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1. Introduction 

1.1 The neutral Atmospheric Boundary Layer (ABL) 

The wind tunnel configurations studied in this work are representative of neutral ABL over flat 

surfaces of homogeneous roughness, quantified by the “roughness length” ℎ0. This quantity is 

defined through the mean velocity profile obtained in the Inertial SubLayer (ISL) of the ABL 

 
Figure 1: Schematic visualization of the neutral Atmospheric Boundary Layer. Based on [10][11]. 

 

The ISL is characterized by a logarithmic dependency with the altitude [10] (see Figure 1), as 
described by the equation: 
 

𝑢(𝑧) =
𝑢∗

𝜅
ln (

𝑧 − 𝑑

ℎ0
) (1) 

 

The friction velocity 𝑢∗ is defined as 𝑢∗: = √
𝜏𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛→𝑤𝑎𝑙𝑙

𝜌
≈ √−〈𝑢′𝑤′〉𝑤𝑎𝑙𝑙 and 𝜅~0.4 is considered. 

 
The generation of atmospheric boundary layer within short aeronautic wind tunnels requires to 
thicken artificially the otherwise naturally growing rough-wall boundary layer. Several attempts were 
made to achieve this boundary layer thickening with both passive or active devices [2]. The 
successful Counihan-type passive configurations [1,18] inspired Cook (1978) [3] who presented a 



 

family of similar devices and suggested a general understanding of the behaviour of such passive 
devices, named as “Roughness-Barrier-Mixing device method” (RBM).  
 

However, almost all past devices require a trial-and-error step in their design process, which must be 
reproduced for each new studied configuration (i.e. new roughness condition) and each new wind 
tunnel setup.  This was observed by Cook (1978) [3] who undertook a parametric analysis on their 
devices to relate the effective roughness length and integral length scales to their geometric 
parameter (the height of the wall component). 

1.2 Objectives 

The present work aims at investigating Multiscale Inhomogeneous Grids (MIGs) as a new type of 
device for wind tunnel generation of ABL flows. Indeed, their design is expected to enable tailoring 
(without trial-and-error) both mean flow profile and turbulent intensity profiles, by taking advantage 
of tools developed initially for fractal grids studies. The next section presents the past work 
establishing ways to design a grid for a given mean flow profile. The last sections introduce the 
theoretical model for turbulence intensity predictions. 

2. Multiscale Inhomogeneous Grids (MIGs) design 

2.1 Multiscale Inhomogeneous Grids 

Multiscale Inhomogeneous Grids [18] are composed of regular arrays of vertical bars within several 
horizontal levels of varying geometric properties (𝑤𝑛, 𝑔𝑛, ℎ𝑛, see Figure 3). 
 

 

 

Notation Definition 

𝑁 Number of layers 

𝑊 Width of the grid section 

𝐻 Height of the grid section 

𝑇𝑏 Width of the horizontal bars 

𝑑𝑏 Streamwise depth of the horizontal bars 

ℎ𝑛 Height of each layer (horizontal Bars center to center) 

𝑔𝑛 Distance between adjacent vertical bars (cent. to cent.) 

𝑟𝑛 Distance from the wall of the first vertical bar of the level 

𝑤𝑛 Width of vertical bars 

𝑑𝑛 Streamwise depth of vertical bars 

𝑐𝑛 Number of vertical bars 

𝜎𝑛 Blockage ratio (solidity) of the layer 
 

Figure 3: Several passive devices for the generation 
of a neutral ABL in wind tunnel 

Table 1: Definition of the different geometric 
parameters of MIG grid. 

 

2.2 Theoretical prediction of the mean flow profile 

The MIGs are composed of multiple horizontal layers, each of them harbouring an array of vertical 
bars of the same width. Width and distance between two vertical bars are dependent of the grid 
level. The non-uniform local blockage ratio that is produced generates a non-uniform pressure jump 

between the two sides of the grid. This pressure jump, normalized as 𝐾 = (𝑃0− − 𝑃0+)/½ρ𝑢0
2 in the 

following, produces a non-uniform pressure field upstream and downstream, both of which 



 

influencing the mean flow velocity. The grid geometry is therefore a way to convert the far upstream 
mean flow distribution 𝑢−∞ into a sheared mean flow far downstream 𝑢+∞ (see Figure 3). 
 

 
Figure 4: Schematic visualization of the regions of influence of the grid upstream and downstream within the 

wind tunnel. Inspired from [19] 
 

Elder (1959) [22] and then by McCarthy (1964) [19] suggested an analytical formulation relating the 
far mean flows with the grid geometry. 
 
McCarthy (1964) model 
 

McCarthy (1964) [19] considered the far upstream flow to be perfectly homogeneous (𝑑𝑢−∞ = 0 
and 𝑢−∞ = 𝑢𝑚𝑒𝑎𝑛) so that the problem consists in solving a non-linear Ordinary Differential 

Equation (ODE) on 𝑢+∞ as a function of 𝜒 = √1 + 𝐾. This equation was solved analytically by 
approximating several integrals up to the second order (see [19]). The resulting relation is given in 
the first box of Figure (5) for a problem discretized over the N levels of the designed grid. 
 
This non-linear coupled equation system is inverted by a Sequential Least Squares Programming 
(SLSQP) algorithm in order to find the {𝐾𝑛}𝑛 distribution for a given objective function 𝑓𝑛

+. 
 

 A numerical solving model 
 

Another way to solve Equation (2) without asking for extra hypothesis on the upstream mean flow 
(or analytical approximations) consists in solving it numerically. For prescribed normalized upstream 
and downstream mean flow, Equation (2) can be rewritten as an ODE on 𝜒 as a function of the 

altitude 𝑧. The resulting equation is given in the second box of Figure (6)), where 𝐺+(𝜒) = 1 +
𝜒2−1

1+
𝐵

𝜒

 ; 

𝐺−(𝜒) =

𝐵

𝜒
(𝜒2−1)

1+
𝐵

𝜒

− 1 ; ℳ(𝜒) =
𝐵

𝜒2

𝜒2−1

1+
𝐵

𝜒

 ; ℒ(𝜒) =
𝐵

𝜒2

𝜒2−1

(1+
𝐵

𝜒
)

2 +
𝜒

1+
𝐵

𝜒

. 

 
The solution of this problem, numerically computed using a Runke-Kutta 4 (RK4) method, is then 
discretized over 𝑁 grid levels. A dichotomy algorithm is used to find the initial condition 
corresponding to the prescribed mean obstruction over the full section. 

2.3 Grid design algorithm 

Using the mean flow tailoring tools described above, a grid design algorithm was implemented in two 
versions depending of the modelling choice. They can be visualized schematically in Figure (5) and 
Figure (6). Choice was made to arbitrarily fix the distance 𝑔𝑛 between two adjacent bars and the 
height of each grid level, since they represent extra-degrees of freedom that will become useful only 
for generating prescribed turbulence profiles. 
 



 

  
Figure 5: Schematic representation of the grid design 
algorithm using the McCarthy (1964) [19] model. 

Figure 6: Schematic representation of the grid design 
algorithm solving Equation (2) numerically. 

 

The design for grids dedicated to the generation of a logarithmic mean flow is fully characterized by 
two inputs parameters: the mean blockage ratio 𝜎𝑚𝑒𝑎𝑛 (averaged over the full wind tunnel section 
area) and the non-dimensional roughness ratio ℎ0/𝐻. 

3. Experimental setup 

3.1 Hot-wire Anemometry in SCL-PIV wind tunnel (ONERA Lille) 

The SCL-PIV wind tunnel (ONERA Lille) is dedicated to boundary layer studies. The working section of 

𝐻 × 𝑊 = 0.29 𝑚 × 0.30 𝑚 enables an exploration by both Hot-Wire Anemometry (HWA) and 

Particle Image Velocimetry (PIV). The operational velocity range is between 10 𝑚/𝑠 and 30 𝑚/𝑠. The 

current work presents HWA results obtained for a reference velocity of 𝑈𝑝𝑖𝑡𝑜𝑡 = 15 𝑚/𝑠 (global 

Reynolds number 𝑅𝑒 = 𝑈𝑝𝑖𝑡𝑜𝑡𝐻/𝜈  ~  2.78 × 105). 

 
 

Figure 7: The SCL-PIV wind tunnel (ONERA Lille). 
 



 

Two different Hot-Wire probes are considered: a single Hot-Wire (Dantec 55P15) probe with 
frequency response up to very high frequencies for spectral studies. It also enables to reach points 
close to the wall ; a X-cross Hot-Wires probe (Dantec 55R51) leading to two velocity components and 
Reynolds stress measurements. For every acquisition point of the present work, a signal of 30s is 
acquired at 𝑓𝑎𝑐𝑞 = 100 𝑘𝐻𝑧 (Analog low-pass filter at 𝑓𝑐𝑢𝑡𝑜𝑓𝑓 = 30 𝑘𝐻𝑧). The current work presents 

results measured across the “IIIT9-center” profile (wall normal profile) visible in red in Figure (9). 

 
Figure 9: Schematic visualization of the wind tunnel working section. The studied profile is highlighted in red. 

3.2 Roughness characterisation 

In order to reproduce the surface layer of the ABL (see Figure (1)), the Jensen similarity criterium 

requires that the “roughness length” of the considered terrain must be represented at scale in the 

wind tunnel. By default, the wind tunnel is in a “smooth configuration“ (flat aluminium plate  with 

measured ℎ0
𝑠𝑚𝑜𝑜𝑡ℎ = 0.0025 𝑚𝑚 comparable to estimations from [12]). Adding LEGO® Baseboards 

on the flat plate leads to the “rough“ configuration (with ℎ0
𝐿𝐸𝐺𝑂 = 0.13 mm, comparable with [1]). 

3.3 Definition of the 6 grids  

In the present work, six different grids were designed in order to fit within the SCL-PIV slot. The five 

first grids/obstacles are designed in order to generate the same logarithmic mean flow with artificial 

roughness ℎ0
𝑜𝑏𝑗𝑒𝑐𝑡𝑖𝑣𝑒

/𝐻 = 4.5 × 10−4 (compatible with LEGO® Baseboard). 

 

MIG-log-LEGO_N9 
9 levels of same height. Designed with the 
McCarthy model (1964) [19]. 
 

ℎ0 𝐻⁄ = 4.5 × 10−4. 
𝜎𝑚𝑒𝑎𝑛 = 0.2 
𝜎𝑚𝑎𝑥 = 0.389  

MIG-log-LEGO_N15 
15 levels of same height. Designed with the 
McCarthy model (1964) [19]. 
 

ℎ0 𝐻⁄ = 4.5 × 10−4. 
𝜎𝑚𝑒𝑎𝑛 = 0.2 
𝜎𝑚𝑎𝑥 = 0.442 

 

MIGnh-log-LEGO_N15 
15 levels of increasing height (power law 
of the altitude). Designed with the 
McCarthy model (1964) [19]. 

ℎ0 𝐻⁄ = 4.5 × 10−4. 
𝜎𝑚𝑒𝑎𝑛 = 0.2 
𝜎𝑚𝑎𝑥 = 0.597  

MIGnh-rk4-log-LEGO_N15 
15 levels of increasing height (power law of 
the altitude). Designed with the numerical 
solving (RK4) of Equation (2) [19]. 

ℎ0 𝐻⁄ = 4.5 × 10−4. 
𝜎𝑚𝑒𝑎𝑛 = 0.2 
𝜎𝑚𝑎𝑥 = 0.630 

 

MIG-spires-log-LEGO_N500 
500 levels. No horizontal bar. Only three 
vertical bars at each level, leading to 
three spires. Designed with the McCarthy 
model (1964) [19]. 

ℎ0 𝐻⁄ = 4.5 × 10−4. 
𝜎𝑚𝑒𝑎𝑛 = 0.2 

 

MIG-log-1e-3_N9 
9 levels of same height. Designed with the 
McCarthy model (1964) [19]. 
 

ℎ0 𝐻⁄ = 10−3. 
𝜎𝑚𝑒𝑎𝑛 = 0.2 
𝜎𝑚𝑎𝑥 = 0.413 

Figure 12: Main characteristics of the 6 grids designed using the algorithm of the previous section. The grids are 

all 3D printed in PLA with a 100% fill. 𝐻 = 290𝑚𝑚. 



 

4. Experimental investigations 

4.1 Grid-generated mean flow profiles 

The measurements by X-cross hot-wire at the “IIIT9-Center” profile (see Section 3.1) downstream of 

the grid “MIGnh-rk4-log-LEGO_N15“ is presented in Figure (13). Similar conclusions can be drawn for 

the other grids (to the exception of the “MIG-spires-log-LEGO_N500“). 

  
(a) Smooth wall (b) Rough wall 

Figure 13: Mean longitudinal mean flow velocity profile measured at position 𝑥 = 1950 𝑚 downstream of 

MIGnh-rk4-log-LEGO_N15. 

In Figure (13), two different regions are visible: a wall-region of approximately the same height as the 

natural boundary layer growing in empty vein configuration, and a center vein region (roughly 

between 0.2H and 0.8H). The profiles within these two regions are fitted by logarithmic laws in order 

to estimate their equivalent friction velocities and roughness lengths. The 95%-confidence intervals 

for the estimation of roughness length are presented as continuous lines on plots of Figure (13).  

With the 6 different grids or obstacles designed using these models, the center vein region is shown 

to depend mainly on the grid characteristics, showing a good match with the expected mean velocity 

profiles.  

However, the wall-region remain mainly influenced by the wall roughness. Surprisingly, an attempt 

to reach roughness similarity lead to larger discrepancies, except for the “spires” configuration which 

shows a very good match with the expected mean flow even within the wall region. This reveals that 

the geometric differences between grid and spires have a significant influence on the interaction 

with roughness. This is probably due to the larger vortex structures produced by spires, which enable 

a coupling of flow layers over a significant range of altitudes (as explained by Cook (1978) [3]). 

Downstream of passive grids, turbulent structures scale with the mesh size (e.g. [28,29]) and are 

probably too small to produce the same effect as spires. 

 



 

4.3 Grid-generated turbulence intensity 

The streamwise turbulence intensity measured at the location “IIIT9-Center” (see Section 3.1) 

corresponding to “MIG-nh-rk4-log-LEGO_N15” (d) and “MIG-spires-log-LEGO_N500” (e) are 

presented in Figure (15). Conclusions with the other grids are similar to the one with “MIG-nh-rk4-

log-LEGO_N15”.  

  
(a) Smooth configuration (b) Rough configuration 

 

Figure 15: Streamwise turbulent intensity measured by HWA in SCL-PIV at the location of the “IIIT9-

Center” profile. The profiles are compared to the ESDU85020 atmospheric model [27] adapted with 

the LEGO® Baseboard roughness length. 

From Figure (15), the “Smooth configuration” presents a turbulence level too low compared to the 

atmospheric case even close to the wall. As expected, it improves close to the wall when roughness is 

added, even though no clear changes are visible in the center region. Contrary to “spires” which 

maintain high turbulence intensity far from the wall, the grid generated turbulence decay quickly to 

values smaller than 3%, in accordance with previous observations (Cook (1978) [3]).  

5. Turbulence intensity model  

5.1 Fractal grid-generated turbulence evolution 

Previous studies focusing on the turbulence evolution downstream of fractal grids validated a scaling 

law (Equation (8)) relating turbulence intensity with the downstream distance (Gomez-Fernandez et 

al. 2012). 

√2𝑘

𝑢
=

1

𝛽
√

𝐶𝑑𝑤𝑛

𝑥∗
𝑝𝑒𝑎𝑘

𝒈 (
𝑥

𝑥∗
𝑝𝑒𝑎𝑘

,∗) (8) 



 

Where 𝑘 =
1

2
〈𝑢′2 + 𝑣′2 + 𝑤′2〉, 𝛽~2.88 and 𝐶𝑑 stands for the drag coefficient associated to one 

isolated grid bar. This scaling depends on the length scale 𝑥∗
𝑝𝑒𝑎𝑘 describing the position of the 

maximum of turbulent intensity. It can be interpreted as a characteristic streamwise interaction 

distance between two adjacent planar wakes. It can be expressed as in Equation (9). 

𝑥∗
𝑝𝑒𝑎𝑘 = 𝛤

𝑔𝑛
2

𝛼𝐶𝑑𝑤𝑛
 

Where 𝛤~0.21 and 𝛼~0.24 are coefficients empirically deduced by Symes & Fink (1977) [] and 

Gomes-Fernandes et al (2012) [] respectively. The scaling of Equation (8) was experimentally 

validated for fractal and regular grids, as can be seen with the good collapse of several curves (for 

several grids) in Figure (). 

  
Figure (): Two interacting wakes. By definition, 
𝑦1/2 is the spanwise distance at which the 

velocity defect is half of its maximum value. 
From planar wake theory, 𝑥′∗ = 𝑔𝑛

2 𝛼𝐶𝑑𝑤𝑛⁄  
(Gomes-Fernandes et al. 2012) 

Figure (): Downstream evolution of normalized 
turbulence intensity for several fractal and regular 
grids. Extracted from Gomes-Fernandes et al. (2012). 

 

However, Equation (8) was validated for flows in absence of mean shear. The next section is 

therefore describing an attempt to take into account the more complex set of parameters that is 

required to represent accurately atmospheric flows. 

5.2 A theoretical attempt to take into account mean shear in turbulence prediction 

The Turbulent Kinetic Energy (TKE) equation is written in its incompressible form as Equation (). 

 (5)

 

With 𝑞2 = 𝑢′2 + 𝑣′2 + 𝑤′2 and 𝑝′ the pressure fluctuating component. 𝒫 refers to production terms 

of turbulence, 𝒯 refers to triple-correlation transport terms, Π refers to pressure-velocity transport 

terms and ℰ refers to turbulent rate of dissipation. 

Let us now consider the following assumptions in the region of decay of turbulence: 



 

I. Spanwise homogeneity of the flow 𝝏𝒖

𝝏𝒚
= 𝟎 

II. Lateral velocity fluctuations are proportional to the streamwise velocity fluctuation (an 

isotropy hypothesis): √⟨𝒗′𝟐⟩ = 𝝃𝟐√⟨𝒖′𝟐⟩   and √⟨𝒘′𝟐⟩ = 𝝃𝟑√⟨𝒖′𝟐⟩ 

III. Streamwise triple-correlation transport can be neglected. | 𝜕

𝜕𝑥
⟨𝑢′3⟩| ≪ 𝑢 |

𝜕

𝜕𝑥
⟨𝑢′2⟩| (Harris et al. 

1977), such that : 𝝏

𝝏𝒙
⟨𝒖′

𝒒𝟐

𝟐
⟩ =

1+𝜉2
2+𝜉3

2

2

𝜕⟨𝑢′3⟩

𝜕𝑥
≪

1+𝜉2
2+𝜉3

2

2
𝑢

𝜕⟨𝑢′2
⟩

𝜕𝑥
= 𝒖

𝝏𝒌

𝝏𝒙
 

IV. Remaining turbulent transport terms are proportional to the dissipation rate (following 

Valente & Vassilicos 2011): 𝝏

𝝏𝒚
⟨𝒗′

𝒒𝟐

𝟐
⟩ = 𝝌𝟐(𝒚, 𝒛)𝓔 and 

𝝏

𝝏𝒛
⟨𝒘′

𝒒𝟐

𝟐
⟩ = 𝝌𝟑(𝒚, 𝒛)𝓔 

V. Turbulent pressure-velocity terms are proportional to the dissipation rate (following Valente 

& Vassilicos 2011): 𝜫 =  𝝌𝜫(𝒚, 𝒛)𝓔 

These assumptions, in association with the formulation ℰ = 𝐶𝜀(𝑥)
𝑘

3
2

𝐿𝑢𝑢,𝑥(𝑥)
 (Vassilicos 2015 []) led to 

transform the equation () into: 

𝜕𝑘

𝜕𝑥
= −

𝑆1 + 𝜌∗𝑆3

𝑢 [
1 + 𝜉2

2 + 𝜉3
2

2 ]

𝑘 −
𝜒𝐶𝜀

𝑢𝐿𝑢𝑢,𝑥
𝑘3/2 

With 𝑆1 =
𝜕𝑢

𝜕𝑥
, 𝑆3 =

𝜕𝑢

𝜕𝑧
, 𝜌∗ = 𝜉3

〈𝑢′𝑤′〉

√𝑢′2√𝑤′2
, 𝜒 = 1 + 𝜒2 + 𝜒3 + 𝜒𝛱 and 𝐿𝑢𝑢,𝑥  is the streamwise integral length scale.  
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