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Abstract. This paper provides a brief overview of approaches to calculating the hydraulic 

resistance coefficient of a channel with rough walls and describes their advantages and 

disadvantages. One of the most popular engineering approaches is based on integral 

characteristics. By the influence of roughness, the logarithmic velocity profile changes, which 

is fully described by the second constant. It determines the interaction of a turbulent flow with 

a rough wall. Its numerical value depends on a large number of factors, such as geometry of the 

roughness protrusion, the dimensionless height of the protrusion, its shape, angle of attack, and 

so on. Getting a generalized dependence of this kind is an actual task of rough channel 

hydraulics. In this paper, the second constant of the logarithmic velocity profile is numerically 

calculated using turbulence models. A symmetric model of a developed turbulent flow in an 

annular channel with a rectangular roughness on the wall is implemented. Roughness was 

applied to the surface of the rod, the inner surface of the pipe was smooth. The result of 

numerical simulation was the obtained velocity profile, which was used to determine the 

numerical value of the second constant. The obtained results are satisfactory agreement with 

the experimental data. 

1.  Introduction 

Heat exchange intensifiers in the form of transverse artificially created protrusions can increase the 

efficiency of reactor cores, including the VVER – 1000 type [1,2], steam turbines of nuclear power 

plants and thermal power plants, heat generation systems of steam turbines of nuclear power plants 
and thermal power plants, aviation gas turbine engines, and so on. One of the methods of heat transfer 

intensification is the use of rough surfaces. There are several approaches to calculating the hydraulic 

resistance of rough channels. 

One of the first is the equivalent sand roughness method presented in [4]. Equivalent sand 

roughness is understood as the size of sand grains, in which a round pipe with sand roughness has the 

same hydraulic resistance in the self-similar region as a pipe with a different type of roughness of 

interest to the designer [4,5]. Some methods for determining the numerical value of the equivalent 

sand roughness for a given artificial roughness are presented in [6-8]. This method has been widely 

used in practice for some time, but it has two major disadvantages. The first disadvantage is low 

information content. The value of the equivalent sand roughness does not provide information about 

the size, pitch, density of the protrusions and their effect on hydraulic resistance. The second 
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disadvantage is that the method is not applicable to calculating the coefficient of hydraulic resistance 

in the transient flow mode. These disadvantages have contributed to the development of other 

calculated models. 

Calculation methods using integral turbulence models are simple and fundamental. In practice they 

are more widely used than direct numerical modeling. Integral equations are supplemented by semi-

empirical or empirical laws of resistance or heat transfer [9,10]. The fundamental law is the Prandtl 

hypothesis [11,12]. The solution of the problem often has the form of a generalizing relation. The 

accuracy of this solution may be close to numerical methods. The disadvantage of integral methods is 

the incompleteness of ideas about turbulent heat transfer. 

In [13,14], an engineering technique based on the analysis of the local hydrodynamic pattern 

illustrated in figure 1 is proposed. This technique is described in detail in the works. 

 

Figure 1. Diagram of the hydrodynamic pattern near the rough wall [15]; 1 – internal boundary layer; 

2 –boundary layer formed on the channel wall immediately behind the ledge; 3 - cavern; 4 – incoming 

flow; 5 - boundary layer. 

The proposed approach is fraught with considerable difficulties. Length of recirculation area 

behind the ledge, a small recirculation area in front of the ledge, boundary layer in cavern is areas 

requiring detailed descriptions. It is necessary to know the relationship of the shape and size of the 

roughness with the parameters of the forming areas in order to obtain the correct dependences of heat 

transfer and resistance of these channels. In other words, the description of all flow zones between two 

protrusions for all possible variants of their shape and geometry seems to be a complex research 

process associated with many years of theoretical and experimental efforts of more than one scientific 

group [16]. 

The next approach is an engineering technique based on integral characteristics. Here, the influence 

of protrusions on the flow is considered on average along the length of the channel. The speed profile 

changes under the influence of roughness. The logarithmic profile applied in the boundary layer 

undergoes changes that are fully reflected by the second constant 

*

*
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where  - height size of roughness protrusions, V∗ - dynamic velocity, ν – kinematic viscosity, u̅ - 

average flow velocity, κ = 0,4 – the Karman constant [17-20],  - height size of roughness 

protrusions, y – distance from the wall. 

The value of Ф (
∆V∗

ν
) from equation (1) determines the shift of the velocity profile and depends on 

the roughness mode and its geometry, but does not depend on the shape of the channel [12,20,21,24]. 

The dependence Ф (
∆V∗

ν
) can be determined by measuring the velocity profile in a rough channel or by 

measuring the pressure drop in the channel using the Darcy-Weisbach formula, taking into account the 

important ratio  
u̅

V∗
= √

λ

8
 . In [22], an assumption that generalizes geometrically inappropriate 
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roughness is made. It consists in the number of necessary parameters for the general description of the 

universal speed profile (2).  

( ); ; ;sФ f h shape
k
+=     (2) 

where φ – angle of attack of the protrusion by the flow, «shape» - the shape of the roughness 

protrusion. Knowledge of the functional dependence of this kind will allow calculating the coefficient 

of hydraulic resistance of a channel with rough walls with sufficient accuracy in all modes of the 

coolant flow. 

In this paper, we analyzed the applicability of integral turbulence models to hydraulic calculations 

of channels with rectangular roughness on the wall, in order to apply them to obtain a generalized 
dependence of the form (2).  

2.  Hydraulic calculation 

Experimental data on the coefficient of hydraulic resistance λ and the value of  Ф (
∆V∗

ν
) of an annular 

channel with rough walls are published in [23]. The circular channel was a smooth tube with a rod 

fixed in it. A rectangular roughness is applied to the rod. Ledge height ∆= 0,12 mm, ledge pitch s =
1,0 mm , ledge width b = 0,2 mm.   

Using the ANSYS FLUENT 19r1 software, a symmetric model of a fully developed turbulent 

incompressible flow in an annular channel is implemented. The model is shown in figure 2. The 

calculation of changes in the axial, radial velocity and surface friction coefficient along the length of 

the pipe at different values of the Reynolds numbers is performed. The simulation is based on the 

Reynolds and Navier-Stokes equations. These equations were closed by the equations of the k-ε 

turbulence model and two parametric models: standard and SST. It should also be noted that boundary 

layers in turbulent flows require a fine mesh size near the walls.  It depends on the choice of 

turbulence model. The results of numerical simulation are shown in figure 3 and table 1. 

Table 1. Comparison of experimental data with the calculation. 

Re 𝜆𝐶𝐹𝐷 𝜆𝑒𝑥𝑝 Ф𝐶𝐹𝐷 Ф𝑒𝑥𝑝 

5920 0.0387 0.0388 8.37 8.98 

7360 0.0376 0.0363 8.89 8.9 

10800 0.0369 0.0348 8.06 8.8 

12950 0.03528 0.0344 7.62 8.6 

15640 0.03455 0.0339 7.23 7.9 

25550 0.033 0.033 6.44 7.2 
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(b) 

 

(c) 

 

(d) 

 

Figure 2. Calculation grid. 

In table 1 𝜆𝐶𝐹𝐷 – the coefficient of hydraulic resistance calculated from the model, 𝜆𝑒𝑥𝑝 – the 

coefficient of hydraulic resistance from the experiment [23], Ф𝐶𝐹𝐷 –  the constant of the logarithmic 

law calculated from the model, Ф𝑒𝑥𝑝 – the constant of the logarithmic law from the experiment [23]. 

 

Figure 3.  Logarithmic velocity profile at Re = 5920. 
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3.  Conclusion 

Integral turbulence models can be successfully applied in calculations of the second constant of the 

universal velocity profile and the coefficient of hydraulic resistance of a channel with a rectangular 

roughness on the wall. 
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