been noted that by delaying the 

boundary layer separation towards the trailing edge of the aerofoil, the wake area and subsequent pressure drag 

can be reduced at higher angles of attack. Active flow control was then used and air was blown at distinct jet 

ratios, thereby energizing the boundary layer and successfully postponing the separation stage. As the high degree 

of centerline curvature and cross-stream pressure gradient in S-inlet ducts contributes to boundary layer and 

secondary flow separation, resulting in poor pressure recovery and non-uniform flow at the interface of the engine 

outlet. In order to increase the overall pressure recovery, minimize crossflow velocity and unify the flow in the 

outlet interface if the synthetic jet is exerted in proper positions, CHEN ZhanJun et al.[6] has been discovered to 

be very effective.  

The flow separation is suppressed in the middle of the first turn of the inlet duct in the downstream portion of the 

synthetic jet actuator. The effects of wall roughness were experimentally investigated by S for a flat-plate 

boundary layer with separation on a ramp. J. K. Eaton, Song [7] . Unparalleled spatial resolution data has been 

provided by the use of a custom high-resolution LDA, allowing us to measure the mean velocity and shear stress 

directly in the vicinity of the roughness components. The high-resolution LDA allowed mean velocity 

measurements to be made under the crest of the roughness components. In contrast to prior speculation, when 

moving away from the wall monotonically, the mean velocity increases. In retrospect, this outcome seems obvious 

for randomly sized three-dimensional elements of roughness. The three measured Reynolds stress elements are at 

most weakly affected by the wall roughness within uncertainty when scaled by the squared friction velocity. This 

disagrees with some recent results published by Krogstad and Antonia (1999)[8].  

The disagreement is likely due to differences in the characteristics of the roughness components. Harloff et al. [9] 

researched compressible flow inside a diffusing S-duct and a circular-to-rectangular transition duct in a numerical 

analysis. To solve 3D RANS equations, the PARC3D CFD code was used and Baldwin-Lomax and k-ε turbulence 

models were used for closure. Even though the measured total and surface static pressure fields were right for the 

transfer duct, in order to predict strong cross flow, Separate boundary layer turbulence modeling is needed as an 

upgrade. The results of the S-duct computations were similar to the experimental results, but the length and angular 

extension of the boundary layer separation were under-predicted for both turbulence models. Furthermore to 

measure strong cross flow and separate boundary layers, more advanced turbulence models were also needed. 
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METHODOLOGY 

For this research work, the test section used is the Y-intake duct adapter with angle  of 45°, 50°, 55°. And different 

types of surface roughness (40 GRADE, 50 GRADE, PVC) that used in the experimental work each of them has 

height of roughness (0.002 m, 0.001 m, 1e-12 m) respectively. Figure (1) displays the schematic view of the Y-

intake duct adapter and the geometric parameter is read in the table (1). 

 

Figure 1. Schematic diagrams of Y-intake duct adapter geometry 

Table 1. The geometric parameter of Y-intake duct adapter 

 

 

 

 

 

 

     

 

 

 

The two-dimensional models were developed and resolved using the COMSOL Multiphysics 5.5 modeling 

modeler. The COMSOL mesh was meshed with the volume of the power. An additional fine mesh was adapted 

within the region within the Y-intake duct model. Adjustments have been made to the Y-intake duct mesh cross 

section views. In the figure, the Y-intake duct cross-section view is shown (2). It can be seen that the mesh was 

very intense near the wall of the conduit. This was entirely accomplished in order to provide very fine mesh to 

obtain more reliable flow characteristics in the vicinity of the duct's surface. A sufficient number of elements on 

sharp edges were used. The numerical flow analysis was carried out with air as a moving fluid at compressible 

velocities using fluid flow (single-phase flow). Using RANS equations, the 2D models were analysed. The 

turbulent flow k-ε (spf) model was utilized to model the Reynolds tension in the Navier Stokes equations.  

Using kinematic viscosity to solve a model transport equation, this turbulence model was a one-equation model. 

The RNG k-ε model provides precise results according to the literature, especially when the boundary layer is 

subjected to an adverse pressure gradient. This model is therefore more robust and less vulnerable to grid 

resolution than the three-equation model (error reference, not found). For flow isolation, swirling flows, and 

secondary flows, RNG k-ε model powers, however. The Reynolds number was found to be 5×104, 6×104, 7×104, 

8×104, based on the hydraulic dimeter of the duct, for free-stream velocities of 4.5 m/s, 5.5 m/s, 6.5 m/s, 7.5 m/s, 

respectively with roughness height (0.002 m. 0.001 m. 1× 10−12 m). A no-slip boundary condition has been 

applied to the duct surface. 

Governing Equations 

The governing equations to be solved are the continuity momentum [11]. 

Serial no. Y-duct Dimension 

1 Length 140 cm 

2 Width 24 cm  

3 Thickness 12 mm 

4 Hydraulic dimeter 17.333 cm 

5 Angles  45° 

6 Material PVC 
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Mass Conservation (Continuity) 

𝜕𝑢
𝜕𝑥⁄ + 𝜕𝑣

𝜕𝑦⁄ = 0                                                                                                                                                 (1) 

Momentum Equation     

X- Momentum Equation: 

ρ(u 𝜕𝑢
𝜕𝑥⁄ + 𝑣 𝜕𝑢

𝜕𝑦⁄ = −
𝜕𝑝

𝜕𝑥
⁄ + 𝜇 (𝜕2𝑢

𝜕𝑥2⁄ + 𝜕2𝑢
𝜕𝑦2⁄ )                                                                             (2) 

Y- Momentum Equation:     

ρ(u 𝜕𝑣
𝜕𝑥⁄ + 𝑣 𝜕𝑣

𝜕𝑥⁄ = −
𝜕𝑝

𝜕𝑦⁄ + 𝜇 (𝜕2𝑣
𝜕𝑥2⁄ + 𝜕2𝑣

𝜕𝑦2⁄ )                                                                             (3) 

Turbulence Model 

The model, which of two equations, specifies a general characterization of turbulence via two transport, and partial 

differential equations. The energy in the turbulence is determined via first transported, which is named turbulent 

kinetic energy (k).  The second transported is called dissipation of turbulent (ε), which determines the dissipation 

rate for the kinetic energy of turbulent (k). From transport equations, the kinetic energy of turbulent (k) and its 

dissipation rate (ε) are determined from transport equations. 

RNG k-휀 Equations, [12] 

Turbulent kinetic energy: 

𝜌𝑈𝑖
𝜕𝑘

𝜕𝑥𝑖
⁄ =   𝜇𝑡𝑆2  + 𝜕

𝜕𝑥𝑖
⁄ (𝛼𝑘𝜇𝑒𝑓𝑓

𝜕𝑘
𝜕𝑥𝑖

⁄ ) −  𝜌휀                                                                                            (4)       

 

convection       Generation                  Diffusion               Dissipation 

where 𝑆 ≡ √2𝑆𝑖𝑗𝑆𝑖𝑗   , 𝑆𝑖𝑗 ≡
1

2
(

𝜕𝑈𝑗

𝜕𝑥𝑖
⁄ +

𝜕𝑈𝑖
𝜕𝑥𝑗

⁄ )                                                                                            (5) 

Dissipation rate equation: 

𝜌𝑈𝑖
𝜕휀

𝜕𝑥𝑖
⁄ = 𝐶1𝜀(휀

𝑘⁄ )𝜇𝑡𝑆2 + 𝜕
𝜕𝑥𝑖

⁄ (𝛼𝜀𝜇𝑒𝑓𝑓
𝜕휀

𝜕𝑥𝑖
⁄ ) − 𝐶2𝜀𝜌 (휀2

𝑘⁄ ) − 𝑅                                                       (6)   

Convection                Generation                        Diffusion                           Destruction      Additional term related 

to mean strain & turbulence                   

In these equations (𝐺) is the generation term, (𝜇𝑡) is the turbulent (or eddy) viscosity, (𝛼𝑘 and𝛼𝜀) are the turbulent 

Prantl numbers for (𝑘) and (휀) respectively and (𝐶1𝜀 and𝐶2𝜀) are constants. The turbulent viscosity (𝜇𝑡) is 

computed by combining (𝑘) and (휀) as follows:  

  𝜇𝑡 = 𝜌𝐶𝜇
𝑘2

휀⁄                                                                                                                                                                  (7)   

Where (𝐶𝜇) is a constant. 

The values of the model constants (𝐶𝜀1, 𝐶𝜀2, 𝐶𝜇, 𝜎𝑘 and 𝜎𝜀) are given in table (2). 

Table 2. The values of the (RNG k-ε) model constants 

𝑪𝜺𝟏 𝑪𝜺𝟐 𝑪𝝁 𝝈𝒌 𝝈𝜺 

1.44 1.92 0.09 1.0 1.3 
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Figure 2. Cross-sectional views of the meshed Y-intake duct adapter. 

Table 3. Grid independent test on surface at ( v=7.5 m/s  ,A=1e-12 m, 0.001 m, 0.002 m) 

Grid Domain 

elements 

boundary 

elements 

Time 

sec 

Uexit |𝑬𝒓𝒓𝒐𝒓|% Uat 50cm |𝑬𝒓𝒓𝒐𝒓|% 

G1 2332 206 73 11.12 - 15.5 - 

G2 6494 390 150 11.2 0.714 16.2 4.32 

G3 17700 712 378 11.3 0.884 16.6 2.4 

G4 19076 714 414 11.31 0.0 16.62 0.12 

G5 28696 736 632 11.31 0.0 16.62 0.0 

Table 4. Boundary Condition for the RNG K-휀   model. 

 

RESULTS AND DISCUSSION 

From the literature, it is understandable that decreasing surface roughness lowers the boundary layer separation. 

One such way to lower the roughness is to smooth the surface of the duct to the highest degree. Digital sand grain 

roughness is modeled by an immersed boundary method in the fully rough structure. Compared with a smooth-

wall case, streamline detachment occurs faster, and due to the momentum deficit caused by the roughness, the 

separation area for the rough-wall case is considerably greater. The adverse pressure gradient decreases the shape's 

drag, so that the point where the wall stress disappears does not correspond with the surface flow detachment. A 

Boundary condition value 

working fluid air 

Velocity inlet 4.5, 5.5, 6.5,  7.5 (m/s) 

Outlet  Flow outlet 

Pressure specified  0 Pa 

roughness height  First case 2 mm 

Second case 1 mm 

Third case 1× 10−12
 mm 

Turbelent intensity 5% 

Share condition No slip 

Temperature  303 k 

Wall motion Stationary  
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thin reversed-flow region is created below the roughness crest; the presence of recirculation regions behind each 

roughness function also affects the intermittency of the near-wall flow, so that the flow can be reversed half the 

time upstream of the detachment point, but its average velocity can still be positive. The separate shear layer 

shows greater turbulent kinetic energy (TKE) in the rough-wall case, the growth of the TKE there starts earlier 

relative to the separation point, and the growth of the TKE there starts earlier relative to the separation point, and 

the peak TKE occurs near the separation point. The momentum deficit created by the roughness, again, plays a 

critical role in these changes.  In order to study with this purpose, current computational research was performed. 

The RNG k- turbulence model is used for mesh dependency calculations due to its certain mathematical 

background and capacity to provide satisfactory results for many engineering fluid mechanics problems. After 

testing the mesh structure, various turbulence models are used for calculations, and their capabilities are compared. 

Velocity profiles 

The streamwise velocity profiles at free stream velocities of 4.5 m/s, 5.5 m/s and 6.5 m/s, 7.5 are shown in Fig. 3. 

The axial locations studied are  (near the region of separation). The angle Y-itake duct  was kept constant at 

45°degrees. The local velocity (u) is plotted against the transverse distance (x) from the surface of the duct to 

obtain the velocity profiles. These plots were not non-dimensionalized purposefully to optimize their presentation. 

it is shown from the figure that when the height of roughness decrease the velocity magnitude increase in the 

region of separation, this is because nearer the bottom the velocity increases more sharply with distance from the 

bottom in smooth flow than in rough flow. Fig. 3 shows that effect, the profile for rough flow lies everywhere 

below the profile for smooth flow. Further, it is also seen that when moved away from the area of separation the 

curves are approaching each other. Since, the height of roughness was less than the boundary layer thickness (δ) 

, thus it induces larger shear stress on the duct surface which reduce the boundary layer separation thereby 

increasing the duct performance by minimizing flow separation losses.  

 

Figure 3. Streamline velocity profiles near the wall 

Pressure drops calculations 

Various geometric, such curves, contractions, angles, valves and the like in the direction of the flow give rise to 

what is known as minor losses, but that can be very significant. Friction losses may also have a major impact on 

the drop in pressure. Due to viscous effect, where the friction depends on the wall shear tension 𝜏𝑤, wall roughness 

gives rise to friction, which slows the flow near the wall, figure 4. Shows that the pressure decrease in the region 

of separation. The pressure drop can be high when the duct is straight with a constant cross-sectional area. 
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Figure 4. Shows pressure drop at different height of roughness. 

Effect of Wall Roughness on Shear Stress Distribution 

 

Figure 5. Shear stress distribution at Vin= 4.5 m/s. 

Also in a canonical turbulent boundary layer, the challenge of obtaining an accurate and reliable measurement of 

wall-shear stress is widely recognized (Tropea et al., 2007) [10]. Measurement techniques are commonly 

categorized as either 'direct or indirect' techniques, Where wall-normal gradient measurements of mean 

streamwise velocity (dŪ/dz) are made directly at the surface, or estimates are inferred from a collection of 

assumptions from data further away from the wall, respectively. This paper therefore presents a systematic 

analysis on the estimation of 𝜏𝑤 after a rough-tosmooth transition using various degrees of roughness in height. 

The x, y and z coordinate scheme refer to the streamwise, spanwise and wall-normal directions respectively, in 

this article. The local wall-shear stress is calculated by the numerical results obtained by calculating the local wall-

shear stress that provides the friction velocity for viscous scaling (where the value denotes the density).  

𝑈𝜏 = √𝜏𝑤
𝜌⁄ = √𝑣(𝜕Ū

𝜕𝑧⁄ )                                                                                                                                         (8) 

Where 𝑣 is the kinematic viscosity. The findings show strong evidence that 𝑈𝜏 (and therefore Ū) measured from 

the buffer and viscous sublayer area varies significantly. This difference therefore illustrates that the buffer region 

has yet to recover from the new surface conditions to an equilibrium state, and thus provides a weak estimate of 

the wall-shear stress (and therefore Ū) immediately after the rough-to-smooth transition. Out of Fig. 5, it can be 

seen that the wall shear stress has been significantly improved when the height of roughness is raised to 0.002mm. 
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This is because the greater the roughness of the wall, the greater the degree of turbulence of the boundary fluid. 

And the stress of wall shear will become greater. The greater the wall roughness, the greater  wall shear stress. 

But the greater wall roughness would increase the thickness of boundary layer which is also increase separation . 

so that in order to minimize the separation in thus work the wall shear stress should be reduced.   

Variation of Pressure Coefficient 

The spanwise average of the coefficient of pressure varying along the length of the duct at an angle of Y-intake 

duct 45° and Vin= 4.5 m/s is shown in the Fig 6. It is seen all numerical results with experimental results, with 

uniform boundary condition. separation causes lower pressure at the entrance region, and it increases gradually 

through the reattachment zone. Afterward, due to the separation through the second point, decreases again. in the 

two cases when the height of roughness (0.001 m, 0.002 m) it shows similar results that 𝐶𝑝decrease in the region 

of separation and it increase when moved away from it. in the case of smooth(A=1e-12) surface  difference with  

the other two cases. However, an increase in the pressure on the wall surface is also observed.  separation causes 

lower pressure at the entrance region, and it increases gradually through the reattachment zone.  

 

Figure 6. Variation of 𝐶𝑝 along the length of Y-shaped intake duct with implementing three types of height 

roughness 

Velocity Contours 

Figure 4 shows the velocity and pressure contours for velocity inlet 4.5 m/s and different degree of roughness 

height (A) at angles of 45°, 50°, 55° . From the figures its shown that for case 1 when A=1e-12 m the velocity 

contour appear less separation. While the other two cases the separation is evident due to high roughness. It is 

clearly seen that, the decrease in the roughness height decrease the boundary layer separation and hence the 

recirculation zone is suppressed. Hence, due to decreased losses, the performance output of the duct will be 

increased. These visualization results clearly support the findings obtained in the sections on velocity profiles and 

shear stress distribution. 
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Case 1 (A=1e-12 m) 

Case 

2 (A=0.002 m)                                            Case 3 (A=0.001 m) 

Figure 7. Symmetry plane Velocity contours for different height roughness at angle 45° (Cases 1–3) 

 

Case 1 (A=1e-12 m) 
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Case 2 (A=0.002 m)                                            Case 3 (A=0.001 m) 

Figure 8. Symmetry plane Velocity contours for different height roughness at angle 50° (Cases 1–3) 

 

Case 1 (A=1e-12 m) 
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Case 2 (A=0.002 m)                                            Case 3 (A=0.001 m) 

Figure 9. Symmetry plane Velocity contours for different height roughness at angle 55° (Cases 1–3) 

CONCLUSION 

Numerical CFD analysis with three kinds of surface roughness fixed on the duct wall surfaces was performed on 

the Y-shaped intake duct adapter. The results showed that the use of three surface roughness forms resulted in 

improving the Y-shaped duct by increasing static pressure recovery and decreasing distortion by different 

percentages. And it is also shown that decreasing the height of roughness reduces the thickness of the boundary 

layer in the flow past them and decreases separation. The highest improvement in output was achieved when 

(A=1e-12 m) by increasing 𝐶𝑝 to 0.77 and 0.83, respectively, and the least improvement was achieved when 

(A=0.002 M) with 0.65 and 0.68. Due to suppressed flow recirculation zones on the duct surface, the shear stress 

has been found to increase linearly with increasing surface roughness. In addition, the contours obtained by flow 

visualization along the direction of the span demonstrate the benefits of smoothing the surface of the wall to 

improve the duct's efficiency. 
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