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ABSTRACT 

 
Numerical modeling has been carried out for a series of fully developed turbulent 

flows over walls with two kinds of rough elements: one is transverse distributed square 
bars, and the other is a sinusoidal wavy wall. The realizable k-epsilon model is 
employed to calculate the drag on the rough surface and to modify the wind profile. 
Numerical results are in good agreement with laboratory measurements in literature. 
For the flow over transverse square bars, the maximum pressure drag occurs at the 
ratio of the distance between two rough elements to the height of element being 7 
under given Reynolds number. For the flow over a wavy wall, instantaneous flow fields 
display a large variation of the flow pattern along stream wise direction. Detachment 
and reattachment vary with Reynolds number both in space and in time. The zero-
plane displacement and the roughness length in the logarithmic velocity profile are 
calculated and discussed. The numerical model provides an efficient alternative to wind 
tunnel and field experiments in studying the physics of wind erosion, the mechanism of 
wind-blown sand movement in engineering. 

1. INTRODUCTION 

The question to be treated in this study of how the law of the wall is affected by 
roughness elements is of considerable practical importance, but is rather inaccessible 
to theoretical treatment. Since experimental investigation of the problem of surface 
roughness was reported by Schlichting (1936), many researchers have carried out 
investigations for the logarithmic wind profile of turbulent boundary layer over a rough 
wall. Thom (1971) measured the drag on elements of an artificial crop and the wind 
profiles above and within the crop in a wind tunnel, a detailed analysis of the drag 
forces on the elements gave some insight into the nature of the rough surface as a 
momentum sink, and the wind profile was expressed as 
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where )(zu  is mean wind speed at height z , *u  is friction velocity, 4.0  is Von 

Karman’s constant, d  is zero-plane displacement, 0z  is aerodynamic roughness 

length, h  is height of artificial crop. The values of 0* ,, zdu  can be found by fitting the 

log-law to measured velocity profile.  
In order to reduce the standard error of the results, Jackson (1981) established a 

physical meaning for d , which is regarded as the level at which the mean drag 
appears to act on the flow above the surface roughness elements. Marshall (1971) 
presented experimental results of the drag forces in roughness arrays of varying 
density and distribution. Macdonald et al (1998) provided a model for roughness 
parameter estimation containing the drag coefficient of isolated objects explicitly. 
Raupach (1992) presented an analytical model of drag and drag partition on rough 
surface. Li and Shao (2003) numerical simulation of drag partition over rough surface, 
and Shao and Yang (2005) further introduced a drag partition scheme for surface of 
various roughness densities. Perry et al (1969) reported an experimental study of 
turbulent boundary-layer development over rough walls in both zero and adverse 
pressure gradients. Leonaridi et al (2003, 2004), Ashrafian et al (2004), Nagano et al 
(2004) performed numerical investigations on turbulent channel flow with transverse-rib 
roughness. Sridhar et al (2017) presented a semi-empirical model to describe the 
development of a fully developed turbulent boundary layer in the presence of surface 
roughness.  

For wavy wall aspects, Hudson et al (1996) used laser Doppler velocimetry to 
measure the spatial and time variation of two components of velocity field over wavy 
wall with amplitude to wave length ratio equal to 0.05, Cherukat et al (1998) did a DNS 
of turbulent flow over sinusoidal wavy surface and compared with results of Hudson’s 
(1996) measurements, Angelis et al (1997) carried out a DNS of turbulent flow between 
a non-slip wavy and a slip flat wall by using a pseudospectral method.  

In fact, it would be of interest to study the detailed property of turbulent flow over 
rough surface at present. Therefore, the objective of this study is to develop a 

numerical modeling to find d , 0z  based on the geometry and layout of roughness 
elements on the surface wall, that it may be better estimated in practical engineering 
applications, such as the control of wind-blown sand movement, the calculation of wind 
load on building, and so on.  

 

2. MATHEMATICAL MODELING  

In this paper, continuity and momentum equations of the turbulent flow can be 
written in Cartesian tensor form as: 
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where p  is effective pressure, t is turbulent (or eddy) viscosity which is computed by 

  /2kct  .  
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The turbulence kinetic energy, k , and its rate of dissipation, ε, are obtained from 

the following transport equations: 
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kinetic energy due to the mean velocity gradients. ],43.0max[
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2/1)2( ijijSSS  92.1, 2 c , 3.1,0.1   k  are the turbulent Prandtl numbers for k  and 

ε, respectively. 
 

3. CHANNEL FLOW WITH ROUGHNESS ELEMENT 

CASE I: Consider a channel with roughness elements as shown in Figure 1.  
One wall is flat and the other is roughened by uniformly distributed (separated) ribs. 

The computational length in the streamwise x  is 3L , the height in the wall normal 

direction y  is kh 10 , kw , where m2.0k  is the height of squared ribs, w  is 

the distance between two adjacent ribs. Wind velocity m/s307.0bU , Reynolds number 

4200Re k . 

The periodic conditions are applied in streanwise direction, and a no-slip condition 
is applied for all solid surfaces.  

 

  
 

Figure 1 A schematic diagram of channel with a rough wall with 2D ribs 

Figure 2 displays the mean velocity profiles in streanwise direction at a variety of 
locations when 19/ kw . For the simplicity of comparison with previous numerical 

results, 5.0/ kx  is at windward side of the first roughness rib. We may see that the 

reattachment point occurs at 8875.5/ kx , it is very close to the value of 8.5/ kx  
(Leonardi et al, 2003), but less than 6 for backward facing step flow due to interaction 
of two adjacent ribs (Jovic and Driver, 1994). The reattachment point can also be found 

in skin drag curve when 0fC  as shown in Fig.3. 
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Figure 2. Mean velocity profile in streamwise direction at different location 
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Figure 3. Skin drag distribution of the internal surface along streamwise direction 

In order to indetify the wind velocity profile, we need to calculate the action forces 
between the fluid flow and solid wall.The total drag can be partitioned into four 

components: a pressure drag Rj , a skin drag Rf  due to momentum transfer to the 

surface of roughness elements, a pressure drag Sj , and  a skin drag Sf  due to 

momentum transfer to the intervening ground surface. 

Figure 4 shows the total skin drag of roughness element and intervening surface. 
0x  is the windward side of the roughness element, 1x

 
is the leeward side of the 

roughness element. With increasing of the value of kw/ , the negative skin drag is 
induced by the wake flow, and separation occurs at the top surface of the element.  
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Figure 4. The streamwise variation of the skin-friction coefficient Cf for different w/k 

From figure 5, we can see that the pressure drag keeps a constant in the leeward 

side of the element, but has a change when ky 75.0  in windward side. 
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Figure 5. The vertical variation of the pressure drag coefficient on the windward side 

and leeward side of the roughness element 

Figure 6 clearly shows that when 7/ kw , the pressure drag reaches maximum, 
while the skin drag get its minimum. That is , there exists a critical value (about 7), once 

kw/  exceeds the critical value, the size and strength of the recirculation zones do not 
change significantly.  
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Figure 6. Total skin drag and pressure drag in a length of λ 

Now, we calculate the values of 0* ,, zdu  in wind profile, introducing 
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The results are in good agreement with those by Shao and Yang (2005), d  is 
determined by the distribution of drag forces on the surface, which is regarded as the 
level at which the mean drag appears to act on the flow above the surface roughness 
elements (Jackson, 1981). 

The aerodynamic roughness 0z  is given by Macdonald (1998) as follows 
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where the drag coefficient 2.1DC , 55.0  is an empirical constant.  
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Figure 8. Aerodynamic roughness for different η 

 
CASE II: Consider a channel with a wavy wall as shown in Figure 9.  

  
Figure 9. A schematic diagram of channel with a wavy wall 

 
The function of bottom wavy wall is  
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in which mm8.50mm,54.2  d . The computational zone is  4hL . Wind 

velocity m/s99.1bU , Reynolds number 4200Re k . 
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Figure 10. Comparison of the mean velocity profiles  
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The left one is on the crest of the wavy wall, the right one is on the trough of the wavy 
wall, the DNS results are from Cherukat at al (1998). 
It is shown that our numerical results are in agreement with those from DNS method, 
that means the realizable k-ε is reasonable to reproduce the turbulent flow over a wavy 
wall.  
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Figure 11. Mean velocity profile in streamwise direction at different location 
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Figure 12. Skin-friction coefficient and pressure coefficient along the wavy wall. 

The left one is about skin-friction , the right one is about pressure. 
Combining Figures 11 and 12, it can found that for fully developed turbulent flow 

over a wavy wall, the separation point and reattached point are at 2098.0/ x , 

5648.0/ x  respectively, these are very close to the experimental results 22.0/ x , 

58.0/ x  by Hudson et al (1996), while the results from DNS are 14.0/ x , 

59.0/ x  (Cherukat, et al, 1998) 
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Figure 13. Comparison of the mean velocity profiles at the crest and the trough 

The left one is the velocity component in streamwise direction, the right one is the 
velocity component in normal direction, the DNS results are from Cherukat at al (1998), 
The experimental results are from Hudson et al (1996). It is interesting that present 
result are lower limit of experimental results, DNS results are upper of experimental 
results.  
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4. CONCLUSIONS 

 
The present numerical simulation indicates that realizable k-ε model can be used to 

calculate the turbulent boundary flow with rough surface. For the distributed roughness 
element case, as w/k increases, the coherence is reduced in the streamwise direction 
with a minimum for w/k=7. The mean flow near the upper wall is modified by the 
presence of the element, the zero-plane displacement height, the aerodynamic 
roughness length can be found, d is determined by the distribution of forces on the 
surface, whereas the roughness length z0 is determined by the magnitude of these 
forces. For the wavy wall case, the simulation agrees with the picture presented by 
Hudson et al (1996) and by Cherukat et al (1998), detachment and reattachment vary 
both in time and space, the velocity bursts begins at the separation point and extend 
over a large distance normal to the wall.   
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