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a b s t r a c t 

Turbulent flows over rough surfaces widely exist in nature and industry. Investigating its mechanism 

is of theoretical and practical significance. In this work we simulate the turbulent channel flow with 

rough walls using large-eddy simulation with rough elements resolved using the curvilinear immersed 

boundary method and compare the results obtained in this work with those in the paper by Yuan and 

Piomelli ( J. Fluid Mech. , vol. 760, pp. R1, 2014), where the volume of fluid method was employed for 

modeling rough elements. The mean streamwise velocity profiles predicted by the two methods agree 

well with each other. Differences in Reynolds stresses and dispersive stresses are observed, which are 

attributed to the different approaches in dealing with the complex geometry of the rough surface. 

© 2021 Published by Elsevier Ltd on behalf of The Chinese Society of Theoretical and Applied Mechanics. 

This is an open access article under the CC BY-NC-ND license 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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. Introduction 

Turbulent flows in nature and industry often happen with 

ough surfaces [1] . An abundant literature is available for turbu- 

ent flow in channels with rough elements of various shapes [1–3] , 

or instance rectangular bar, cube and semi-sphere. Ignoring the 

pecific geometry of rough elements, the simplest way for model- 

ng rough walls is using the logarithmic law [1,4] , which can pre- 

ict the downward shift of the streamwise velocity profile and the 

ncrease of skin friction coefficient due to surface roughness. The 

ogarithmic law can be expressed as follows: 

 

+ (y + 
)

= 

1 

κ
log ( (y − d ) 

+ 
) + B − �U 

+ (k + s 

)
, (1) 

here the superscript ‘+’ indicates the scaling in viscous units, 

.e. y + = yu τ /ν and U 

+ = U/u τ ( u τ = 

√ 

τw 

/ρ is the friction veloc-

ty, where τw 

and ρ are the total wall stress, which includes form 

tress from the roughness elements and viscous stress, and fluid 

ensity, respectively), ν is the kinematic viscosity, κ ≈ 0 . 4 is the 

ármán constant, 5 < B < 5 . 5 is a universal constant, �U 

+ is the

oughness function defining the roughness-dependent velocity de- 

ect, k s is the “equivalent” sand roughness, and zero-plane dis- 

lacement d is the effective elevation of the boundary layer, which 

epends on type of roughness. Using the roughness length k 0 as 
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an be rewritten in the following form, 

 

+ = 

1 

κ
log ( y/k 0 ) , (2) 

here k 0 = 0 . 033 k s . The logarithmic law can predict the collective

mpacts of roughness elements on the outer flow, but it cannot 

redict the heterogeneous flow structures near the rough surface. 

dvanced models have been developed in the literature to account 

or such heterogeneous effects. For instance, Yang et al. [5] devel- 

ped an analytical model for the turbulent boundary layer flow 

ver rectangular-prism roughness elements based on large-eddy 

imulation results. 

It has been shown in the literature that the flow near the rough 

urface may have significant effects on related flow dynamics [1,6] . 

or instance, Vowinckel et al. [7] showed that the flow below the 

oughness crest can affect the evolution of mobile granular beds. 

iometto et al. [8] demonstrated that it can affect the spatial char- 

cteristics of the mean flow over a realistic urban surface. Besides 

he mean shear in the vertical direction, wakes behind rough ele- 

ents dominate the flow dynamics near the rough surface. It was 

hown in [6] that wakes behind roughness elements depend on the 

eometry of the roughness. And these wakes may have significant 

mpacts on the dispersive stresses (form-induced stresses) in the 

ower part of the roughness sublayer, which describe the spatial 

eterogeneity of the time-averaged flow [9,10] . The dependence of 

he roughness function on different roughness topography was dis- 
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Fig. 1. Different treatment of rough surfaces for ( a ) the CURVIB method, where u a , 

u b and u c are the velocities at point a, b and c, respectively, and h b and h c are the 

length of segment ab and ac and ( b) the VOF method, where F x and F y are the x and 

y components of the forcing term F . 
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ussed by Wu et al. [11] . The topographical effects of roughness on 

urbulence statistics in roughness sublayer were discussed by Yuan 

nd Jouybari [12] . In [10] , Yuan and Piomelli systematically studied 

he form drag, dispersive stresses, TKE budgets and WKE (wake ki- 

etic energy) budgets in channel flows with rough walls. In [13] , 

u and Piomelli examined the combined effects of roughness and 

dverse pressure gradient on separated turbulent boundary layers 

13] . 

Because of the important effects of wakes behind rough el- 

ments on the turbulent flow over rough wall turbulence, it is 

ritical to directly resolve the flow at the scale of roughness el- 

ments. Different numerical methods have been employed in the 

iterature for rough-resolved simulations, e.g. methods based on 

ody-fitted grids [14,15] , lattice Boltzmann method [16] and im- 

ersed boundary (IB) method [10] . Methods based on body-fitted 

rids and lattice Boltzmann method are often limited to relatively 

egular rough surfaces, such as square bars [14] , gradual rough- 

ess elements [15] and hemisphere [11,16] . IB methods, on the 

ther hand, can simulate flows with arbitrarily complex boundaries 

17–20] . In the IB method employed in [10,21,22] , the volume-of- 

uid (VOF) approach is used to represent the complex geometry 

f the rough wall by specifying the velocity at the grid cell cut by 

he rough surface based on the volume fraction of fluid. The VOF 

ethod is relatively easy to implement. One disadvantage of the 

OF method is that it is less accurate in representing the geometry 

f the rough surface as the location and orientation of the surface 

s not explicitly accounted for in the cells cut by the surface. In this 

ork, we employ the sharp interface, curvilinear immersed bound- 

ry method (CURVIB) [23] , which explicitly takes into account the 

eometry information of the rough surface when reconstructing 

he velocity at grid nodes near the boundary, to simulate turbu- 

ent flows over rough surfaces and compare the obtained results 

ith those presented in [10] . Specifically, we simulate the fully de- 

eloped turbulent flow with rough elements, which are generated 

n the same way as in [10] (the case R2 in [10] ). 

In the rest of the paper, we first introduce the employed nu- 

erical method including the flow solver and the CURVIB method, 

nd the computational setup in Section 2 and Section 3 , respec- 

ively. Then, we present the simulation results and compare them 

ith the results from Yuan and Piomelli [10] in Section 4 . At last,

n Section 5 we draw conclusions from this work. 

. Numerical methods 

.1. Flow solver 

In this work the LES module of the virtual flow simulator (VFS- 

ind) [24,25] code is employed for simulating the flow over rough 

all. It has been successfully applied to different environmental 

nd energy problems [25–29] . The governing equations are the 

hree-dimensional, unsteady, filtered continuity and Navier-Stokes 

quations shown as follows: 

∂u i 

∂x i 
= 0 , (3) 

∂u i 

∂t 
+ 

∂u i u j 

∂x j 
= − ∂ p 

∂x i 
+ 

∂ 

∂x j 

(
ν
∂u i 

∂x j 
− τi j 

)
, (4) 

here x i (i = 1 , 2 , 3) are the Cartesian coordinates, u i is the i th

omponent of the velocity vector in Cartesian coordinates, ν is 

he kinematic viscosity, p is the pressure, and τi j represents the 

nisotropic part of the subgrid-scale stress tensor, which is mod- 

led by the dynamic subgrid-scale model [30] . The governing equa- 

ions are discretized in space using a second-order accurate central 

ifferencing scheme, and integrated in time using the fractional 

tep method [23] . An algebraic multigrid acceleration along with 
2 
 GMRES solver is used to solve the pressure Poisson equation. 

 matrix-free Newton–Krylov method is used for solving the dis- 

retized momentum equations. 

.2. Immersed boundary method 

The CURVIB [23] is employed in VFS-Wind to represent complex 

oundaries. As show in Fig. 1 a, the Cartesian grid nodes are classi- 

ed as fluid nodes located in the fluid and solid nodes located in 

he solid. The fluid nodes with at least one neighbor in the solid 

re marked as IB nodes (e.g. point b in Fig. 1 a). In CURVIB, the ve-

ocity at IB nodes are constructed in the wall normal direction us- 

ng the velocity at the boundary (point a in Fig. 1 a) and velocity in

he fluid (point c in Fig. 1 a), where the velocity at point c is inter- 

olated from the surrounding fluid nodes. For wall-resolved large- 

ddy simulation, in which point b is located in the viscous sub- 

ayer, the linear interpolation is employed. For wall-modeled large- 

ddy simulation, in which the viscous sublayer is not resolved by 

he grid, the velocity at point b is constructed using a wall model 

5,24,31,32] . 

The simulation results of this work will be compared with re- 

ults from Yuan and Piomelli [10] by Yuan and Piomelli, which are 

omputed using the VOF method. Here we briefly describe the VOF 

ethod employed in [10] . In this method, the flow is first solved 

ithout the forcing to obtain the preliminary velocity ˆ u . Then the 

orcing terms applied to the grid cells cut by the boundary (field 

ircles shown in Fig. 1 b) are calculated by F = −(1 − V f ) 
ˆ u 

�t 
, where

 f is the volume fraction of fluid, and �t is the time step. This 

orcing term is determined by requiring that the velocity at the 

ells cut by boundary is equal to V f ̂  u . With this forcing term, the 

overning equations are solved to obtain the velocity for this time 

tep. 

. Computational setup 

We simulate the turbulent channel flow over rough wall, which 

as been carried out earlier by Yuan and Piomelli [10] . The 

eynolds number based on the channel height h and the bulk ve- 

ocity U b is Re = 12207 . A schematic of the rough surface employed

n this work is shown in Fig. 2 , which is generated using the virtual

andgrain model proposed in [21] . In this approach, the bottom 

urface is partitioned into square tiles of size 2 r × 2 r with each tile 

ontaining a randomly rotated ellipsoid with semiaxes r, 1 . 4 r and 

 r and its center located at z 0 = −0 . 5 r (as shown in Fig. 2 ). In the

imulated case, the value of r is set as r/h = 0 . 07 corresponding to

he fully rough regime (the R2 case in reference [10] ), where h is

he height of the channel. It is noticed that the “equivalent” sand 
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Fig. 2. Schematic of the computational domain and the rough surface. On the slice, every tenth grid line is displayed. 
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Fig. 3. Contour of instantaneous streamwise velocity on the x-y plane located at 

x/h = 0 and the x-z plane located at y/h = 0 . 07 , respectively. Where U is the in- 

stantaneous streamwise velocity. 

Fig. 4. Comparison of the vertical profiles of the streamwise velocity computed us- 

ing the CURVIB method with that computed using the VOF method [10] and that of 

of smooth channel. 
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oughness k s = r is known a priori given by the virtual sandgrain 

odel [21] . 

The size of the computational domain is 6 h × h × 3 h in x, y

nd z direction, respectively, which has been shown sufficient to 

ccommodate the largest turbulent structures for a smooth-wall 

hannel flow [10] . The free-slip boundary condition is applied at 

he top boundary, while at the bottom wall with rough surface, the 

o-slip condition is employed. Periodic boundary conditions are 

mposed in the streamwise and spanwise directions ( x and z, re- 

pectively). The computational domain is discretized using 1024 ×
28 × 512 grid nodes in the x, y and z directions, respectively (uni- 

orm grids in the x and z directions), with each square tile resolved 

y 24 grid nodes in the horizontal directions. The grid is refined 

ear the wall in the y direction (as shown in Fig. 2 ), with the first

ff grid spacing �y/h = 3 . 75 × 10 −3 and 28 nodes allocated below 

he roughness crest. The size of time step is �tU b /h = 2 × 10 −3 . In

he present case, the flow is driven by a mean pressure gradient, 

hich is computed by maintaining a constant mass flux. The flow 

s first simulated for about 20 flow-throughs to achieve a fully de- 

eloped state. Then the turbulence statistics are obtained by con- 

inuing the simulation for about 30.7 flow-throughs. 

A space-time double-averaging approach [9] is used to analyze 

urbulence statistics. In this approach, a flow quantity θ can be de- 

omposed into space-time average, 〈 (θ ) 〉 , the spatial variation of 

he temporal average, ˜ (θ ) , and the turbulent fluctuation θ
′ 

as fol- 

ows: 

(x, y, z, t) = 〈 θ〉 (y ) + ̃

 θ (x, y, z) + θ ′ (x, y, z, t) , (5)

n which, ·̄ denotes temporal averaging, 〈·〉 denotes the spatial av- 

rage over the fluid nodes in the horizontal directions. Another su- 

erficial averaging 〈·〉 s can also be carried out in the whole hori- 

ontal plane without considering whether the grid node is located 

n the fluid or in the solid [33] . 

. Results 

In this section, we present our the simulation results and com- 

are them with Yuan and Piomelli’s [10] . In this work, we fix the

ulk velocity in the simulation and compute the friction velocity 

ased on the forces exerted on the rough elements. The Reynolds 

umber based on the channel lengths ( h ) and friction velocity u τ
s Re τ = 1050 for the present case, close to Re τ = 10 0 0 of reference

10] , with the roughness heights in wall unit k + s = 75 and k + s = 72

espectively for our case and that in [10] . We first show the instan-

aneous flow field in Fig. 3 . As seen, the wake behind each rough

lement and the heterogeneous distribution of the streamwise ve- 

ocity are well captured by the employed method. In Fig. 4 we 
3 
how the temporally and horizontally averaged streamwise velocity 

rofile in wall units. It is seen that the velocity profile computed 

rom this work agrees well with that in [10] with the normalized 

elocity defect in the logarithmic region approximately 7.8. Differ- 

nces are observed in the roughness sublayer (i.e. y < 2 k s with its

hysical meaning discussed later), where the mean streamwise ve- 

ocity profile predicted in this work is slightly lower than that from 

10] . This is probably because of the different treatments of rough 

lements in the two methods that the no-slip boundary condition 
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Fig. 5. Comparison of the Reynolds stresses computed using the CURVIB method 

with those computed using the VOF method and those of smooth channel. The 

Reynolds stresses are normalized using u 2 τ . 

Fig. 6. Contours of time-averaged streamwise velocity on the x − z plane located at 

(y − d) + = 10 with two regions of the slice is zoomed in with one containing more 

rough elements cut by the slice than the other. 
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Fig. 7. Comparison of the dispersive stresses computed using the CURVIB method with t

(b) other components. The dispersive stresses are normalized using u 2 τ . 

4 
s explicitly imposed in the CURVIB method but not in the VOF 

ethod. 

In Fig. 5 we compare the Reynolds stresses normalized by u 2 τ as 

 function of y/h computed from this work, with those from the 

mooth wall case ( Re τ = 10 0 0 ) and the same rough wall case in

10] . As seen, different terms of the Reynolds stresses are similar 

ith each other in the outer layer down to the edge of roughness 

ublayer located at y ≈ 2 k s for different cases. This indicates that 

he friction velocity properly scales turbulence in the outer layer 

ven for cases of different wall roughness. When compared with 

he results from the smooth wall case, it is observed that the peaks 

f Reynolds stresses are shifted outward and siginificantly damped 

n the region close to the rough surface, where the viscous sublayer 

nd the buffer layers are destructed for rough wall turbulence in 

he fully rough regime. Compared with Yuan and Piomelli’s results 

10] , the locations of peaks of the Reynolds stresses are slightly 

arther from the wall with the magnitudes of the Reynolds stresses 

amped more faster as moving from peak locations to the wall. 

After showing the Reynolds stresses, here we examine the 

patial heterogeneity of the flow field. We first show the time- 

veraged streamwise velocity was not uniform on the x − z plane 

ocated at (y − d) + = 10 as in Fig. 6 . As seen, the spatial distribu-

ion of the streamwise velocity is highly variable due to the rough 

urface formed by random rotated ellipsoids. These observed spa- 

ial heterogeneity results in the dispersive stresses [34] . Taking the 

ispersive shear stress as an example, it appears in the temporally 

nd horizontally averaged momentum equation as follows: 

∂〈 ̄p 〉 s 
∂x 

+ v 
∂ 2 〈 ̄u 〉 s 
∂y 2 

−
∂ 
〈
u 

′ v ′ 
〉
s 

∂y 
− ∂〈 ̃  u ̃

 v 〉 s 
∂y 

−
〈
∂ ̃  p 

∂x 

〉
s 

+ v 
〈∇ 

2 ˜ u 

〉
s 
= 0 , 

(6) 

here 〈 ̃  u ̃ v 〉 s is the dispersive shear stress. We compare the disper- 

ive stresses computed in this work with those in [10] in Fig. 7 .

he physical meaning of the roughness sublayers is shown clearly 

n Fig. 7 that it is the region with a significant amount of disper- 

ive stresses with its top boundary located approximately at 2 k s . As 

een in Fig. 6 , the peak of the streamwise components 〈 ̃  u 2 〉 + s is sig-

ificantly higher than that from Yuan and Piomelli [10] . The span- 

ise component 〈 ̃ v 2 〉 + s and the wall normal component 〈 ̃  w 

2 〉 + s , on 

he other hand, are lower than those from Yuan and Piomelli [10] . 

he peak of the magnitude of the dispersive shear stress 
∣∣〈 ̃  u ̃ v 〉 + s 

∣∣
s approximately two times smaller than that from reference [10] . 

hese observations indicate that the flow is more heterogeneous 

n the streamwise direction as compared with the other two di- 

ections. Wakes behind rough elements are the main component 

ontributing to the flow heterogeneity. High heterogeneity in the 

treamwise direction probably means the wakes predicted by the 

URVIB method are stronger than those from the VOF method em- 
hose computed using the VOF method [10] for (a) the streamwise component and 
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loyed in [10] . It is also noticed that the locations of the peaks of

he dispersive stresses are farther away from the wall as compared 

ith the predictions from Yuan and Piomelli [10] , which is similar 

o that observed in Reynolds stresses. 

. Conclusions 

In this work, we carry out LES of turbulent channel flow over 

ough wall with the rough surface represented using the sharp 

nterface CURVIB method. In the simulated case, the “equivalent”

and roughness is the same as that in the work by Yuan and Pi- 

melli [10] , in which the roughness elements were modeled us- 

ng the VOF method. The simulation results from this work are 

ompared with those from Yuan and Piomelli [10] . For the nor- 

al Reynolds stresses 〈 u ′ 2 〉 , 〈 v ′ 2 〉 , 〈 w 

′ 2 〉 , the predictions from this

ork are similar to [10] in the outer region, while they are smaller 

han those from Yuan and Piomelli [10] in the rough wall region. 

or the dispersive stress, the peak of the streamwise component 

 ̃  u 2 〉 computed from this work is higher than that from Yuan and 

iomelli [10] , while the vertical and spanwise components 〈 ̃ v 2 〉 and 

 ̃  w 

2 〉 and the magnitude of the dispersive shear stress are lower 

han those from Yuan and Piomelli [10] . 

The differences observed between the predictions of this work 

nd those in [10] can be explained by the different treatments of 

oughness elements. In the VOF method employed in [10] , the ve- 

ocity at those cells cut by the boundary is specified based on the 

olume fraction of fluid, while in the CURVIB method [10] , the 

elocity at the IB node is reconstructed by directly satisfying the 

oundary conditions at the surface of the rough element. This dif- 

erence probably results in larger form drag and stronger wakes 

ehind rough elements, causing differences in the predictions of 

eynolds stresses and dispersive stresses. 
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