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A description of the turbulence kinetic energy budget is investigated to understand the dynamics
and turbulence energy transfer between the atmospheric boundary layer and large wind farms. The
turbulence kinetic energy budget terms are a dominant factor in explaining the energy supply process
in wind farms. Large eddy simulations are used to generate the thermally stratified wind turbine
array boundary layer, where stable and unstable conditions are considered. The wakes represent a
sink of mean kinetic energy and turbulence transport attempts to redistribute energy in the wake
region. The energy balance between the budget terms is dependent on the physical location in the
wind farm. During the unstable scenario, turbulence is driven by the production, transport, and
buoyancy terms. Further, the contribution of the turbulence kinetic energy budget terms is reduced
with increasing stability, especially above the shear layer, where the mechanical production is the
dominant term. Pressure diffusion redistributes the turbulent energy from the streamwise direction
into the other components of the normal Reynolds stresses. This distinctive feature of the changing
thermal stratification is presented through studying the quadrant analysis. The momentum ejection
and sweep frequencies are comparable and dominant. The scalar flux shows an increase in the
contribution of the negative correlation in the quadrants. The quadrant analysis is extended to
include the intermittency based on the pointwise Hoélder exponents. The positive correlations are
dominant in the wake and higher layer of the domain for both considered cases.



I. INTRODUCTION

The variable characteristics of the atmospheric boundary layer (ABL) flow are a consequence of the differential
heating throughout a diurnal cycle, and are tightly related to the time varying production of turbulence, changing the
corresponding contributions to the turbulent kinetic energy budget [1]. Installation of wind farms further increases
the complexity and changes the structure of the flow [2-4]. The interaction of wind farms with the time-changing
thermal stratification in the ABL can be highlighted through the evaluation of the mean and turbulent kinetic energy
budget. As initially proposed by Cal et al. [5] and Calaf et al. [6], the power extracted by the wind turbine is of the
same order of magnitude as the vertical flux of mean kinetic energy yet the production term is also a term of leading
order within this balance. Consequently, considering the linkage between the mean kinetic energy and turbulence
kinetic energy, the production term, u;ug 0U;/0x;, comes to the forefront as this term is responsible for, both, adding
kinetic energy to the turbulence and in other hand subtracting energy from the mean flow. Note that the production
term represents the dissipation in the mean kinetic energy. Therefore, if one was able to control this term based
on the remaining terms of the turbulence kinetic energy budget, it would provide means to potentially boost wake
recovery and overall energy harvesting. Viestenz and Cal [7] showed experimentally that the turbulent flux and the
production term lead to power fluctuations of 30% of the mean power.

In the mean kinetic energy budget, the footprint of thermal stratification highlights the most important terms that
deplete the energy, vertical flux in the unstable case and advection in the stable case [8]. Other events such as the
power law, mixing decay, velocity reduction, and turbulence intensity are also related to thermal stratification effects
[9-11]. Tt is therefore evident that a turbulence kinetic energy budget and transport of the Reynolds stress terms
play major roles in the recovery process of mean kinetic energy in the wake of wind turbines as well as on the overall
power harvested by a wind farm. Of particular interest is determining the influence of the relative contribution of
different physical processes on the energy balance based on the thermal stratification. Within stable and unstable
stratification conditions, the flow during the stable regime is driven by strong turbulent advection due to the bulk
motion of the flow resultant from the low-level jet (LLJ), while during the unstable regime, turbulence is created and
transported by large eddies driven via buoyancy forces [8]. Xie and Archer [12] used large eddy simulations to study
the effect of the atmospheric thermal stratification of wind-turbine wake of the single and wind farm. Their results
showed that the characteristic parameters of the wake of the single turbine, including the velocity deficit, thermal
distribution and TKE, is highly correlated with stability. Thermal stratification changed the flow separation in the
wind farm; less separation is found for the unstable case. With stability the TKE in the wind farm increases. The
TKE is anti-correlated with the background turbulence of the atmospheric boundary layer. Ghaisas et al. [13] studied
the effects of the stability (neutral, moderately unstable and stable) and wind farm configuration (turbines aligned
versus staggered with respect to the wind) simultaneously. Their results highlighted that under unstable condition,
the vertical mixing is enhanced and leads to faster recovery of velocity deficits, and that the lateral spread of wakes
is significant. Abkar and Porté-Agel [14] investigated the influence of thermal stability on the wake of wind turbine.
The spatial distribution of the mean velocity and wake meandering downstream of the turbine are highly correlated
with the atmospheric stability. The growth rate of the wake under unstable scenario is about 2.4 times larger than
that of the stable one. Here, the distinct terms conforming to the turbulence kinetic energy budget are considered in
light of energy extraction.

To date, only limited studies have considered the effect of thermal stratification on the turbulent kinetic energy
budget and the effect of the scalar flux on wind farms. Thus, less is known about the thermal stratification effects on
conditional sampling in the very large wind farm and how the variations of ejection and sweep characteristics account
for momentum and scalar fluxes. Therefore, it is of interest to: (1) Investigate the turbulence kinetic energy budget
terms with respect to different thermal stratification regimes, (2) Quantify the second- and third-order correlations
between the velocity and scalar (pressure and temperature) fields, and (3) Characterize the turbulent structures
associated with momentum and scalar transport. The following work is organized as follows: Section II outlines
the turbulence kinetic energy budget and conditional sampling; section III presents in detail large eddy simulations;
section IV discusses the results; finally, section V outlines the main findings along with and future work.

II. THEORY

The general presentation of the TKE budget and conditional sampling for the momentum and scalar flux are
reviewed in this section, these contain the correlations between the velocity and scalar quantities (pressure and
temperature) and provide a basis to reveal the energy transfer mechanisms in thermally stratified wind plants.



A. Turbulence Kinetic Energy Budget

The turbulent kinetic energy (TKE) budget delineates the relative contributions of physical processes that govern
the motion of the turbulent flow. Due to the multi-scale nature of wind turbine wake, the TKE budget terms
(advection, production, buoyancy, etc.) contribute to the flow in a complex way. The presence of wind turbines in
the ABL modifies the surface boundary layer in unique ways and impose further term to the TKE budget. Wind
turbines introduce aerodynamic drag on the flow and generate turbulent motions seen as wakes, meaning that an
additional source of TKE extracts kinetic energy from the mean flow. This additional term modifies the balance
between competing elements of the TKE budget, changing the energy cascade by imposing new scales to the flow
(wake scales). Abkar and Porté-Agel [15] studied the mean and turbulent kinetic energy budgets inside and above the
neutrally stratified wind farms. Their results showed that the turbine-top level holds the peak of the shear production
and dissipation rate, and their magnitude increase as the turbine spacing decreased. Chamorro et al. [16] provided
a scale-by-scale energetic description of the wake behind a model wind turbine, and estimated the energy-containing
scales through scaling the energy dissipation. They pointed out that turbine induces strong turbulent energy at a
relatively high-frequency range, and that turbulent production is maximum at top-tip height, and the rotor area is
marked with strong dissipation.

In the context of a vegetated canopy, Wilson [17] presented the TKE budget in a manner that splits the budget
into two different scales, turbulent shear kinetic energy (SKE) and turbulent wake kinetic energy. This mathematical
split assumes that the total TKE is conserved, assuming that a canopy acts a sink of kinetic energy for the large
scales and a source for the small scales. Similarly, Leclerc et al. [18] used this approach and observed that the drag
element of canopy is the primary sink term in the SKE budget, and shear production is the primary source in the
upper canopy. Morse et al. [19] showed that the shear production term is counteracted by vertical advection and
pressure redistribution. In this regards, different turbulence-resolving models, such as large eddy simulations (LES),
are used to investigate the effect of the pressure in convective and neutral atmospheric boundary-layer flows [20-23].

Modeling the pressure-strain term is one of the major challenges in closure turbulence modeling for numerical
climate applications and weather prediction models [22-24]. The effect of the shear and buoyancy in the flow is
alleviated by the pressure term as it redistributes the kinetic energy between the velocity components, and reduces
the turbulence anisotropy. Rotta [25] proposed the first pressure-strain model which has since been applied to simulate
the entire pressure term. For example, Launder et al. [26] modeled slow turbulence-turbulence contribution with the
pressure gradient-scalar covariance. Numerous more elaborate nonlinear models for the pressure terms also exist (e.g.,
Lumley [27]; Ristorcelli et al. [28]; Craft et al. [29]). In different cases, especially in flows with large departures from
isotropy, nonlinear models performed better than linear models, such as boundary-layer flows affected by buoyancy
and/or rotation. However, the nonlinear models mostly consist of complex expressions which are computationally
expensive, especially in geophysical applications [21, 24]. Turbulence-resolving models are used to investigate and
develop turbulence closure models and to determine the model constants. Experimentally, direct measurements of the
pressure-strain are rather difficult especially in the atmospheric boundary layer given that the atmospheric pressure
fluctuations are small relative to the mean pressure. In addition, pressure probes disturb the pressure field and distort
measurements [30-32].

By nature, the TKE budget is directly related to the physical mechanisms that generate, transport, and destroy
turbulence. The weight of each term identifies the flow stability and the ability of the flow to decay or produce
turbulence [1]. The TKE budget equation for the resolved scales in the LES framework is given by Equation (1),
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where € = 0.5u}u} is the mean TKE for the resolved scales, ¢ and j are indices taking values of 1, 2, and 3 for the three
Cartesian coordinates (z,y, z), respectively, and (u,v,w) for the velocities. The prime (') presents the fluctuating

component, and tilde () presents the instantaneous component. The p is the pressure, f is the force conveyed on

the flow by the wind turbines, and 7;; = u;u; + ?fjgs represents the sum of the Reynolds stress and the sub-grid

scale model (SGS) shear stress. The deviatoric part of the SGS stress is computed as TEGS = —21/t§ij, where gij is

the resolved strain rate tensor, §ij = 0.5(0;u; + 0;u;) and 14 is the eddy viscosity for the SGS model. To simplify
the subsequent comparison between the distinct atmospheric stability conditions and wind farm configuration, the
different terms from the TKE budget equation are grouped as a transport term denoted by TR, a production term
denoted by PR and a dissipation term denoted by €;. Consequently, the terms are defined as follows:

1. Transport term: TR = TR, + TRy + TRy, + T R,4s, with
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2. Production term: PR = PRy + PR + PRy, with
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3. Dissipation term:
e =754 (3)

From left to right, the transport term is defined by the sum of the advection of TKE by the mean wind (TR,),
the turbulent transport of TKE which describes how TKE is moved around by turbulent eddies (T'R;), the pressure
correlation term (T'R,), which describes how TKE is redistributed by pressure perturbations and T Rs,s which is
the transport of the sub-grid scales. The production term includes buoyancy production denoted as PRy, if the
vertical flux is positive (during the day) or destruction if the vertical flux is negative (usually during the night), TKE
production due to shear PR,, and PRy 1, which is the turbulent production introduced in the flow by the wind
turbines in terms of the wind turbines rate of work. Finally, €; denotes the dissipation of turbulence, which relates
the transfer of energy from the resolved scales to the smaller scales, and is represented by the sub-grid scale model.
Throughout, (-)4, represents a horizontal average operation over the entire domain in the « — y spatial directions.

B. Quadrant Analysis

Identification of the coherent turbulent structures in high Reynolds number flows has been the subject of much
theoretical and experimental research, being a vital topic in momentum, heat, and mass transport [33]. The distinctive
patterns of the changing thermal stability are often analyzed by studying the flow coherence and through the covariance
matrix. The thermal condition at the surface and turbulent mixing near the surface govern the dynamical stability of
the atmospheric boundary layer. Different approaches have been used to investigate the structures of the atmospheric
boundary layer and the wakes within wind farm flows such as proper orthogonal decomposition (POD) and conditional
sampling [34-37].

POD provides the ability to describe and reconstruct coherent structures in the complex turbulent flow found in
wind farms. The covariance matrix characterizes the correlation eigenvector and assesses the spatial distribution of
the wake. Cumulative eigenvalues provide an insight on the turbulence kinetic energy and coherent structures. In this
regards, Esau [38] showed that the Coriolis force produced a diminished effect on the flow under convective conditions
compared to a neutrally stratified boundary layer flow using LES data. It was found that the most energetic POD
modes accounted for up to 33% and 55% of the total TKE in the neutral and convective stratified flow, respectively.
Shah and Bou-Zeid [34] showed the effect of buoyancy flux in the dominant POD modes and the energy balance.
Their results quantified the streamwise rolling structures and the contribution of each scale to the energy balance and
the momentum and scalar fluxes. Ali et al. [39] observed that the buoyancy force in the unstable case absorbs much of
the perturbation induced by the wakes and that relatively large structures dominate the unstable and neutral cases.
Contrarily, the buoyancy force within the stable regimes boost the velocity gradients and induces a larger change
of wind veer with height. Therefore, the stable regime was found to strongly alter the structure of the background
turbulent flow, and was fully dominated by the presence of turbines [2, 39].

The conditional sampling method introduced by Lu and Willmarth [40] provides a framework to interpret and detect
coherent motion signatures, and to quantify the contributing nature of the Reynolds stress and scalar flux [41-43].
In the boundary layer, the signature of the coherent structures is marked with dominance of the fourth quadrant
(sweep) of the shear stress near the wall. The above shear layer region is marked with ejection events (Q2). In the
atmospheric surface layer, it is shown that ejections and sweeps are strongly responsible for evaporation, sensible
heat, and momentum fluxes [44]. The influence of thermal stratification on the ABL structure is also quantified
by the quadrant analysis, where ejection and sweep events are associated with the coherent structures created and



preserved by aerodynamic instability in the streamwise mean velocity profiles near the ground [45]. Also, these
coherent structures have a significant role in momentum and scalar contribution to the fluxes. In the urban canopy,
quadrant analysis combined with a joint probability density function was used to determine the frequency of particular
events. Also, the sweep and ejection events were shown to exceed the other quadrants, especially with an increase
in the aerodynamic resistance [46]. Using data collected via particle image velocimetry, quadrant analysis has been
applied in turbulent boundary layers over rough walls, air-sea interaction aerodynamics, water waves, plant canopies,
blowing-snow transport, and channel flow over a regular square bar roughness [46-59]. In roughness sublayer, canopy
sublayer, and atmospheric surface layer experiments, ejection-sweep relationship for scalar and momentum transport
are provided to show the contribution of heat flux and find some similarity in turbulent transport mechanisms
[44, 60, 61]. In wind turbine wake flows, several studies have highlighted wake structures and quantified the mechanisms
of entrainment and recovery processes of energy downstream of the turbines (cf. Hamilton et al. [62];Viestenz and
Cal [7] and Kadum et al. [37]).

To characterize and classify events per momentum and scalar fluxes, quadrant analysis is used. Conditional averag-
ing breaks up the signal of the fluctuating velocity components, pressure, and temperature into four quadrants based
on the signs of the components. Therefore, the conditional averaging is determined as
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where A and B represent the flux components, m presents the quadrant index (i.e., m =1, 2, 3, and 4), ¢ is the time,
and N is the total number of the snapshots. Further, I,,, is a conditional function defined as

0 otherwise.
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The corresponding quadrant combination for the scalars and momentum components are presented in Table I.

TABLE I. Four Quadrants Based on the Velocity Components and Scalar Signs.

Flux Quadrant 1 (Q1) Quadrant 2 (Q2) Quadrant 3 (Q3) Quadrant 4 (Q4)
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III. LARGE EDDY SIMULATION

The thermally stratified atmospheric flow of a realistic atmospheric diurnal cycle is simulated by time integrating
the rotational form of the non-dimensional filtered incompressible Navier-Stokes equations, the continuity equation,
and an advection-diffusion equation for temperature,
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where, @; represents the LES-filtered velocity, the tilde (™) represents the LES filtering operation at the grid-size
(A), 6 is the filtered potential temperature. The angle brackets () represent a spatial average, and F, is the Coriolis
parameter. Here, the flow is driven via a height-independent geostrophic wind of Ug = 9 ms™' in the streamwise
direction and Vg = —3 ms™! in the spanwise direction. The Boussinesq approximation is used to represent the
influence of thermal stratification [1]. The filtered shear stress is introduced via 7;;, and its deviatoric part is presented
using the sub-grid Lagrangian scale-dependent model of Bou-Zeid et al. [63]. The sub-grid sensible heat flux =; is
modeled using the adjusted Lagrangian scale-dependent model for scalars [64]. The approach presented in [65] is
applied here to model the actuator disk with rotation and yaw-alignment (ADM-RY). The thrust and drag coefficients
used in this study were 1.333 and 0.8, respectively, representative of a standard wind turbine [5]. The wind turbines
are readjusted to the incoming wind every 10 minutes following the same procedures presented in [66, 67]. In the
LES of atmospheric flows, the viscous effects are generally neglected and the differential equations are discretized via
a pseudo-spectral discretization Moeng [68] and Albertson and Parlange [69]. The equations are dealiased using the
3/2-rule [70], and time-integrated using a second-order Adams-Bashforth scheme. The numerical algorithm is fully
parallelized using the Message-Passing Interface (MPI). Additional details about the LES code can be found in [2, 39].

The boundary condition used in this study are at the top of the domain consists on a zero flux for momentum and
temperature. At the bottom, a non-slip condition is applied for the vertical velocity. Alternatively, an equivalent shear
stress is imposed at the first grid point above the surface for the horizontal momentum components and temperature.
This shear stress is characterized via the traditional log-law including the effects of stratification [63, 71, 72],

Ti73($7y, Zl) = - [

Here k is the Von Karman constant which is equal to 0.4. The z; is the height of the first staggered grid point,
where the horizontal velocity components are computed (z; = Az/2) and the shear stress is imposed. More, zg is
the ground surface roughness, which is imposed as homogeneous with a value of zy = 3 - 10™°%;, where z; = 1,000 m
is the initial boundary layer height used as a normalizing length scale. In Equation (9), n; is a unitary directional

vector, n; = U;/+/u? + u3, where i indicates either of the horizontal plane-parallel directions (i = 1, 2). The vertical
derivatives of the horizontal velocities are also parametrized at the first grid point z; [73],

O3t (w,y,21) = ﬁ)(u (10)

RZ

with 7 = ,/71273 + 7'2273. To integrate the potential temperature, Equation (8), a time-varying surface temperature is

imposed, from which the surface sensible heat flux is computed using Monin-Obukhov’s similarity theory and imposed
at the first staggered grid-point,
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In this case, zp; represents the scalar surface roughness, which is taken to be one-tenth of the momentum surface
roughness zp 5 = 20/10, see Brutsaert et al. [74]. The stability correction functions 1 (z1/L) implemented are also
those of Brutsaert [75]. For the unstable case, the stability correction functions are given by [65]
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for z/L > b73,
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FIG. 1. (a) The spatially averaged and time-dependent imposed temperature at the surface of the domain (7%s)zy in Kelvin,
and (b) the normalized stability parameter, z1/(L)z,, where (21 = Az/2) is the height of the first grid-point and L is the
Monin-Obukhov length, as a function of time. Note that (- )4, indicates the spatial average operation, in the streamwise and
spanwise direction.

and
vn = (1= d)/nl In [(c+y"/e], (13)

where = = (—z/La)'/?, and vy = (—Ina + v/3ba'/37/6). For the stable scenario, the stability correction functions are
implemented as
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The corresponding constants implemented for the stable case are a = 6.1, b = 2.5, ¢ = 5.3, and d = 1.1, and for the
unstable cases are a = 0.33, b = 0.41, ¢ = 0.33,d = 0.057 and n = 0.78.

The temporal evolution of the surface temperature was extracted from a selected period (October 22 and 23, see
Figure 1) of the Cooperative Atmosphere-Surface Exchange Study (CASES-99) that measured in Len, Kansas, from
October 1st to 31st, 1999 [76]. In the present study, a total of 48 hours (starting at 2100 local time on the 22nd of
October) is extracted. A few selected four-hour study periods are taken into account to compute turbulence statistics.
These periods are highlighted in Figure 1 as h; and hg (stable case), and hs and hy (unstable case). Time periods hy
and hg constitute the times between 01:45 and 05:45, and p2 and p4 range between 13:15 and 17:15. The numerical
domain has a size of (27 X 7 X 3)z;. A uniform numerical grid of 256 x 128 x 384 points is chosen, providing a uniform
grid resolution of Ay = Az = 24.5 m and Az = 7.8 m. The wind farm cases each consist of eight rows and six
columns of turbines. The spacing of the turbines is set to be ~ 7D and ~ 5D in the streamwise (s, ) and spanwise
(sy) directions, respectively, where D is the wind turbine rotor diameter, set equal to 100 m.

IV. RESULTS

The mean velocity and Reynolds shear stresses for unstable and stable scenarios are presented in terms of their
contribution to the overall energy budget. Thereafter, particular terms from the turbulence kinetic energy budget
terms are introduced and contrasted against one another, and the second- and third-order correlations of the velocity
and scalars are provided. Finally, the quadrant analysis for momentum and scalar flux is detailed.
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FIG. 2. (a) The vertical profiles of mean wind speed, (U)a,y, normalized with Ug, and (b) the vertical shear, (7) y, normalized
with U, for the different atmospheric stability regimes: Unstable case ( ), and stable case (B). The shaded area represents
the location of the rotor.

A. Mean Flow Statistics

Figure 2 illustrates time- and spatially-averaged normalized vertical profiles of mean wind speed, (U),,, and vertical
mean shear stress, (7),,. The spatial average operation is presented as (- )z, in the streamwise direction, spanwise
direction, and the time average during the four-hour time period marked in Figure 1. The vertical swept area of the
wind turbine rotor disk is delineated as a shaded grey region between z = 0.05z; and z = 0.15z;. This figure intends
to validate the current simulations by reproducing the mean characteristics of the wind turbine array boundary layer
(WTABL) flow [6, 8, 15]. In the results, the geostrophic wind speed (Ug) and initial boundary layer height (z;) are
used to normalization purpose. In regards to the mean flow, in Figure 2(a) the stable case exhibits a sharper gradient
near the surface, with a stronger momentum deficit within the rotor-disk layer. A Low-level jet is distinguished at a
height of z =~ 0.4z; in the wind farm under stably stratified conditions, as a result of the decrease in turbulent mixing
and decoupling of the surface layer from the outer boundary layer [1]. In contrast, the velocity profiles for the unstable
case displays a strong gradient near the surface and a well-developed profile above. The changes in wind velocity
by the time-varying thermal stratification impact the harvested power. The wind farm under unstable stratification
produces a power of twice the magnitude than that produced under stable condition [77]. This is partly due to the
vertical displacement of the low-level jet in very large wind farms. Figure 2(b) presents the normalized Reynolds shear
stress, (1/UZ&)s, for the considered cases. In the stable case, the normalized Reynolds shear stress shows enhanced
gradient across the rotor layer. The maximum vertical shear stress is observed at the top tip of the rotor. Similarly,
under an unstable condition, the wind plant experiences a significant increase in the shear stress due to the positive
buoyancy flux enhancing turbulent mixing and the overall turbulence kinetic energy.

B. Turbulence Kinetic Energy Budget

Figure 3 shows the TKE budget terms for the unstable and stable cases. It should be noticed that while grouping
the different terms, the local storage or tendency of turbulent kinetic energy (9€/9t) has not been taken into account.
Consequently, the residual of the turbulence kinetic energy budget will represent the local storage of TKE. The
production term (PR) has been presented individually for each of the different contributions to recognize how the
TKE is produced for the different stability conditions as described in the theory section. TKE budget terms are
normalized with the diameter of the rotor (D) and the streamwise component of the geostrophic velocity (U2,). Thus,
the positive and negative TKE means that the source and sink of the perturbation in the flow field, respectively. The
TKE budget of the unstable case is presented in Figure 3(a). The magnitude of the dissipation term is increased near
the surface as a result of the pronounced energy transfer at this location, where the TKE production and buoyancy,
respectively, are most significant. The dissipation budget shows a gradual decrease in the region from the surface to
the bottom tip. The change in the dissipation within the swept area of the rotor is slower than that below the bottom
tip. Above the rotor, dissipation further decreases, and becomes zero at the top of the boundary layer. Turbulent
transport is affected by coherent eddies over the entire domain and is considered as the footprint of both mixing
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FIG. 3. Vertical profiles of the TKE budget terms for the unstable (a), stable (b) cases. The lateral brackets (-)4, indicate the
planar average operation in & — y planes as a function of height (z) normalized by the initial boundary layer thickness. The
TKE budget terms are normalized by the U /D. The markers are the dissipation (M), transport ( ), production by buoyancy
PRy, (#), and shear production PR, (*). The shaded area represents the location of the rotor.

layers and wind turbines. The transport of the TKE experiences a decrease below the bottom tip, where it becomes a
sink of turbulence. In the swept area of the rotor, the transport term increase in the negative direction, reaching the
maximum at the top tip (maximum sink). Thereafter, the transport term becomes marginal above the LLJ location
until the height of 0.8z;, where an inflection point is present. This shows an increase followed by an attenuation. The
buoyancy term increases above the surface and then begins to decrease below the bottom tip. The inversion in the
buoyancy sign occurs at 0.6z;. Thereafter, the buoyancy decreases and becomes marginal at the uppermost layers of
the ABL. Turbulence production is maximum at the top tip of the rotor area and at the level at which the buoyancy
and the transport terms are minimum. Shear production is large near the surface, where it is approximately in balance
with the transport term; both are leading-order terms in the TKE budget. The rapid decrease of the production above
the rotor area is a consequence of the rapid depletion of the Reynolds stresses.

The TKE budget for the stable case is presented in Figure 3(b). Turbulence dissipation shows a gradual decrease
from the surface to the bottom tip, increasing across the swept area of the rotor, and finally decreasing above the
top tip to eventually reach zero at the top of the boundary layer. The transport of the TKE experiences a decrease
in magnitude above the bottom tip and becomes negative above the top tip, switching signs above the swept area.
Buoyancy increases above the surface and then starts decreasing below the bottom tip. The buoyancy term acts as a
sink of TKE together with the dissipation term. Turbulence production is maximized at the top tip, where minimum
values of transport and dissipation are observed. Comparing the stable and unstable cases reveals that the order of
magnitude of the unstable terms is much greater than that presented during the stable case. Based on the thermal
stability used in this study, the variability of the budget terms in the rotor swept area is smaller in the stable case,
indicating that the thermal stability suppresses the wind turbine effect.

Although this study is related to wind energy, various observations above are consistent with classical turbulent
boundary layers. For example, Skare and Krogstad [78], Krogstad and Skare [79] showed that there are two peaks in
the turbulent production one close to the surface and one in the outer layer. Also, they reported that there are three
peaks along with the the turbulent transport (positive-negative-positive), especially in the adverse pressure gradient.
Thus, the dissipation and viscous diffusion are very large close to the surface [80]. For the stable atmospheric boundary
layer, Babi¢ and Rotach [81] found that within the roughness surface layer the mechanical production is larger than
the dissipation and the buoyancy destruction. In other words, the transport becomes a sink of turbulence, where the
TKE is transported upward at the wind turbine swept area. The energy balance among the TKE budget terms is the
key to control the power harvested by the rotors. The potential impact of distinctive flow dynamics on the structure
of wind turbines and wind farm power fluctuations is introduced in different studies. For example, Tobin et al. [82]
unraveled the structure of the power output fluctuations by introducing a basis for the prediction of power output in
the power spectral domain. Liu et al. [83] found that the spectra of the power fluctuations contains two power-law
trends distinct between the relatively low- and high-frequency ranges due to the scale interaction, and the advection
between turbine pairs. Thus, Bossuyt et al. [84] used the wavenumber-frequency spectrum to model the fluctuations
in power output as a function of wind farm layout and inflow turbulence properties of the wind.
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C. Triple Correlations

Figures 4 through 6 display the vertical profiles of the horizontally-averaged triple correlations of the velocity
components. The triple correlations represent the turbulent convection, and are a part of the diffusion term of the
transport equation [85]. The triple correlation considers the Reynolds stresses as a flux that is responsible for the
redistribution of turbulence kinetic energy from the region above the wind plant to the region below. Thus, these
correlations are the basis of turbulence closure models. For example, in a model proposed by Lumley, it is assumed
that the triple correlation is balanced by the correlation between the velocity and pressure [85]. The current results
show that the change in the streamwise component is compensated via the variation in wall-normal and spanwise
components. The same observation is shown in Kadum et al. [37]. Further, in the unstable case shown in Figure 4,
the variance of (u/?) quickly becomes more negative above the bottom tip, bounded within the swept area of the rotor.
The variance starts decreasing above the rotor and becomes constant at the region of z/D € [0.2 — 0.6]. Thereafter,
the (u’®) increases in the negative direction until reaching the inflection point at z/D = 0.8 that changes the sign
direction of the correlation. The variances of (u/?v’) and (u"?w) shown in Figure 4 display the opposite behavior,
for example (u"?w’) increases in the positive direction above the ground, and (u/?v’) increases in the higher layer of
the ABL. These observations confirm the applicability of Lumley’s model if one considers the redistribution of the
TKE through the normal stresses. The variation in the correlation under the stable case is minor, especially for the
wall-normal and spanwise components. Indicating that the streamwise normal stress are dominant, and the turbulence
state under stable condition tends to be one-component turbulence. The same conclusions are observed in Ali et al.
[2]. In contrast, under the unstable scenario the turbulence state displays a contribution of three components of the
velocity, and the weight of the contribution determines the turbulence state to be prolate, oblate, or axisymmetric,
etc. The triple correlation is a third moment that displays multiple distinct peaks as shown in Figures 5 and 6.
The presented third moments are asymmetric about zero except (u/?), meaning that the flow is skewed in different
directions based on the location above the surface. For example, very large amplitude variance of (v"3) and (w'?v’)
are skewed to the positive and negative side, respectively, thus indicating that the imbalance determines the net value
of the triple correlations.

Meyers and Baldocchi [86] studied the triple velocity correlations of a deciduous forest. They observed that the
large vertical gradients are observed in the upper canopy. Also, they reported that the (u/?w’), (v"?w’), and (w'3) are
negative due to that the canopy acts as a sink for turbulent structures. Here, the later values are positive as shown
in the above Figures hence indicative of an important difference between the wind turbine canopy and the vegetated
canopy. These results show that the turbines represent a source of turbulent motions and a sink for momentum.

D. Velocity-Pressure Covariance

Figure 7 presents the covariance of the fluctuating velocity components and pressure. For the stable case, a positive
covariance between the streamwise velocity and pressure is observed at the wake perturbation region and above the
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FIG. 6. Triple velocity correlation T¢ related to the wall-normal Reynolds stress for the unstable (a), stable (b) cases. The

markers are the w® (), w?u’ (+), and w'?v’ (¢). The triple correlations are normalized by the Ug.

shear layer. Due to the drag of the rotors the covariance is reduced in the swept area. A negative covariance is noticed
at upper levels of the ABL as a consequence of pressure deceleration. The covariance exhibits a maximum at the
top of the unstable layer. For (v'p), the correlation is always positive. The same trend is observed for (w'p’) at the
region above 0.6z;. Below this region, the covariance (w’p’) is negative, thus indicating that u’ and w’ are inherently
negatively correlated, and the high-momentum fluid is directed downward onto the wake region. Based on the above
discussion, a major loss in energy is associated with the streamwise fluctuation, mainly absorbed by the spanwise
component at least in the wake region.

For the stable case, a strong positive covariance is shown near the surface due to the significant gradient in the
velocity component. The location of the low-level jet separates the covariance of the streamwise velocity and pressure
into two regions; below the LLJ is positive and above is negative. The higher layers of the flow display approximately
a constant negative covariance. The spanwise component of the velocity is uncorrelated with the pressure. The
covariance of the wall-normal component and pressure displays a change in sign at the bottom tip and keeps exhibiting
a negative value for all regions above the rotor. The shear layer above the wind turbine absorbs the energy from the
streamwise component and redistributes it to the wall-normal and spanwise directions. Higher layers of the domain
show the opposite; wall-normal and spanwise components feed the streamwise component of the Reynolds stress
tensor. Linear gravity theory pointed out that the (w'p’) is equal the the upward flux of wave energy [1]; meaning
that the pressure correlation drains the turbulence energy out of the boundary layer, where it is vertically propagated
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and dissipated in the form of gravity waves.

E. Velocity-Temperature Covariance

Changes in the heat flux and stratification regimes significantly affect the turbulence state and lead to a decay or
increase in the flow variability. Figure 8 presents the covariance of the velocity and temperature for the considered
cases. The covariance of the streamwise velocity and temperature displays a negative value adjacent to the surface
till 0.7z;. The maximum positive covariance is noticed at 0.8z;. The covariance of the wall-normal velocity and
temperature displays an opposite trend of (u/6'). The unstable case shows positive turbulent heat flux (w'6') adjacent
to the surface, extending up to 0.6z;, where it becomes zero. Thereafter, the heat flux displays small negative values
which are due to entrainment at the top of the convective boundary layer. During the stably stratified period, the
profile of heat flux (w’ 9,> presents sharper differences especially near the surface and within the rotor-disk region.
The flux shows a sharp gradient below the rotor and the zero-flux limit is reached near the 0.6z; height, illustrating
the induced growth of the boundary layer as a result of the enhanced mixing by the presence of the turbines. At
upper levels, the heat flux (w'6') tends to zero, in contrast to (u/6") and (v'6) which show small values that can be
neglected when compared to (w'@’). Mironov and Sullivan [87] showed that in the stable boundary layer the turbulent
transport is small, with the exception of the case where the surface presents thermal heterogeneity, and the (v’ Gl) and
(' 9/> are positive near the surface. Similar observations are also found in the current analysis.

F. Triple Correlation of the Velocity and Temperature

Figure 9 presents triple correlations of the velocity and temperature for the considered cases. The triple correlations
between the velocity and temperature are a part of the heat flux budget, which are included in the flux transport term
[1]. The correlation (u/?¢’) is negative for both cases. The unstable case displays higher triple correlation than the
stable case. The maximum value is found near the LLJ location in the stable case, and at the z = z; of the unstable
domain. The correlation (u/v'6’) tends to be constant in the region 0.2 < z/z; < 0.8. Then the correlation becomes
positive and turns to zero at the top of the boundary layer. The stable case shows a steep gradient in the correlation
especially in the rotor area and above, although the correlation sign does not change. The low-level jet changes the
sign of the correlation in the stable case. The location 0.8z; exhibits an inflection point, where above this point the
correlation begins to decrease and becomes null at the top of the boundary layer. The correlation (u/'w’6’) displays
the same trend of the Reynolds shear stress, where it tends to become linear with height over most of the flow layer.
It is also noteworthy that the correlation (u'w’6’) decreases in the entrainment zone. The correlation (w20’) reveals
an opposite trend of the correlation (u'w’#’). Zhou et al. [88] studied the temperature flux budget in a convective
boundary layer and showed that the gradient of the (w?0’) is negative near the surface and becomes null below the
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z; level. Here, the same observation is shown near the surface. The sign of the gradient is changed above the the
rotor due to the changes in the preferential direction of the turbulence. The stable correlation of (v/26’) exhibits more
alternating behavior than the unstable case. Effects of the bottom tip and hub height are observed to reduce the
variation. Nevertheless, the correlation (v"26’) tends to be null at the LLJ location and the boundary-layer thickness.
The unstable case decreases and becomes zero at the higher layer of the flow. The correlation (v'w’8’) also displays
the same trend of (w6’ for the stable case, whereas the stable case is constant over most of the flow layers. For both
unstable and stable cases, only the triple correlation (u/'w’6’) tends to zero at upper levels as a consequence of the
depletion of the Reynolds stress.

G. The Reduced Turbulence Kinetic Energy Budget

Stating with the assumptions including the essential information of the TKE distributions in the wind farm. The
assumptions used to reduce the TKE budget are that the streamwise mean velocity is major and a function of z. The
other two components of the mean velocities are zero. The gradient with z is larger than the gradient with respect
to the other coordinates (% > > 8% and 3%) The reduced form includes that the contributions of the shear and

buoyancy production mechanisms, and imbalance between production and dissipation. The reduced form of the TKE
budget can be written as

R = +e

0z 0z p 0z f’ (16)

SRS

where R is the residual. Figure 10 presents the reduced TKE budget for unstable and stable cases. This figure points
out the remarkable similarity with the full budget shown in Figure 3. However, this in not the case in the region near
the surface, where the contribution of the gradient is large, which affects the accuracy of the transport term. Also, the
swept area of the turbine shows a variation between the full and the reduced form of the transport term as a result

of neglecting the contribution of the 8(87? and %@ in this region. Another observation that can be highlighted
Y

is that shear production is the dominant mechanism in the stable case, and the imbalance or the residual fills the
variation with the dissipation and transport terms. In contrast, the swept area of the unstable case shows a balance
between the shear production and transport, and a balance between the buoyancy and dissipation. Meaning that the
total production scales are split into two parts: one dissipating into small scales and the other being transported by
pressure diffusion and triple correlations to other regions. From the vertical profiles, a large fraction of production is
transported elsewhere, especially in the swept area of the rotors. This point can answer the question highlighted in
the introduction section about controlling the production term based on the remaining terms of the TKE budget. In

the unstable case, the transport term a(g)f) is enough to control the production. In contrast, in the stable case the
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transport and dissipation are not enough to destroy the TKE production. The variation in the magnitude presents a
storage of TKE through the diurnal cycle.

V. QUADRANT ANALYSIS

Quadrant analysis with respect to momentum and scalar flux is performed and presented in this section to interpret
and detect coherent motion signature. Figure 11 presents the quadrants of the momentum flux (Reynolds shear stress)
for a x — z plane that crosses through the center of the rotor disk. For the unstable case, the Reynolds shear stress-
based contribution of sweep and ejection events exceed those in quadrants 1 and 3. Results show that a maximum
for ejections is found just at the top tip and above, while a maximum for sweeps is observed at the top tip. Both
of these maxima for ejections and sweeps contribute to the vertical kinetic energy flux. The patterns found in the
Reynolds shear stresses in regards to ejection events show a preference for vertical expansion and interaction with the
higher layers of the atmosphere. Thus, the contribution of the ejections to the Reynolds stress is greater than that
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TKE budget terms are normalized by the US/D. Markers define as in figure 3.

of the sweeps. Accordingly, the region of the wakes below the top tip and higher layer of the flow show a substantial
contribution in quadrants 1 and 3. Indicating that the coherent structures generated by instabilities arise from the
large vertical Reynolds shear stress near the wake-ABL interface. For the stable case, the contribution in quadrants
2 and 4 is dominant in comparison with that of quadrants 1 and 3. The wake and shear layer above the turbines are
marked with maximum sweep and ejection and the wake interaction between the turbines is clear in these quadrants.
The low-level jet location is marked with minimum shear stress fractions. The region just above the low-level jet has
a constant stress. Thus, the sum of the shear stress is constant with height, where the increase in the positive stress
producing ejections and sweeps is accompanied by greater negative stress producing events in quadrants 1 and 3. The
region near the surface displays low contribution of the stress and highlights the interaction with flow below the top
tip. The conditional sampling shows that flow has a uniform layer that carries a unified stress fraction, confirming
that thermal stratification has a big influence on the suppression of the mechanical stress. The flow above the canopy
is distinct from the wake region flow, where the direction of the fluxes by the sweeps and ejections is opposite to those
in the undisturbed flow (above the shear layer), indicating that there is minimal mixing flux between the wake region
and the flow above. The coherent exchange in the stable case is less than that with unstable stratification, where the
flow is subjected to heterogeneously distributed sources and sinks of flow filed and scalars. The flux transported into
the wake region is strongly dependent on the sign of the buoyancy. The upward-directed flux during the unstable
period increases the energy exchange in the upper region of the wake, while the dramatic reduction in the flux is
observed in the lower part of the wake. During the stable period when the flux is directed downward, the magnitude
of the fluxes is significantly reduced. Differences in the energy exchange with height during the unstable and stable
conditions indicate changes in wake morphology with thermal stratification.

Figure 12 shows the quadrant analysis for the scalar flux based on the streamwise velocity component and pressure
(u'p'), for the considered plane. The flux (u'p’) can be interpreted as the force that is advected via the streamwise
component of the velocity. The positive and negative fluctuating pressure can be explained as tension and compression
forces, respectively. For the unstable case, the four quadrants have a significant weight on the total contribution of
the scalar flux. In the wake region, the first and third quadrants are maximum, while the higher layer sweep event
exceeds those in the other quadrants. The same observations are also found for the stable case. The perturbations
near the surface are marked with maximum contribution in the first and third quadrants. Internal boundary layers
reflect the impact of the wind turbine rotors and act to decouple the near-wall flow from the flow above the rotors.
Above the wake perturbation layers and entrainment regions, the flow shows an increase in the contribution of the
sweep events, as a result of accelerating flow in the unperturbed higher layers. Regions of high shear at the boundaries
of each wake lead to increased production of turbulent kinetic energy and greater turbulence anisotropy. The rolling
structures are observed at higher layers of the domain, where they are marked with maximum sweep events, although
they show a moderate contribution of the other quadrants. Low-level jet structures help to identify structures internal
to the wakes, and take on average values of momentum transport throughout the four quadrants. For both stable and
unstable cases, the wake region is dominant with negative pressure (compression) as a result of the flow and turbine
body interaction, where the turbines are stagnation points. Pressure fluctuations decrease when the flow moves far



16

Q2 (u'w') Qi (u'w") 0.5

05 1 15 2 25 3 05 1 1.5 2 25 3

05 1 15 2 25 3

(b)Stable case

FIG. 11. Quadrant analysis with respect to momentum transport (u'w’). The quadrants are normalized via vu/2w’2.

from the impact of the stagnation and separation points.

Figure 13 shows the quadrants of the scalar flux based on the wall-normal velocity component and pressure (w’p’)
for the considered plane. The unstable scenario is marked with a significant sweep and ejection. This trend is
related to the vertical transport of mean kinetic energy. The contentious layer is formed in the wake region, where it
extends along the streamwise direction of the domain. These observations specifically distinguish the directionality
of the fluctuations that change the flow structure and highlight the redistribution of the turbulent kinetic energy
and validity of the return-to-isotropy method. Also, the distributions are quite different in the region of the turbine,
where rotation is important, and are then minimized above the perturbation region. In addition, a difference in the
flow structure implies that the variation occurs concurrently with vertical mean kinetic transport in the wake region.
The stable case presented in Figure 13(b) shows that the four quadrants share approximately the same contribution
for the vertical scalar flux. The maximum events happen in the wake region, where they are marked from near the
surface to above the top tip.

The linkage between turbulent structures and scalar transport based on the streamwise velocity component and
temperature (u’6’) is presented in Figure 14. The unstable case shows that the unperturbed layers are marked with
maximum positive scalar transport, shown by quadrants 1 and 3. In contrast to the lower layer of the flow that is
marked with negative transport. Sweep events exceed other types in this region. In the stable case, the positive
scalar transport is dominant and the negative transport is relatively small, which is consistent with the fact that
temperature generally increases with height in stable conditions. The mean scalar sweep and ejection fractions are
independent on height and they are constant from the hub height to 800 m above the surface.

Pursuant to the DOE Public Access Plan, this document represents the authors' peer-reviewed, accepted
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FIG. 12. Quadrant analysis with respect to scalar transport (u’p’). The quadrants are normalized via /u/2p’2.

Figure 15 presents the scalar flux based on the wall-normal velocity component and temperature (w'6’). By
considering the flow layer, the events can be classified into two regions including the outer region, and the inner region
that includes the wake and near-wall regions. The outer region is characterized by a dominantly negative vertical
flux. The wake region and below show a maximum positive scalar flux in quadrant 1. For the stable case, the four
quadrants are comparable, where they display maximum flux at the wake region and above. Above the shear layer the
flux becomes independent of height. The thermal stability plays a role in the dissimilarity between the momentum
and scalar flux, where the buoyancy modifies the turbulent coherent structures [39]. These structures are responsible
for a large fraction of the transport mechanism.

VI. VELOCITY-INTERMITTENCY QUADRANT ANALYSIS

The variation in the turbulent kinetic energy processes through the wind farm, wake-wake interaction, and wake-
ABL interactions increases the complexity of this flow. In the wind farm, intermittency represents the irregular
alternation of phases of chaotic dynamics that generate variable dynamic loading and increases the fatigue on the
blades as well as the gearboxes of the wind turbines [89-93]. Different models are used to analyze intermittency on
the wind farm [94-96]. Intermittency in the power increments is higher than the velocity increments due to the large
amplitude fluctuations with frequent wind gusts [97]. The flow in the wind farm is characterized by highly intermittent
processes over a wide range of scales [98]. Here, the multifractal approach is used to quantify the intermittency as

Pursuant to the DOE Public Access Plan, this document represents the authors' peer-reviewed, accepted
manuscript. The published version of the article is available from the relevant publisher.
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FIG. 13. Quadrant analysis with respect to scalar transport (w'p’). The quadrants are normalized by +/w’2p’2.

a function on the stability condition. The intermittency is highlighted by the pointwise Holder exponent that is
connected to the structure function using the Frisch-Parisi conjecture [99, 100]:

F(a) = mnin(a’(t)n -0, +1), (17)

where o/(t) is the pointwise Holder exponents for streamwise velocity component «’ and ¥, is the structure function
scaling exponent of the n** moment. The pointwise Hélder exponent can be defined via the differentiability of a signal
relative to polynomial expansions as [100-102].

=1
P =Y wa ~ ), (18)
i=0 ’

where v’ is the velocity in a vicinity, d, at time tg, and [ is the number of times that velocity time series is differentiable
in tg = d. The differentiation in a time series is determined though the finite difference between a location of interest
and its vicinity. By definition, u’: R' — R and to € R; u € C%(t) if

[/ (1) = P(t)] < Ot = tol" (19)
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TABLE II. Four quadrants based on the velocity and pointwise Holder exponent signs.

Quadrant sign(u’) sign(a’)
Q1 + +
Q2 +
Qs - -
Q4 + -

where C is a constant. The pointwise Holder exponent o’ is given by the supremum of T' that fulfills equation (19)
[101, 103]. By analyzing the oscillations of a signal around each point, the Holder exponent is determined from a
log-log regression of these oscillations, Oy, 15, [104-106]. To quantify the intermittency structure and the velocity-
intermittency correlation, the traditional quadrant analysis is modified by replacing the fluctuating vertical velocity
component by the fluctuating pointwise Holder exponent [106-108]. The data are classified based on the sign of the
fluctuating terms as shown in Table II. The classification is achieved by having fluctuations greater or less than the
zero centered mean (u’ > 0 and v’ < 0, respectively) as well as considering a low or high intermittency of the velocity
signal (o/ > 0 and o' < 0, respectively) [100, 108-110].

Figure 16 presents the four quadrants of velocity-intermittency for considered cases. The opposite algebraic signs
of the second and fourth quadrants are shown for a consistent range with Q; and Q3. For the unstable thermal
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FIG. 15. Quadrant analysis with respect to scalar transport (w’6’). The quadrants are normalized by vw’26'2.

condition, the first and third quadrants are dominant and contribute most to the total coupling between the velocity
and intermittency. From this figure, one can observe that the correlation between the velocity and intermittency
are quite dependent on the streamwise and wall-normal locations. The maximum correlation between the velocity
and intermittency is observed at the higher layers of the flow and the wake regions, where the low-speed momentum
region is marked with higher intermittency. The locations above the rotors are influenced by the shear layer and
show a positive correlation (Q3) due to the entrainment contributions from the unperturbed region. The degree of
the correlation is sharply increased at the higher layers of the domain. The stable case shows the dominance of the
third quadrant in the wake region and the fourth quadrant in the higher layers of the domain. In this case, the
footprint of the intermittency extends to cover the distances between the rotors, and extends to the shear layer above
the rotor. The wake-wake interactions are marked with dominance of the first and third quadrants. The extreme
velocity-intermittency states preferentially exhibit a negative correlation in the LLJ region. The intermittent wake
drives the intermittent power production by a wind farm seen in the diurnal cycle.

VII. CONCLUSION

Turbulent kinetic energy transfer processes in wind turbine wakes are among the key remaining challenges for
turbulence closure models of wind turbine array boundary layer flow. Details of the TKE process in the wind farms
are illustrated here using two different thermal stability conditions (stable and unstable cases) simulated via large

Pursuant to the DOE Public Access Plan, this document represents the authors' peer-reviewed, accepted
manuscript. The published version of the article is available from the relevant publisher.



21

Q2 (u'a) Q1 (v'a)

05 1 15 2 25 3 05 1 1.5 2 25 3

0.5 1 1.5 2 258 3 05 1 1.5 2 25 3
(b)Stable case

FIG. 16. Quadrant analysis with respect to velocity and Hélder exponent (u’'a’). The quadrants are normalized via vu2a/2.

eddy simulations. The effect of thermal stratification on the turbulent kinetic energy budget of the flow is analyzed
showing that the order of magnitude of certain terms in the TKE budget are higher for the unstable case than for the
stable case. In the wake region, different mechanisms dominate, such as the production, advection, pressure diffusion,
and enhanced dissipation by rotor drag. These mechanisms are less important above the shear layer, especially for the
stable case. The detailed analysis of the TKE shows that shear production and transport reach a peak at turbine-top
level as a result of higher wind shear and turbulent fluxes in that region. The turbulent transport term is responsible
for redistribution of the turbulent kinetic energy from the region above the wind plant downward. Pressure diffusion
redistributes the TKE generated in the streamwise direction into the other normal components of the Reynolds stress
tensor. Triple correlations of the velocity components are a part of the process that energizes the wake region, although
they are attenuated by buoyancy force. Marginal correlations are observed in the stable case and the covariance of
velocity-temperature and velocity-pressure are enhanced in the lower and middle parts of the unstable case. Reduced
form of the TKE budget highlights the most important terms that have significant contribution in the energy balance.

Conditional sampling is used in this study to identify the eddy motion for momentum and scalar transport. The
momentum ejection and sweep frequencies are comparable and dominant. The scalar sweep time fraction is indepen-
dent on height. Within the wake region, the drag of the wind rotors on the flow is extended in the vertical rather
than being confined to the ground plane and streamwise direction. Outside of the swept area of the rotors, turbulence
decays near the top of the ABL, where there is a balance between the transport, buoyancy, dissipation, and produc-
tion. Sweep type coherent structures dominate close to and within the wake, whereas ejections gain importance above
rotor area. In the stable case, the flow shows distinct layers of turbulence created by mechanical shear. The coherent
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exchange in the transporting scalar flux exceeds that for momentum.

With this approach one can define the region of the wind farm participating in the exchange of energy with the
ABL under different thermal stability conditions. In the unstable case, no balance between sweep and ejection fluxes
is observed in the momentum flux because buoyancy performs upward fluxes and intense ejections surrounded by
weaker longer sweeps, especially in the wake region. A complex pattern of sweep events can be seen in the top tip
region as a result of the vortex shedding. With increasing thermal stability, the sweep and ejection events balance due
to the contribution of the buoyancy term. Transport efficiency based on quadrant analysis is examined showing that
the pressure-based transport increases when the buoyancy term increases, and that momentum transport decreases
sharply.

Quadrant analysis is extended to investigate the intermittency based on the pointwise Holder exponents. The
streamwise velocity and intermittency are correlated quite differently in the wake and locations above the wind plant.
The positive correlations are dominant in the wake and higher layer of the domain for unstable case. In contrast, the
stable case is marked with the negative correlation. Turbulent exchange processes require further investigations with
different stability conditions. A matching asymptotic approach is required to make a link between the local thermal
and convective structures.

The current study highlights the impact of specific cases of thermal stratification on the local turbulent kinetic
energy budget on a characteristics wind farm. The implications of other stability levels can affect on the energy
balance among the terms of the budget, especially in the surface layer, where the mechanical production and the
thermal production are in balance. As highlighted in Abkar and Porté-Agel [14] the thermal stability impacts the
location of the maximum TKE downstream the rotors, and the the spatial distribution of the turbulence production,
dissipation and transport terms. Therefore, increasing or decreasing the level of the stability will make the turbulence
are dominant with thermal shear or mechanical shear, respectively.
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