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Abstract 

Accurate Computational Fluid Dynamics (CFD) simulations of atmospheric boundary layer (ABL) flow are 

essential for a wide variety of atmospheric studies including pollutant dispersion and deposition. The accuracy of 

such simulations can be seriously compromised when wall function roughness modifications based on 

experimental data for sand grain roughened pipes and channels are applied at the bottom of the computational 

domain. This type of roughness modification is currently present in many CFD codes including Fluent 6.2 and 

Ansys CFX 10.0, previously called CFX-5. The problems typically manifest themselves as unintended 

streamwise gradients in the vertical mean wind speed and turbulence profiles as they travel through the 

computational domain. These gradients can be held responsible – at least partly – for the discrepancies that are 

sometimes found between seemingly identical CFD simulations performed with different CFD codes and 

between CFD simulations and measurements. This paper discusses the problem by focusing on the simulation of 

a neutrally stratified, fully developed, horizontally homogeneous ABL over uniformly rough, flat terrain. The 

problem and its negative consequences are discussed and suggestions to improve the CFD simulations are made.   

 

Keywords: Computational Fluid Dynamics (CFD); Numerical simulation; Atmospheric Boundary Layer (ABL); 

Sustainable boundary layer; Equilibrium vertical profiles; Horizontal homogeneity 

 

1. Introduction 

 

Computational Fluid Dynamics (CFD) is increasingly being used to study a wide variety of processes in the 

lower parts of the atmospheric boundary layer (ABL) (0 - 200 m) including pollutant dispersion and deposition, 

wind-driven rain, building ventilation, etc. Recently, comprehensive literature reviews on the use of CFD for 

these applications have been published (Stathopoulos, 1997; Reichrath and Davies, 2002; Blocken and 

Carmeliet, 2004; Bitsuamlak et al., 2004; Meroney, 2004; Franke et al., 2004).  

Accurate simulation of ABL flow in the computational domain is imperative to obtain accurate and reliable 

predictions of the related atmospheric processes. In a CFD simulation, the flow profiles of mean wind speed and 

turbulence quantities that are applied at the inlet plane of the computational domain are generally fully-

developed, equilibrium profiles. These profiles should be representative of the roughness characteristics of that 

part of the upstream terrain that is not included in the computational domain (i.e. the terrain upstream of the inlet 

plane). This is expressed by the presence of either the appropriate aerodynamic roughness length y0 or the 

appropriate power-law exponent α of this terrain in the expressions of the inlet profiles (Davenport, 1960; 1961; 

Wieringa, 1992). Within the computational domain, generally three different regions can be distinguished, as 

illustrated in Figure 1: (1) the central region of the domain where the actual obstacles (buildings, trees, stacks, 

etc.) are modelled explicitly with their geometrical shape; and (2) the upstream and downstream region of the 

domain where the actual obstacles are modelled implicitly, i.e. their geometry is not included in the domain but 

their effect on the flow can be modelled in terms of roughness, e.g. by means of wall functions applied to the 

bottom of the domain. These wall functions replace the actual roughness obstacles but they should have the same 

overall effect on the flow as these obstacles. This roughness is expressed in terms of the aerodynamic roughness 

length y0 or, less often, in terms of the equivalent sand-grain roughness height for the ABL, kS,ABL, which is 

typically quite high (large-scale roughness; e.g. y0 in the range of 0.03 m to 2 m (Wieringa, 1992), kS,ABL in the 
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range of 0.9 m to 60 m). Note that in CFD simulations, often the upstream part of the domain and the terrain 

outside the domain upstream of the inlet plane are assumed to be of the same roughness, implying that it is not 

the intention to simulate the development of an internal boundary layer starting from the inlet plane. In the centre 

of the computational domain, where the actual obstacles are modelled explicitly, additional roughness modelling 

is limited to the surfaces of the obstacles themselves (walls, roofs, etc.) and the surfaces between these obstacles 

(streets, grass plains, etc.). This is often also done with wall functions. The roughness of these surfaces is most 

often expressed in terms of the roughness height kS that is typically quite small (small-scale roughness; e.g. kS in 

the range of 0 to 0.1 m).  

The simulation of a horizontally homogeneous ABL over uniformly rough terrain is often required in the 

upstream and the downstream region of the computational domain. The term “horizontally homogeneous” refers 

to the absence of streamwise gradients in the vertical profiles of the mean wind speed and turbulence quantities, 

i.e. these profiles are maintained with downstream distance. This flow type occurs when the vertical mean wind 

speed and turbulence profiles are in equilibrium with the roughness characteristics of the ground surface. 

Concerning the upstream part of the domain, a distinction is made between inlet flow, approach flow and 

incident flow (Fig. 1). The “approach flow” profiles are those travelling towards the building models, while the 

“incident flow” profiles are those obtained in a similar but empty computational domain, at the position where 

the buildings would be positioned. Horizontal homogeneity implies that the inlet profiles, the approach flow 

profiles and the incident profiles are the same. 

In the past, several authors have reported difficulties in simulating a horizontally homogeneous ABL flow in 

at least the upstream part of computational domains. Richards and Younis (1990), discussing the work of 

Mathews (1987), referred to a situation in which the approach flow changed rapidly in the upstream region of the 

computational domain. A particular observation was the considerable acceleration of the flow near the surface. 

Zhang (1994), using the k-ε model and the standard wall functions (Launder and Spalding, 1974) without 

roughness modification, reported an unwanted change in the profiles of mean wind speed and especially 

turbulent kinetic energy, which he suggested to be responsible for some of the discrepancies found between the 

CFD simulations and the corresponding wind tunnel measurements. A similar problem for turbulent kinetic 

energy was reported by Quinn et al. (2001) who used the k-ε model in CFX-4.1. Riddle et al. (2004), employing 

Fluent 6 with the k-ε and the Reynolds Stress Model (RSM), observed significant profile changes in an empty 

computational domain, especially for the turbulent kinetic energy. Problems in simulating a horizontally 

homogeneous ABL flow were also reported by Miles and Westbury (2003), using CFX-5, and by Franke et al. 

(2004), Franke and Frank (2005) and Blocken and Carmeliet (2006) using Fluent 5 and Fluent 6.  

The unintended differences between inlet profiles and incident profiles (i.e., the horizontal homogeneity 

problem) can be detrimental for the success of CFD simulations given that even minor changes to the incident 

flow profiles can cause significant changes in the flow field. Indeed, sensitivity studies by Castro and Robins 

(1977), Miles and Westbury (2003), Gao and Chow (2005) and Blocken et al. (2006) have indicated the 

important influence of the shape of the vertical incident flow profiles on the simulation results of flow around 

buildings. Furthermore, the considerable problems in simulating the simple case of a horizontally homogeneous 

ABL flow suggest that similar or maybe even more serious problems can be expected when more complex cases 

of ABL flow have to be simulated, e.g. the development of internal boundary layers (IBL) over terrains with 

roughness changes. 

This paper addresses the problem of horizontal homogeneity associated with the use of sand-grain roughness 

wall functions. This is done by focusing on the CFD simulation of a neutrally stratified, horizontally 

homogeneous ABL flow over uniformly rough, flat terrain. The reasons for the difficulties possibly encountered 

are explained, the negative consequences involved are discussed and suggestions to handle them are made. First, 

in Section 2, the basic requirements for a CFD simulation of ABL flow with sand-grain wall functions are set. 

Section 3 describes the commonly used, fully-developed ABL inlet profiles for mean wind speed, turbulent 

kinetic energy and turbulence dissipation rate. In Section 4, the so-called sand-grain roughness wall-function 

modification is briefly described. Section 5 points to the inconsistency of the basic requirements for ABL flow 

simulation with these wall functions. In Section 6, the typical negative consequences of this inconsistency are 

discussed. Section 7 summarizes various remedial measures. Finally, Section 8 concludes the paper.  

 

2. Basic requirements for ABL flow simulation 

 

In almost all CFD simulations of the lower part of the ABL, an accurate description of the flow near the 

ground surface is required. In such cases, if the wall roughness is expressed by an equivalent sand-grain 

roughness kS in the wall functions, four requirements should be simultaneously satisfied. This set of 

requirements has been distilled from various sources including CFD literature and CFD software manuals 

(Richards and Hoxey, 1993; Franke et al., 2004; Fluent Inc., 2005; Ansys Ltd., 2005): 

(1)  A sufficiently high mesh resolution in the vertical direction close to the bottom of the computational 

domain (e.g. height of first cell < 1 m); 
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(2)  A horizontally homogeneous ABL flow in the upstream and downstream region of the domain;  

(3)  A distance yP from the centre point P of the wall-adjacent cell to the wall (bottom of domain) that is larger 

than the physical roughness height kS of the terrain (yP > kS); and  

(4)  Knowing the relationship between the equivalent sand-grain roughness height kS and the corresponding 

aerodynamic roughness length y0. 

The first requirement is important for all computational studies of flow near the surface of the Earth. For 

instance, for pedestrian wind comfort studies, Franke et al. (2004) state that at least 2 or 3 control volume layers 

should be provided below pedestrian height (1.75 m). The second requirement implies the insertion of 

(empirical) information about the ground roughness (roughness of the bottom of the computational domain) into 

the simulation to prevent streamwise gradients in the flow in the upstream and downstream part of the domain, 

i.e. outside the main disturbance of the flow field by the explicitly modelled obstacles (Richards and Hoxey, 

1993). This generally requires the use of wall functions. The third requirement implies that it is not physically 

meaningful to have grid cells with centre points within the physical roughness height. This requirement is 

explicitly mentioned by several commercial CFD codes including Fluent 6.2 (Fluent Inc., 2005) and Ansys CFX 

10.0 (Ansys Ltd., 2005). Both codes warn the user to abide by the requirement yP > kS. In addition, Ansys Ltd. 

(2005) mentions that violation of this requirement can lead to inaccuracies and to solver failure but it does not 

elaborate further on this issue. The fourth requirement concerns a relationship that results from matching the 

ABL mean velocity profile and the wall function in the CFD code and will be discussed later.  

All four requirements should be satisfied in the upstream and downstream region of the computational 

domain, while in the central part, only requirements (1) and (3) must be adhered to. However, it is generally 

impossible to satisfy all four requirements. This paper focuses on the standard k-ε model by Jones and Launder 

(1972) used in combination with the standard wall functions by Launder and Spalding (1974). Note however that 

the validity of the findings and the statements made in the paper is not limited to this type of turbulence model 

and these wall functions. 

 

3. Fully-developed ABL profiles 

 

For the k-ε model, Richards (1989) proposed vertical profiles for the mean wind speed U, turbulent kinetic 

energy k and turbulence dissipation rate ε in the ABL that are based on the Harris and Deaves (1981) model. 

Because the height of the computational domain is often significantly lower than the ABL height, these profiles 

are generally simplified by assuming a constant shear stress with height (Richards and Hoxey, 1993): 
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where y is the height co-ordinate, u*ABL the ABL friction velocity, κ the von Karman constant (≈ 0.40-0.42) and 

Cµ a model constant of the standard k-ε model. It can be easily shown that Eqs. (1-3) are an analytical solution to 

the standard k-ε model if the model constants Cε1, Cε2, σε, Cµ are chosen in such a way that Eq. (4) is satisfied 

(Richards and Hoxey, 1993):  

 

µεε1ε2
2 Cσ)C(Cκ −=     (4) 

Similarly, it can be shown that the set of Eq. (2) and Eqs. (5-6) are also an analytical solution to the same model 

under the same condition (Durbin and Petterson Reif, 2001).  
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These profiles are commonly used as inlet profiles for CFD simulations when measured profiles of U and k are 

not available. It should be noted that these profiles are not only used for simulations with the standard k-ε model 

but also with other types of turbulence models: RNG k-ε, realizable k-ε, standard k-ω, SST k-ω, the Spalart-
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Allmaras model, the Reynolds Stress model, etc. In these cases, the profiles for k and ε are converted into 

profiles for either the specific dissipation rate ω (ω = ε/Cµk), the turbulent viscosity ratio µt/µ or the Reynolds 

stresses.  

 

4. Standard wall functions with a sand-grain-based roughness modification 
 

Due to the importance of the surface roughness and the high Reynolds numbers associated with ABL flow, 

the use of wall functions is generally required for near-wall modelling. The wall functions in CFD codes are 

generally based on the universal near-wall velocity-distribution (law of the wall) that can be modified for the 

effects of rough surfaces. In this section, the often used roughness modification that is based on experiments with 

sand-grain roughness is described.  

 

4.1. Law of the wall for fully rough surfaces 

 

The universal law of the wall for a smooth surface is plotted in Figure 2 (dashed line) using the 

dimensionless variables u
+
 = U/u* and y

+
 = u*y/ν, where U is the mean velocity tangential to the wall, u* is a 

wall-function friction velocity and ν is the kinematic viscosity. Note that u* can be different from u*ABL.  

The near-wall region consists of three main parts: the laminar layer or linear sublayer, the buffer layer and the 

logarithmic layer. In the linear sublayer, the laminar law holds (u
+
 = y

+
) while in the log layer, the logarithmic 

law is valid: (u
+
 = ln(y

+
)/κ + B) where the integration constant B ≈ 5.0 – 5.4 (e.g. Schlichting, 1968; White, 

1991). The laminar law is valid below about y
+
 = 5 and the logarithmic law above about y

+
 = 30 up to y

+
 = 500 - 

1000. The modification of the log law for rough surfaces is mainly based on the extensive experiments by 

Nikuradse (1933) for flow in rough, circular pipes that were covered on the inside as tightly as possible with 

sand grains (sand-grain roughness kS). The experiments indicated that the mean velocity distribution near rough 

walls, when plotted in a semi-logarithmic scale, as in Figure 2, has the same slope (1/κ) but a different intercept. 

The shift of the intercept, ∆B, as shown in Figure 2, is a function of the dimensionless sand-grain roughness 

height kS
+
 = u*kS/ν, also called “dimensionless physical roughness height” or “roughness Reynolds number”. 

The logarithmic law for a rough wall is (Cebeci and Bradshaw, 1977): 
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The roughness function ∆B takes different forms depending on the kS
+ 

value. Three regimes are distinguished: 

aerodynamically smooth (kS
+
 < 2.25), transitional (2.25 ≤ kS

+
 < 90) and fully rough (kS

+
 ≥ 90). ABL flow over 

rough terrain classifies as fully rough because the roughness elements (obstacles) are so large that the laminar 

sublayer is eliminated and the flow is considered to be independent of the molecular viscosity. Note that this is 

the case for flow in the upstream and downstream part of the computational domain but not necessarily for the 

flow over the explicitly modelled surfaces with a small-scale roughness in the central part of the domain. For the 

fully rough regime, Cebeci and Bradshaw (1977) report the following analytic fit to the sand-grain roughness 

data of Nikuradse (1933), which was originally provided by Ioselevich and Pilipenko (1974): 
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Combining Eqs. (7) and (8), with B = 5.2, yields: 
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This is the logarithmic law of the wall for fully rough surfaces based on sand-grain roughness. Eq. (9) is 

illustrated in Figure 2 with kS
+
 as a parameter. 

 

4.2. Wall functions for fully rough surfaces 

 

In this paper, the term “sand-grain-roughness wall functions” refers to standard wall functions modified for 

roughness based on experiments with sand-grain roughness, also called kS-type wall functions. The kS-type wall 

function for mean velocity is obtained by replacing U and y in Eq. (9) by their values in the centre point P of the 
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wall-adjacent cell: UP and yP. Several commercial CFD codes use slightly different kS-type wall functions than 

Eq. (9).  

 

4.2.1. Fully rough kS-type wall function for mean velocity in Fluent 6.2 

 

The wall function in Fluent 6.2 is given by (Fluent Inc., 2005): 
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where the factor (1 + CSkS
+
) represents the roughness modification, E is the empirical constant for a smooth wall 

(≈ 9.793) and u* = Cµ
1/4

kP
1/2

 and uτ = (τw/ρ)
1/2

 are two different wall-function friction velocities. kP is the 

turbulent kinetic energy in the centre point P, τw is the wall shear stress and ρ the fluid density. CS, the roughness 

constant, is an attempt to take into account the type of roughness. However due to the lack of specific guidelines, 

it is generally set at its default value for sand-grain roughened pipes and channels: 0.5. The user inputs in the 

code are the values kS and CS, in Fluent 6.1 and 6.2 with the restriction that CS should lie in the interval [0;1]. 

For an equilibrium boundary layer (u* = uτ) and when CSkS
+
 >> 1 (fully rough regime with about CS > 0.2), Eq. 

(10) can be simplified and takes a form similar to Eq. (9): 
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4.2.2. Fully rough kS-type wall function for mean velocity in Ansys CFX 10.0 

 

Ansys CFX 10.0 provides a similar wall function, however with a fixed value for the roughness constant: CS = 

0.3 (Ansys Ltd., 2005): 
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In the fully rough regime (kS

+
 > 90) it can be rewritten as follows: 
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4.2.3. Wall functions for k and ε 

 

Irrespective of the value of kS
+
, the wall functions for the turbulent quantities are generally given by: 
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Note that in these equations u* carries the effect of the roughness. In Fluent 6, Eq. (14) is not used but instead 

the k-equation is solved in the wall-adjacent cells.  

kS-type wall functions are not only used for simulations of flow over sand-grain roughened surfaces. Indeed, 

many CFD codes including Fluent 6.2 and Ansys CFX 10.0 only provide this type of roughness modification. 

Consequently, CFD simulations over other types of rough surfaces are also made with kS-type wall functions. In 

that case, the actual roughness is characterised by an “equivalent” sand-grain roughness height kS.  

 

5. Inconsistency in the requirements for ABL flow simulation 
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The fourth requirement for ABL flow simulation mentioned in Section 2 concerns the relationship between 

kS and y0. It provides the equivalent sand-grain roughness height for the ABL, kS,ABL. It can be derived by first-

order matching (continuity of function and its first derivative) of the ABL velocity profile (Eq. 5) with the wall-

function velocity profile in the centre point P of the wall-adjacent cell, as indicated in Figure 3. For Eqs. 

(9,11,13) a perfect match with Eq. (5) can be obtained, yielding, respectively:  

 

0ABLS, y30k =       (16) 

s

0
ABLS,

C

y9.793
k =   (Fluent)    (17) 

0ABLS, y6.92k =   (Ansys CFX)    (18) 

 

and u*ABL = u* for all three cases. In Eqs. (16-18), the actual value of the constants (30, 9.793 and 29.6) depends 

to some extent on the value of κ (0.4 – 0.42). In all cases, kS,ABL is clearly much larger than the corresponding 

aerodynamic roughness length y0. As an example, for some terrain types in the updated Davenport roughness 

classification, the following values are obtained: for rough open terrain: y0 = 0.1 m, kS,ABL ≈ 3 m; for very rough 

terrain: y0 = 0.5 m, kS,ABL ≈ 15 m; for city centres: y0 = 2 m, kS,ABL ≈ 60 m. Cleary, kS,ABL will often be very large 

in CFD simulations in built environments. Note that a perfect match between Eq. (1) and Eqs. (9,11,13) cannot 

be achieved since in this case u*ABL is different from u*. 

To satisfy all four requirements mentioned in Section 2 is generally impossible with the kS-type wall 

functions outlined above. The main reason is that the fourth requirement, expressed by Eq. (16), (17) or (18), in 

combination with the third requirement (yP > kS,ABL) implies that very large (high) control volumes should be 

used, which is in conflict with the first requirement (high mesh resolution, hence small yP). Note that in Fluent, 

the required cell height can be limited to some extent by maximising CS (CS = 1; see Eq. 17) but that this will 

often not be satisfactory. The discussion in the remainder of this paper will focus on – but not be limited to – the 

relationship kS,ABL ≈ 30y0. Then, as an example, for a grass-covered plain with a low aerodynamic roughness 

length y0 = 0.03 m, kS,ABL is about 0.9 m and yP should be at least equal to this value, yielding cells of minimum 

1.8 m height. For larger values of y0, much larger (higher) cells are needed. It is clear that this requirement 

conflicts with the need for a high grid resolution near the bottom of the computational domain and that no 

accurate solutions for near-ground flow can be obtained with cell sizes so large - see also Franke et al. (2004).  

 

6. Discussion 

 

A typical consequence of not adhering to all four ABL flow requirements is the occurrence of unintended 

streamwise gradients in the vertical profiles of the mean wind speed and turbulence quantities (horizontal 

inhomogeneity) as the flow travels through the computational domain. The extent of the streamwise gradients 

depends on the shape of the vertical inlet profiles, the downstream flow distance, the turbulence model, the type 

of wall function, the grid resolution (yP), the roughness height (kS), the roughness constant (CS) and the boundary 

conditions at the top and outlet of the domain. A scenario that can explain – at least partly – the problems 

observed in some previous studies is discussed below. In the scenario the ABL flow profiles at the inlet of the 

domain are Eqs. (1-3) or Eqs. (2,5-6), which is common practice in CFD simulations of ABL flow. 

Given the requirement yP > kS, the most straightforward choice might be to apply the required high mesh 

resolution near the bottom of the domain and to insert a kS-value (kS,ground) that is low enough to satisfy kS,ground < 

yP. Generally, this value will be significantly lower than required for ABL flow simulation (kS,ABL ≈ 30y0). E.g. 

sometimes kS = y0 has been used. In this case, the change in roughness between the inlet profile that is 

representative of the terrain upstream of the domain inlet (corresponding to kS,inlet = kS,ABL ≈ 30y0) and the actual 

smaller ground roughness in the upstream part of the computational domain (kS,ground < 30y0) will introduce an 

Internal Boundary Layer (IBL), in which the wind speed and turbulence profiles will rapidly adapt to the new 

and smaller roughness, yielding, amongst others, a considerable acceleration of the flow near the surface. This 

can explain – at least partly – the unintended streamwise gradients observed by several authors mentioned in the 

introduction.  

To illustrate this scenario, CFD simulations of ABL flow were performed in a 2D, empty computational 

domain with Fluent 6.1.22. Note that a 2D simulation does not truly represent 3D turbulence but that it serves the 

purpose of illustrating the problem using the standard k-ε model and economically evaluating possible remedial 

measures. The domain has dimensions L x H = 10 000 m x 500 m. A structured mesh was generated based on 

grid-sensitivity analysis, with yP = 0.25 m and a total of 46 000 cells, equidistantly spaced in the horizontal 

direction (cell length ∆x = 10 m). The inlet profiles are taken equal to Eqs. (2,5-6) with y0 = 0.1 m and u*ABL = 

0.912 m/s. At the bottom of the domain, the standard wall functions (Eqs. 10,15) in the code are used, with 

kS,ground = 0.24 m (as large as possible while satisfying kS,ground < yP) and with the default roughness constant CS = 
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0.5. Note that kS,ground < kS,ABL = 1.959 m. As also indicated by Richards and Hoxey (1993), specific attention is 

needed for the boundary condition at the top of the domain. Along the length of this top boundary, the values 

from the inlet profiles of U, k and ε at this height are imposed (U = 18.5 m/s, k = 2.77 m²/s², ε = 0.0036 m²/s³). 

This is done by fixing these constant values in the top layer of cells in the domain. The application of this 

particular type of top boundary condition is important because other top boundary conditions (symmetry, slip 

wall, etc) can themselves cause streamwise gradients, in addition to those caused by the wall functions. At the 

outlet, an “outflow” boundary is used, which assumes no streamwise gradients at this location. The 2D 

Reynolds-Averaged Navier-Stokes (RANS) equations and the continuity equation are solved using the control 

volume method. Closure is obtained using the standard k-ε model. Pressure-velocity coupling is taken care of by 

the SIMPLE algorithm. Pressure interpolation is second order. Second-order discretization schemes are used for 

both the convection terms and the viscous terms of the governing equations. Figure 4 illustrates the simulation 

results. The figures on the left show the profiles from ground-level up to 500 m height, while the figures on the 

right only show the lowest 50 m. As the profiles travel downstream, the streamwise gradients become very 

pronounced, particularly near the ground surface and they exhibit the typical characteristics of a developing IBL. 

After a considerable distance (about x = 5000 m, not shown in figure) the profiles attain a new equilibrium with 

the current simulation parameters (i.e., turbulence model, wall functions, values of yP, kS, CS, and top and outlet 

boundary condition). Note that changes in these parameters will lead to similar observations but to different 

profiles. Figure 5 illustrates the relative change, i.e. inhomogeneity error e relative to inlet profile, for each of the 

variables U, k, ε and TI, as a function of downstream distance at two heights (y = 2 m and y = 20 m):  

 

0)(x

0)(x(x)
100e

=

=−
⋅=

ϕ

ϕϕ
      (19) 

 

where ϕ represents one of the flow variables. The errors in all variables reach (very) high values with increasing 

downstream distance. The error curve for ε at y = 2 m shows an overshoot around 100 m. This overshoot is only 

present near ground-level (below 3 m). It can be attributed to the combined effect of the transition from the inlet 

profile to a new equilibrium profile, the vertical discretisation of the inlet profiles – to be explained in the next 

section – and the very steep gradient of the ε-profile near the ground surface. Given the sensitivity of CFD 

simulation results to the incident flow profiles, the observed gradients can be detrimental for the accuracy of 

CFD simulations of atmospheric processes in the ABL.  

 

7. Remedial measures and other wall functions  

 

7.1. Remedial measures for kS-type wall functions with kS < yP 

 

Various remedial measures to rectify or at least address the errors discussed in the previous section, are 

presented and discussed here. Some have been suggested previously, others are new. None of them however can 

be considered totally satisfactory. 

(a) Variable height of wall-adjacent cells. Franke et al. (2004) have mentioned abandoning the usual approach 

of using a constant vertical height of all the cells adjacent to the bottom of the computational domain (first layer 

of cells near the ground surface). Instead different initial vertical cell heights can be used in different areas of the 

domain to satisfy Eqs. (16), (17) or (18) at every position in the domain. This implies using higher cells in the 

upstream and downstream regions (large-scale roughness; kS,ABL ≈ 30y0) and lower cells in the central region of 

the domain (small-scale roughness, small kS); e.g. Figure 6. The construction of such meshes is a feasible option 

when the approach flow corresponds to smooth terrain (e.g. rural area, y0 = 0.03 m). For rough terrain however 

(e.g. urban, y0 = 1 m), Franke et al. (2004) correctly state that reduction of the cell height from 60 m upstream of 

the model (needed for an inlet flow with y0 = 1 m) to generally less than 0.5 m close to the building model is not 

evident, even for unstructured meshes. Nevertheless, with this option, a good horizontal homogeneity can be 

obtained. An additional drawback however is the coarse near-wall mesh distribution at the inlet. This is 

important because it determines how the analytical, continuous inlet profiles imposed at the inlet are discretised 

for input into the simulation. This discretisation occurs because each cell only contains one value of each flow 

variable (in a cell-centred scheme). In case of high near-wall cells, the continuous inlet profiles will be converted 

into rough discrete profiles. Figure 7 illustrates this problem. Figures 7a and 7b display two near-wall mesh 

distributions for the simulation case outlined in Section 6 with y0 = 0.1 m and kS,ABL = 1.959 m (Eq. 17 with CS = 

0.5). The fine near-wall mesh distribution (with yP = 0.25 m) is the one used in the previous simulation. The 

coarse near-wall mesh distribution (with yP = 2 m) satisfies the requirement yP > kS,ABL, by having wall-adjacent 

cells with a height of 4 m. Figure 7c and d show the analytical inlet profiles together with the corresponding 

discrete profiles of U and TI, all at the domain inlet. The discrepancies that are introduced in case of the coarse 
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mesh, especially near ground level, are very large (up to 100% and more), and motivate the use of a fine near-

ground mesh along the entire length of the computational domain. 

 (b) Explicit modelling of roughness elements. Another option is to explicitly model the upstream and 

downstream roughness in the computational domain as rectangular blocks in an attempt to fully reproduce the 

actual roughness effects on the flow. In this case, sand-grain roughness wall functions can be used to model the 

small-scale roughness of the surfaces of these blocks. This possibility has been pursued by Miles and Westbury 

(2003) and to some extent by Moonen et al. (2006). Although this is an interesting option, its practical use can be 

hindered by the time-consuming iterative study needed to obtain the correct configuration of roughness blocks 

for a certain set of ABL profiles, which is required if this configuration is not known from previous wind tunnel 

tests. Additional drawbacks are the increased number of cells and the subsequent increase in required computing 

power and time. 

(c) Minimization of upstream domain length. Reducing as much as possible the upstream length of the 

computational domain will limit the development of streamwise gradients (Blocken et al., 2006), as indicated in 

Figures 4 and 5. Nevertheless the minimum upstream length, which is the extent of the upstream disturbance of 

the flow, should always be provided. This option can be useful in those studies where the upstream flow 

characteristics are of importance rather than the downstream characteristics (e.g. wind-driven rain impact on the 

windward facades of isolated buildings) but may be insufficient for other cases. 

(d) Generation of ABL profiles based on the kS-type wall functions. Instead of using the ABL inlet profiles 

mentioned in Section 3, artificial ABL inlet profiles can be generated by first performing a simulation in an 

empty computational domain with identical parameters (grid, roughness, etc.) as the intended simulation, with 

the required high mesh resolution and with kS,ground < yP. This simulation can be performed either by using 

periodic boundary conditions at the inlet and outlet of a short domain or with a very long domain (typically L > 

10 000 m). The resulting profiles at the outlet of the domain are the equilibrium profiles of mean wind speed and 

turbulence quantities that will yield horizontal homogeneity when applied at the inlet of a similar domain. By 

this calculation, these profiles are actually adjusted to fit the wall functions. An example are the profiles obtained 

at x = 10 000 m in Figure 4. While this may be a good solution in some cases (Blocken et al. 2004), changing the 

ABL inlet profiles is not the most straightforward option and should be performed with great care. The obtained 

profiles should still be realistic and representative for the situation to be simulated but they can be quite different 

from the traditional equilibrium profiles as obtained by e.g. measurements.  

(e) Artificial reduction of turbulent kinetic energy. In case the upstream mean velocity field is of main 

importance, rather than the upstream turbulence quantities and the downstream flow, a suitable option might be 

to artificially lower the turbulent kinetic energy at the inlet to decrease the momentum transfer between the fluid 

layers which in turn decreases the acceleration of the wind speed near the surface (Blocken and Carmeliet, 

2006). Application of this option for the simulation case outlined above shows that quite a good horizontal 

homogeneity of U can be obtained, at least up to x = 500 m (see Fig. 8, where ALK stands for “artificially lower 

k”). Reduction of k by a factor of 4 was needed to achieve this level of homogeneity for U. The use of this 

option, in combination with option (c), has been successfully validated for the wind speed conditions upstream 

of single buildings and has proven to be valuable for CFD simulations of wind-driven rain deposition on the 

windward facade of isolated buildings where the upstream flow is of main importance (Blocken and Carmeliet, 

2002; 2004; 2006). Clearly however, because of the change of inlet turbulent kinetic energy, erroneous 

predictions will be obtained downstream of the windward building face and for turbulence properties in general.  

(f) Wall shear stress boundary condition. A final option to attempt horizontally homogeneous ABL flow 

simulation is to explicitly specify the wall shear stress τw = ρ(u*ABL)² associated with the ABL profiles at the 

bottom of the upstream and downstream region in the domain. This forces the ABL friction velocity (u*ABL) to 

be equal to the wall-function friction velocity (u* and/or uτ). The result is a very good horizontal homogeneity 

for both the mean wind speed and turbulence profiles when Eqs. (1-3) or Eqs. (2,5-6) are used. Figure 8 shows 

that the errors are very small and remain below 5% for the entire length of the domain. Figure 9 compares the 

inlet profiles and the downstream profiles at x = 10 000 m without corrections and with wall shear stress 

imposed. The latter option clearly provides a very good horizontal homogeneity. Note however that this 

boundary condition should only be used in the region outside the disturbance by the building models and that 

therefore the effect might not be sufficient. 

 

7.2. The (yP > kS)-requirement and other wall functions 

 

Another possibility to deal with this problem is the use of wall functions for which not all four requirements 

mentioned in Section 2 need to be satisfied. Several commercial CFD codes including Fluent 6.2 and Ansys 

CFX 10.0 at present only provide kS-type wall functions for which these requirements have to be satisfied. 

However, the yP > kS requirement might need to be reconsidered. At present, it is indeed not possible to perform 

calculations with codes such as Fluent 6.2 or Ansys CFX 10.0 with kS > yP. As stated previously, this seems 

logical because it is not physically meaningful to have grid cells with centre points within the physical roughness 



 

 9 

height. From a mathematical/numerical point of view however the reason for this requirement is less clear and it 

should actually be possible to have yP < kS,ground = kS,ABL ≈ 30y0. This would solve to a large extent the problems 

of horizontal homogeneity reported in this paper. Note that this implies a code modification. 

Instead of kS-type wall functions, y0-type wall functions can be used in which the roughness is expressed as a 

function of the aerodynamic roughness length y0 instead of kS. In this case, the requirements for CFD simulation 

of ABL flow relating to kS are no longer applicable. For the standard k-ε turbulence model, an appropriate set of 

inlet profiles and y0-type wall functions was provided by Richards and Hoxey (1993). These wall functions have 

a similar form as the ABL inlet profiles themselves: Eqs. (1-3) or Eqs. (2,5-6) and they provide horizontal 

homogeneity when the standard k-ε model constants satisfy Eq. (4) because then these equations form an 

analytical solution to this model. Unfortunately, in many existing CFD codes such wall functions are neither 

implemented nor can the user always implement them easily at present. 

It is important to note that, strictly speaking, horizontal homogeneity can only be obtained if the inlet profiles 

of mean wind speed and turbulence properties are consistent with the turbulence model (including its constants) 

and with the wall functions and their roughness modification. This is the case for the combination of the inlet 

profiles in Eqs. (1-3) or Eqs. (2,5-6), the standard k-ε model with its constants satisfying Eq. (4) and wall 

functions based on the same equations as the inlet profiles. In other cases, horizontal homogeneity will not be 

obtained, e.g. when measured inlet profiles different from Eqs. (1-3) or Eqs. (2,5-6) are used. In this case a 

simulation in an empty domain, prior to the actual simulation with the building models present, is required to 

assess the extent of the horizontal inhomogeneity and its acceptability. 

kS-type and y0-type wall functions are generally quite similar. Indeed, wall functions in Eqs. (1-3,5-6) and 

those in Eqs. (9,10,12,14-15) have a very similar or even identical shape and were matched earlier to find the kS-

value corresponding to a certain y0. y0-type wall functions are reported to perform very well in producing 

horizontally homogeneous ABL flow when yP is much smaller than kS,ABL ≈ 30y0 (Richards et al., 2002, 

Mochida et al., 2002, Bitsuamlak et al., 2006). This supports the idea that violating “yP > kS” should also be 

possible for kS-type wall functions. However, due to current restrictions in several CFD codes including Fluent 

6.2 and Ansys CFX 10.0, the requirement yP > kS still has to be satisfied, and to limit horizontal inhomogeneity 

one has to resort to one or several of the remedial measures reported in Section 7.1.  

 

8. Summary and conclusions 

 

The accuracy of CFD simulations for atmospheric studies such as pollutant dispersion and deposition can be 

seriously compromised when wall-function roughness modifications based on experimental data for sand-grain 

roughened pipes and channels (kS-type wall functions) are applied at the bottom of the computational domain. 

This type of roughness modification is currently present in many CFD codes including Fluent 6.2 and Ansys 

CFX 10.0. The problems typically manifest themselves as unintended changes (streamwise gradients) in the 

vertical mean wind speed and turbulence profiles as they travel through the computational domain (horizontal 

homogeneity problem). These gradients can – at least partly – be held responsible for the discrepancies 

sometimes found between seemingly identical CFD simulations performed with different CFD codes and 

between CFD simulations and measurements. 

The problems are caused because it is generally impossible to simultaneously satisfy all four requirements for 

ABL flow simulations when kS-type wall functions are used. The extent of the streamwise gradients depends on 

various simulation characteristics and settings, including the inlet profiles, the turbulence model, the type of wall 

functions, the near-wall grid resolution, the roughness height and the roughness constant.  

The best solution to this problem is to alleviate the requirement yP > kS. This can be done either by using y0-

type wall functions or using kS-type wall functions in CFD code formulations that allow violating this 

requirement. However, at the time of writing this paper, several CFD codes including Fluent 6.2 and Ansys CFX 

10.0 allow neither of these options, in which case one or more of the remedial measures mentioned in Section 

7.1 should be considered. 

Irrespective of the type of simulation, the inlet profiles, turbulence model, wall functions and near-wall grid 

resolution used, it is advisable to always assess the extent of horizontal inhomogeneity by a simulation in an 

empty computational domain prior to the actual simulation with the obstacle models present. Sensitivity tests in 

an empty computational domain are of critical importance. In addition, for every CFD simulation it is advisable 

to always report not only the inlet profiles but also the incident flow profiles obtained from the simulation in the 

empty domain because they characterise the real flow to which the building models are subjected. 
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Appendix A: List of symbols 

 

B integration constant in the log law 

CS roughness constant 

Cε1, Cε1, Cµ constants in the k-ε model 

e inhomogeneity error (%) 

E empirical constant for a smooth wall in wall function (≈ 9.793) 

k turbulent kinetic energy (m²/s²) 

kS equivalent sand-grain roughness height (m) 

kS
+
  dimensionless equivalent sand-grain roughness height 

L, H length and height of computational domain (m) 

P centre point of wall-adjacent cell 

TI turbulence intensity  

uτ wall-function friction velocity (m/s) 

u* wall-function friction velocity (m/s) 

u*ABL ABL friction velocity (m/s) 

u
+
 dimensionless mean streamwise wind speed  

U mean streamwise wind speed (m/s) 

x, y streamwise and height co-ordinate (m) 

y0 aerodynamic roughness length (m) 

yP distance from point P to the wall (m) 

y
+
 dimensionless wall unit 

ε turbulence dissipation rate (m²/s³) 

κ von Karman constant (0.4 ∼ 0.42) 

µ dynamic molecular viscosity (kg/ms) 

µt dynamic turbulent viscosity (kg/ms) 

ν kinematic molecular viscosity (m²/s) 

ρ fluid density (kg/m³) 

σε constant in the k-ε model  
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τw wall shear stress (Pa) 

ϕ flow variable  

ω specific dissipation rate (1/s) 

∆B roughness function 

∆x control volume length (m) 

 

Figure captions 

 

Fig. 1. Computational domain with building models for CFD simulation of ABL flow – definition of inlet flow, 

approach flow and incident flow and indication of different parts in the domain for roughness modelling.  

 

Fig. 2. Law of the wall for smooth and sand-grain roughened surfaces with the dimensionless sand-grain 

roughness height kS
+
 as a parameter.  

 

Fig.3. Graphical representation of fitting the mean-velocity ABL log-law inlet profile to the wall function for 

mean velocity in the centre point P of the wall-adjacent cell.   

 

Fig. 4. CFD simulation results illustrating the streamwise gradients in the vertical profiles of (a) mean wind 

speed U; (b) turbulent kinetic energy k; (c) turbulence dissipation rate ε and (d) turbulence intensity TI at 

different downstream distances in the empty domain (x-coordinate). The left column shows the lowest 500 m of 

the boundary layer; the right column shows the lowest 50 m. 

 

Fig. 5. CFD simulation results: relative changes (inhomogeneity errors) of the values of mean wind speed U, 

turbulent kinetic energy k, turbulence dissipation rate ε and turbulence intensity TI at two heights (y = 2 m and y 

= 20 m) and at various downstream positions in the empty domain (x-coordinate). All changes are expressed as 

positive percentage values relative to the values at the inlet of the domain (x = 0). 

 

Fig. 6. Computational mesh with variable height of the wall-adjacent cells along the length of the domain.  

 

Fig. 7. (a-b) Fine and coarse vertical near-ground mesh distribution at the inlet plane. (c-d) Corresponding mean 

wind speed and turbulence intensity profiles at the inlet of the domain: the analytical profile (imposed boundary 

condition) and the CFD profiles (one variable value per cell) for the fine and the coarse mesh distribution.   

 

Fig. 8. CFD simulation results: relative changes (inhomogeneity errors) of the values of mean wind speed U and 

turbulence intensity TI at two heights (y = 2 m and y =20 m) and at various downstream positions in the empty 

domain (x-coordinate), for three options: NC = no correction, ALK = artificially lower turbulent kinetic energy, 

WSS = wall shear stress imposed at the bottom of the domain. All changes are expressed as positive percentage 

values relative to the values at the inlet of the domain (x = 0). 

 

Fig. 9. CFD simulation results in terms of inlet (x = 0 m) and downstream (x = 10 000 m) vertical profiles of (a) 

streamwise wind speed U and (b) turbulence intensity TI for two cases: without correction and with wall shear 

stress imposed at the bottom of the empty domain. 



 

 13 

 
inlet plane

outlet plane

inlet flow

approach flow

incident flow

 

upstream part of 
computational 
domain

downstream part of 
computational 
domain

central part of 
computational 
domain

 
 

 

 

FIGURE 1 
 

 

Fig. 1. Computational domain with building models for CFD simulation of ABL flow – definition of inlet flow, 

approach flow and incident flow and indication of different parts in the domain for roughness modelling.  
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FIGURE 2 
 

Fig. 2. Law of the wall for smooth and sand-grain roughened surfaces with the dimensionless sand-grain 

roughness height kS
+
 as a parameter.  
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Fig.3. Graphical representation of fitting the mean-velocity ABL log-law inlet profile to the wall function for 

mean velocity in the centre point P of the wall-adjacent cell.   
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FIGURE 4 
 

Fig. 4. CFD simulation results illustrating the streamwise gradients in the vertical profiles of (a) mean wind 

speed U; (b) turbulent kinetic energy k; (c) turbulence dissipation rate ε and (d) turbulence intensity TI at 

different downstream distances in the empty domain (x-coordinate). The left column shows the lowest 500 m of 

the boundary layer; the right column shows the lowest 50 m. 
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FIGURE 5 
 

Fig. 5. CFD simulation results: relative changes (inhomogeneity errors) of the values of mean wind speed U, 

turbulent kinetic energy k, turbulence dissipation rate ε and turbulence intensity TI at two heights (y = 2 m and y 

= 20 m) and at various downstream positions in the empty domain (x-coordinate). All changes are expressed as 

positive percentage values relative to the values at the inlet of the domain (x = 0). 
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FIGURE 6 
 

 

Fig. 6. Computational mesh with variable height of the wall-adjacent cells along the length of the domain.  
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FIGURE 7 
 

 

Fig. 7. (a-b) Fine and coarse vertical near-ground mesh distribution at the inlet plane. (c-d) Corresponding mean 

wind speed and turbulence intensity profiles at the inlet of the domain: the analytical profile (imposed boundary 

condition) and the CFD profiles (one variable value per cell) for the fine and the coarse mesh distribution.   
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FIGURE 8 
 

 

Fig. 8. CFD simulation results: relative changes (inhomogeneity errors) of the values of mean wind speed U and 

turbulence intensity TI at two heights (y = 2 m and y =20 m) and at various downstream positions in the empty 

domain (x-coordinate), for three options: NC = no correction, ALK = artificially lower turbulent kinetic energy, 

WSS = wall shear stress imposed at the bottom of the domain. All changes are expressed as positive percentage 

values relative to the values at the inlet of the domain (x = 0). 
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FIGURE 9 
 

Fig. 9. CFD simulation results in terms of inlet (x = 0 m) and downstream (x = 10 000 m) vertical profiles of (a) 

streamwise wind speed U and (b) turbulence intensity TI for two cases: without correction and with wall shear 

stress imposed at the bottom of the empty domain. 

 


