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Figure 5.31: Results for triple steep hills: TKE, horizontal velocity U,fluctuations u’ and w’,
and Reynolds stresses
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Figure 5.32: Results for single shallow valley: TKE, horizontal velocity U,fluctuations u’ and
w’, and Reynolds stresses
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Figure 5.33: Results for single steep valley: TKE, horizontal velocity U,fluctuations u’ and w’,
and Reynolds stresses
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(a) Grid for the hill of Tamura et al. (2007)

(b) LES instantaneous velocity

(c) LES mean velocity

(d) RNG k-epsilon mean velocity

Figure 5.34: Horizontal velocity contour plots for model scale simulations (Re=12000) using
LES and RANS models
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and non-separated flows, however their accuracy decreases with Reynolds number, which in

the current case is a drop by a factor of 104 compared to the previous full scale simulations.

Griffiths & Middelton (2010) stresses the influence of the wall function on accuracy, while

comparing two CFD software (RAMS and FLUENT) with regard to modeling separated flow

behind hills. They also observed that better agreements are found for the steepest hill cases,

similar to the findings of the current study.

Figure 5.35: Instantaneous velocity contours of LES simulations for all the 2D hills: single
shallow hill, single steep hill, double shallow hill, double steep hill, triple shallow hill, triple
steep hill

5.2.4.1.2 Extracting fluctuations from simulations For LES turbulence models, the RMS

fluctuations can be directly obtained, however RANS turbulence models keep only mean flow
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Figure 5.36: Mean velocity contours of LES simulations for all the 2D hills: single shallow
hill, single steep hill, double shallow hill, double steep hill, triple shallow hill, triple steep hill

quantities so it has to be inferred from Reynolds stresses. A simple method is to assume

isotropic turbulence (u′ = v′ = w′), and calculate it from TKE as u′ =
√

2/3k. A better

method is to extract it from normal Reynolds stress components (< u′u′ >). The linear eddy

viscosity assumption used in RANS models gives RMS fluctuations that are proportional to

the mean straining field components. On the other hand, if the six Reynolds stress components

were directly solved, as is done in Reynolds stress models (RSM), better estimates of RMS

fluctuations can be obtained. The result using the RNG k-epsilon model and second approach

of calculating RMS fluctuations are shown in Figs. 5.25-5.33. For a succession of multiple

hills, we can observe that TKE at the crest increases significantly from the first hill to the



5.2. Turbulence structure 169

Figure 5.37: Mean velocity contours of RANS simulations for all the 2D hills: single shallow
hill, single steep hill, double shallow hill, double steep hill, triple shallow hill, triple steep hill

second. The increase in TKE from the second to the third hill is not significant. The variation of

Reynolds normal and shear stress components shows similar pattern to those found in literature

for isolated and multiple hills.

5.2.4.2 Roughness effects

The effect of roughness on simulation results is briefly assessed. Both wind speed and tur-

bulence structure are affected by roughness of the terrain surface (Shuyang & Tetsuro 2006,

2007). For CFD simulations, Nikurdase type equivalent sand-grain roughness (Ks) is com-

monly used. As noted in literature review, this method is not realistic but it is simple to im-


