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Abstract

This paper presents computational surface shear stress results of neutral Atmospheric Boundary Layer flow over
a domain of complex terrain representative of Cincinnati, Ohio. The computational data, generated using a time
averaged turbulence closure model, is used to review flow separation and reattachment patterns, as well as the
influence of canopies modelled as surface roughness on the flow behavior. The present data is compared to and
combined with a different dataset generated by Large Eddy Simulation to produce an initial correlation that
suggests a relation between the geometry of a single hill within a hilly area containing many hills, and the surface
shear stress over that single hill. The initial correlation displays a linear pattern between the growth of a hill’s
downstream slope and the shear stress difference over the slope for small hill slopes. With future improvements
to accuracy, the correlation can act as a validation tool for future data measured or computed over complex
terrain, and as a relation that explains flow separation and reattachment patterns over complex terrain,
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I. Introduction

The flow of wind over the surface of complex, non-uniform terrain is defined by separation regions that
occur when the flow’s boundary layer separates from the surface and forms into a wake. Physical factors, such as
gravity and thermal plumes, can drive separation in the Atmospheric Boundary Layer (ABL). A vertical plume
driven by a change in heat flux at the surface can perturb the ABL, which is common in unstable ABLs, where
the ground is warmer than the air in the ABL and the ABL has a negative vertical temperature gradient. In stable
ABLs, where the temperature of the air increases with height, and the ABL has a positive vertical temperature
gradient, separation can happen when air flows over non-uniform topography, or man-made buildings and
structures, where the surface is not flat and the boundary layer consistently detaches and reattaches to the ground.
Near surface separation changes the turbulence characteristics of the flow. As mentioned in a review by Bou-Zeid
et al. [6], a change in surface properties stimulates different physical processes at multiple scales in the regions
around or downstream of the surface, including turbulence non-equilibrium. Flow separation also influences the
air quality by trapping air pollutants in separation regions between hills and valleys [14]. Vertical motions driven
by buoyancy are damped in stable ABLs due to thermal stratification, where the positive temperature gradient
forces the air into layers that remain stably stratified, which minimizes vertical mixing. Despite the turbulence
damping by stratification, shear stress is still substantial at the ground surface, influenced by aspects like
vegetation and topography. Arya [3] stated that in nocturnal boundary layers, where negative buoyancy suppresses
turbulence, shear becomes the primary local turbulence production mechanism. Mahrt [19] examined turbulence
observations collected over 4 months from a short grass site, and found that for a very stable ABL, the dependence
of turbulent quantities on the bulk Richardson number becomes weak due to the presence of other processes such
as wind fluctuations and gravity waves. Those findings provide that turbulence is never completely suppressed at
high Richardson numbers due to shear generation from sub-mesoscale, slowly varying fluctuations, some of which
form from friction with the ground and interactions with topography and vegetation. In neutral ABLs, where the
air in the ABL maintains a constant temperature throughout the height of the ABL, buoyancy has no contribution
to the separation and reattachment of the air flow near the surface due to the absence of heat transfer. In a neutral
ABL, separation occurs when the shape of the terrain creates a strong enough pressure gradient that drains the
momentum of the overflowing air and forces it to separate from the terrain’s surface. The flow’s separation point
is the point at which the velocity gradient of the air very close to the surface approaches zero. In the case where
flow is moving over a hill, the hill’s physical features, such as its steepness and curvature, heavily dictate the
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flow’s loss of momentum. The presence of roughness elements on the surface of a hill increases the flow’s loss
of momentum which also influences flow separation from the surface. Accurately measuring the variation of
surface shear over complex terrain can benefit Numerical Weather Prediction (NWP) models in estimating the
effects of topographic drag generated by structures such as mountains on large scale circulations in the atmosphere
[33].

Multiple prior studies numerically modelled flow over hills in nature at a scale similar to the scale of this
study [8, 18, 23, 25, 26], and reported the changes to the ABL velocity profile and turbulent quantities but did not
expand on the smaller scale change in surface shear stress. Paiva et. al. [25] and Chavez Arroyo et. al. [8] studied
atmospheric flow over natural hills, however, the number of repeated hills in their studies was not numerous
enough to produce a conclusion on the behavior of flow over repeated hills. In this paper, shear stress data was
generated from Reynolds-Averaged Navier-Stokes (RANS) simulations of a neutral ABL over a computational
domain representing a part of Cincinnati, Ohio, where the terrain is complex, made up of repeated hills. From the
computational data gathered, a characteristic length for each hill within the terrain and its corresponding surface
shear stress were extracted from the simulation and used to produce a correlation. The same characteristic lengths
and corresponding shear stresses were extracted from Cooke et. al.’s [10] dataset, which was generated using
Large Eddy Simulations (LES) for a neutral ABL over a different complex terrain. The datapoints from both
datasets were combined to produce a correlation that presents the trend of seapration and reattachement of flow
over repeated complex terrain. Although the results of flow over various canopies will be presented in this paper,
the focus of the paper will largely be on the normalization method and the preliminary correlation produced by
the combination of the two datasets collected over aecrodynamically smooth terrain.

In this paper, hilly terrain will be referred to using the terms “complex” or “heterogeneous.” The
“roughness” terminology to refer to acrodynamic roughness, also referred to as a canopy, on the surface of the
complex terrain, such as grass or sand. The presence of aerodynamic roughness on a surface that is in contact with
a flow will influence the flow by changing its boundary layer characteristics. A flow over a smooth surface will
develop a viscous sublayer within the boundary layer. The viscous sublayer follows a linear velocity profile, unlike
the remainder of the boundary layer which mostly follows a logarithmic velocity profile. The viscous sublayer is
where flow perturbations are produced by the instability of the shear mechanism, leading to the generation of
turbulence in the flow. However, if the surface is aerodynamically rough, with its roughness elements having a
height greater than the height of the viscous sublayer, then the sublayer will cease to exist. When the viscous
sublayer ceases to exist, turbulence generation in the boundary layer will no longer be due to the inertial instability
of the strain rate, but rather due to pressure drag.

As defined by Schlichting and Gersten [30], the aecrodynamic roughness of a surface can be related to

the flow using the roughness Reynolds number, Rey, that is calculated based on the friction velocity of the flow,
Uskg

u,, and the roughness height, kg, as Re;, = , with v being the kinematic viscosity of the fluid. Based on Re,,

v
three flow regimes have been defined depending on the surface roughness of the wall in a wall-bounded flow:

1) For Re, < 5: The flow is aerodynamically smooth. Turbulence is produced by shear in the viscous
sublayer.
2) For 5 < Re, < 70: The flow is in a transitional phase. The surface holds both smooth and rough wall
characteristics.
3) For Re, = 70: The flow is fully rough. Turbulence is produced by pressure drag, and skin friction (cy)
is now independent of Reynolds Number.
Flow in the ABL is categorized as continuously aerodynamically rough with Re, regularly exceeding 70, 32].
The ABL is almost always moving over a rough surface as a rough flow regime, with very few exceptions such
as calm winds over a calm ocean surface and weak winds over smooth ice surfaces [2, 31]. In this paper,
simulations were completed over a topographically complex terrain for a single smooth surface case, and 5
canopy covered cases with increasing roughness, whos Re;, values of each case are included below in Table 1:

Table 1 Roughness Reynolds number values for each canopy case tested

Smooth Sand Snow Grass Wooded Country Residential
Rey =1 1.06e2 2.70e3 1.95¢4 7.24¢e4 6.12e5
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The results of the smooth surface case were the
only results thoroughly analyzed for the correlation
section of this paper’s discussion because the dataset r
used for comparison to generate the preliminary |
correlation was generated for a neutral ABL over a ‘
smooth surface. Data from the cases with a roughness >aint cernar
covered surface are displayed and discussed but not
compared to the external dataset. The ABL velocity ‘
profile modelled in this paper was measured by Clarke ‘
[9] on September 26" 1967 in the northeastern part of v
the city of Cincinnati, around the Evanston \
neighborhood. The ABL measured by Clarke [9] was a
thermally stable ABL, however, in this study, the ABL LE
was simulated as a neutral ABL, without thermal effects.
Thermal effects were removed to simplify the
simulations and to allow the data to be comparable to
similar neutral ABL over complex topography studies.
The span of the boundary layer measurement spanned ‘
the early morning starting at 45 minutes before sunrise
and ending at 15 minutes after sunrise, during the
nocturnal cycle. Although Clarke’s ABL data was ‘
collected over an area with buildings, all buildings were
removed from the present geometry, and only the
topography was retained. The boundary layer height was
presented as 300 meters with a freestream velocity of
15.2 meters per second. Clarke’s ABL’s velocity profile 4/ Dayton
was not a logarithmic profile, but was fit it to a
logarithmic profile to keep it consistent with Cooke’s
[10] velocity profile type, which was logarithmic. While
a boundary layer height of 300 meters could be inci i
considered low for a neutral ABL, neutral ABL heights Cincinnati
close to 300 meters have been previously recorded as the
lowest end of the neutral ABL height range [32]. The CAD geometry of the
area covered by Clarke’s experiment was obtained using
CADMAPPER.com, which produces a topography scan of a selected
geometry, shown in gray in Figure 1 (Images used courtesy of ANSYS, Inc.).

Bellevue

Fig. 1 Simulated Domain Area

II. Numerical Modelling

The topography domain, shown in figure 2, spanned 7000 meters in length (x-direction), and 1000 meters
in height (z-direction) from the highest peak. The initial width (y-direction) of the domain was 400 m, however,
with the addition of aerodynamic roughness, convergence of the model proved difficult with the current
computational resources, so the width of the domain was reduced to reach a minimum continuity convergence of
1075, A minimum continuity convergence limit of 10~ was deemed sufficient due to the residuals of the quantities
of the simulation reaching an asymptote at that limit. The influence of the side boundaries on the data across the
domain were examined for three domains, each with a different width, the shear stress across the domain at 4000
meters and 6000 meters downstream from the inlet are shown in figure 3. The tested domains widths were 150,
225, and 275 meters. At 4000 meters downstream from the inlet, the data from every width fluctuated close to the
side boundaries, but stayed consistent towards the center of the domain, while at 6000 meters downstream of the
inlet, the flow at the center of the domain showed higher fluctuations. Despite the fluctuations, the highest
percentage difference between the peak value near the side boundary and the center line value amongst all 6 data
lines was 0.84%. The inlet of the domain was set as a velocity inlet, and the outlet was set as a pressure outlet.
The side walls and ceiling of the domain were set as symmetry boundaries. All simulations were modelled as
isothermal.
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Fig. 2 (a) 3-dimensional domain in the upside direction (b) 3-dimensional domain rotated upside down to show
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Fig. 3 Shear Stress values plotted across the spanwise direction of the domain at 4000 and 6000 meters
downstream from the inlet for different domain widths to test influence of side boundaries. Solid lines

represent values collected at 4000 meters downstream of inlet, and dotted lines represent values collected
at 6000 meters downstream of inlet.

The model used for the simulations was the Shear Stress Transport (SST) k- model developed by
Menter [20] which calculates the turbulent kinetic energy (k) and the vorticity () transport equations. The SST
k- model blends the standard k-w and k- models with a blending function that transitions from calculating k£ and
w in the near wall region to calculating & and ¢ in the freestream, ¢ here being the dissipation rate of k. The SST
k- model also uses a modified representation of the turbulent eddy viscosity p that includes the strain rate to
account for the transport of turbulent shear stress. While it is established that RANS models do not accurately
predict near-surface flow behavior in flows over complex terrain, the SST k-w model is used in this study to
explore the viability of an initial correlation that represents flow behavior over complex terrain and not to assert
a complete and comprehensive correlation. A previous numerical study by Pieterse and Harms [27] on ABL flow
over a single dune showed that the standard k-¢ and SST k-w models produced the closest results to experimental
data when evaluated against other RANS models.

The ground of the domain was spatially divided into 2-meter sized mesh elements. The domain contained
three vertical mesh regions that were connected by buffer layers, presented in figure 4 (Images used courtesy of
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ANSYS, Inc.). Near the ground surface, the mesh is uniformly shaped and very fine in size. The first cell heights
above the ground are displayed in Table 2, where the corresponding nondimensional height, z*, for every case
equals 31. A z* of 31 means that the mesh skips the viscous sublayer and starts at the beginning of the logarithmic,
or inertial region of the boundary layer. Increasing z* values were tested for the ABL flow over a flat plate, with
the shear results showing little difference in figure 5, confirming that the results were independent of the mesh.
The ground mesh then grew vertically for 15 layers at a uniform inflation rate of 1.5, before going through 2 buffer
layers that transitioned the mesh to a hexcore form. The cells within the hexcore region grew steadily larger before
transitioning into a polyhedral shape that continuously got larger, reaching a size of 128 meters at the ceiling of
the domain. The top side of the domain was not the zone of interest of this study, and so it was discretized with a
polyhedral mesh as polyhedral meshes have a lower number of cells compared to a cartesian mesh, which reduces
the computational power used in the simulations. The mesh was changed according to the aerodynamic roughness
applied at the surface for the rough surface cases. The SST k-w model accounts for surface roughness by
modifying the ground boundary condition. The aerodynamic roughness on the surface is input into Ansys Fluent

2023 R2 using the roughness length, k. kg can be found using the acrodynamic roughess height, z,, using the
9.793

expression kg = (T) 2z, where Cy, is the roughness distribution constant that accounts for the uniformity of the
roughness on the surface. A Cj, value of 0.5 was used, indicating that the roughness particles are uniformly
distributed over the surface. Since Ansys fluent is a finite volume solver, the software solves every cell at its center
point. For the mesh to capture the aecrodynamic roughness, the first cell’s center point height, z.opter-, should
exceed the roughness length, k. For that, the first cell height is calculated as the twice z* plus twice the roughness
height, k,, which leads the cell’s center point to be at ks + z*. The aerodynamic length (z,) values for the Snow,
grass, and Wooded country were taken from Arya [3], the value for sand was taken from [11] for a mean sand
grain size of 0.59 mm, and the value for the residential area was extracted from [17] for a residential area during
the fall, around the same season Clarke’s ABL profile was measured [9]. The simulations presented in this paper
averaged a cell count of 26 million cells.

Surface Z, (m) k. (m) First Cell Height (m) Development Length (m)
Smooth 0 0 0.0024 6000
Sand 0.00025 0.0048965 0.012193 2900
Snow 0.005 0.09793 0.19826 2500
Grass 0.03 0.58758 1.17756 2000
Wooded Country 0.4 1.9586 3.9196 1500
Residential Area 0.66 12.9268 25.856 600

Table 2 Corresponding z,, kg, first cell height, and development length for each aerodynamic roughness applied

on the domain’s surface.

Polyhedral Region,
remaining >59% of the
domain.

400 m

Hexcore Region,
second 30% of the
domain.

Ground Boundary
Region, first <1% of
the domain.

Fig. 4 Cross-Section of the meshed domain. The very fine region near the surface is composed of growing
boundary cells. These cells grow into hexcore (square) cells that grow in a ratio of 2:1, before transition into
polyhedral cells towards the top of the domain
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Fig. 5 Examining the sensitivity of the surface shear stress to the change in z* by modelling Clarke’s ABL over
a flat surface. The negligible variation of the data from different z* values confirms that the data is independent
of the mesh size

Prior to the flow entering the complex topography, a fully developed incoming flow regime was
produced. To achieve that, the flow was modelled over a 7000-meter-long flat plate, with identical mesh and
boundary conditions to the complex topography domain. At the inlet of both the smooth and aerodynamically
rough flat plate domains, a law of the wall-based velocity profile was used that best fit the measured velocity
profile extracted from Clarke [9]:

u= %ln(zJ“) + 5u, (1)
zt = % ()
The inlet velocity profile was fit to match the freestream velocity, U, = 15.2 m s™1, at the boundary layer height,
845, = 300 m. The best fitting parameter values were u, = 0.351 m s™1 as measured from the flow over flat
terrain simulations, k¥ = 0.4 which is von Karman’s constant, and v = 1.7894 x 1073 m?s~1, which is the
absolute kinematic viscosity for air at 15° Celsius. The flow becomes fully developed when it behaves in a pseudo-
2-dimensional manner. The flow was determined to be fully developed by examining its surface skin friction
coefficient as the flow travelled downstream from the inlet and comparing it to existing empirical correlations.
The present smooth surface data was compared to experimentally recorded data measured over an
aerodynamically smooth surface represented by the Coles-Fernholz [12] correlation, and the present rough surface
data was compared to experimentally measured data over an aerodynamically rough surface represented by
Pimenta’s [28] correlation, both displayed in figure 6.

CotesFermhzs ¢ =2 (*2%) + 4127] o
i 2(0.168)
Pimenta: = W W
ks

6 in equations 3 and 4 represent the momentum thickness. The Momentum thickness is a theoretical length scale
that quantifies the momentum loss within a hydrodynamic boundary layer due to viscous effects that cause the
flow within the boundary layer to move slower than the flow in the freestream region, thus resulting in a
momentum deficit. The present authors believe that using a laboratory experiment-based skin friction coefficient
to validate an ABL’s flow’s full development increases the margin of uncertainty. Laboratory boundary layers are
usually multiple centimeters thick, while ABLs are multiple hundred meters thick. This large resolution of ABLs
means that the critical motions within an ABL are measured in large, unlike a laboratory boundary layer where
critical motions are measured in detail. However, the available tools that can be used to validate the fully
developed flows are the previously mentioned correlations. The percentage differences between the flat plate
simulation data and the empirical correlations reach a maximum of 22% in the smooth surface cases. This high
percentage difference is again because data from an ABL is being compared to a correlation based off a normal
hydrodynamic laboratory boundary layer. An ABL contains greater turbulence than a smaller hydrodynamic
boundary layer over a laboratory flat plate. The percentage difference is also due to the high z* value, which does
not allow the k-w model to calculate the shear within the viscous sublayer. The z* value is limited by
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computational resources, as using a finer z* would increase node count and computational requirements. The u,
computed towards the end of the flat plate simulation came out to 0.3 m s~1, which equated to an Obukhov Length
(Loburnov) of 165.7 meters when using Clarke’s ABL characteristics [9, 21]. A positive Obukhov length solidifies
that the ABL measured by Clarke is a thermally stable one. For z < |Lgpuknor| Wind shear effects are dominant
over buoyancy effects [3]. The region of interest for this study, the near surface region, is thus less influenced by
buoyancy and more by shear.

III. Normalization Method

The present results were validated with Cooke et al.’s [10] results by finding a pattern between both datasets.
By looking at a single hill within the complex terrain, a parameter A can be identified, representing the maximum
height of the hill, alongside a parameter L, which is the remaining width of the hill starting from the horizontal
coordinate of the maximum height and ending at the following minimum height. A “slope” or “aspect ratio” H/L
is created as a unique parameter for every hill in the terrain. This is only applicable for hills with a continuous
surface, free of discontinuities, such as smaller topographic bumps within the slope. As for the shear stress
analysis, it was determined that using the skin friction coefficient, ¢, which is the surface shear stress normalized
by the dynamic pressure, would be unwise. The dynamic pressure only considers the freestream flow velocity and
density, both of which scale largely different depending on the characteristics of the ABL examined, such as
thermal stability.

1.4E-02
L ® Present, Smooth
1.2E-02 E Coles-Fernholz (1996), Smooth
1.0E-02 E Present, Sand
L Pimenta (1975), Sand
8.0E-03 E ® Present, Snow
S C ———Pimenta (1975), Snow
6.0E-03 | ® Present, Grass
E == Pimenta (1975), Grass
4.0E-03 | | ® Present, Wooded Country
L | e Pimenta (1975), Wooded Country
2.0E-03 | ® Present, Residential
- Pimenta (1975), Residential
0.0E+00
0 10 20 30 40
6 (m)

Fig. 6 Comparison of the Flat Plate Simulations Data to the Empirical Correlations

of Pimenta and Coles-Fernholz [12,28]

Also, as previously mentioned, using a skin friction correlation that was based off laboratory boundary
layers to validate data from an ABL is problematic. Using Cooke et al.’s shear stress normalization, T/7, , which
normalized the shear at any point in the complex domain’s surface with the shear measured over the flat plate for
the same ABL flow, solves this issue as both shear values are local to the ABL examined. The Aspect ratios of all
hills were gathered, alongside the corresponding normalized shear stress at the hilltop and hill bottom, visualized
in figure 7, to see if there would be a correlation.

Ttop _ Thottom

Flow Direction / 0 T

— r,,,},/x0 /

Height ‘\ \
| |

W0 e—— Tpottom/To

Length L2
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Fig. 7 Visualization of the normalization procedure
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The difference between the shear stresses at the hilltop and hill bottom against the aspect ratio of the hill
were plotted, with the same being done to Cooke’s data. The correlation presented in this paper is produced from
shear stress results for ABL flow over a smooth surface generated in this study, combined with shear results for a
different smooth surface available in literature. The present rough surface flow data was not used to generate any
correlation since there are no similar rough surface studies to compare with, and thus no useful conclusions would
be drawn from a rough surface correlation. The rough surface data is provided in figure 8 only to showcase the
model’s performance when the surface roughness is changed.

IV. Results

The surface shear stress is the main parameter of interest as it is responsible for the turbulence generation
within a shear dominated ABL. The surface shear stress data was extracted at the center line between the domain’s
side walls and was plotted over the length of the domain in figure 8. The hills within the domain are not centered
on the center line in between the domain side boundaries. Since the hilly area simulated in this study is a
representation of realistic complex terrain, the center line of the domain crosses random locations within the
topography, including hillsides. The hilltops are not lined up on the domain centerline, and the center line does
not only cross hill maximums or valley minimums. The shear stress values peak at the inlet of the domain due to
the incoming flow’s instant collision with the complex topography. The shear stress then settles down to a
consistent range over the rest of the domain. Data from the first 500 meters of the domain were not used in the
present analysis. Examining the how the shear changes with the terrain in figure 8, a greater aecrodynamic
roughness results in greater shear stress peaks, as suggested in the past by Allen and Brown [1]. However, the
peaks around 2100-, 2500-, 4600-, and 6400-meters show that the model predicted a close shear peak value for
the wooded country-equivalent roughness and the residential area-equivalent roughness, despite the residential
area kg value being more than 6 times greater than that of the wooded country. This could be owed to the finding
that shear stress reaches an asymptote at a certain large kg, as could be seen in the Moody diagram [22], and in
Nikuradse’s experiments on flow in pipes roughned by sand grains of uniform size [24]. The shear stress reaching
an asymptote physically means that the surface cannot take any more momentum from the flow. By examining
the corresponding shear stress to any hilltop in the domain, it is visible that the point at which the maximum shear
occurs is not consistent across the different roughness cases. Physically, the shear stress is directly correlated to
the near-surface velocity gradient. Wind accelerates as it moves uphill due to the pressure gradient between the
flow-facing side and non-flow-facing side of the hill. As the flow sticks to the surface of the hill and accelerates,
its friction with the ground increases, increasing the resulting shear stress. The flow continues to stick to the hill
until it reaches a point near the hilltop where it encounters a sufficiently large adverse pressure gradient caused
by the hill geometry that forces the flow to separate. There is no clear pattern of the flow separating upstream of
the hilltop or downstream of the hilltop when changing the surface roughness in figure 8. For example, over the
hill at 1600 meters, the maximum shear stress occurs at an earlier point upstream of the hilltop as the surface
roughness is increased in each simulated case, signaling that the separation process occurred earlier. On the hill
at 1600 meters, the maximum shear stress was recorded at 1625 meters for the smooth case and at 1616 meters
for the residential area-equivalent roughness case, a difference of 9 horizontal meters and 0.2 vertical meters. The
opposite occurred at the hill at 3500 meters, where the maximum shear stress location varied between the different
roughness cases. The highly 3-dimensional turbulent flow formed by the flow separating from the previous hill
preceding every successive hill will lead to an inconsistent flow separation location. The absence of shear damping
mechanisms formed by factors like thermal instability cause high turbulence intensities in the surface layer of the
ABL. The high turbulence intensities will cause the separation locations on hills to be highly random and thus
hard to converge into a trend.

In the valleys following the hilltops where separation takes place, the computed shear stress drops
significantly. The significant drop is due to the flow losing its momentum from its uphill acceleration and then
reattaching to the valley surface at a low velocity. Depending on the hill’s aspect ratio and the distance between
its peak and the next peak, the flow could skip a valley almost entirely, which can be seen in figure 8 at the valley
at approximately 1750 meters, where the difference between the shear stress at the hilltop and subsequent valley
is significantly large for the smooth surface case. Additionally, the shear stress at the valley of all the tested
aerodynamic roughness cases converge to a similar value, despite their peaks at the hilltop being largely different.
It is known that flows over canopies are dominated by large coherent eddies that form due to the hydrodynamic
instability following the flow losing its momentum over a climbing hill rather than over a flat surface [13,29].
These large coherent eddies could flow horizontally following a hill peak, entirely skipping the ensuing valley.
The phenomenon of the near surface high speed flow skipping a valley is not only due to the aspect ratio but is
also dependent on the topography in the area prior to the hilltop. The valleys at 1750 and 2400 meters are both
preceded by a chain of rising hilltops. The hilltop prior to the valley at 1750 meters is preceded by a continuously
rising hill that climbs 28 meters in elevation uninterrupted. Over the course of the flow climbing the hill and
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accelerating over it, the flow loses significant momentum due to viscous stresses in case of an aerodynamically
smooth surface, or due to pressure drag in case of an acrodynamically rough surface.
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Fig. 8 The surface shear stress plotted over the centerline of the 3D complex topography domain for 6 cases
with different aerodynamic roughness at the surface. A cross-section of the topography is plotted in gray. The
surface shear stress follows the vertical axis on the left and the topography cross-section follows the axis on the
right titled “Ground Elevation”. The ground elevation is relative to sea level
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IV.I Correlation

Following the procedure explained in the normalization section of this paper, figure 9 is produced,
combining both present smooth surface RANS data and Cooke et al.’s [10] LES data of a neutral ABL over
aerodynamically smooth complex topography. As shown in the figure, both datasets follow a linear pattern with
increasing H/L, with datapoints from both datasets being concurrently present at an H/L < 0.1. Despite both
datasets having been collected from simulations over different hilly regions, in different ABLs, and using a
different computational method, combining both datasets to produce a linear best fit line turns out with a variance
(R2) value of 0.8. A variance value of 0.8 signifies that the best fit line represents 80% of the 27 data points well.
The largest data variance occurs around H/L = 0.15 where 5 points are more distant from the line. The physical
interpretation of this correlation is that, at a low H/L, the shear stress difference between the hilltop and hill bottom
increases linearly with an increase in H/L. However, the higher scatter at higher H/L values signifies that the
correlation is not universal, and thus, still preliminary. These findings are consistent with Brown et. al. [7], where
the authors found that for a neutral flow over sequential cosine hills with a low slope (equivalent to an H/L of 0.1
in this paper), the distribution of the shear stress over the downstream side of a hill was linear. The same could
not be said for hills at an H/L of ~ 0.2, as the distribution began to follow a nonlinear trend in Brown et. al.’s [7]
results, with the separation region displaying a recirculation bubble and a further flow reattachment point.
Although Brown et. al.’s [7] findings were a result of flow over a sequential series of identical cosine hills, their
physical interpretations are found again here when examining the flow over a series of unidentical complex hills.
Although RANS models are known to predict separation and reattachment trends inaccurately, figure 9 shows a
fair agreement with the LES results, although this cannot be taken as an absolute measure that the RANS model
is as good as LES, since this plot is largely macroscopic. Unsteady (fluctuating) results produced using LES are
averaged during post-processing and then analyzed statistically, while RANS models directly generate averaged
quantities.

The increased spread of data points at a higher H/L can be attributed to the increased 3-
dimensional turbulence following larger hills, where the flow accelerates up the hill for a longer period, shearing
the hill’s surface and generating greater turbulence simultaneously. The previous statement is not always true, as
H/L only represents the hill shape downstream of separation, that is, the side of the hill that is not facing the flow.
However, it is very likely that a hill with a high H/L has a taller flow-facing side, which forces the flow to shear
the surface of the hill longer. Of the present study’s hills, 6 out of 9 hills included in the correlation have a taller
flow-facing hill side, with 2 out of the 3 not having a taller flow-facing hill side having both sides at a close height.
Of the 18 hills examined from Cooke et al.’s study [10], 5 hills had a taller downstream side, 5 hills had a taller
upstream side, and 8 hills had both sides at an almost equal height. A more likely reason behind the spread of data
is the growth of secondary flows consisting of larger streamwise eddies that are generated as the ABL starts
crossing over a complex terrain. The larger streamwise eddies will grow and cause the spanwise mean and
fluctuating flow statistics to variate [4,16]. In addition, Ayotte and Hughes suggested [5], from their wind tunnel
tests of flow over isolated ridges, that increased turbulent time and length scales produced by a mechanism that
scales with the hill width dominate the separation region downwind of a hill.
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Fig. 9 A combination of the Normalized Shear Difference against H/L from both present and Cooke et al.’s [10]
data sets
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In the present simulations, the streamwise vorticity always had a larger magnitude compared to the
spanwise and vertical vorticities in the near-surface region, with the rough surface simulatons having regions of
increased spanwise and vertical vorticity in valleys, namely the Residential and Wooded Country roughness cases.
The cases with smoother ground surfaces like the snow and sand cases, displayed higher spanwise and vertical
vorticity magnitudes, however, the higher magnitudes of vorticity were only within the region extremely close to
the wall. In the present smooth surface case, where Re, < 1, the flow displayed smooth flat plate flow
charactersitics. The smooth case spanwise vorticity was never high above the first few centimeters from the ground
even when flowing over hills, from which it is concluded that the flow separation was very minor. The trend that
is present across all cases simulated in this study is that there was increased 3-dimensional vorticity in the valleys
following steeper hills, which confirms the suggestion that the increased spread in datapoints at higher H/Ls can
be attributed to higher 3-dimensional turbulence following separation. A drawback of the presented correlation is
that a logarithmic ABL velocity inlet profile was utilized to generate both datasets which were used in developing
the correlation. It is not guaranteed that using a different velocity inlet profile would would produce similar results
for the correlation.

V. Conclusion

This paper presented and analyzed surface shear stress data of ABL flow over complex terrain generated
from RANS simulations. The numerical model was introduced and later confirmed to be independent of mesh
configuration. The results of the simulations confirmed prior suggestions about the shear generation and
momentum loss in the ABL due to complex terrain and canopies. In addition, the results showed no clear pattern
of flow separating earlier or later over the hill top depending on surface roughness, which could be a product of
high turbulence intensities present in between repeated hills. The need for a comparison tool for the numerical
results lead to the creation of a correlation that globalizes shear stress data measured over complex terrain and
allows for data points sourced from different ABLs to be compared. The correlation displayed a linear trend of
increasing surface shear difference over a single hill situated within repeated complex terrain when the hill’s
downstream slope is increased. The correlation also allowed for a comparison between the time-averaged
turbulence closure model used in this paper, and the LES completed in a prior study. Difficulties remain in the
shortage of smooth surface complex terrain shear stress data to further improve the correlation, and in the shortage
of shear data over complex terrain covered with roughness elements to develop correlations for various canopy
covered heterogeneous terrain.
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