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Abstract

In strong wind situations for a neutral atmospheric boundary layers, wind
loads on pylons depend on both the mean velocity and the turbulence fluctua-
tions, predicted by analytical models only for simple topographies. For complex
topographies, only experiments or numerical simulations give access to the lo-
cal flow conditions around the pylon. We present experimental and numerical
results using a RANS model for the parametric study of the flow near two suc-
cessive hills of height H and width L for varying distance A between the tops.
We focus on the modification of flow conditions on the second hill by the pres-
ence of the first hill. For A\/H > 19.2, the first hill does not modify the flow
structure around the second hill. For decreasing values of A\/H below 19.2, a
secondary turbulence intensity peak appears on the frontal part of the second
hill. Tt is associated with the impact of the mixing layer generated at the top of
the first hill, whose development is well described by analytical models of the
planar mixing layer. These analytical models yields simple estimations of the
turbulent kinetic energy k for the pylon’s wind load calculations. Different hill

slopes and height ratios are also investigated.

Keywords: 2D hill, flow over hill, successive hills, mixing layer model,

atmospheric boundary layer, turbulent boundary layer, k-¢
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1. Introduction

For pylon design, calculations take into account the load on the pylon. The
wind load is a major contribution to the total load, in particular during strong
wind atmospheric events, and yet, the hardest to predict and describe when flow
occurs over complex topographies.

In strong wind situations, neutral atmospheric boundary layer conditions are

generally observed. For such flows over shallow topographies, |Jackson and Hunt|

(1975)) proposed an analytical model to predict the mean flow perturbation of an

upstream log-law velocity profile. [Hunt et al.| (1988) then improved this model
and compared successfully their predictions with field measurements
[Sykes| (1979)); [Mason and King| (1985); [Taylor and Teunissen| (1987))) and wind
tunnel measurements (Gong and Ibbetson (1989); [Finnigan et al.| (1990)) for

flows over hills. Shallow hills are generally defined as hills with slope .S below 0.2,
where S is the ratio between the hill’s height H and its width L (taken at mid-
height). It is related to the observation made by on a collection
of field and wind tunnel data that flow separation downstream of the hill occurs

for hills with S > 0.3 (so called steep hill) whereas no separation is detected for

hills with S < 0.2. The success of the analytical model of [Hunt et al/ (1988)) for

shallow topographies motivated its integration into Eurocode formulae for the

prediction of topographic effects on local wind velocity amplification.

For steep hills, the analytical model of Hunt et al.| (1988)) is generally applied

with caution, and for the upstream face only. This approach is validated by sev-
eral studies that have been conducted for flows around two dimensional isolated
rough hills using Reynolds-averaged Navier-Stokes (RANS) equations with a
k-epsilon turbulence model (Castro and Apsley]| (1997), |Griffiths and Middleton|
(2010) and |Safaei Pirooz and Flay| (2018)) or a Reynolds stress model
), all in good agreement with experiments.

For two successive two-dimensional steep hills, the flow conditions on the

second hill are still harder to predict, even for shallow hills. Previous studies

like Bitsuamlak et al.| (2006), by comparing their numerical simulations with
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the experimental data of |[Carpenter and Locke| (1999)), have shown that RANS
equations predict well the mean velocity field. In the case of sinusoidal smooth
hills/Lee et al| (2002)) also use both RANS numerical simulations and exper-
iments to analyze the impact of the first hill flow separation on the surface
pressure of the second hill. They observe that even at a distance A = 5H
between the hills crest, the surface pressure at the second hill crest is about
25 — 30% smaller than at the first hill crest. The difference of surface pressure
then decreases as A increases. |Kim et al.| (1997) also investigated experimentally
the two hill configuration by varying the height of the first hill to observe the
impact on the flow over the second hill. For a first hill of height H; = 2H,
(where Hs is the height of the second hill) and a slope of S = 0.5, the size of
the separation flow area behind the second hill is decreased by 20% from that
of the same isolated hill.

Several experimental studies have been conducted to study the separation
flow behind the first hill and its disturbance of the flow over the second hill.
Li et al.| (2017)) use a PIV system in a wind tunnel to investigate the velocity
and the turbulence intensity around two-dimensional successive smooth hills for
installation of wind turbines. For a slope of S = 0.5, the measurements show
an important production of the turbulent energy in the separation flow area
of the first hill. [Ferreira et al| (1991]) present an experimental investigation of
interaction between two 2D smooth hills by varying the distance A. For a slope
S = 0.5, [Ferreira et al| (1991]) observe an increase of maximum velocity at the
top of the second hill as the distance A increases. The size of the separation
flow area of the first hill tends to grow as both hills approach each other.

In this study, we present a parametric investigation of rough two-hills flow
configurations using a RANS k — € model and experiments. The experimental
set-up and numerical method are presented in section 2. The flow structure
and the comparison between the experiments and the numerical simulations are
presented and discussed in section 3. Results of the parametric investigation
performed with numerical simulations are presented and discussed in section

4. In section 5, the ability of a simple plane mixing layer model to explain
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and predict flow caracteristics in the vicinity of the second hill is investigated.

Conclusion and perspectives are drawn in section 6.

2. Configuration and method

2.1. Ezperimental set up

A sketch of the experimental set-up is shown in Figure a). The experiments
were performed at the Institut de Mécanique des Fluides de Toulouse (IMFT)
in a 26 m long, 1.10 m wide and 0.50 m deep open-channel flume made out
of glass with a slope of 0.3 % (see Rouzes et al.| (2019) for more detail). In
the entry section, the flow passes through a honeycomb and a series of mesh
grids before converging at the main channel entry to help establish inlet flow
homogeneity and a low background turbulence intensity. The bottom of the
flume was covered with an artificial grass of 5 mm height. All experiments
were performed with a flow rate of 0.14 m3s~!. The Reynolds number in the
flume, Re = Uflm,JHJrlowm/u7 was equal to 1.47 10°, with Hyiow,m = 0.4 m the
mean flow depth in all experiments, Ufjoy = 0.36 ms™! the bulk velocity and
v =107% m2s~! the kinematic vicosity of water. The Froude number Fr =
Uﬂow/\/giH7 was equal to 0.18. With this low value of the Froude number,
the water surface deformation generated by the presence of the topographic
elements was negligible.

The first hill was always located at a distance equal to 10.5 m from the
inlet of the flume. The turbulent boundary developed a thickness larger than
the height of the hills. The hills in the experiments were built in polystyrene,
attached to glass plates then covered with the same artificial grass as on the

flume’s bottom surface. All hills had a shape zg(x) given by :

2n(z) = H cos? (;Z) (1)

with H the height of the hill and L, its width. With this cos? shape, the

mid-height width L of the hill is equal to L,, and its slope S is given by
S=H/L=H/L,.
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This shape was already used in the previous works of |(Gong and Ibbetson
(1989) and |Cao et al. (2012)). The height and width are sometimes noted with
an index 4 indicating if it concerns the first hill (¢ = 1) or the second one
(i = 2). Most of the experiments were performed with the same hill’s height
H, = Hy; = 0.06 m and the same width L,; = L,2 = 0.15 m. With these
values, the hills can be considered as steep, since their slope is equal to 0.4.
They exhibit a clear recirculation downstream as observed by [Finnigan| (1988)).

The flow velocity measurements were performed using a PIV 2D-2C tech-
nique. A double cavity pulse laser Nd-Yag (Quantel CFR, 2000) with a power
of 0.2 J illuminates the flow seeded with glass particles. A CCD camera (PCO
2000) with a resolution of 2048x2048 piz? recorded the movement of illuminated
particles in the form of a successive pairs of pictures. The PIV plane is placed
in the center plane of the flume and it is moved in the streamwise direction to
capture the entire flow velocity around the two hills. The camera field of view
was 0.415 m x 0.415 m. For all configurations, the acquisition frequency was
F =4 s~ and 3000 bursts were then recorded in each PIV measurement plane.
With this low frequency acquisition, mean flow and second-order statistics in
the x and z directions are then inferred from these time-series of uncorrelated
instantaneous velocity measurements.

First, an experiment without the hills was carried out to determine the
friction velocity w, and the roughness length zy in the turbulent boundary
layer at the location of the hills, for reference. Fig[2]shows the vertical profile of
the mean longitudinal velocity u for this experiment without hills, along with

the fitted logarithmic law :

a(z) = Lin (Z — d) (2)

KR 20

where k is the Von Karman constant, fixed here as x = 0.41, wu, is the friction
velocity, d is the displacement height and zg is the roughness length.

With the experimental data, a friction velocity of u, = 0.0239 ms~! is
found by extrapolating the vertical profile of the turbulent shear stress —u’w’

towards z = d (see [Florens et al|(2013) and Rouzes et al.| (2019)). Values of
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20 = 0.49 10~2 m and d = 5.4 10~ m were obtained by fitting the log-law. The
value found for the displacement height d indicates that the artificial grass has
a very low porosity, with a theoretical plane for the log-law (where the velocity
drops to zero) very close to the top of the artificial grass.

The 2D-2C PIV measurement system gives only two components (u and w)
of the velocity. For comparison with the numerical simulations, we need to esti-
mate the turbulent kinetic energy k = (W + 02 + W) /2 in the experiments,
with an unmeasured turbulent component v’2. In the present study, we will use
the same estimate as |[Nezu and Nakagawa (1993)), who proposed the following
estimate for the turbulent kinetic energy with experimental data only in the x
and z directions, noted keyp, and defined as :

1
Feor = T (“/2 i “ﬂ) ®)

The geometric scaling factor between the experiment and the real atmo-
sphere, noted 7, is equal to v = 3000, assuming a typical neutral atmospheric
boundary layer of depth ..y = 1200 m. The experiments are then relevant
for hills of real height H,.,; = 180 m over a land with a roughness length

20,real = 1.47 m corresponding to dense forests.

2.2. Numerical method

The code Saturne is used to model the flow in the flume around the 2D
hills. This code is based on a finite volume approach which solves the following

Reynolds Averaged Navier-Stokes equations :

R R N A

puj 8.73j n 8a:i + 8.23j </J <8a:j + 8],‘1) +R”> (4)
oy _
gz =" (5)

with p the density, @; ; the components of the mean velocity with ¢, j = 1 and 3,

22 P the mean pressure and the Reynolds stress tensor R;; = —pugu;.
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The standard k-e¢ turbulence model is used, reading :

o) 0 .0 e\ Ok

gt k) + g, k) = 5 K“ + ak> ale P e (6)
0 0 .0 e\ Oe € €2
a(pe) + O, (peuz) = 871,] |:<,U+ Ug) (Q).CL']] + 061%7) — pcezg (7)

with the turbulent eddy viscosity defined as p; = pCuk;. Cu, Ce1, Ce2, 0k, 0c
are the turbulence model’s constants, with values for the classical turbulence
model given in table . P is the turbulent kinetic energy production term,
given by:

du;
P= _pRijﬁTj (8)

[ (om  om 2 0w
- [ut ( o 8%) 3,)/45”} o 9)

For the simulations, a computation domain focused on the region around the

two hills was selected to accelerate calculations. A sketch of this computation
domain is plotted in Figure b). The inlet boundary is located just before
the first hill, at its foot, i.e. * = —L,. The total length of the domain, Lp),
extends 84 hill heights, Lp = 84H; in order to capture the recirculation regions
and wakes of both hills. The height of the domain H ;,,, varies along x to follow
the small variation of water depth along the flume expected for a non uniform
free surface flow.

A non-orthogonal grid is used to mesh the computation domain. A high
density mesh is selected in the lower part of the domain (figure [3)), close to the

hills, in an area corresponding to twice the size of the middle layer defined by

CM Cel 062 Ok O¢
009|144 1192 | 1 | 1.3

Table 1: Constants of the standard turbulence model k-¢
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Hunt et al.| (1988). It is in this middle layer, of height h,, = 0.033 m, that most
of the perturbation induced by the hills on the velocity and turbulence fields is
observed. The size of this lower part was fixed by a convergence study with the
vertical size of the cell Az = 0.017H, with H = 0.06 m the height of the hill. In
the upper part of the domain we use a geometric progression Az;11 = q * Az;
with the ratio ¢ = 1.02 and Az, equal to the Az in the high density mesh part.

To prescribe the inlet boundary condition, both experimental and numerical
data were used. A preliminary numerical simulation was carried out on a larger
computation domain, beginning at the entry of the flume, in order to calculate
the turbulent boundary layer development. The mean longitudinal profile ob-
tained in this numerical simulation yield a boundary layer thickness smaller
than in the experiments at the same location, 10.5 m from the entry.

Since the flow dynamics around the hills is mainly controlled by the incident
mean velocity profile, we adopted a hybrid approach for the numerical simu-
lations on the computation domain focused on the hills : for the inlet mean
longitudinal velocity u, we used the experimental data, and for k£ and €, we used
the numerical data of the turbulent boundary layer development simulation.
Since k — e models tend to oversestimate k, it was not possible to choose the
experimental estimates of the kinetic energy k., for the numerical simulation.
Moreover, the experiments do not provide any estimates of ¢, and the vertical
profiles of k and e predicted by the turbulent boundary layer development are
already in equilibrium. It was not possible to use a logarithm profile for the
mean velocity profile since the upstream boundary condition for our simulations
is fixed at the entrance of the hill, where the mean flow pattern is already mod-
ified by the presence of the hill. In most studies, the inlet boundary condition
is chosen at a distance of 5H (Franke et al.| (2004)),Franke and Baklanov| (2007))
upstream the hill, where a log-law profile is then prescibed. For the single hill
flow configuration, we performed this additional numerical simulation with an
inlet boundary located at a distance 5H upstream the hill, and inlet flow condi-
tions based upon the log-law profile with the roughness length zy found in the

experiments without the hill. We then compared the results with those from
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our hybrid simulation with an inlet boundary located at the entrance of the
hill where experimental measurements of the mean velocity are used instead
of a log-law profile. The flow development along the hill, both for the mean
flow components, k and ¢, was exactly the same, showing that our approach is
equivalent to the more classical one where a log-law profile is imposed as inlet
flow conditions 5H upstream the hill.

The lower boundary condition was prescribed using a two scales wall function
taking into account both the shear effect and the turbulence effects on the floor.
Two friction velocities are considered by the wall function, noted uy and wu,,

calculated at the first node I as :

u, = Ok (10)
ur

éln (z; + z0>
20

with a roughness length zp in the definition of w, that is chosen equal to the

Uy =

(11)

value measured in the experiments, i.e. 2y = 0.49 mm. z; is the distance
between the node I and the virtual plane where the log-law velocity drops to 0.

It is assumed that the first node I is located in the log-law region, and
boundary conditions for the turbulence quantities k£ and e are then prescribed

at the wall position as :

2
U

kwall = 17/2 (12)
Cu

ud

€wall = €] + 2] (13)
K

For the top and the lateral boundaries of the domain, a rigid lid approxima-
tion is applied. In the experiment, the Froude number was so low (around 0.18)
that the different topographies did not generate any water surface deformation,
allowing such a rigid lid approximation for the numerical model. The normal

mean velocity, the tangential velocity gradient, the kinetic turbulent energy k

and the turbulent dissipation rate € are all taken as equal to zero.
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On the downstream boundary, zero longitudinal gradients are assumed for

all variables.

3. Flow around the hills

3.1. Flow structure

Table [2] summarizes the parameters of the experiments and the numerical
simulations. Three configurations were investigated with numerical simulations
only (A\/H; = 5.8, 8.5 and 19.2).

Time-averaged longitudinal velocity fields @(z, z) are plotted in Figure || for
the experiments and the numerical simulations. At the crest of the hills, close
to the wall, by comparison of the upstream mean velocity profile, an increase
of 340% of the mean velocity creates a pressure gradient between the upstream
face and the downstream face of the hills. This pressure gradient causes a flow
separation , with negative velocities found on the downstream face of the hills.
The streamlines joining the separation and reattachment points were calculated
and plotted in Figure [l They separate the free flow and the recirculation cell
formed behind the first hill. In the range \/H; € [4.6,9.2], the second hill
penetrates the recirculation cell formed in the wake of the first hill, and the
reattachment point is located on the second hill. For A\/H; > 9.2, reattachment
of the flow occurs upstream the second hill.

Turbulent kinetic energy fields k(x, z) are plotted in Figure The flow sepa-
ration and recirculation cell formation observed in Figure [4] generates an impor-
tant free shear flow far away from the solid boundary. The quasi-equilibrium
found between turbulence production and dissipation in the incident turbu-
lent boundary layer is broken, and the turbulence production leads to a grow-
ing turbulent kinetic energy wake in the wake of the first hill. In the range
A/ Hy € [4.6,9.2], the second hill is directly struck by this wake of high turbu-
lence energy. For larger separation distances, the turbulent kinetic energy field
k(x, z) around the second hill is more similar to the field around an isolated hill,

with a local increase of k (close to the wall, increase of 85% for A\/H; = 12.9

10
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and increase of 88% for A/H; = 19.2) on the upstream face where the local flow
acceleration increases the velocity shear and the turbulence production above

its near-equilibrium value in the incident turbulent layer.

8.2. Validation of numerical simulations

For comparison, vertical profiles of the mean longitudinal velocity @ at dif-
ferent positions along the two hills have been plotted in Figure [] for a dimen-
sionless distance between the hills A\/H; = 4.6. This particular value of \/H;
was chosen to have the second hill highly impacted by the wake of the first hill.
However, comments and conclusions drawn here have been checked for all avail-
able data. For the mean flow component plotted in Figure [6] there is clearly a
good agreement between the experiments and the numerical simulations.

Vertical profiles of the turbulent kinetic energy k at different positions along
the two hills have been plotted in Figure [7] for the same dimensionless distance
between the hills A/H; = 4.6. With the experimental data, values of k were
only estimated using equation .

At the entrance of the first hill, Figure [[a) shows an overestimation of k
by the numerical model on the upstream face (z/H; € [—2,0]). This over-
estimation is a general tendancy observed for any k — e¢ model describing a
developing boundary layer. More interesting, on the downstream face of the first
hill, at 2/H; = 1.4, there is a very good accordance between the experiments
and the numerical simulation for the peak intensity and spreading of turbulent
kinetic energy generated in the wake of the crest of the hill. The main difference
there is that the numerical profile exhibits a larger upward diffusion of the
turbulent kinetic energy produced in the free velocity shear. At x/H; = 2, the
enhanced diffusion of the turbulent kinetic energy by the numerical model leads
to a slight underestimation of 15% of the maximum of k in comparison with the
experiment.

In Figures [0 and [7] results of a numerical simulation without hills have been
plotted with dashed blue lines for reference. The vertical profiles of the mean

longitudinal velocity and the turbulent kinetic energy do not exhibit any strong

11
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modification along the simulation domain, as expected for a turbulent boundary
layer in quasi-equilibrium developing slowly along the longitudinal direction. It
confirms the homogeneity of the velocity and turbulent kinetic energy along the
domain as required by [Longo et al.| (2017)) and Blocken et al.| (2007)).

On the second hill, Figure b) shows the same tendencies as for the first hill.
On the upstream face, there is an overestimation of the turbulent production
in the accelerated region leading to a growth of the maximum of k£ beyond the
experimental trend. In the wake of the second hill, the enhanced diffusion by
the numerical model of the turbulent kinetic energy yields values slighty below
the experimental ones.

This behavior is observed in other simulations presented in the works of
Balogh et al.| (2012), where an enhanced diffusion caused by the classical tur-
bulence model k — € creates an underestimation of the turbulent kinetic energy
peak in the wake of the hills.

Maxima of the dimensionless error between the experiments and the numer-
ical simulations have been calculated for the different flow configurations and
for the two relevant flow components, the mean longitudinal flow velocity w and
the turbulent kinetic energy k. Errors on the mean longitudinal flow velocity ez
were normalized by the bulk flow velocity Uy;o, and the errors on the turbulent
kinetic energy ej were normalized by the local maximum. Values are given in
Table and are very low for the velocity, with errors below 10%. The turbulence
kinetic energy errors are more important.

In terms of wall function validity, is should be noted that in the experiments
a fully rough turbulence regime is generated with zar = zous/v ~ 11. Here,
the flow develops along a rough surface, with a first node always out of the
roughness sublayer of the artificial grass, in the log law region (see discussion of
the flow structure in [Florens et al. (2013)). As long as the flow remains in the
rough turbulence regime, the wall function remains valid. Values of 23' along
the bed have been calculated and remain always larger than two, except in very

small area around the stagnation points.

12
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4. Local flow conditions around the second hill

4.1. Effect of the distance Aetween the two hills

In figure 8] profiles along the second hill of the mean velocity @ at a distance
210 = 3.33 10~3 m from the surface have been plotted for the eight configura-
tions investigated numerically, in the range \/H; € [4.6,00[. The value of the
distance z19 was chosen in order to correspond to a height of 10 m in the real
atmospheric flow, a standard for in situ wind caracterisation and prediction by
meteorologic models. A\/H; = oo corresponds to the reference configuration
with an isolated hill. Here, both hills have exactly the same height, H; = H>
and the same slope S; = S5 = 0.4.

For an isolated hill (A\/H; = o0), the mean velocity u increases along the
upstream face of hill towards a maximum located at /L, = —0.097, just before
the crest of the hill (located at /L, = 0). Then @ drops to negative values
on the downstream face, in the separation cell which forms in the wake of the
hill. The same mean flow pattern is found when the hill is not strictly isolated
but placed at a large distance in the wake of another hill. There is almost no
difference between profiles for A\/H; = oo and A/H; = 19.2 in Figure

When A/H; decreases from 19.2, © decreases on the upstream face of the
second hill, with a shift of the velocity maximum towards the top of the hill.
Negative values are even found for A\/H; < 8.5, when the second hill begins to
penetrate inside the recirculation cell of the first hill.

In figure |8 profiles along second hill of the turbulent kinetic energy k at
a distance 219 = 3.33 10~2 m from the surface have been plotted for the eight
configurations investigated numerically, in the range A\/H; € [4.6, o<].

For an isolated hill (\/H; = c0), an increase of the turbulent kinetic energy
from its incident value is observed on the upstream face of the hill, with a jump
towards a maximum just after the top of the hill, at z/L,, = 0.077. Then k drops
to values close to zero on the downstream face of the hill, in the recirculation
cell.

For a second hill placed at a large distance (A\/H; = 19.2) in the wake of

13
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the first hill, the shape of the profile of turbulent kinetic energy along the hill is
similar to the profile for the isolated hill. A higher level of energy is still found
on the upstream face, just before the local maximum near the top of the hill
found for an isolated hill. It is the remains of the turbulent wake in the lee of
the first hill, which has been damped and integrated back inside the turbulent
boundary layer. Even for (A\/H; = 12.9), this higher level of energy does not
exceed the maximum bump.

However, as the distance between the two hills still decreases below (A/H; <
12.9), the profile of turbulent kinetic energy k on the usptream face exhibits
a bell shape with values far larger than the energy maximum found for the
isolated hill. This bell shape coincides with the turbulence patch observed in
the wake of the first hill in Figure 5} generated by flow separation on the first
hill. This turbulence patch impacts directly the second hill upstream face for

A Hj € [4.6,9.2).

4.2. Effect of slope and height ratios between the two hills

The flow dependence with the distance between the two hills was analyzed
for two identical hills in the previous subsection from numerical results. Here,
the distance A is kept constant, equal to A\/Hy = 8.5. The second hill has a
slope and and height kept constant in the three configurations, with Sy = 0.4
and Hy = 0.06 m like in the previous subsection. For the first hill, three different
values of slopes and heights are investigated. S; = 0.4 with H; = Hs = 0.06 m is
the reference case whereas S; = 0.4 with Hy, = 2H> = 0.12 m and S; = 0.8 with
H, = 2H5 = 0.12 m are considered. We have three numerical configurations
that we investigate to study effect of slope and height ratios between the two
hills.

Time-averaged longitudinal velocity and turbulent kinetic energy fields @(z, 2)
and k(x, z) are plotted in Figure for the three configurations. In the time-
averaged longitudinal velocity field, the shape of the recirculation cell in the
wake of the first hill appears to scale with the height of the hill. However, for

the same value of H;, for which a similar recirculation cell is observed, the

14



338

340

342

344

346

348

350

352

354

level of kinetic turbulent energy k is higher for the hill with the highest slope
S1 = 0.8. In figure b) for this configuration with S; = 0.8, the flow ac-
celeration on the upstream face of the first hill already generates higher levels
of turbulent kinetic energy than for S; = 0.4. This initial increase leads to a
higher level of turbulent kinetic energy impacting the second hill.

In figures[I1]and [I2] profiles along the second hill of the mean velocity @ and
the turbulent kinetic energy k at a distance 219 = 3.33 1072 m from the surface
have been plotted for the three configurations. For the two configurations where
the first hill is higher than the second hill, i.e. Hy = 2H,, the second hill is
completely embedded in the recirculation cell, with mainly negative values
of the tangential velocity when the first hill has the same slope as the sec-
ond hill (S; = 0.4) and negative everywhere when the first hill has a steeper
slope (S1 = 0.8). This small difference indicates a slighty deeper recirculation
cell behind the first hill with the steepest slope. In the profiles of the turbulent
kinetic energy k in Figure a higher level of turbulent kinetic energy is clearly
found in the wake of the steepest hill. It indicates that the flow over the second
hill depends also on turbulent kinetic energy generated on the upstream slope

of the first hill by flow acceleration and velocity gradient increase.

5. Discussion

The recirculation cell in the wake of the first hill disturbs the flow around
the second hill both in terms of velocity and turbulent kinetic energy when the
second hill is close to this flow region. From the detachment point near the top
of the first hill along the streamine plotted in Figures [] and [5} the flow is very
similar to a planar mixing layer growing along the velocity discontinuity formed
between the flow above and the recirculation cell. The planar mixing layer can
be modeled by a simple turbulence model (see [Pope| (2000)) to describe its
development along a velocity discontinuity between two flow regions of parallel

velocities U; and U,. From U; and U, two new velocities are introduced, the
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convective velocity U, and the velocity difference U, defined as :

Ue =5 (Ut + Up) (14)

DN | =

U,=U, - U, (15)

Here, to apply this simple model to the mixing layer developing along the
detached streamline behind the first hill, we estimate that the relevant values
for Uy and U, are, respectively, the value of the velocity near the detachment
point at Az = z— zp;;; = 0.2Hq, and 0. The choice of 0 as a value for U, results
from the fact that near the detachment point, the velocity below the separation
streamline is close to zero. Of course, as the mixing layer develops longitudinally
and entrains the fluid below, a recirculation cell forms. Yet, the weak negative
counter-flow found in the lower part of the cell should not be taken into account
for the estimation of U,.

For self-similarity analysis, scaled coordinates ¢ and velocity F' are intro-

duced and defined as :

oz — ze()
¢ =25 (16)
rig) = e =0 (17)

where z.(x) is the vertical coordinate of the center of the mixing layer and 6(x)
is the thickness of the mixing layer.

The mixing layer thickness is defined as §(x) = z0.9(2)—20.1(x), where zg ()
and 201 (z) are the altitude where w(z) — U, = 0.4U, and u(z) — U, = —0.4Us,
respectively.

The center z.(x) of the mixing layer may be defined with the detached
streamline as z.(x) = zs(x), with zs(z) the coordinate of this streamline, or as
ze(x) = zm (), with z,, = 0.5(z0.9(x) + 20.1(x)), as in |Pope| (2000).

In Figure[13] profiles of the scaled velocity F are plotted at different positions
in the wake of the first hill with the two definitions of z.. The reattachment

point is located at z/H; = 6.7 for this flow configuration. Both definitions of
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z lead to self-similar profiles. Yet, with definition z. = z,, in Figure b), the
level of self-similarity is higher than with definition z, = z;.
Bell and Mehta (1990) fitted a mixing layer velocity profile with an error

function reading

erf(¢)+a

F(o) = <8 (18)

where a and b are fitting parameters.

When applied to our data, this fitting function gives good results with a =
—0.46 and b = 1.65 for z. = 2z, and @ = 0 and b = 14 for 2. = z,. By
extrapolating this fitting formula to the location on the upstream face of the
second hill, we can then estimate the velocity distribution there expected from
the development of the mixing layer.

In Figure profiles of the scaled turbulent kinetic energy k/U2 have been
plotted. With the definition z. = zg, profiles of Figure[14{a) show that the scaled
turbulent kinetic energy profiles have an almost constant maximum. However,
a gradual drift of this maximum is observed towards { = 0.6 for z/H; = 6.7, the
reattachment position of the separation flow behind the first hill. It indicates a
drift of the turbulent kinetic energy upwards from the detachment streamline.
It is in disagreement with what is observed in pure planar mixing layers. With
the definition z. = z,,, profiles of Figure b) are self-similar, without the shift
observed with the other definition for z.. In the lower part of the mixing layer
(¢ € [-0.4,—1]), a lower level of self similarity is observed as the mixing layer
develops, due to the presence of the solid boundary below.

For flow configurations with A\/H; € [12.9,19.2], the reattachement point of
the detached streamline is located on the bed, upstream the second hill. In that
case, we cannot expect self-similarity to hold since the mixing layer will impact
first the bed and grow as a boundary layer before arriving on the second hill. To
illustrate this loss of self-similary, profiles of the scaled turbulent kinetic energy
k(¢)/U? in the wake of the first hill have been plotted in Figure [15] for flow
configuration \/H; = 12.9. Self-similarity is gradually lost in the lower part

of the mixing layer, as its thickness increases and interaction with the bottom
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boundary increases.

In Figure[16] profiles of the mixing layer thickness §(x) along the longitudinal
direction have been plotted for all available flow configurations. The growth of
0 is independant of A\/H; parameter and is in good agreement with the linear
law proposed by Dimotakis| (1991)), reading é(x) = D(U,/U,)x, with a fitting
parameter D = 0.1.

When extrapolated at the position of the second hill, self-similar profiles of
the turbulent kinetic energy for the mixing layer generates the bell shape on
the upstream face of the second hill visible in Figure [9| for A\/H, € [5.8,9.2], i.e.
when the two hills are close enough for the mixing layer to get reattached on

the second hill.

6. Conclusion

For a neutral flow over 2D successive steep hills, the comparison with ex-
periments shows that a standard k-e model gives a good estimation of both the
mean velocity field and turbulent kinetic energy, with normalized errors below
10% and 20%, respectively. It gives also conservative estimates of the local flow
conditions along the second hill, useful for pylon design. In the present study,
this good estimation by a standard k-e model is obtained by using measure-
ments of the vertical profile of mean velocity to prescribe inlet conditions at the
entrance of the first hill. It was checked by additional numerical simulations
(not shown here) that the use of the logarithmic profile at a larger distance in
front of the first hill (typically 5H) yield the similar results. These additional
numerical simulations also showed how the velocity profile at the entrance of
the first hill was already modified by the presence of the hill (see Figure [6{a)
for ©/H; = —2 to see this impact at the entrance of the first hill).

The decrease of the distance between the hills creates a decrease in the
mean velocity u on the upstream face of the second hill. The turbulent kinetic
energy on the upstream face of the second hill exhibits two trends. For \/H; €

[8.5, +0¢], the turbulent energy k increases with the decrease of A\. Then, for
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A/ H; € [6.9,4.6], the turbulent kinetic energy is controlled by the impacting
mixing layer and its maximum remains at the same level. The increase of slope
S of the first hill generates a faster initial growth of the turbulent kinetic energy
before detachment, so that the subsequent mixing layer development leads to
higher levels of turbulence.

To explain and predict the local flow conditions on the second hill, we com-
pared our flow with an analytical model of planar mixing layer. This approach
allows us to propose a very simple explanation and quantitative prediction of
the kinetic turbulent energy profile on the second hill when the second hill pen-
etrates inside the recirculation cell of the first hill. To use this predictive model,
it is possible to consider a mixing layer developing between a fast flow with a
velocity given by the velocity at the top of the first hill and zero for the slow
flow. The velocity at the top of the first hill can be estimated with the velocity
at z = Hi in the incident boundary layer, or by taking the velocity predicted
with the model of Hunt et al| (1988). The proposed model is only valid for
a neutral boundary layer, and is therefore most appropriate for strong wind

conditions.
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Figure 2: Vertical profile of the mean longitudinal velocity w at 10.5 m from the flume’s
entry in the experiment over the artificial grass without hills. The measurement location
corresponds to the location of the first hill in the study. Experimental data are plotted in
blue, and the fitted logarithmic law (eq in red. The horizontal dashed line gives the upper

bound of the log-law region.
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Figure 3: Sketch of the mesh used in the computation domain.
experiment simulation
Reg H,/L zo(m) A/ Hy
4.6 4.6
// 5.8
6.9 6.9
2.1 10* 0.4 0.49 1073 // 8.5
9.2 9.2
12.9 12.9
// 19.2

Table 2: Table of numerical and experimental configurations
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experiment simulation
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Figure 4: Mean longitudinal velocity fields wu(z, z) for different values of the dimensionless
separation distance A\/H. Experimental and numerical data are plotted, respectively on the
left and the right. The black solid line shows the streamline between the separation and

reattachment points.

NH; | ex (%) | en (%)
4.6 6.7 17
6.9 8.3 13.3
9.2 9.1 12.7
12.9 9.3 14.1

Table 3: Maximum of the normalized error between the experiments and the numerical sim-

ulations for the mean longitudinal velocity w and the turbulent kinetic energy k.

26



experiment simulation
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Figure 5: Turbulent kinetic energy fields k(z,z) for different values of the dimensionless
separation distance A\/H. Experimental and numerical data are plotted, respectively on the
left and the right. The black solid line shows the streamline between the separation and

reattachment points.
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Figure 8: Mean velocity @(z = 210 = 3.33 1073 m) over the second hill as function of \/H;
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Figure 9: Turbulent kinetic energy k(z = 2190 = 3.33 103 m) over the second hill as function

of A\/Hy. (a): for distant hills, (b): for close hills
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Figure 10: (a) mean longitudinal velocity @(z, z) and (b) turbulent kinetic energy k(z, z) fields
for a constant dimensionless separation distance A\/H2 = 4.6 and different shapes of the first
hill. Upper configuration : H; = Hz and S1 = S2 = 0.4. Middle configuration : H1 = 2H2
and S1 = S2 = 0.4. Lower configuration : Hy = 2H2 and S; = 2S2 = 0.8.
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Figure 11: Profiles along the second hill of the mean velocity at a distance

z = 210 = 3.33 102 m from the surface, %U(z = z10) for a constant dimensionless separation

distance A\/H2 = 4.6 and different shapes of the first hill.
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Figure 12: Profiles along the second hill of the turbulent kinetic energy at a distance

z = z10 = 3.33 103 m from the surface, k(z = z10) for a constant dimensionless separation

distance A\/H2 = 4.6 and different shapes of the first hill.
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Figure 13: Profiles of the scaled velocity F'(¢) in the mixing layer at

different longitudinal

positions in the wake of the first hill, for the flow configuration with A\/H; = 8.5. The scaled
coordinate is defined with a center position velocity z. in the velocity profile defined as (a)

ze = zs or (b) zc = zm (see text for definitions of zs and zm).
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Figure 14: Profiles of the scaled turbulent kinetic energy k(¢)/U2 in the mixing layer at
different longitudinal positions in the wake of the first hill, for the flow configuration with
A/Hj = 8.5. The scaled coordinate is defined with a center position velocity z. in the velocity

profile defined as (a) zc = zs or (b) zc = zm (see text for definitions of zs and z,).
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Figure 15: Profiles of the scaled turbulent kinetic energy k(¢)/U2 in the mixing layer at
different longitudinal positions in the wake of the first hill, for the flow configuration with
A/Hi = 12.9. The scaled coordinate is defined with a center position velocity z. defined as

Ze = Zm)-
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Figure 16: Longitudinal profiles of the mixing layer thickness d(x) for different values of A\/H1.

The dashed line is the prediction by (1991) for a planar mixing layer.
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