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Abstract. Surface roughness significantly affects aerodynamic and heat transfer processes by 
modifying the boundary layer structure and increasing turbulence intensity. This study presents a 
numerical investigation of turbulent flow in a channel with smooth and rough walls using the 𝑘-𝜀 
turbulence model implemented in Comsol Multiphysics 6.2. Calculations were performed for 
different equivalent sand-grain roughness heights corresponding to smooth, transitional, and fully 
rough regimes. The velocity profile, friction coefficient, and Stanton number were analyzed and 
compared with experimental data. The results show that the standard 𝑘-𝜀 model provides 
satisfactory agreement for friction and heat transfer characteristics, while discrepancies appear 
near the wall and in transitional regions. 
Keywords: Navier-Stokes equations, model turbulence, k-ε model, surface roughness, 
aerodynamics. 

1. Introduction 

Modeling turbulent flows is a key task in computational fluid dynamics (CFD) and heat 
transfer, as turbulence plays a crucial role in aerodynamics, hydrodynamics, energy systems, and 
industrial applications. One important factor influencing such flows is surface roughness, which 
alters boundary layer structure, increases friction, and affects heat transfer efficiency. Therefore, 
accurate modeling of rough surfaces is essential for pipes, channels, and aerodynamic profiles. 

Among turbulence models, the Spalart-Allmaras (SA) and 𝑘-𝜀 models are widely used. The 
SA model is computationally efficient but requires additional modifications to account for surface 
roughness. In contrast, the 𝑘-𝜀 model, based on transport equations for turbulent kinetic energy 
(𝑘) and its dissipation rate (𝜀), allows more direct consideration of roughness effects. It is 
particularly suitable for internal flows where wall roughness significantly influences velocity, 
pressure, and heat transfer. Roughness effects are typically incorporated through modified wall 
functions. 

Numerous studies have focused on improving turbulence models for rough surfaces. Classical 
experiments by Nikuradse provided foundational data for rough pipe flows, while later works, 
including those using DNS and LES methods, demonstrated that even small roughness elements 
can significantly affect turbulent structure and transport processes. 

Modern software such as Comsol Multiphysics 6.2 includes the 𝑘-𝜀 model with roughness 
support, enabling detailed numerical simulations. Comparative studies show that both SA and  𝑘-𝜀 models have advantages and limitations under roughness conditions, and various 
modifications have been proposed to improve their accuracy. 

This study presents a numerical investigation of turbulent flow in a rough channel using the  𝑘-𝜀 model in Comsol Multiphysics 6.2. Wall functions were applied to account for roughness 
effects. Simulations were performed for different roughness parameters to evaluate their influence 
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on flow structure and heat transfer. The results highlight the importance of roughness modeling in 
engineering design and contribute to the development of more accurate turbulence modeling 
approaches for complex surfaces. 

2. Physical and mathematical formulation of the problem 

The numerical experiment was conducted as follows. The initial point of the channel is at  𝑥 = 0, and the final point of the channel is at 𝑥 = 2. The boundary conditions and the 
computational mesh are shown in Fig. 1. The inlet flow velocity is taken from experiments, and 
all velocities at the wall are set to zero. The computational mesh consists of 360×23 elements. The 
numerical experiment was performed for three different roughness values and for a smooth 
channel. 

 
Fig. 1. Boundary conditions and computational mesh 

3. Mathematical model 

To study the flow over smooth and rough plates, the Reynolds-averaged Navier-Stokes 
equations were used. These equations form the foundation of the mathematical modeling of 
incompressible fluid motion and represent a system of differential equations describing the 
changes in velocity and pressure within the fluid medium over time and in relation to coordinates. 

The Reynolds-averaged Navier-Stokes equations take into account turbulent flows and are 
expressed as the following system of equations: 

The mass conservation equation (continuity equation), which describes the law of mass 
conservation within the computational domain, is expressed as: 𝜕𝑢̄௜𝜕𝑥௜ = 0. (1)

The motion equations (Navier-Stokes equations), which describe the law of conservation of 
momentum, are expressed as: 𝜕𝑢̄௜𝜕𝑡 + 𝑢̄௝ 𝜕𝑢̄௜𝜕𝑥௝ = − 1𝜌 𝜕𝑝̄𝜕𝑥௜ + 𝜈 𝜕ଶ𝑢̄௜𝜕𝑥௝𝜕𝑥௜ + 𝜕𝜏௜௝𝜕𝑥௜ , (2)

where 𝑢̄௜ – components of the mean velocity field, 𝑝̄ – mean pressure, 𝜈 – kinematic viscosity,  𝜏௜௝ – components of the stress tensor, 𝜌 – density. The first equation describes the change in fluid 
velocity over time, under the influence of external forces, viscosity, and pressure.  

The Reynolds-averaged Navier-Stokes (RANS) equations are widely applied for turbulent 
flow modeling, as they account for turbulence effects and interactions with smooth and rough 
surfaces. By decomposing flow variables into mean and fluctuating components, RANS provides 
a simplified yet sufficiently accurate formulation. 
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4. 𝐤-𝛆 turbulence model 

Turbulence models, such as the 𝑘-𝜀 model, they are widely used to describe the turbulent 
characteristics of the flow. This model includes two additional equations: one for turbulent kinetic 
energy (𝑘) and the other for its dissipation rate (𝜀): 

⎩⎪⎨
⎪⎧𝜕𝑘𝜕𝑡 + 𝑢 ⋅ ∇𝑘 = 𝑃௞ − 𝜀 + ∇ ⋅ ൬𝑣௧𝜎௞ ∇𝑘൰ ,𝜕𝜀𝜕𝑡 + 𝑢 ⋅ ∇𝜀 = 𝐶ଵఌ 𝜀𝑘 𝑃௞ − 𝐶ଶఌ 𝜀ଶ𝑘 + ∇ ⋅ ൬𝑣௧𝜎ఌ ∇𝜀൰ , (3)

where 𝑃௞ is the production of turbulent kinetic energy, 𝜈௧ is the turbulent viscosity, and 𝜎௞ is an 
empirical constant, 𝐶ଵఌ and 𝐶ଶఌ are empirical constants, and 𝜎ఌ is the Prandtl number for 𝜀. 

These additional equations improve the modeling of turbulent flow characteristics and increase 
the accuracy of simulations over smooth and rough surfaces. Although the 𝑘-𝜀 model is widely 
used in CFD, it has limitations, particularly in low Reynolds number and boundary layer flows 
where laminar effects are important. Since the standard 𝑘-𝜀 model was developed for high 
Reynolds number turbulence, it does not accurately capture transitional flow processes. To address 
this, various modifications of the model are available in software such as Comsol Multiphysics, 
including wall functions that account for surface roughness. In Comsol, the standard 𝑘-𝜀 model 
can be adapted for rough channels, enabling more accurate simulation of flows affected by wall 
roughness. 

5. Research materials and methods 

In this study, the 𝑘-𝜀 turbulence model in Comsol Multiphysics was used to analyze turbulent 
flows. The software provides flexible modeling tools, adaptive meshing, and advanced solvers for 
accurate simulation of aerodynamic and hydrodynamic processes. The 𝑘-𝜀 model, based on 
transport equations for turbulence kinetic energy (𝑘) and its dissipation rate (𝜀), effectively 
describes energy transfer and dissipation in turbulent flows. Parametric studies were performed to 
evaluate the effects of wall roughness and flow conditions, enabling reliable results applicable to 
engineering design and optimization of hydrodynamic systems. 

6. Research results and discussion 

6.1. Experiment 1 

First, the flow in a smooth channel is considered. The inlet velocity is 𝑈ஶ = 58 m/s and the 
pressure is 𝑃ஶ = 101325 Pa. Fig. 2 presents the longitudinal velocity at 𝑥 =1 and the resistance 
coefficient. These inlet conditions correspond to a relatively high flow intensity at normal 
atmospheric pressure, both of which significantly influence the flow characteristics. 

As shown in Fig. 2, the standard 𝑘-𝜀 model has limitations in describing the near-wall flow 
structure. In particular, it does not accurately capture the laminar and buffer layers because it is 
primarily designed for fully developed turbulent flows. Since the standard 𝑘-𝜀 model is not a low 
Reynolds number model, it cannot correctly reproduce transitional regions between laminar and 
turbulent flow. However, Fig. 2(b) indicates that the resistance coefficient values are predicted 
with satisfactory accuracy. Despite its near-wall limitations, the standard 𝑘-𝜀 model provides 
acceptable results for the turbulent region and can be applied in engineering calculations of fully 
developed turbulent flows. For more accurate near-wall predictions, especially for rough surfaces, 
advanced turbulence models or improved wall treatment methods may be required. 
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a) 

 
b) 

Fig. 2. a) Longitudinal velocity at the section 𝑥 = 1 and b) resistance coefficient 

6.2. Experiment 2 

In 1991 and 1993, M. Hosni and co-workers conducted experiments on heat transfer over a 
rough plate in a turbulent boundary layer. The plate length was 𝐿 = 2 m. The inlet conditions were 𝑈ஶ = 58.0 m/s, 𝑇ஶ = 28.56 °C, and 𝑃ஶ = 101325 Pa, while the wall temperature was maintained 
at 45 °C. The equivalent sand-grain roughness height was 𝑘௦ = 1.58 mm, corresponding to  𝑘௦+≈ 300, which represents a fully rough regime. 

Fig. 3 shows three key parameters for the rough channel at section 𝑥 = 1: longitudinal velocity, 
channel resistance coefficient, and Stanton number. 

 
a) 

 
b) 

 
c) 

Fig. 3. Compares numerical results obtained with the standard 𝑘-𝜀 model  
and experimental data for a rough channel (𝑘௦ = 1.58 mm) 

Fig. 3(a) shows the longitudinal velocity distribution 𝑈 + versus log𝑦 +. The model 
reproduces the general trend but deviates in the buffer layer and near-wall region. Fig. 3(b) 
presents the resistance coefficient 𝐶௙, where good agreement with experimental data is observed, 
particularly at higher 𝑦 + values, with minor deviations near the wall. Fig. 3(c) illustrates the 
Stanton number 𝑆௧. The model predicts its overall behavior accurately, although small differences 



MODELING OF TURBULENT FLOW OVER A CHANNEL WITH A ROUGH SURFACE USING A TURBULENCE MODEL K-Ε.  
MURODIL MADALIEV, ABBOSJON QOSIMOV, FARXOD TOJIBOYEV, MAXAMMADJON QOBULOV, ET AL. 

 VIBROENGINEERING PROCEDIA. JUNE 2026, VOLUME 62 679 

appear in some regions. Overall, the standard 𝑘-𝜀 model with roughness consideration provides 
acceptable results, but improvements are needed for more accurate prediction of laminar and 
transitional regions near the wall 

6.3. Experiment 3 

The third experiment was conducted on a plate with a length of 𝐿 = 2 m. The equivalent sand-
grain roughness height was 𝑘௦ = 0.38 mm, corresponding to 𝑘௦+≈ 60, which represents a 
transitional roughness regime. In this case, some roughness elements protrude into the flow, 
affecting the boundary layer structure and increasing resistance. The partial penetration of 
roughness elements generates additional vortices and turbulence, leading to a higher friction 
coefficient. Fig. 4 presents the longitudinal velocity, resistance coefficient, and Stanton number at 𝑥 = 1. 

 
a) 

 
b) 

 
c) 

Fig. 4. Simulation results for a rough channel (𝑘௦ = 0.38 mm) obtained using  
the standard 𝑘-𝜀 model, compared with experimental data 

Fig. 4(a) shows the longitudinal velocity 𝑈 + versus log𝑦 +. The model captures the general 
trend but does not accurately describe the laminar and buffer layers, focusing mainly on the 
turbulent region. Fig. 4(b) illustrates the resistance coefficient 𝐶௙. Although the overall trend 
agrees with the experiment, noticeable deviations are observed. Fig. 4(c) presents the Stanton 
number 𝑆௧. The model predicts heat transfer reasonably well over most of the range, with larger 
discrepancies near the initial region. In general, the 𝑘-𝜀 model provides acceptable results for this 
case, but its accuracy decreases near the wall and in the transitional flow regime. 

6.4. Experiment 4 

In 1974, J. Healer and colleagues investigated the turbulent boundary layer over a rough plate 
at different inlet velocities. In this study, the case with 𝑈ஶ = 73.88 m/s is considered, with other 
conditions similar to the Hosni experiment. Unlike previous cases, spherical roughness elements 
with a diameter of 0.635 mm were placed on the plate. The equivalent sand-grain roughness height 
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was 𝑘௦ = 0.79375 mm, corresponding to 𝑘௦+≈ 175, which represents a fully rough regime. In this 
regime, roughness elements fully protrude beyond the viscous sublayer, significantly increasing 
resistance and modifying the turbulent boundary layer structure. Fig. 5 presents the longitudinal 
velocity, resistance coefficient, and Stanton number at 𝑥 = 1. 

 
a) 

 
b) 

 
c) 

Fig. 5. Numerical and experimental results for a rough channel (𝑘௦ = 0.7937 mm) 

Fig. 5(a) presents the longitudinal velocity 𝑈 + versus log𝑦 +. The 𝑘-𝜀 model reproduces the 
general trend but shows deviations in the buffer layer and near-wall region. Fig. 5(b) illustrates 
the resistance coefficient 𝐶௙, where the model underestimates experimental values, particularly at 
high 𝑦 +. Fig. 5(c) shows the Stanton number 𝑆௧. Here, the model agrees well with experimental 
data, especially at higher 𝑦 + values. Overall, with increasing roughness, the 𝑘-𝜀 model predicts 
the Stanton number more accurately, but noticeable discrepancies remain in the velocity profile 
and friction coefficient. 

7. Conclusions 

In this study, the 𝑘-𝜀 turbulence model was used to analyze the hydrodynamic and heat transfer 
characteristics of flow in a channel with different wall roughness levels. Numerical results were 
compared with experimental data. The velocity profile shows good agreement with experiments 
in regions far from the wall, but significant underestimation occurs near the wall and in transitional 
zones, indicating limited accuracy in modeling roughness effects. For the resistance coefficient 𝐶௙, the model captures the overall trend but deviates from experimental values, especially at higher 𝑦+. These discrepancies increase with wall roughness, likely due to limitations in near-wall 
turbulence modeling. The Stanton number 𝑆௧ is predicted with relatively good accuracy, 
particularly at higher 𝑦 +, although some deviations appear at lower values. Overall, the 𝑘-𝜀 
model provides satisfactory predictions of channel flow with rough walls but has limitations in 
near-wall and transitional regions. Improved wall functions and more detailed treatment of 
roughness and turbulent diffusion are required to enhance modeling accuracy. 
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