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Abstract
Flow separation caused by steep topography remains a significant obstacle in accurately
predicting turbulent boundary-layer flows over complex terrain, despite the utilization of
sophisticated numerical models. The addition of atmospheric thermal stability, in conjunc-
tion with steep topography, further complicates the determination of disrupted turbulent wind
patterns. The turbulent separated flows over a two-dimensional (2D) steep hill under ther-
mal stratification has not been extensively addressed in previous experimental studies. Such
measurements are crucial for enhancing our comprehension of flow physics and validating
numerical models. We measured the turbulent wind flows over a 2D steep hill immersed in a
stable boundary layer (of the bulk Richardson Number Rib = 0.256) in a thermally-stratified
boundary-layer wind tunnel. The flow separation, re-circulation zone and flow reattachment
were characterized by the planar particle image velocimetry technique. Vertical profiles of
mean air temperature and its fluctuations are also quantified at representative locations above
the 2D steep hill and in the near wake region. Results indicate that the separated shear layer,
initiated near the crest of the 2D steep hill, dominates the physical process leading to high
turbulence levels and the turbulent kinetic energy production in the wake region for both sta-
ble and neutral thermal stability. Although the stable boundary layer does not dramatically
change the turbulent flow pattern around the hill, the mean separation bubble is elongated by
13%, and its vertical extent is decreased by approximately 20%. Furthermore, the reduced
turbulence intensities and turbulent kinetic energy of the near wake flow are attributed to
the relatively low turbulence intensity and low momentum of the stable boundary layer due
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to buoyancy damping, compared to the neutral boundary layer. Additionally, a distinct low-
temperature region—a cold pool—is extended beyond the separation bubble, reflecting the
significant sheltering effect of the 2D steep hill on the downwind flow and temperature field.

Keywords 2D hill · Complex terrain · Thermal stability · Turbulent flows · Wind-tunnel
tests

1 Introduction

Atmospheric boundary-layer (ABL) flow over complex terrain is of great interest for numer-
ous practical applications, such as the evaluation of pollutant dispersion (Fernando 2010),
aerodynamic loading on civil structures (Bitsuamlak et al. 2004), wind erosion and sediment
transport for sea and dune morphological variations (Huang et al. 2018), wildfire prediction
and hazard mitigation (Simpson et al. 2013), and prediction of local weather in mountainous
or hilly areas (Chow et al. 2013).With the exponential growth of wind energy projects world-
wide, the installation of wind farms spreads from flat and homogeneous regions to complex
terrains. Placing wind turbines along ridges in hilly and mountainous areas takes advantage
of terrain-induced high winds; however, it poses significant challenges to predicting power
production, which is highly dependent on the local turbulent wind field. The variability of
wind in space and time is recognized as a primary source of uncertainty in the wind industry.
Errors of less than 1ms−1 of themeanwind speed in estimating the annual wind resources for
a wind farm can result in multi-millions of dollars lost in annual revenues (Banta et al. 2013).
Also, unsteadiness and high turbulence levels induced by flow separation in such complex
terrain may substantially increase the structural loads on wind turbines and reduce turbine
service lifespan. Reliable prediction of local turbulent wind fields over complex terrain is,
therefore, essential for assessing wind resources and planning wind turbine micro-siting in
wind energy applications.

Hills of a few kilometers in horizontal dimensions andmaximum heights of a few hundred
meters are typically submerged within an ABL. They have a significant impact on the flow
field and affect the exchange of momentum, energy, and moisture between the atmosphere
and the land surface (Athanassiadou and Castro 2001). Extensive studies on the ABL flow
over hills with a gentle slope have been conducted in the framework of linear theory, assuming
that the hill-induced perturbation on the flow is insignificant (Jackson and Hunt 1975; Hunt
et al. 1988). The linear theory is very successful at predicting wind over gently sloping terrain
and low hills (with a slope less than 10◦, Kaimal and Finnigan (1994)) in neutral boundary
layers, demonstrated by a favorable comparison to field observation data, such as that from
the Askervein hill (Taylor and Teunissen 1987). However, a hill with a steep slope induces
flow separation, leading to the prevalence of strong non-linear effects in the dynamics of
the flow over the hill. Dramatic changes happen not only in the separated flow region but
also over the whole flow field around the hill (Kaimal and Finnigan 1994). In this case, the
linear theory breaks down and is no longer valid. Unlike flows around a bluff body with
sharp edges (e.g., a rectangular prism, block, or cube) where the separation point is fixed,
the onset of flow separation over a curved surface is sensitive to multiple factors, such as
the specific geometry of the hill, surface roughness, inflow characteristics, and atmospheric
thermal stability (Poggi and Katul 2007). The strength of each contributing factor and their
interactions affect the subtle details of the complicated physical process. Hence, predicting
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the onset of flow separation, the size of the separation bubble, and the generated turbulence
is challenging for the ABL flows over a steep hill.

Alongwith the difficulty of predicting separated flows over steep topography, atmospheric
thermal stability is another challenging parameter that requires careful consideration in wind
prediction (Landberg et al. 2003). The thermal stability effect on the airflow in a diurnal cycle
has recently attracted more attention from the wind energy community. In particular, as the
wind turbine size keeps increasing, the vertical variation of wind shear closely associated
with the atmospheric thermal stability becomes increasingly important in estimating power
production and turbine fatigue load. The efficiency of a wind farm is generally higher in the
convective boundary layers and lower in stable boundary layers (Porté-Agel et al. 2020).
Wharton and Lundquist (2012) reported a difference of 15% in the average power output
dependent on atmospheric stability in a West-coast North American wind farm. Wind-tunnel
tests and computational studies, e.g., Markfort et al. (2012), Zhang et al. (2013), Hancock and
Pascheke (2014), Abkar and Porté-Agel (2015), have examined the enhanced or suppressed
wind-turbine wake recovery under the effects of atmospheric thermal stability over flat ter-
rains. Howard et al. (2016) reported the response of a model wind turbine to the turbulence
induced by the upwind topography under variable thermal stability.Large Eddy Simulation
(LES) studies implemented with dynamic sub-grid scale models and the immersed boundary
method have produced promising results of the turbulent wind flows over complex terrains
coupled with various atmospheric stability, such as sinusoidal hills, rectangular blocks and
urban street canopies (Wan et al. 2007; Wan and Porté-Agel 2011; Cheng and Porté-Agel
2013; Marjanovic et al. 2014).

To improve our capability to predict turbulent winds over steep topography, there is a
need to understand the fundamental flow physics and obtain reliable datasets of sufficient
spatial and temporal resolutions. Several field observation studies provide insights on flows
over complex terrain, in particular, steep topography, including the Bolund experiment in
Denmark (Berg et al. 2011; Bechmann et al. 2011), the MATERHORN field campaign
(Fernando 2015), the Perdigão campaign in Portugal (Menke et al. 2020) and a case study
of flow dynamics at a moderately complex terrain for wind farms (Wharton et al. 2015).
However, field measurements of flow downwind of hills have been few, due to the cost
of achieving good coverage of the flow separation region with the resolution essential for
validating and verifying numerical results. The separation bubble typically covers a large
area over the topography of interest—the height is comparable to the height of the hill, and
the length is several times the hill’s height. Furthermore, given the complexity of physical
processes that occur concurrently in nature, interpreting field observation data often requires
guidance from well-controlled laboratory studies that utilize scaled models (Fernando 2015;
Hocut et al. 2015).

In laboratory studies, the majority of physical simulations have employed generic topog-
raphy models with a well-defined geometry (e.g., Gaussian and sinusoidal hills) to examine
key variables and important physical processes. For example, effects of varying steepness
of a topography model in neutral boundary-layer flow are reported in Khurshudyan et al.
(1981), Ayotte and Hughes (2004), Kanda et al. (2013). Upwind and local surface roughness
changes on the mean flow and turbulent statistics (Cao and Tamura 2006, 2007) induced
by a steep hill (Loureiro et al. 2007, 2008) are investigated. Experiments on turbulent flow
responding to periodic hills were conducted by Gong et al. (1996), Rapp andManhart (2011),
Cierpka et al. (2013). Although theoretical and experimental studies of the stably-stratified
flow over hills of shallow tomoderate slopes were extensively conducted byHunt and his col-
leagues (Britter et al. 1981; Hunt et al. 1996, 1997), there are only a handful of wind-tunnel
studies on the turbulent wind flows over steep hills in thermally-stratified ABLs. Takahashi

123



444 W. Zhang et al.

et al. (2005) focused on turbulence statistics of the flow over a 3-D hill in the stable, neutral
and unstable boundary layers. The results show that simulated thermal stability (Ri = 0.008
and − 0.002) causes a marginal difference in the near wake downstream of the hill, which
indicated the difficulty in achieving meaningful thermal stability conditions in wind-tunnel
simulations. Ross et al. (2004) reported wind-tunnel measurements around a 2D steep hill
in stable and neutral boundary layers and used experimental data to test the capabilities of
various turbulence models; no information on the temperature field is provided in the wake.
Houra and Nagano (2009) investigated the flow and thermal fields over a heated 2D steep
hill for environmental problems in urban areas but in a relatively thin boundary layer, with
the boundary layer thickness being half of the hill height.The limited results from carefully
controlled wind-tunnel experiments have hindered our understanding of the underlying flow
dynamics when steep topography and atmospheric thermal stability coexist.

The present wind-tunnel experiments were conducted to quantify and compare the turbu-
lent flow pattern, temperature profiles, and turbulence statistics around a 2D steep hill that
is immersed in a neutral and stable-stratified boundary layer. To improve our understanding
of flow physics and facilitate Computational Fluid Dynamics (CFD) modeling efforts, we
aim to answer specific questions as follows: (1) How does the stable boundary layer affect
the mean flow speed-up ratio over the hill crest? (2) To what extent does the stable boundary
layer affect the flow separation and reattachment of the steep topography? and (3) what is
the effect on the turbulent flow properties around the 2D steep hill? We present wind-tunnel
tests of the turbulent flow and thermal field over a 2D steep hill model in stable and neutral
turbulent boundary layers and compare results with the available literature.

2 Flow Facility, Measurements and Inflow Conditions

2.1 Thermally-Stratified Boundary-LayerWind Tunnel

Experiments were performed in the thermally-stratified boundary-layer (BL) wind tunnel at
the Saint Anthony Falls Laboratory, University of Minnesota. The BL wind tunnel has a plan
length of 37.5 m with a main test section fetch of 16m and a cross-section of 1.7 m by 1.7
m. The turbulence intensity at the center of the wind tunnel is 2–4% for an approximately
2.0 ms−1 free-stream wind speed. A heat exchanger was used to adjust the air temperature in
the diffuser of the wind tunnel. The test-section floor consists of a series of heat exchangers
made of smooth aluminum plates 0.3 m long and 25.4 mm thick in which a solution of
30% ethylene glycol was circulated. Electronic valves were installed to automatically set the
desired temperatures of both the airflow and the test section floor via a Labview program.
To produce conditions of neutral, stable or unstable thermal stratification, the temperature of
the test section floor and the airflow can be independently controlled between 5 ◦C to 80 ◦C
(± 0.25 ◦C). Specifically, the stable boundary layer condition was generated by heating the
air to T0 = 58 ◦C and cooling the floor to Ts = 8 ◦C. For the neutral boundary layer, both air
and the floor temperature were kept at 35 ◦C (± 0.25 ◦C). Similar wind-tunnel configuration
and operation can be found in Carper and Porté-Agel (2008), Markfort et al. (2012) and
Zhang et al. (2013). To simulate a rough surface, metallic chains of approximately 5mm
height were placed over the entire test section similar (Ohya 2001). The chains were aligned
perpendicular to the flow direction and separated apart from each other by 0.20 m. This setup
allows roughness elements to reach the same temperature as that of the test section floor and
achieve an overall consistent thermal effect.
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Fig. 1 Schematic diagram of the experimental set-up, coordinate system and measurement locations for flow
and temperature. A sectional model of a 2D steep hill is shown in the inset

2.2 Two-dimensional (2D) Steep Hill Model

The profile of the 2D hill follows the cosine-squared function defined as:

Z = Hcos2
(

πX

L

)
, f or − L/2 ≤ X ≤ L/2, (1)

where H (= 0.07 m) is the hill crest height and L (= 0.145 m) is the distance from the crest
to the foot (characteristic length, half-height point). The isolated 2D hill model of the same
shape was used in Ross et al. (2004) and Cao and Tamura (2006), with the maximum slope
(or steepness) of 0.73 (42◦). In this study, the steep 2D hill model is placed normally to the
incomingwind, occupying the whole span of the wind tunnel. The aspect ratio, the ratio of the
spanwise length to the hill height, is 24 to minimize the side-wall effects of the wind tunnel
(Barlow et al. 1999). The hill model was placed directly on the floor and fully immersed in
the surface layer of the boundary layer (H/δ = 0.11), yielding a negligible blockage ratio
of approximately 4%. The boundary-layer thickness δ is the height where the mean wind
speed reaches 99% of the free-stream wind speed. The 2D hill is made of aluminum to allow
for temperature uniformity over the model surface through heat conduction, monitored by
several thermal couples. Measurements of turbulent flow and thermal field were performed
at the center line of the 2D hill model (Y/H = 0, Fig. 1). The metallic chains of 0.002 m high
were attached with a spacing of 0.02 m on the surface of the hill to create a rough surface.

2.3 Measurement Techniques

We used a planar 2D two-component (2C) Particle Image Velocimetry (PIV) system (TSI,
Inc.) to measure the flow field around the 2D steep hill, in the region of X/H = - 3.5 to
8.5 and Z/H = 0 to 1.95, where flow separation is expected to occur and the flow is highly
turbulent (Fig. 1). The PIV light sheet is created by using a Nd:YAG pulsed laser (Quantel
USA)withλ=532 nmand 190mJ/pulse. Olive oil droplets, of amean diameter of about 1μm,
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were atomized with six Laskin nozzles to seed the flow. A Powerview Plus 4MP 12-bit CCD
camera captured particle images at 1.4 Hzwith the resolution of 2048×2048 pixels2. Particle
images were acquired with the field of view (FOV) of 135 × 135mm2 at the largest aperture
setting of f#2.8 and a 105mm lens. The corresponding physical resolution is about 2.3 mm.
A thin layer of fluorescent paint was carefully applied on the floor surface to minimize the
reflection of laser light from the wind-tunnel roof.

Particle images were pre-processed by subtracting the background image to improve
the signal-to-noise ratio. An iterative multi-grid cross-correlation method with second-order
accuracy was utilized to acquire instantaneous velocity fields (Raffel et al. 2018). The final
interrogation window used was 32 × 32 pixels2 with 50% overlapping (INSIGHT3G, TSI).
Erroneous velocity vectors, less than 1% of the total calculated vectors, were replaced by
vectors interpolated from valid neighboring vectors through a Gaussian scheme. The mea-
surement uncertainty of the instantaneous velocity vectors is estimated to be within 2%. The
mean velocity field (U ,W ) was obtained by ensemble-averaging 3000 instantaneous velocity
fields (u, w). The fluctuating components (u′,w′), derived by subtracting the mean veloc-
ity from the instantaneous velocities, were used to compute turbulence intensities, turbulent
kinetic energy and the Reynolds shear stresses. To cover the targeted flow region around
the hill model, particle images of nine FOVs were obtained and ensemble-averaged results
carefully stitched together.

In addition to the PIV measurements, a customized triple-wire (combination of a cross-
wire and a cold-wire) is used to measure the vertical profiles of instantaneous temperature
at selected stream-wise locations outside the recirculation zone (Fig. 1). This anemometer
has been employed to quantify turbulent momentum and heat fluxes of thermally-stratified
boundary-layer flows in previous studies, but it cannot provide reliable measurements in
reversed flows. The configuration of the anemometer, pre- and post- calibration as well as the
measurement accuracy, can be found in Zhang et al. (2013). Additionally, a thermal couple
was used to record temperature profiles in regions where the triple-wire measurements were
not valid so that the mean temperature in the reversed flow could be retrieved.

2.4 Characteristics of the Neutral and Stable Boundary Layers

Experiments were carried out in both neutrally and stably stratified boundary layers. The
bulk Richardson number is used to quantify the thermal stability, defined by:

Rib = (g/θ)δΔT /U 2
0 , (2)

where ΔT is the difference between the free-stream temperature T0 and the surface temper-
ature Ts . Both T0 and Ts were continuously monitored by thermal couples and adjusted as
needed to maintain a consistent temperature difference ΔT of 50 ◦C for the stable boundary
layer. Additionally, the free-stream velocity ΔU was measured using a pitot-tube above the
boundary layer. δ is the nominal boundary layer thickness and θ is the mean potential tem-
perature. The Reynolds number based on the free-stream wind speedU0, the boundary-layer
thickness δ and the air kinematic viscosity ν is:

Reδ = U0δ/ν. (3)

It is well known that the Reynolds number achieved in wind-tunnel tests is usually three
orders ofmagnitude less than that in field studies. For thermally-stratifiedBLflow simulation,
a Richardson number Rib is used for dynamic similarity. At a given temperature gradient
or bulk temperature difference ΔT constrained by the heating and cooling capacity of the
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facility (Sect. 2.1), the requirement for a lower free-stream speed U0 to achieve a larger
Rib contradicts the need for a higher U0 to attain a greater Re (Finnigan et al. 2020). As a
compromise, we set U0 at approximately 2 ms−1, which yields a Rib of 0.256, just beyond
the critical value of Rib = 0.25 for a stable BL (Wood 1970). Also, U0 is held at the level to
achieve a similar Re in the neutral BL case, allowing for a fair comparison of the two cases.
Similar experimental conditions were implemented by Howard et al. (2016).

In addition, the Brunt-Väisälä or buoyancy frequency N (Eq.4) is estimated for the stable
BL (Eq.4). From Z = 0 up to the height of the hilltop, N ranges from 2 to 4 Hz. The Froude
number, based on two characteristic length scales FrL and FrH (Eqs. 5 and 6) fall in the
range of 1.5–3.4 and 3.2–6.9, respectively. Combining with that u∗

NH is less than 1, therefore,
the obtained thermal stability condition is classified as weakly stable (Kaimal and Finnigan
1994) without gravity wave effects:

N =
√√√√

(
g

θ

∂θ

∂Z

)
, (4)

FrL = U

NL
, (5)

FrH = U

NH
. (6)

The incoming neutral and stable boundary layers were characterized at the center line of
the test section. Parameters of thermal and flow characteristics are summarized in Table 1.
The boundary-layer thickness δ of both the neutral and the stable boundary layers is roughly
0.60 m where the streamwise velocity reaches 99% of the free-stream velocity. By fitting
the surface-layer mean velocity profile, the effective roughness length z0 and the friction
velocity u∗ were determined for the NBL inflow. For the SBL case, u∗ was calculated using
the maximum Reynolds shear stress near the surface.

The momentum thickness 	, a measure of the momentum deficit in a boundary-layer
flow, is estimated by:

	 =
∫ δ

0

ρ(Z)

ρ0

U (Z)

U0

(
1 − U (Z)

U0

)
dZ , (7)

where ρ0 and U0 are air density and mean velocity of the free-stream flow. 	 is 17% larger
for the stable BL than that of the neutral BL case, indicating a substantially lower momentum
in the stable BL. While the vertical profiles of the mean stream-wise velocity are similar
for both cases (Fig. 2a), the turbulence intensity distribution demonstrates a clear difference
in Fig. 2b. The maximum turbulence intensity for the neutral boundary layer is about 12%,
while it is reduced to 9% in the stable boundary layer. The normalized temperature profile
(in Fig. 2c) shows that the largest thermal gradient is near the surface and it decreases away
from the surface.

3 Results and Discussion

3.1 Mean Flow Speed-up Over the Hill

Typical behavior of the mean flow field around the 2D steep hill is the streamwise velocity
speed-up over the hill crest (Fig. 3) and the vertical deflection as the flow approaches the hill
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Fig. 2 Inflow characteristics of the neutral and stable BLs. aVertical profiles of themean stream-wise velocity;
b Vertical profiles of the stream-wise turbulence intensity; c Vertical profile of Reynolds shear stress of the
NBL; d Vertical profile of the normalized mean air temperature of the SBL; and e Vertical profile of the air
temperature fluctuation of the SBL

Fig. 3 Contours of the mean
stream-wise velocity U/U0
around the 2D steep hill. a
Neutral BL and b Stable BL

Fig. 4 Contours of the mean
vertical velocity W/U0 around
the 2D steep hill. a Neutral BL. b
Stable BL

crest (Fig. 4), regardless of thermal stability. The mean speed-up ratio ΔS(X , Z ′) is defined
as:

ΔS(X , Z ′) = U (X , Z ′) −U0(Z ′)
U0(Z ′)

, (8)

where U (X , Z ′) is the mean stream-wise velocity at the height Z ′ above the local surface of
the hill andU0(Z ′) the incomingwind speed at the same height above the flat surface (Kaimal
and Finnigan 1994; Cao and Tamura 2006). While flow speed-up appears to occur in front
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Fig. 5 Comparison of the speed-up ratio on the 2D steep hill crest with previous wind-tunnel results. aNeutral
BL; b Stable BL

of the hill crest, it is a typical practice to quantify it right at the crest of the hill (Carpenter
and Locke 1999; Safaei Pirooz and Flay 2018).

Vertical profiles of the speed-up ratio were compared with several wind-tunnel test results
in the neutral boundary layer in Fig. 5a. One typical pattern is the rapid rise of the speed-up
ratio from the surface, culminating in its peak value of ΔSmax , and then a gradual decrease
as the height increases. In the present study,ΔSmax of 1.05 is observed at Z ′/H = 0.1, which
is consistent with the finding by Carpenter and Locke (1999), but greater than the values
reported by Cao and Tamura (2006) and Ross et al. (2004). The difference is most noticeable
at the height where the largest ΔSmax occurs. This discrepancy is likely associated with
how close the velocity above the hill crest can be acquired by the particular measurement
technique. Among the results shown here, Cao and Tamura (2006) did not capture enough
data points near the surface to determine this location, while Carpenter and Locke (1999)
reported the Z ′/H = 0.02 - 0.03 for the largest ΔSmax .

To illuminate the effects of the stable stratification of the ABL on the speed-up ratio, the
current results are compared with that of Ross et al. (2004) in Fig. 5b. The vertical profiles
of the speed-up ratio follow a similar trend regardless of the thermal stability. However,
ΔSmax is reduced by approximately 40% in the stable BL compared to that in the neutral
BL. The less momentum of the approaching inflow (Table 1) may be attributed to the lower
magnitude of the speed-up ratio in the stable BL case. The reduction of ΔSmax in stable BL
cases is also clearly demonstrated in Ross et al. (2004). Despite the evident variation of the
maximum speed-up ratio dependent on stability strength, the height corresponding toΔSmax

shifts upward slightly in the stable BL compared to the neutral BL case.

3.2 Mean Flow Separation and Reattachment

For a curved, natural hill with a steep slope, no solid theory can be readily applied to predict
the exact location where the separation may be induced (Kaimal and Finnigan 1994). Given
the velocity field, the zero wall shear stress indicates the flow separation point. Herein we
use the location where the mean spanwise vorticity 2ωy defined by

(− ∂U
∂Z + ∂W

∂X

)
changes its

sign at the surface to be the indicator of the onset of separation and the reattachment point.
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Fig. 6 Span-wise vorticity (ωy H/U0) contours of the flow over the 2D steep hill for a neutral and b stable
BL cases

Fig. 7 Streamlines of the mean
flow over the 2-D steep hill in a
neutral and b stable BL cases.
The red line marks the stagnation
line U = 0 through the separation
bubble

In an attached boundary layer, the spanwise vorticity ωy near the surface is negative because
∂W
∂X � 0 and ∂U

∂Z > 0. As flow separates and the streamwise velocityU becomes negative,ωy

is positive. Figure6shows that a thin layer of intense negative vorticity (in blue) is distributed
over the windward surface as the flow remains attached until flow passes the hill crest. Flow
separates slightly downwind of the crest in the neutral boundary layer case, i.e., at Xs/H =
0.5, where vorticity changes from negative to positive sign (in red). The reattachment point
at Xr/H = 6.4 is determined by ωy switching to negative again. In a similar manner, the
onset of flow separation is at Xs/H = 0.39 and reattachment at Xr/H = 7.1 around the 2D
steep hill for the stable BL case.

Mean flow streamlines can often be conveniently used to visualize the separation bubble
(Fig. 7). The stagnation line (contour of U = 0) passes through the separation bubble center
and the dividing streamline marks the upper edge of the bubble. The separation bubble agrees
with that identified by the vorticity distribution over the surface. The length of the separation
bubble is estimated as 5.9 H in the neutral BL case. However, in the stable boundary layer,
the separation bubble length is about 6.7 H – 13% longer. Moreover, the vertical extent of
the separation bubble is affected by stable stratification. In comparison to the center of the
separation bubble at Z/H = 0.8 in the neutral BL case, it shifts downward to Z/H = 0.64 in
the stable BL, an indicator of the suppression in the vertical direction.

Table 2 summarizes the length of the separation bubble measured for multiple laboratory
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Fig. 8 Contours of Reynolds
shear stresses −u′w′/U2

0 of the
flow over the 2-D steep hill in a
neutral and b stable BL cases.
The black line marks the
stagnation line U = 0 through the
separation bubble

experiments investigating separated flow over a steep 2D hill. The table includes the slope of
the tested 2D hill model as well as the inflow conditions to provide contextual information for
the results. Despite all tested model hills being steep enough to induce flow separation, they
differ significantly in slope. Additionally, depending on the boundary layer flow simulation
and facilities, the ratio of the boundary layer thickness to hill height can vary greatly, ranging
from 0.5 to over 8. Despite this variability, it is interesting to note that the separation bubble
length consistently falls within the range of 5–7 H . Moreover, flow separation generally
begins between 0.2H to 0.5H , depending on the flow conditions and hill geometry. The size
of the separation bubble is sensitive to specific hill geometry, including surface roughness
and boundary layer flow conditions, as previously reported by Kaimal and Finnigan (1994),
and it is hard to generalize. It is worth noting that the Reynolds numbers in the laboratory
are two to three orders of magnitude lower than those observed in the field. The atmospheric
thermal stability is often not taken into account in laboratory tests.

While the current focus is on the mean flow separation and reattachment points, it is
noted that the separated flow is dominated by large-scale, low-frequency unsteady turbu-
lent motions. The onset of separation and reattachment location fluctuates spatially and
temporally, which is also commented by Houra and Nagano (2009) and Huang et al. (2018).

3.3 Growth of the Separated Shear Layer

The separated shear layer initiated from the downwind of the 2D hill crest is the most salient
flow structure that creates high turbulence levels and promotes turbulent mixing between the
inner and outer flows. Figure8shows the distribution of Reynolds shear stress (−u′w′/U 2

0 )
of the flow over the 2D steep hill in both neutral and stable BL cases. In the neutral BL, a
high magnitude of the Reynolds shear stress appears near the hill crest owing to the sharp
velocity gradients between the speed-up region and the near-wake region. It further expands
its extent until reaching a maximum at about X/H = 4.5. The stable BL produces a similar
distribution of the Reynolds shear stress around the 2D hill, however, with a much lower
magnitude indicating a suppressed momentum transport in the vertical direction.

The growth of the shear layer is measured by the increase in its vorticity thickness �,
defined as:

� = ΔU

(∂U/∂Z)max
, (9)
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Fig. 9 Growth of vorticity
thickness � in the neutral and
stable boundary layers. The
straight line (arbitrary origin) is
the vorticity thickness growth of
a plane mixing layer
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where ΔU = Umax − Umin , the difference between Umax and Umin the maximum and
minimum velocities on the higher-speed side and the lower-speed side of the shear layer, and
(∂U/∂Z)max is the local maximum of mean velocity shear. Figure9compares the change of
the vorticity thicknesses in the neutral and stable BL cases. Two distinct features are observed:
firstly, as a function of the downwind distance from the hill, the shear layer growth does not
follow a linear trend as is the case for a planemixing layer. Specifically, the growth of the shear
layer appears to be faster at the initiation of the shear layer and the post-reattachment region
(with a steep slope) than that of a plane mixing layer. The behavior of the vorticity thickness
qualitatively agrees with that observed by Castro and Haque (1987) for the separated flow
by a flat plate, where the reversed flow region is surrounded by a solid wall and the separated
shear layer. The growth of the vorticity thickness is also compared with the separated shear
layer from a backward-facing step (Jovic 1996). However, it should be remarked that the
shear layer growth is subjected to sensitivity to specific boundary conditions, initial boundary
layer shape, the turbulence level and the presence of periodic perturbations, therefore, a direct
comparison needs to be carefully viewed (Buckles et al. 1984;Almeida et al. 1993). Secondly,
up to X/XR = 0.45 the vorticity thickness growth is almost identical in the neutral and stable
BL cases. Beyond X/XR = 0.45, the growth is constantly lower in the stable BL than that
in the neutral BL case, indicating that the shear layer expansion is slightly suppressed in the
SBL case due to the constrained vertical motion.

3.4 Turbulence Intensities

The separated shear layer is associated with a region of high magnitude of turbulence intensi-
ties σu/U0 and σw/U0 (Figs. 10and 11). In the neutral BL case, the large area encompassing
the high streamwise turbulence intensity begins near the crest of the hill and extends further
downwind. While the high level of vertical turbulence intensity is present in the same region
as that of the streamwise turbulence intensity, it is approximately one-third less intense. The
maximum values of both are observed at x/H = 4–5. In the stable BL case, the turbulence
intensities follow a similar distribution, while the magnitude is dramatically decreased.

Considering the high turbulence associated with the separated shear layer and the low
turbulence dominated in the lower part of the recirculation bubble, we inspect the anisotropy
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Fig. 10 Streamwise turbulence intensity σu /U0 over the 2-D steep hill in a the neutral and b stable BL cases.
The black line indicates the stagnation line of U = 0 through the center of the recirculation bubble. The
periodic near-surface peaks over the hill and ground (e.g., X/H = 3.5, 5, 6.5, and 8) are U = 0 contours
illustrating small separation bubbles behind metallic chains

Fig. 11 Vertical turbulence intensity σw /U0 over the 2-D steep hill in a the neutral and b stable BL cases. The
black line indicates the stagnation line of U = 0 through the center of the recirculation bubble and multiple
small separation bubbles behind metallic chains

parameter, σw/σu , the ratio of the vertical to streamwise turbulence intensity (Fig. 12). A
decrease in the anisotropy parameter corresponds to a greater disparity between the scales of
the vertical and streamwise turbulent intensities, and therefore indicates a greater anisotropy
(Calhoun et al. 2001). Overall the anisotropy parameter is less than unity in the flow over the
2D hill due to that values of σu/U0 are consistently higher than those of σw/U0 regardless of
thermal stability, with the exception in the separation bubble zone, where the magnitude of
the two normal stresses are similar. Upwind of the hill (X/H < –2) the magnitude of σw/σu
is about 0.5, which is the typical feature of a surface layer developed over a homogeneous
surface. As flow approaches the hill crest, a small region of high magnitude σw/σu is noted,
above the initiation of the separated shear layer. On the lee side of the 2D hill the anisotropy
parameter σw/σu displays the maximum value downwind of the separation point and the
lower edge of the shear layer, close to unity. This indicates that while the center of the shear
layer and the lower portion of the separation bubble (adjacent to the hill foot) are more
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Fig. 12 Contours of the anisotropy parameter σw /σu of the flow over the 2-D steep hill in a the neutral and b
stable BL cases. The black line indicates the stagnation line of U = 0 through the center of the recirculation
bubble and multiple small separation bubbles behind metallic chains

Fig. 13 Distribution of T.K.E of the flow over the 2D steep hill in a the neutral and b the stable BL cases

anisotropic, on the lower edge of the shear layer the scales of the vertical and streamwise
turbulence intensities are similar. It is also noted that although turbulence intensities in the
stable BL are considerably lower than that of the neutral BL case, the anisotropy parameters
share the common feature of the highly spatial-varying distribution and are of comparable
magnitude.

The turbulent kinetic energy (T.K.E) per unit mass of the flow over the 2-D steep hill is
estimated with two measured velocity fluctuation components as follows:

T .K .E = 1

2
(u′2 + w′2). (10)

As shown in Fig. 13, the highest magnitude of T.K.E is in the central region of the separated
shear layer for both cases. The effect of stable stratification is remarkable: the maximum
T.K.E is reduced by half compared to that in the neutral BL, which is consistent with a
pronounced reduction in turbulent intensities and Reynolds shear stress (Figs. 10, 11 and 8).
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Fig. 14 Mean temperature profiles at selected locations in a compared against the temperature profile of the
undisturbed stable BL inflow (vertical black lines), and temperature fluctuations in b over the 2D steep hill
in the stable BL. The dashed black line indicates the edge of the bubble and the red stagnation line U = 0 is
through the separation bubble center

3.5 Temperature Profiles: Sheltering Effects from the Steep 2D Hill

A customized triple-wire (combination of a cross-wire and a cold-wire) is used to measure
the vertical profiles of instantaneous temperature at selected stream-wise locations outside
the recirculation zone. Mean temperature profiles over the 2-D hill from the local surface up
to Z ′ = 2H in the stable BL are shown in Fig. 14. At the front foot of the hill (X = – 2H ) the
temperature does not vary from the undisturbed SBL flow marked by solid black lines. The
temperature is higher near the surface than the undisturbed SBL inflow as the flow speeds
up and approaches the hill crest, where strong convection occurs. The more pronounced
difference is found on the leeward side of the hill – the temperature is overall lower than that
of the undisturbed SBL flow till the reattachment point. A “cold pool" forms downwind of
the hill, which is unsurprising due to the almost stationary flow and weak turbulent mixing
in the separation bubble. It reflects the significant sheltering effect of the steep topography
over the downwind surface, which is discussed in Markfort et al. (2010, 2014). It is worth
noting that the “cold pool" appears to be much larger than the separation bubble—at the
outer edge of the bubble, the air temperature remains lower than the undisturbed SBL flow.
For example, at X/H = 2 and 4, the reduced temperature can be seen up to 2H above the
surface. In addition, profiles of temperature fluctuations normalized by (T0−Ts)were shown
in Fig. 14b. Recall that the triple-wire cannot provide valid measurements for reversed flows;
only data points of temperature fluctuations above the recirculation zone are illustrated in
Fig. 13b. On the leeward side of the hill crest, the peak of the temperature fluctuation occurs
at a height beyond the edge of the separation bubble, which is linked to the expansion of the
separated shear layer.

4 Conclusions and Outlook

This work reports measurements of turbulent flows and temperature distribution over a steep
2D hill in a thermally-controlled BL wind tunnel. The mean flow speed-up ratio, flow sepa-
ration and reattachment, and the shear layer development was compared in the neutral and
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stable BLs. The results obtained for the neutral boundary layer inflow are consistent with pre-
vious studies. However, this research presents new results on quantifying turbulent separated
flows over a 2D steep hill in a stable boundary layer, which has not been extensively explored
in prior work. The unique experimental datasets allow examining the separated turbulent
boundary-layer flows subject to the coupled effects of the atmospheric thermal stability and
an isolated steep topography.

The mean flow speed-up ratio over the crest of the 2D hill in the stable BL case is only half
of that in the neutral BL, while the height where the maximum speed-up ratio occurs is only
slightly affected. The mean velocity speed-up on the hilltop is of great interest both for wind
energy engineers and civil engineers predicting wind loading on buildings and structures
(Safaei Pirooz and Flay 2018). To maximize wind power production, the wind turbine rotor
would be placed to catch the high wind near the crest. It has been shown that on the leeward
side of a hill crest, the initiation of a separated shear layer leads to extremely high turbulence
levels that can significantly impact the operation of a turbine.

The low momentum and the suppressed turbulence in the stable BL case are considered
to induce an earlier onset of flow separation and a delayed reattachment, compared to that
of the neutral BL conditions. The overall effect is that the separation bubble formed behind
the 2D steep hill is elongated by about 13%, and suppressed by 20% in height than that in
the neutral BL case. The separated shear layer undergoes a restricted growth and the T.K.E.
of the near wake is remarkably reduced in the stable boundary-layer case. In addition, in the
stable BL case, a low-temperature region (i.e., a cold pool) formed downwind of the steep
2D hill covers a larger height than the separation bubble, indicating the significant sheltering
effect of the steep hill over the downwind surface.

The stable BL inflow demonstrates a clear effect on the turbulent separated flows induced
by the 2D steep hill, even for a weakly stable stratification condition. It is important to
highlight that the temperature gradient is consistently enforced in the approaching boundary-
layer inflow.Additionally, the cooled ground surface and the 2D hill contribute tomaintaining
this temperature gradient. These conditions noticeably differ from previous studies, which
simulated effects with either thermally-controlled flow conditions or utilized heated/cooled
topography models exclusively (Houra and Nagano 2009). The present turbulent wind flow
data of high-spatial resolution acquired in controlled wind-tunnel testings can be used to
validate advanced numerical models, such as LES, for predicting turbulent wind fields over
complex terrain. In the future, realizing a wider range of thermal stability conditions would
be desirable to further our understanding of thermal stability effects on the separated BL
flows over steep topography.
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