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Waggy, Scott B. (Ph.D., Aerospace Engineering Sciences)

Turbulent Transport in the Atmospheric Boundary Layer with Application to Wind Farm

Dynamics

Thesis directed by Prof. Sedat Biringen

With the recent push for renewable energy sources, wind energy has emerged as a candidate

to replace some of the power produced by traditional fossil fuels. Recent studies, however, have

indicated that wind farms may have a direct effect on local meteorology by transporting water va-

por away from the Earth’s surface. Such turbulent transport could result in an increased drying of

soil, and, in turn, negatively affect the productivity of land in the wind farm’s immediate vicinity.

This numerical study will analyze four scenarios with the goal of understanding turbulence

transport in the wake of a turbine: the neutrally-stratified boundary layer with system rotation,

the unstably-stratified atmospheric boundary layer, and wind turbine simulations of these pre-

vious two cases. For this work, the Ekman layer is used as an approximation of the atmospheric

boundary layer and the governing equations are solved using a fully-parallelized direct numerical

simulation (DNS). The in-depth studies of the neutrally and unstably-stratified boundary layers

without introducing wind farm effects will act to provide a concrete background for the final study

concerning turbulent transport due to turbine wakes.

Although neutral stratification rarely occurs in the atmospheric boundary layer, it is useful

to study the turbulent Ekman layer under such conditions as it provides a limiting case when un-

stable or stable stratification are weak. In this work, a thorough analysis was completed including

turbulent statistics, velocity and pressure autocorrelations, and a calculation of the full turbulent

energy budget.

The unstably-stratified atmospheric boundary layer was studied under two levels of heat-

ing: moderate and vigorous. Under moderate stratification, both buoyancy and shearing con-

tribute significantly to the turbulent dynamics. As the level of stratification increases, the role

– iii –
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of shearing is shown to diminish and is confined to the near-wall region only. A recent, multi-

equation closure model, used to model the third and fourth velocity-temperature moments, per-

formed well for the unstable cases. Optimal model coefficients found for the DNS data are shown

to agree with atmospheric observations as well as LES data. Finally, the effects of top-down diffu-

sion (entrainment-induced flux at the temperature inversion) and bottom-up diffusion (non-zero

surface flux) were studied and improvements to correlation functions are suggested.

This thesis concludes by analyzing the neutral and unstable cases under the effects of wind

turbine wakes. A unique means of converting a periodic simulation into a spatially evolving flow

in the wake of a turbine is demonstrated; present results under neutral stratification are shown to

agree with wind tunnel experiments under similar conditions. By introducing a scalar (humidity)

into the flow field, the effect of a turbine wake on scalar transport in a wind farm is uncovered.

The results show a clear drying effect under both neutral and unstable stratification given a wet

surface. An investigation of energy and flux budgets gives guidance as to why such a phenomena

occurs.

– iv –
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Observe the motion of the water surface, which resembles that of hair, that

has two motions: one due to the weight of the shaft, the other to the shape

of the curls; thus, water has eddying motions, one part of which is due to

the principal current, the other to the random and reverse motion.

Leonardo da Vinci, 1510 ‡

‡ Translation provided by Piomelli et al. (2001).
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CHAPTER 1

INTRODUCTION

The case for studying turbulence has been made. The Nobel laureate physicist Richard

Feynman is known for having described turbulence as "the most important unsolved problem in

classical physics" (Feynman et al., 1963). Arguments can be made as to whether it truly is the

"most important" or whether it is, in fact, "unsolved" (Nelkin, 1992). Regardless, Feynman clearly

is highlighting the fundamental importance of the subject. With that in mind, motivating the

study of turbulence is simple since turbulence happens all around us. In fact, one can argue that

it is more difficult to escape turbulence than it is to create it.

Turbulent fluid flows – or as Osborne Reynolds referred to it, "sinuous" (Reynolds, 1883) –

are apparent in every aspect of our daily lives. In nature, turbulent rivers carve canyons through

mountains while winds and storms in the atmosphere impact how and where humans can popu-

late. Instead of simply falling victim to the effects of turbulence, humans have used the properties

of turbulent fluid flows to benefit societies. Although some applications of turbulence are sim-

ply for our enjoyment (e.g. dimples on a golf ball), many uses are necessary for us to live in the

manner we have grown accustomed: the cooling of electronics via fans, promoting turbulence

to increase combustion efficiency, improving lift/drag characteristics of flow of airplane wings.

Since turbulence is coupled to many of the activities in our daily lives, the ability to control such a

powerful force of nature would unveil countless advances in science and engineering.

The study of turbulence is the study of scales. The cascade of energy from large to small
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scales is a well known turbulent phenomenon. As the different scales of turbulence are connected,

large eddies tend to energize smaller eddies. These small scales then act to energize even smaller

scales. This process continues until a limit is reached, at which, turbulent energy is destroyed

and converted into heat. The length, velocity, and time scales that this occurs at are referred to as

the Kolmogorov scales (see §2.6). Kolmogorov (1991) demonstrated that these scales are uniquely

determined by the viscosity and energy dissipation rate. Although it seems that turbulence has

a known ‘smallest scale,’ the large scales of turbulence appear to be limitless. In channel flow,

the largest scales tend to be on the order of the channel height (Kim et al., 1987); in atmospheric

turbulence, the eddies can reach many kilometers in size (Obukhov, 1962). These are dwarfed

when one considers turbulent characteristics occurring in astrophysics problems (Brandenburg

and Nordlund, 2011). Given the broad spectrum of ways that turbulence manifests itself, it is no

surprise that Dr. Feynman held so much regard for this problem.

1.1 Wind Energy and the Atmospheric Boundary Layer

The focus of this dissertation will concern the atmospheric boundary layer (ABL) and the

manner in which wind turbine wakes affect atmospheric turbulence. The ABL is a constantly

evolving system, driven by many processes including (but not limited to):

• temporal variation due to surface heating during the day (Kaimal and Finnigan, 1994, pp.

7–9) and surface cooling at night (Hunt et al., 1996).

• surface topography (Kaimal and Finnigan, 1994, pp. 155-206).

• vegetation coverage and surface roughness (Finnigan and Belcher, 2004).

• urban effects caused by localized heating (Oke, 1982).

• a wide range of scales due to the inherently high Reynolds number of the turbulent field

(Atta and Wyngaard, 1975).

– 2 –
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• the Coriolis effect associated with rotation of the Earth.

Combining the above influences results in a system that varies depending on the time of day, time

of year, surface geometry, surface foliage, proximity to urban centers, and climate of the region.

Needless to say, no explanation is required as to why weather forecasting is an inexact science.

Figure 1.1: Structure of the boundary layer. Reproduction of figure from Stull (1988).

Considering an idealized scenario, temporal variations of the ABL are indicated in the car-

toon presented in Fig. 1.1. The daytime boundary layer is characterized by a tall mixed layer that

is capped by a temperature inversion and an entrainment zone. When the sun sets, radiative heat-

ing of the Earth’s surface is eliminated resulting in a cooling effect. As a result, a boundary layer

under stable thermal stratification grows during the early evening until the sun rises the following

day. Above the stable boundary layer, remnants of the mixed layer persist in the residual layer.

While a great deal of the research that is presented in this thesis deals with characterizing

and parameterizing the turbulence found in the atmosphere, the second focus of this investigation

concerns the effect of wind turbines on atmospheric turbulence. So as to present wind energy as

an effective alternative to typical fossil fuels, a great deal of research is currently being pursued

– 3 –
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by a number of researchers. Wind energy possesses two key traits which make it so appealing as

an alternative energy source:

(1) Renewability – The source of energy that a turbine utilizes (the key to its success) is wind.

Unless the wind ceases to blow, wind farms will continue to have an endless supply of

energy.

(2) Low environmental impact – A major concern of fossil fuels and nuclear energy are the

waste products produced as a consequence of generating power. For wind energy, these

bi-products are nearly eliminated. Thus, it is believed that wind turbines are much less

invasive on their surrounding environment.

This work will explore how turbulence is modified by a wind farm. As the goal of a wind turbine

is to convert energy in the fluid into energy for consumer consumption, it is plain to see that the

flow will be modified in some manner as fluid passes between the turbine blades. Because of the

impact of turbines on the velocity field, recent studies have indicated that wind farms may affect

the environment around them in both a local (Calaf et al., 2011, Roy and Pacala, 2004, Zhou et al.,

2012) and, in the case of large-scale wind farm energy production, global sense (Keith et al., 2004,

Wang and Prinn, 2010).

Wind farms are not suitable for all locations. In order to have an effective source of energy

for the turbine to draw from, the wind must be relatively consistent. Simply put: power is only

generated if the wind is strong enough to turn the turbine. Thus, it is optimal to employ wind

technologies in areas of consistent high-speed wind. As the kinetic energy in a flow goes as the

velocity squared, the most readily available wind energy coincides with some of the least popu-

lated states (Kansas, Nebraska, North and South Dakota, Montana). This is beneficial in the sense

that there is plenty of space to install large wind farms; however, it is vital that the effect of wind

turbines on the surrounding environment is understood before large scale implementations are

integrated.

– 4 –
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The primary role of many of these high-wind regions is agricultural. A significant amount

of the nations food (corn, wheat, etc.) is produced in the band of states from upper Texas through

Michigan. Two observations can be made: (1) wind farms are much easier to install is less popu-

lated rural areas than dense metropolitans, (2) any secondary impacts from the wind turbines on

the environment may impact crop production in the wind farms immediate vicinity. It has been

suggested that wind turbines may adversely affect farmland in unforeseen ways.

Calaf et al. (2011) demonstrates an increase in scalar transport when an infinite wind turbine

is simulated. If humidity is transported away from the Earth’s surface in the vicinity of a wind

farm, this could result in a drying of the soil as water is lifted and transported away from the

wind farm. For large-scale wind farm applications, the implications of an adverse effect on water

content in the soil could have major repercussions since much of the land that is ideal for wind

farming is used for agricultural purposes.

Prior research concerning the different states of the ABL and wind turbine dynamics are

outlined in the following sections. These summaries represent only a small selection of the studies

performed on each subject.

1.1.1 The Unstable Boundary Layer

The mixed layer formed during the daytime hours is a consequence of unstable stratification

(i.e. surface heating is applied to an overlying turbulent field) and an elevated temperature inver-

sion which caps the unstable regime. Under weak unstable stratification, it is expected that the

flow would exhibit organized roll vortices (see Figs. 1 and 2 in Etling and Brown, 1993). Coleman

and Ferziger (1994) note that a vigorously heated large-eddy simulation (LES) of the convective

boundary layer exhibits more isotropy than the neutrally stratified flow due to an increase in ver-

tical kinetic energy. As the strength of stratification was moderated (reduced), the field began to

demonstrate the roll structures. A comparable low Reynolds number direct numerical simulation

(DNS) study showed that rotation does not affect the large convective eddies caused by unstable

– 5 –
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stratification (Coleman and Ferziger, 1996).

The review by Etling and Brown (1993) discusses the development of rolls using observa-

tional, theoretical as well as numerical studies. Via two-dimensional simulations of atmospheric

turbulence, Mason and Sykes (1980, 1982) show that rolls should be capable of developing as a

consequence of friction alone. Etling and Brown (1993) note, however, that the lack of vortices

in numerical simulations suggests that either 2D stability theory is not applicable to the three

dimensional rotating boundary layer, or that the instability which causes the rolls is weak. The

interesting study of Le et al. (2000) studied the three-dimensional boundary layer by impulsively

moving a wall on a fully developed 2D flow. They find that the imposed three-dimensionality

tends to break up the symmetry and alignment of vortical structures near the wall. Hence, the

three-dimensional nature of turbulence in the ABL results in an added level of complexity in com-

parison with 2D flows.

1.1.2 The Stable Boundary Layer

Turbulent dynamics during the daytime and nighttime hours are fundamentally different.

Stably stratified flows tend to suppress the production of turbulence and, in strong stratification,

relaminarize the flow. Stable stratification is enforced by a coupling between the temperature

inversion at the top of the boundary layer as well as surface cooling. In specific instances, the

resulting nocturnal boundary layer (NBL) displays unique characteristics in which a low-level jet

of high energy fluid is formed (Poulos et al., 2002). The work of Banta (2008) characterizes different

regimes of the stable ABL based on the local Richardson number, a function of the strength of

stratification in hopes of better understanding the mechanism which promotes the generation of

the jet. Small-scale turbulence was studied by Frehlich et al. (2004) to compare turbulence in the

nocturnal jet with Kolmogorov’s theory. The results demonstrate that the inertial region scales

with fully developed turbulence, specifically, the spectrum maintains a −5/3 slope.

A DNS of an externally stratified flows was performed by Coleman et al. (1992) and demon-
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strated that the most significant effects of buoyancy were evident in the outer regions of the flows,

where shear is weakest. They also showed that the stratification tends to decrease the kinetic en-

ergy and Reynolds stress near the wall and effectively decreases the height of the boundary layer,

consequently increasing the shear. The energy budgets computed for the stably stratified case by

Marlatt (1994) correlate well with the neutrally stratified case in the near-wall region. However, at

the height of the inversion kinetic energy is destroyed by an additional buoyancy term.

Taylor and Sarkar (2008) addressed the externally stratified Ekman layer using both DNS

and LES. Their results agreed with Coleman et al. (1992) and found a noticeable increase in shear

when stratification is applied. The comparison made by Taylor and Sarkar (2008) showed differ-

ences between the two methods, specifically, that the unresolved scales of the LES that were not

represented in the sub-grid model were responsible for entrainment of fluid into the boundary

layer. This results from the inadequate resolution required to capture the unresolved turbulent

heat flux, thus demanding a finer mesh resolution. Further LES work for the stably stratified Ek-

man layer include the work of Kosović and Curry (2000) and the comparison of models made by

Beare et al. (2006).

1.1.3 Neutral Ekman Layer

Neutral stratification refers to the scenario where no buoyant forcing exists in the flow field.

In such a case, turbulence is generated only through shearing and destroyed through dissipation.

Typically, neutral stability is more of a transitional state as the atmosphere passes from unstable to

stable (or vice versa) stratification. However, studies concerning the neutrally-stratified ABL are

important since these results supply a limiting case as buoyant forces become very weak.

An approximation of the ABL under neutral stratification is typically approximated using

the turbulent Ekman layer. The effect of the Ekman layer was first realized by the explorer and

scientist Fridtjob Nansen while on a cruise heading north. He noticed that ice drifted not with

the wind direction, but rather at a systematic angle to the downwind direction (e.g. see Fig. 2.1).
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Upon studying the problem, his student, Vagn Walfrid Ekman, later published his results detailing

the dynamics of the well known Ekman layer (Ekman, 1905). His work develops the solution of

the horizontally homogeneous, laminar oceanic flow without thermal effects. The development

of the laminar Ekman profile is discussed further in §2.5. The Ekman spiral was first used as an

approximation of the ABL by Akerblom (1908). Since then, the Ekman approximation has been

used widely for oceanic and atmospheric simulations.

Early DNS of the turbulent Ekman layer was completed by Coleman et al. (1990). This work

concerning the neutrally stratified ABL used a low Reynolds number (Re = 400) at varying lati-

tudes. The results demonstrated a dependence of shear angle on the specified latitude while the

surface friction velocity remained relatively constant. Marlatt (1994) and Marlatt et al. (2010) fur-

thered this work by computing the turbulent energy budgets for the neutrally stratified field at

the same Reynolds number (Re = 400). A conclusion of this work was that the inter-component

energy transfer between the horizontal velocity components is not negligible for rotating bound-

ary layers. Thus, closure models which neglect the streamwise-spanwise covariance term might

be erroneous.

Due to the lack of an inertial subrange at low Reynolds numbers, recent work has focused on

increasing the Reynolds number to better approximate atmospheric dynamics. Coleman (1999) in-

creased the Reynolds number of his study to Re = 1000. An attempt was made to map the friction

velocity and shear angle using the classic similarity theory of Csanady (1967). Although the sur-

face friction velocity mapped well, the shear angle demonstrated a Reynolds number dependence

and required a modification of similarity theory to better predict results. This indicates that the to-

tal velocity gradient at the wall (and consequently, the friction velocity) shows little low Reynolds

number effects. However, the contribution from each velocity component does demonstrate such

a dependence as is evidenced by the shear angle discrepancy.

The study by Miyashita et al. (2006) further increased the Reynolds number to Re = 1393.

This work confirms an increase in the log-law region of the flow with increased Reynolds number

– 8 –



www.manaraa.com

S. B. WAGGY / INTRODUCTION

(as expected) as well as a Reynolds number dependence of both diffusion and production terms

in energy budgets. They speculate that the sweep event (high speed fluid moving towards wall)

is more dominant in the near wall flow for the turbulent Ekman layer when compared with non-

rotating flow fields.

Laboratory studies of the neutral Ekman layer can be performed using turn-table setups.

Such work includes transition studies (Caldwell and Atta, 1970) as well as research concerning

fully developed turbulence (Caldwell et al., 1972).

1.1.4 Wind Turbine Fluid Dynamics

Wind turbines have a pronounced effect on ABL dynamics. The most notable difference is

evident in the velocity deficit in the wake of the turbine (Vermeer et al., 2003). As kinetic energy is

extracted from the flow, it is expected that the velocity is decreased. This deficit is not maintained,

however, as high energy fluid is transported back into the wake. This recovery is of particular

interest as it determines the efficiency of downstream turbines. If the flow is not fully recovered,

subsequent turbines have a lower energy flow to work with. A second characteristic of the turbine

wake is the helical vortex tubes shed from the tips of the turbine blades (Hand et al., 2001, Vermeer

et al., 2003).

A common simulation technique for wind-turbine arrays uses the drag-disk model. This

model penalizes the velocity as it passes through the disk in an attempt to recreate the resulting

velocity deficit found in the wake of a turbine. The size of the disk is determined by the radius of

the turbine blades and the penalty is weighted in such a manner to represent actual turbine effects.

The recent work by Calaf et al. (2010) employs such a method via LES for an infinite wind turbine

array. In such a case, the flow must recover before each subsequent turbine. For the flow in steady

conditions, Calaf et al. (2010) find that the total power extracted by the turbines is approximately

90% of the vertically transported kinetic energy. Moreover, they find that the array has a direct

impact on the surface friction velocity.
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The study by Keith et al. (2004) focuses on the effect large-scale wind power would have on

the global climate by altering the surface roughness over large land masses. This method essen-

tially imposes a drag over the land and, for large arrays, was found to impact climate patterns.

Wang and Prinn (2010) attribute the increase in temperature to a reduction in the horizontal trans-

port of heat caused by the increased drag attributed to the wind turbines (see also Roy and Pacala,

2004). The LES by Porté-Agel et al. (2010) simulated a single turbine and were able to reproduce

the mean velocity deficit and tip vortices with good agreement to wind-tunnel experiments. This

work also notices an increased surface flux for scalar transport.

A vast amount of experimental research has been conducted concerning wind turbine aero-

dynamics. Maalouf et al. (2009) studied tip vortices that were shed at the ends of rotor blades.

Some of these results will be used in modeling different aspects of the turbine wake in this work.

Additional experimental research is discussed in the review by Vermeer et al. (2003).

1.2 Problem Statement

The goal of this work is to study turbulent transport in the atmospheric boundary layer

under varying thermal conditions. Using the turbulent Ekman layer as an approximation of the

ABL, a direct simulation of neutrally and unstably-stratified boundary layers will be evaluated.

Three baseline test cases will be performed to parameterize the flow field:

• Turbulent Ekman layer under neutral stratification.

• Unstably-stratified Ekman layer with moderate heating.

• Unstably-stratified Ekman layer with vigorous heating.

The above three cases will give evidence of the role buoyancy plays in atmospheric dynamics. Fur-

thermore, the above cases will be used as a baseline for addressing the question of how humidity

is transported in the wake of a wind farm. A unique means of introducing a wake into the flow

– 10 –



www.manaraa.com

S. B. WAGGY / INTRODUCTION

field will be presented which allows scalar transport to be monitored closely. It is hypothesized

that, given a constant humidity density at the wall, humidity is transported upwards when the

freestream concentration of humidity is less than that of the surface. Furthermore, it is believed

that this is caused by an increase in the turbulent transport of scalars. When a turbine extracts en-

ergy from the velocity field, the resulting velocity wake will produce higher levels of turbulence

given the sharper mean velocity gradients. As the vertical component of kinetic energy is excited,

vertical transport is increased such that a drying effect should be seen near the wall.

In order to test the scenarios presented above, a DNS was utilized for this research. The

decision was made to perform DNS (as opposed to LES) so that turbulence could be monitored

down to the wall. Since surface flux is of vital importance for this study (i.e. what is humidity flux

at the wall), the DNS allows the simulation of turbulence over a smooth surface to be performed

such that turbulent and viscous effects are both accounted for. No unresolved scales require clo-

sures. Although the use of DNS relegates this study to only modest Reynolds numbers, results

(as it will be shown later) demonstrate a clear connection between the simulations completed in

conjunction with this research and other high Reynolds number studies using LES and Reynolds-

averaged models.

The DNS of the turbulent Ekman layer with thermal variation includes the following char-

acteristics:

• Momentum, energy, and scalar transport equations to solve for the velocity, temperature,

and humidity respectively.

• Sufficient resolution of all relevant scales of motion.

• A means of initializing a turbine wake into a fully developed turbulent flow.

To determine its effect on scalar transport, this study will simplify the complex dynamics as-

sociated with flow through a wind turbine. Rather than modeling the complexities associated with

the turbine aerodynamics, the wake is simplified such that only the velocity deficit (a consequence

– 11 –



www.manaraa.com

S. B. WAGGY / INTRODUCTION

of the turbine removing energy from the velocity field) and a rotational velocity component (im-

parted onto the flow by the turbine blades) are considered.

Specific humidity will be introduced as the scalar of interest. As opposed to a passive scalar

which has no influence on the flow dynamics (i.e. neutral stratification), this scalar will be also

introduced as an active scalar such that a change in the specific humidity at some point will influ-

ence the potential temperature at that point. Addressing the influence of the turbine wake on the

scalar transport will be accomplished by an array of analyses: downstream evolution of turbulent

stresses, turbulent energy budgets (inter-component energy transfer), turbulent flux budgets, and

closure model evaluations.

1.3 Outline of Dissertation

A brief overview of the research completed is given below:

• Chapter 2 – Starting from first principles, the governing equations that describe the physics

associated with the problem are developed. These governing principles include conserva-

tion of momentum, mass, and thermal energy, as well as a transport equation for scalars

introduced into the field (e.g. humidity). The equations are then nondimensionalized by

relevant scales. The chapter concludes by presenting the laminar solution of the Ekman

layer obtained by Ekman (1905) and giving a brief overview of some of the turbulent scales

that are used throughout this work.

• Chapter 3 – This chapter consists of two parts. First, the numerical method employed to

directly solve the governing equations presented in Chap. 2 is outlined. A semi-implicit

time integration scheme (second-order accuracy in time) is used in tandem with finite-

difference spatial operators (fourth-order accuracy in space). Conservation of mass is im-

posed by a pressure correction step. The second half of the chapter is devoted to outlining

the parallelization scheme used in the development of the code. A case used to validate
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the code is presented, and code performance (scalability) is discussed.

• Chapter 4 – The turbulent Ekman layer under neutral stratification is simulated. Re-

sults are analyzed by computing typical turbulent statistics (Reynolds stresses, high-order

moments, etc.), using autocorrelations to determine the characteristic shape of turbulent

structures, and presenting energy budgets for the various Reynolds stresses. Finally, the

popular k − ε closure model is analyzed to determine its applicability in flows where sys-

tem rotation is evident.

• Chapter 5 – Two unstably stratified simulations are presented: modest and vigorous heat-

ing. Results show a clear deviation from the neutral case where no buoyant forcing occurs

through the calculation of kinetic energy budgets. Comparisons are made between the

current data and other relevant atmospheric studies. A model for the third and fourth-

order vertical velocity-temperature moments is analyzed to demonstrate the sensitivity of

model constants. It is found that the coefficients are relatively independent of both the

strength of stratification and the Reynolds number of the field. The concept of top-down

and bottom-up diffusion in the convective boundary layer (Wyngaard and Brost, 1984)

is addressed with the remainder of the chapter. Specifically, data are used to determine

how gradient functions and scalar variances change when a smooth surface (rather than a

rough wall) is present.

• Chapter 6 – The means by which turbine wakes will be analyzed is presented at the outset

of this chapter. By directly imposing a wake onto the mean velocity field, it is possible to

analyze turbulent characteristics of a spatially evolving wake. Turbulent statistics under

neutral and unstable stratification are compared with wind tunnel results to assess the

ability of the method for studying wind turbine wake characteristics. Once agreement

has been shown, the effect of the turbine on the transport of humidity is discussed and

analyzed. The chapter concludes by revisiting a few of the turbulence closure models

introduced earlier.
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• Chapter 7 – An overview of the work is presented. Two sections are devoted to highlight-

ing significant findings of the research, as well as recommendations of future research that

build upon the work completed here.
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CHAPTER 2

GOVERNING EQUATIONS

The Ekman layer describes a system in which Coriolis forces, the pressure gradient, and

friction forces are all in balance. First proposed by Ekman (1905) to describe the drift of sea-ice

in ocean currents, the turbulent Ekman layer is commonly used as a model (Coleman et al., 1990)

for the atmospheric boundary layer (ABL). The unique dynamics are triggered by the inclusion

of system rotation in the conservation of momentum equation. In their basic form, the governing

equations for mass, momentum, and energy conservation with system rotation are

∂ρ

∂t
+∇ · (ρu) = 0 (2.0.1a)

ρ

(
∂u

∂t
+ u · ∇u + 2Ω × u − Ω2R

)

= −∇ p̂ + µ∇2u + ρg (2.0.1b)

ρ
∂
(
cpT∗)

∂t
+ ρu · ∇

(
cpT∗) = k∇2T∗ (2.0.1c)

where ρ is the fluid density, t is time, u is the velocity vector, Ω is the rotation vector, R is the

vector perpendicular to the axis of rotation, p̂ is the pressure, µ is the dynamic viscosity of the

fluid, and g is the gravitational vector. For the energy equation, T∗ is the temperature of the

fluid, cp is the specific heat at constant pressure, and k is the molecular conductivity. The wall

normal direction – the k̂ direction – corresponds to the z (or x3) spatial coordinate and the w (or

u3) velocity component. The horizontal coordinates are defined similarly such that the right-hand-

rule is obeyed.
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2.1 Simplifications and Approximations

The complexity and number of variables associated with Eqs. 2.0.1 are reduced by intro-

ducing several suitable approximations. Equation 2.0.1b demonstrates the effect of both Coriolis

acceleration ( 2Ω × u ) and centrifugal acceleration ( −Ω2R ). For this work, the effect of centrifu-

gal acceleration will be incorporated into the pressure gradient such that a new pressure gradient

is defined

−1

ρ
∇ p̂ + Ω2R = −1

ρ
∇ p̃ (2.1.1)

where p̃ now accounts for any centrifugal effects. Additionally, the rotation vector will be confined

to align with the vertical direction. Making such an assumption allows the rotation rate Ω to be

written as Ω = Ωzk̂ = Ω0k̂. Coleman et al. (1990) tested the low Reynolds number Ekman layer

with both vertical and horizontal rotational components. From their work they demonstrated

that a positive horizontal component of Ω acts to increase the difference between the vertical and

streamwise turbulent kinetic energy resulting in an increase in production of turbulent energy via

the vertical turbulent shear stresses. The converse is true for a negative horizontal rotation. By

confining the rotation vector to the wall-normal direction, the effect on the results by the change of

latitude is removed at the cost of a decrease in accuracy concerning the levels of turbulence under

specific rotational conditions.

For this work, it is assumed that gravity will only act in the negative vertical direction:

g = −gk̂. This is a good assumption for this work; deviation from the alignment of the gravity

vector and wall-normal direction is confined to flow over topography and small variations due to

the slight spheroid shape of the Earth.

Finally, it is assumed that the flow is incompressible (ρ = ρ0 = constant). The Boussinesq

approximation is introduced to provide thermal effects to the momentum equation. Under the

Boussinesq approximation it is assumed that small density changes that occur due to changes

in temperature only affect the buoyancy term in the vertical momentum equation. Concerning
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humidity effects, the change in density that results from water vapor will be accounted for by ad-

justing the potential temperature to account for added thermal energy. Using a reference density

ρ0 which corresponds to a temperature T0, the Boussinesq approximation is given as

ρ = ρ0 [1 − α (T∗ − T0)] (2.1.2)

where α is the coefficient of thermal expansion for the fluid. Therefore, the term ρg in Eq. 2.0.1b

can be written ρg = ρ0 [1 − α (T∗ − T0)] g. Assuming that air behaves as an ideal gas, α = 1/T0

completing the Boussinesq approximation:

ρg = ρ0g

[

1 − (T∗ − T0)

T0

]

(2.1.3)

Combining the simplifications given above with Eqs. 2.0.1 yields the following simplified govern-

ing equations:

∇ · u = 0 (2.1.4a)

∂u

∂t
+ u · ∇u + 2Ωk̂ × u = − 1

ρ0
∇p + ν∇2u + g

(T∗ − T0)

T0
k̂ (2.1.4b)

∂T∗

∂t
+ u · ∇T∗ = κ∇2T∗ (2.1.4c)

In the above energy equation, ν is the kinematic viscosity and κ is the coefficient of thermal diffu-

sion where κ = k/cpρ. The variable ∇p is defined such that it accounts for the pressure gradient,

the centrifugal acceleration, and the constant term in the Boussinesq approximation:

∇p = ∇ p̂ + Ω2R + ρ0gk̂

As will be discussed in §2.3, the temperature variables T∗ and T0 represent potential temperatures.

A change in T∗ will necessarily result in buoyant forcing.

2.2 Nondimensionalization

Nondimensionalization is accomplished by defining characteristic velocity, length, temper-

ature, and density scales. As this is an incompressible simulation, the density ρ0 is a logical refer-

ence parameter. Similarly, the temperature T0 will be a sufficient temperature scale.
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In choosing a reference velocity it is customary to scale the problem on the velocity at the

outer edge of the boundary layer. For the Ekman problem, this farfield velocity is given by the

geostrophic velocity Ug. As will be demonstrated in §2.5, a unique feature of the Ekman layer is

that the geostrophic velocity is perpendicular to the pressure gradient because system rotation is

included (Holton, 2004).

A proper length scale for the turbulent Ekman layer is the Ekman depth δE. This character-

istic length is a function of the fluid properties (ν) as well as the rate of rotation (Ω0). The Ekman

depth is defined as

δE =

√
ν

Ω0
(2.2.1)

Typical Ekman depths found in the atmosphere are approximately 0.45 m: Ω0 = 2π/1 day ≈

7.3 × 10−5 s−1 and ν ≈ 1.5 × 10−5 m2/s at 20 ◦C and 1 atm (Kundu and Cohen, 2004).

The dimensionless variables are given below. Starred terms correspond to physical quanti-

ties.

x =
x∗

δE
(2.2.2a)

u =
u∗

Ug
(2.2.2b)

Ω =
Ω∗

Ω0
(2.2.2c)

t =
t∗Ug

δE
(2.2.2d)

p =
p∗

ρ0U2
g

(2.2.2e)

θ̃ =
T∗ − T0

T0
(2.2.2f)

Substitution of these dimensionless variables into Eq. 2.1.4 yields the nondimensionalized gov-
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erning equations for the turbulent Ekman layer.

∇ · u = 0 (2.2.3a)

∂u

∂t
+ u · ∇u +

1

Ro
k̂ × u = −∇p +

1

Re
∇2u + θk̂ (2.2.3b)

∂θ̃

∂t
+ u · ∇θ̃ =

1

Pr Re
∇2θ̃ (2.2.3c)

Note that a new dimensionless temperature θ is defined by

θ = γθ θ̃ (2.2.4)

The dimensionless factor γθ = gδE/U2
g that appears in the vertical momentum equation stipulates

the strength of buoyant forces relative to inertial forces. However, dependence upon this specific

dimensionless (and constant) quantity is easily removed. Multiplying Eq. 2.2.3c by γθ simply

scales the entire expression by some constant. The resulting energy equation can be solved for θ,

a newly defined dimensionless temperature (or buoyancy variable):

∂θ

∂t
+ u · ∇θ =

1

Pr Re
∇2θ (2.2.5)

In Eq. 2.2.3, Ro is the Rossby number, Re is the Reynolds number, and Pr is the Prandtl

number. These dimensionless numbers are defined as follows:

Re =
UgδE

ν
(2.2.6a)

Ro =
Ug

2Ω0δE
(2.2.6b)

Pr =
ν

κ
(2.2.6c)

The Reynolds number is the ratio of inertial forces to viscous forces. A low Reynolds number flow

is dominated by the diffusion term while a high Re confines viscous effects to very small scales.

The Rossby number defines the ratio of inertial to Coriolis forces. For a non-rotating flow,

Ro = ∞. Conversely, a case in which the effects of rotation dominate will occur as Ro → 0. An

alternative means of writing the Rossby number is

Ro =
Ug

f δE
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or

Ro =
UgδE

2ν

where f is the Coriolis parameter. Here it is clear that Ro = Re/2. The Coriolis parameter f is

commonly used in Ekman studies. The formal definition of f is f = 2Ω0 sin φ, where φ gives the

latitude. As stated earlier, rotation is confined to the x/y plane. Consequently, the sin φ in the

definition of f is irrelevant. For this work, f and 2Ω0 will be used interchangeably.

The Prandtl number (Pr) is the ratio of viscous to thermal diffusivity. This parameter is fluid

specific and temperature dependent. For small temperature changes, however, this ratio can be

treated as a constant (Melling et al., 1997). For dry air, Pr ≈ 0.7.

2.3 Scalar Transport Equation for Humidity

The scalar transport equation for a quantity c in a fluid flow is given by

∂ρc

∂t
+ u · ∇ρc = Dc∇2ρc (2.3.1)

where ρc and Dc are the density and molecular diffusivity of the scalar respectively. A relative

density with respect to the ambient fluid is defined as

qc =
ρc

ρ
(2.3.2)

where ρ is the density of the surrounding fluid. For this work, the ambient fluid is incompressible

and taken to be dry air (qc = ρc/ρ0). Thus, qc is a function of ρc only. Substituting Eq. 2.3.2 into

Eq. 2.3.1 and simplifying yields

∂qc

∂t
+ u · ∇qc = Dc∇2qc

This work assumes that the transported quantity of scalar c is the specific humdity qw. Nondi-

mensionalizing by the parameters given in Eq. 2.2.2 gives

∂qw

∂t
+ u · ∇qw =

1

Re Sc
∇2qw (2.3.3)
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where Sc = ν/Dw gives the Schmidt number, the ratio of momentum to mass diffusion. This

completely defines the transport equation for the specific humidity of water vapor. For standard

temperature and pressure, Dw = 0.217 cm2/s for water vapor in dry air (Massman, 1998). The

corresponding Schmidt number is Sc = 0.7336. Although Dw is a function of temperature and

pressure, Massman (1998) demonstrated that the changes in diffusivity are negligible for small

variation in T or p.

While Eq. 2.3.3 sufficiently describes water vapor transport, without a coupling between this

relationship and one of the conservation equations in Eq. 2.2.3, the transport would be passive;

the specific humidity will not influence the velocity field in any manner. Stated another way, no

buoyancy effects due to humidity would exist.

A commonly used coupling between the specific humidity and temperature, as discussed

by Khandekar (1977), is given by

Tv = T∗(1 + 0.61qw) (2.3.4)

where T∗ is a potential temperature and Tv is the corresponding virtual potential temperature.

The potential temperature T∗ defines the temperature a parcel of dry air would have if adiabati-

cally brought to a reference pressure. As opposed to the thermodynamic temperature, changes in

the potential temperature will necessarily result in buoyant forcing. Similar to the stably stratified

simulation by Coleman et al. (1992), T∗ and T0 in Eq. 2.2.2f represent potential temperatures. The

definition of the dimensionless temperature θ̃ in Eq. 2.2.2f is in terms of these potential tempera-

tures. Therefore, θ̃ represents a dimensionless potential temperature.

The virtual potential temperature accounts for water vapor content in air by modifying the

dry air temperature to compensate for the added thermal energy of the water vapor. Specifically,

the virtual potential temperature Tv is the temperature of dry air if its pressure and density were

equal to those of a parcel of moist air. This allows the dry air temperature to reflect the heat content

of the water vapor. Equation 2.3.4 can be linearized about a reference temperature (T0) and specific
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humidity (q0):

Tv (T
∗, qw) = Tv (T0, q0) + (T∗ − T0)

∂Tv (T∗, qw)

∂T∗

∣
∣
∣
∣
T0,q0

+ (qw − q0)
∂Tv (T∗, qw)

∂qw

∣
∣
∣
∣

T0,q0

Tv (T
∗, qw) = T0 (1 + 0.61q0) + (T∗ − T0) (1 + 0.61q0) + (qw − q0) (0.61T0)

Tv (T
∗, qw) = T∗ + 0.61T0qw + 0.61q0T∗ − 0.61T0q0

Defining

θ̃v (T
∗, qw) =

Tv (T∗, qw)− T0

T0

and substituting yields

θ̃v (T
∗, qw) =

T∗ − T0

T0
+ 0.61 (qw − q0) + 0.61q0

T∗

T0

Assuming small values of qw and setting q0 = 0,

θ̃v (T
∗, qw) =

T∗ − T0

T0
+ 0.61qw

or

θ̃v = θ̃ + 0.61qw (2.3.6)

Multiplying Eq. 2.3.6 by the constant γθ gives

θv = θ + 0.61γθqw (2.3.7)

Like the energy equation, γθ is easily incorporated into the scalar transport equation (Eq.

2.3.3) by solving for the new variable (γθqw). Recall from earlier the Boussinesq approximation:

ρg = ρ0g

[

1 − (T∗ − T0)

T0

]

Substitution of (Tv − T0)/T0 for (T∗ − T0)/T0 ensures that buoyant forcing will only occur if the

virtual potential temperature is higher than the ambient virtual potential temperature (note that

the ambient virtual potential temperature is equal to the reference temperature T0 since q0 = 0).

The Boussinesq approximation can then be rewritten as:

ρg = ρ0g

[

1 − (Tv − T0)

T0

]

(2.3.8)
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Notice that this assumes the coefficient of thermal expansion does not change due to humidity.

Substitution of Eq. 2.3.8 into the Navier-Stokes and nondimensionalizing yields a new momentum

equation which accounts for changes in specific humidity.

∂u

∂t
+ u · ∇u +

1

Ro
k̂ × u = −∇p +

1

Re
∇2u + θvk̂ (2.3.9)

2.4 Complete Governing Equations in Conservative Form

For an incompressible flow, the governing equations given by Eq. 2.2.3 and 2.3.3 can be

written such that the advective terms are the derivative of a flux. Transcribing the relationships

in this manner yields the complete set of governing equations for a thermally stratified turbulent

flow with scalar transport.

∂ui

∂xi
= 0 (2.4.1a)

∂ui

∂t
+

∂uiuj

∂xj
+

1

Ro
ε3jiuj = − ∂p

∂xi
+

1

Re

∂2ui

∂xj∂xj
+ θvδi3 (2.4.1b)

∂θ

∂t
+

∂ujθ

∂xj
=

1

Re Pr

∂2θ

∂xj∂xj
(2.4.1c)

∂qw

∂t
+

∂ujqw

∂xj
=

1

Re Sc

∂2qw

∂xj∂xj
(2.4.1d)

θv = θ + 0.61γθqw (2.4.1e)

The above set of equations use Einstein notation where a repeated indices implies summation over

all components. The Kronecker delta δij is 1 if i = k or 0 if i 6= k. The permutation symbol ε ijk is

+1 for cyclic values of ijk, −1 for anti-cyclic values, or 0 if an index is repeated.

2.5 Laminar Base Solution

For a low enough Reynolds number an exact solution can be developed for the laminar

Ekman layer. Assuming that the flow is spatially homogeneous in the horizontal plane enforces

∂/∂x = ∂/∂y = 0. Since ∂u/∂x = ∂v/∂y = 0, the the continuity equation stipulates that ∂w/∂z =
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Figure 2.1: The laminar velocity profile presented (a) as a function of the distance from the wall
and (b) in hodograph form.

z

Ug

y

x

Ω0

−∇p

Figure 2.2: Laminar hodograph superimposed over coordinate axes. Demonstrates orientation of
domain with respect to mean flow.
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0. With w = 0 at the wall, the vertical velocity is zero throughout the domain. If it is assumed the

flow has reached a steady state, all time derivatives are zero (∂/∂t = 0). Assuming that there are

no temperature gradients, the governing equations reduce to the following x and y momentum

equations.

− v

Ro
= −∂p

∂x
+

1

Re

d2u

dz2
(2.5.1a)

u

Ro
= −∂p

∂y
+

1

Re

d2v

dz2
(2.5.1b)

Imposing a no-slip boundary condition at z = 0, the laminar solution is given by the following

(Holton, 2004):

u = 1 − cos(z)e−z (2.5.2a)

v = sin(z)e−z (2.5.2b)

Solving for the resulting pressure gradients yield

∂p

∂x
= 0 (2.5.3a)

∂p

∂y
=

2

Re
(2.5.3b)

Equation 2.5.3 will be used as an approximation of the mean turbulent pressure gradient (∂P/∂x =

0 and ∂P/∂y = 2/Re) when numerically solving Eq. 2.4.1. The laminar velocity profile is shown in

Fig. 2.1. The hodograph in subplot (b) demonstrates the typical Ekman spiral; the local direction

of shear stress is tangent to this curve at every point. The effect of rotation is also clearly evident

in Fig. 2.2 where the rotation vector Ωk̂, geostrophic velocity direction, and pressure gradient are

included to orientate the reader with the three coordinate directions.

2.6 Characteristic Scales

Throughout the dissertation there are many characteristic scales that will be introduced.

They all typically serve to obtain some sort of ‘universal scaling’ between different flow geometries
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or conditions. In this section, a few of the fundamental scales used will be introduced. Additional

characteristic lengths, velocities, and times will be introduced as needed.

The smallest scales of turbulence are characterized by the Kolmogorov scales (see Pope,

1993). These scales are functions of the kinematic viscosity ν and the turbulent dissipation ε. The

smallest length, velocity, and time scales are given by

η =

(
ν3

ε

)1/4

(2.6.1)

uη = (νε)1/4 (2.6.2)

and

τη =
(ν

ε

)1/2
(2.6.3)

Dissipation of turbulent energy occurs at the above Kolmogorov scales. The size of large eddies is

given by

L =
k3/2

ε
(2.6.4)

The computational domain must be at least of size L for a given Reynolds number. If the domain

is smaller than the largest eddies, the field is pinched and not allowed to evolve naturally.

The time associated with the eddies of size L is known as the large eddy turn-over time.

The turn-over time T is given by

T =
k

ε
(2.6.5)

The inertial time period of the turbulent Ekman layer under neutral stratification is given by

τ =
1

f
(2.6.6)

Scaling the dimensional time t∗ by the inertial time period yields the dimensionless time

t∗ f =
2t

Re
(2.6.7)

While the above discussion offers a few of the characteristic scales of turbulence that will

be used in this work, many more quantities will be introduced later in the thesis. Relevancy of

additional scales is more apparent when they are introduced during a pertinent discussion.
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CHAPTER 3

NUMERICAL METHOD AND PARALLELIZATION SCHEME

No closed-form solution of the full Navier-Stokes equations currently exists. Like the lam-

inar solution of the Ekman problem, a select number of solutions exist when simplifications (e.g.

steady with time, homogeneous in specific directions, etc.) are made. For direct numerical sim-

ulations, the full governing equations are approximated (or solved) numerically. This chapter

describes the numerical scheme used (§3.1), the parallelization of the code (§3.2), results from the

validation test case (§3.3), and gives parallel scalability results in §3.4. Some recommendations on

code usage, and a brief summary concludes the chapter in §3.5.

3.1 Mathematical Model of Governing Equations

The domain geometry for the Ekman problem can be resolved using a Cartesian mesh. As

the turbulent Ekman layer is a wall-bounded flow, it is efficient to employ a stretched mesh in the

wall-normal direction allowing clustering of points near the lower boundary where both L and η

are smallest. In the present work, the mesh has been staggered in the vertical direction to allow

improved coupling between the pseudo-pressure and the vertical velocity component. The code

and numerical method is based on earlier work by Marlatt (1994); however, significant changes to

the time integration and spatial differencing scheme were made.
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3.1.1 Time Integration Scheme

The numerical method used to integrate Eq. 2.4.1 is semi-implicit, applying the implicit

Crank-Nicolson scheme (Crank and Nicolson, 1947) for the vertical diffusion terms in the conser-

vation equations. Because mesh stretching results in a very small spacing near the lower domain

boundary, using an implicit scheme for the diffusion terms allows time-step requirements for nu-

merical stability to be relaxed. For the model equation

∂ui

∂t
≈ 1

Re

∂2ui

∂x2
3

(3.1.1)

the Crank-Nicolson scheme can be written as

ûi − un
i

∆t
≈ 1

2Re

∂2ûi

∂x2
3

+
1

2Re

∂2un
i

∂x2
3

+O
(
∆t2
)

(3.1.2)

where O
(
∆t2
)

implies that the solution is second-order accurate in time. The predicted velocity

ûi is obtained from the solution of the linear system

(

1 − ∆t

2Re

∂2

∂x2
3

)

ûi ≈ un
i +

∆t

2
Mn

i (3.1.3)

where

Mn
i =

1

Re

∂2un
i

∂x2
3

(3.1.4)

For the temperature equation, advancement of θn to θn+1 is accomplished by substituting (Re)

with (Re Pr), un
i with θn, and ûi with θn+1 in Eq. 3.1.3 and 3.1.4.

Remaining terms in Eq. 2.4.1b, 2.4.1c, and 2.4.1d (advection, horizontal diffusion, Coriolis,

and mean pressure gradient) are advanced using the fully explicit Adams-Bashforth method (see

Ferziger and Perić, 2002, pg. 138–140), which utilizes a two-level integration technique:

ûi − un
i

∆t
≈ 3

2
Ln

i −
1

2
Ln−1

i +O
(
∆t2
)

(3.1.5)

where

Ln
i = −

∂un
i un

j

∂xj
− 1

Ro
un

j ε ji3 −
∂P

∂xi
+

1

Re

(

∂2un
i

∂x2
1

+
∂2un

i

∂x2
2

)

+ θn
v δi3 (3.1.6)
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Equations 3.1.5 and 3.1.6 are fully explicit; this allows each node to independently advance the

solution in time completing the predictor step. Combining Eq. 3.1.3, 3.1.4, 3.1.5, and 3.1.6 yields

the following linear system of equations for the predictor velocity:

(

1 − ∆t

2Re

∂2

∂x2
3

)

ûi = un
i + ∆t

(
1

2
Mn

i +
3

2
Ln

i −
1

2
Ln−1

i

)

(3.1.7)

where Ln
i and Mn

i are given by Eq. 3.1.6 and 3.1.4 respectively. A similar time advancement is

used for the conservation of energy and scalar transport equations. The time integration scheme

for these two equations are given by

(

1 − ∆t

2Re Pr

∂2

∂x2
3

)

θn+1 = θn + ∆t

(
1

2
Mn

θ +
3

2
Ln

θ −
1

2
Ln−1

θ

)

(3.1.8)

and
(

1 − ∆t

2Re Sc

∂2

∂x2
3

)

qn+1
w = qn

w + ∆t

(
1

2
Mn

qw
+

3

2
Ln

qw
− 1

2
Ln−1

qw

)

(3.1.9)

where the explicit terms are given by

Mn
θ =

1

Re Pr

∂2θn

∂x2
3

(3.1.10)

Mn
qw

=
1

Re Sc

∂2qn
w

∂x2
3

(3.1.11)

Ln
θ = −

∂un
j θn

∂xj
+

1

Re Pr

(
∂2θn

∂x2
1

+
∂2θn

∂x2
2

)

(3.1.12)

and

Ln
qw

= −
∂un

j qn
w

∂xj
+

1

Re Sc

(
∂2qn

w

∂x2
1

+
∂2qn

w

∂x2
2

)

(3.1.13)

Note that no Coriolis, buoyancy, or pressure gradient terms appear for the temperature and scalar

transport equations. The coupling between the momentum, energy and scalar transport equations

given in Eq. 2.4.1e is explicitly computed using the potential temperature and specific humidity

at the nth time step. The last term in Eq. 3.1.6 is therefore

θn
v = θn + 0.61γθqn

w (3.1.14)
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While the energy and scalar equations will have been integrated successfully using the

above methods, a zero divergence for the velocity field has not yet been enforced. The veloc-

ity field at the advanced time step (n + 1) is obtained by a pressure corrector step to the predicted

velocity field.

un+1
i − ûi

∆t
= − ∂φ

∂xi
(3.1.15)

The variable φ acts as a pseudopressure to account for small fluctuations in the turbulent field

that are not accounted for when applying a mean pressure gradient. Taking the divergence of Eq.

3.1.15 yields

1

∆t

(

∂un+1
i

∂xi
− ∂ûi

∂xi

)

= − ∂2φ

∂xi∂xi
.

Continuity is enforced by stipulating that the advanced field be divergence free (i.e. ∂un+1
i /∂xi =

0). This results in the following linear system for φ based only on the fraction step velocity ûi:

−∆t
∂2φ

∂xi∂xi
=

∂ûi

∂xi
(3.1.16)

The updated velocity is then found using a rearranged form of Eq. 3.1.15.

un+1
i = ûi − ∆t

∂φ

∂xi
(3.1.17)

In summary, advancing from the time level n to level n + 1 requires solving 3 linear systems

for the fractional velocity components (û, v̂, and ŵ), 2 linear system for the updated temperature

(θ) and humidity (qw) fields, and 1 linear system for the pseudo pressure (φ).

3.1.2 Spatial Differences

Spatial derivatives of the DNS are approximated using high order finite differences. The

horizontal plane in this simulation is homogeneous in the context that there are no extraneous

features requiring a concentrated mesh (such as topography). Therefore, the employed mesh in

the horizontal plane is uniform. However, due to small scales of turbulence near the wall, a

uniform mesh in the z direction is impractical. A sufficient resolution which captures the small
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scales near the wall would be extraneous in the far-field. Conversely, using a uniform spacing

which adequately resolved scales away from the boundary would be insufficient near the surface.

Instead, a stretched grid is employed which clusters points near the lower boundary and allows

a larger grid spacing in the outer flow field (where the gradients are shallower). An exponential

grid spacing is employed by specifying the location of 2 points in the domain and iterating until

a smooth distribution mesh nodes is achieved in the z direction (Marlatt, 1994). Alternatively, the

code allows for the user to specify a uniform z distribution or upload a specific grid spacing file.

A staggering of the mesh is employed in the vertical direction resulting in the generation of 2

meshes. The mesh which coincides with the wall is defined as the zw mesh while the cell centered

mesh is termed the zc mesh. The zc mesh is easily determined from the zw mesh by centering

nodes between the wall bounded grid. For a vertical mesh (zw) using nz points, the cell centered

mesh (zc) of size nz + 1 points is defined as

zc,k =
1

2
(zw,k + zw,k+1) , k = 0 : nz − 1 (3.1.18a)

zc,nz = zw,nz−1 +
1

2
(zw,nz−1 + zw,nz−2) (3.1.18b)

zc,−1 = −zc,0 (3.1.18c)

where zw,0 is the point on the wall, zc,−1 is the staggered point below the wall, and zc,nz is the point

above the top of the domain. Figure 3.1 demonstrates the alignment of the various meshes. The

variables u, v, and φ are defined on the zc mesh while w, θ, and qw are defined on zw.

The uniform mesh in the x and y direction allows finite difference coefficients to be com-

puted for each coordinate which are valid at any point. The arbitrary vertical mesh requires that

a unique set of coefficients be computed for each zc and zw point. Furthermore, it is necessary to

interpolate between meshes for the advective terms as well as the pressure correction step. Finite

difference coefficients as well as interpolation coefficients are stored to reduce the computational

effort at each time step.
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z
w
 = z

max

j+1

j
i

i+1

z
w
 = 0

Figure 3.1: Staggered mesh. Uniform mesh in horizontal plane and stretched mesh in vertical
direction. zw nodes denoted by × and zc nodes by •.
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Figure 3.2: Example interpolation scheme of point p (denoted by �) using points xi−2 ≤ xi ≤ xi+2

(denoted by •).

Lagrangian Polynomials

Computation of finite difference coefficients and interpolation between the zw and zc meshes

(or vice-versa) is accomplished by means of Lagrangian polynomials. A Lagrangian interpolation

polynomial is defined by li(x) as follows (Atkinson, 1989, Cheney and Kincaid, 2004):

lk(x) =
m

∏
j=0
j 6=k

(
x − xj

)
(3.1.19)

Here x represents an arbitrary point while xj denotes a set of m+ 1 points on a mesh. Interpolation

of a function f (xj) onto an arbitrary point f (x) is accomplished with the Lagrangian interpolation

polynomial.

f (x) ≈
m

∑
k=0

lk(x)

lk(xk)
f (xk) (3.1.20)

Generalized to a set of nodes xi+il ≤ xi ≤ xi+ih about point x (see example in Fig. 3.2), the

interpolation polynomial becomes

f (x) ≈
ih

∑
k=il

lk(x)

lk(xi+k)
f (xi+k) (3.1.21)

where

lk(x) =
ih

∏
j=il
j 6=k

(
x − xi+j

)
(3.1.22)
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Although there is not necessarily a relationship between x and the points xi, increased accuracy

is obtained when x is within the bounds of xi+il ≤ x ≤ xi+ih. If x is outside these bounds, the

approximation is an extrapolation rather than an interpolation.

Approximating derivatives of the function f (x) is also accomplished from the Lagrangian

polynomials. A first derivative is computed by taking the derivative of the basis function in the

numerator of Eq. 3.1.21.

d f (x)

dx
=

ih

∑
k=il

dlk(x)

dx

f (xi+k)

lk(xi+k)
(3.1.23a)

dlk(x)

dx
=

ih

∑
m=il
m 6=k

ih

∏
j=il
j 6=m
j 6=k

(
x − xi+j

)
(3.1.23b)

Taking the derivative of the basis function reduces the order of the polynomial by one de-

gree. Therefore, an approximation of the first derivative requires (at least) a polynomial of order

1. The 2nd derivative, requiring a polynomial of at least 2 (3 mesh points), is computed in a similar

manner.

d2 f (x)

dx2
=

ih

∑
k=il

d2lk(x)

dx2

f (xi+k)

lk(xi+k)
(3.1.24a)

d2lk(x)

dx2
=

ih

∑
m=il
m 6=k

ih

∑
n=il
n 6=m
n 6=k

ih

∏
j=il
j 6=n
j 6=m
j 6=k

(
x − xi+j

)
(3.1.24b)

Equation 3.1.23 is used for computing the advective terms while Eq. 3.1.24 is used for the diffusive

terms. The fourth-order artificial dissipation used to ensure numerical stability is approximated

by continuing the expansion two more levels.

d4 f (x)

dx4
=

ih

∑
k=il

d4lk(x)

dx4

f (xi+k)

lk(xi+k)
(3.1.25a)

d4lk(x)

dx4
=

ih

∑
m=il
m 6=k

ih

∑
n=il
n 6=m
n 6=k

ih

∑
q=il
q 6=n
q 6=m
q 6=k

ih

∑
r=il
r 6=q
r 6=n
r 6=m
r 6=k

ih

∏
j=il
j 6=r
j 6=q
j 6=n
j 6=m
j 6=k

(
x − xi+j

)
(3.1.25b)
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Although these expressions can be simplified to reduce computational requirements, the

use of a fixed mesh allows the coefficients to be stored. The effort to computationally optimize the

fourth-order difference would prove to return minimal gains in startup time.

3.1.3 Artificial Dissipation, Rayleigh Friction, and Courant Number

When finite difference methods are employed, dealiasing in the Fourier space has to be

replaced with numerical smoothing by artificial viscosity in the physical space in order to dissipate

excess energy that cannot be resolved by the grid. This can be accomplished by adding an explicit

high-order dissipation term to the explicit time advancement equations given by Eq. 3.1.6, 3.1.12,

and 3.1.13, viz.,

Ln
ui
= · · ·+ β∆x4

j

∂4un
i

∂x4
j

(3.1.26)

The coefficient β controls the strength of the dissipation and is bounded by 0 < β ≤ 1 (Anderson

et al., 1984). In the present work, artificial dissipation is applied to both the velocity and tempera-

ture. For neutral stratification (θ = 0 throughout the domain), numerical stability was maintained

with β as low as β = 0.05. For unstably stratified cases (hot wall) β had to be increased to values

as high as β = 0.2 for moderate heating or β = 0.8 for strong heating. The smallest scales (η) tend

to decrease for the heated wall case in comparison with the neutral field, thus requiring higher

values of β. A reduction in β for the stratified cases could be achieved by increasing the mesh

resolution, or, for some problems, using upwind biased differences (Rai and Moin, 1991).

Secondly, a Rayleigh friction layer (e.g. Marlatt, 1994) is used at the top of the domain to

prevent the reflection of gravity waves off the top boundary. This additional term is added to the

explicit term Ln
ui

for the three momentum equations. The basic form is

Ln
ui
= · · · − αr f

(
ûi − ui,top

)
(3.1.27)

The coefficient αr f controls the strength of the Rayleigh friction. The user controls two parameters

(αr f ,max and zr f ) which effectively determines αr f . αr f ,max is the maximum damping that is applied
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at the top of the domain; zr f is the height at which damping should start. A simple sinusoid is

used to specify αr f for points above zr f :

αr f = αr f ,max sin

[
π

2

(z − zr f )

(zmax − zr f )

]

(3.1.28)

If z > zr f , αr f = 0.

As a guideline for determining the time step to use given a specific spatial discretization,

the Courant number of the flow is given by

CNmax =
|ui|max ∆t

∆xi
(3.1.29)

Note that the repeated index implies a summation over all three velocity components and spatial

directions. The exact value of CNmax at which the simulation becomes unstable depends on both

the governing equations as well as the numerical scheme used. For this work, it was found that

keeping CNmax < 0.5 was required to ensure stability.

3.2 Parallelization of DNS

The numerical algorithm outlined in §3.1 was programmed using the Portable, Extensible

Toolkit for Scientific Computation (PETSc) libraries (Balay et al., 1997, 2011). These routines are

specifically designed for solving large systems using massively parallel algorithms. The term

‘massively’ is used in this context to emphasize that each processor holds only a small portion of

the total problem, where hundreds or thousands of processors work in parallel to accomplish the

task.

While developing the present code, easy optimization and adjustable domain configura-

tions were enabled when possible. Concerning optimization, PETSc allows the user to specify

tolerances, the choice of the linear solution procedure, and other computation parameters directly

from the command line. This allows a level of versatility for quickly tuning simulations.

Configuration restrictions were relaxed by avoiding ‘hardwires’ (statements applicable to a
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specific case only) in the code. Examples of such are evident in allowing N1 6= N2, i.e. unequal

number of grid points in different coordinate directions. Moreover, the number of points for N1,

N2, or N3 is not constricted to be a power of 2 (as with some pseudo-spectral codes) thus allowing

fine tuning of the grid.

A flowchart for the program is provided in Fig. 3.3. The shaded boxes indicate portions of

the code where each individual process can work relatively independent. A white box indicates

an action which has extensive interprocess communication. The lower half of the flowchart (below

the dashed line) represents the time integration sequence. One complete cycle will advance the

velocity and temperature from time step n to n + 1. Given that the solution of the scalar transport

equations is optional and mimic the solution of the temperature equation, they have been removed

from this discussion for clarity. Any number of scalars are easily added and the actions required

for solving these equations mirror those of the temperature equation. In what follows, we will

discuss the parallelism associated with each block shown in Fig. 3.3.

3.2.1 Initialization

The initialization routine of the code generates the computational mesh, obtains finite dif-

ference and interpolation coefficients, and allocates storage. Flow variables are stored on all pro-

cessors in a vector structure. This is accomplished by a Distributed Array (DA) through PETSc

which controls the three-dimensional indexing for transmitting data between neighboring proces-

sors. The DA structure allows the user to control the number of neighboring points to be shared

as well as the periodicity of the domain (in this case, the x1/x2 plane).

In total, 25 vectors are declared (as outlined in Table 3.1) leading to a large amount of storage

due to the allocation of each right-hand-side (RHS) individually (including staggered velocities).

By allocating additional storage it is possible to compute all quantities at the same time rather than

having to perform a step-through process where each RHS is computed and solved sequentially.

Ultimately, storage savings could be generated at the expense of added computational time. The
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Figure 3.3: Direct Numerical Simulation Flowchart: Shaded box, each process works independent;
White box, global communication. Dashed line separates startup and time integration
sequences.
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Table 3.1: Vector Storage.

# of Vectors Description

3 Full-step velocity
1 Temperature
3 Velocity on staggered mesh
1 Temperature on staggered mesh
1 Pseudo-pressure

6 Ln
i and Ln−1

i for velocity

2 Ln
θ and Ln−1

θ for temperature
3 RHS of velocity predictor equation
1 RHS of temperature equation
1 RHS of pseudo-pressure equation
3 Fractional velocities

allocation of vectors is a local action in the sense that each process much allocate its own storage

to hold these variables. Although swapping of boundary points needed for the finite differences

is initialized when declaring the DA, no passing occurs during initialization.

The initialization concludes by computing the laminar Ekman flow and user specified base

temperature profile. The analytical Ekman layer solution can be used as an initial condition for

high Reynolds turbulent simulations with Coriolis forcing.

3.2.2 Generating Linear Operators

Linear solvers are required to advance the velocity in the predictor step and to compute

the pseudo-pressure. All solutions are obtained using the Krylov subspace methods (Trefethen

and Bau, 1997) of the PETSc library, specifically, using the GMRES iterative algorithm to solve the

linear system Ax = b. However, PETSc allows for multiple solution algorithms to be employed;

algorithm optimization has not been attempted in the present work and is a topic for future re-

search.

Equations 3.1.7 and 3.1.16 result in N2 × N2 systems of equations where N = N1N2N3. A

row in the coefficient matrix A for the system Ax = b is locally owned by the processor which
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stores the flow variables for the row’s corresponding gridpoint. The coefficient matrices for the

linear systems are stored in parallel in the same manner as velocity and temperature vectors. For

large systems, storage savings are obtained by preallocating non-zeros in the banded matrix. This

operation proves trivial with PETSc where storage is allocated based on the DA generated ear-

lier. Care was taken to ensure that no additional allocation of memory for each matrix is needed.

Setting coefficients which are not preallocated results in a significant computational slow-down.

Boundary conditions are imposed directly through the A matrix. No ‘folding-in’ occurs as

this operation would require allocating a smaller matrix to store coefficients. Either Dirichlet or

Neumann conditions are easily imposed.

3.2.3 Generate Initial Conditions

Initial conditions are created by either reading a previously saved velocity and temperature

field or generating an initial condition based on the laminar Ekman profile. Restarting from a

saved field is a global operation; all processes must read their portion of data from a single file.

Although it is possible to have each process write their stored data to a separate file, this would

limit the ability of the code to stop and start using various numbers of processors (e.g. Case 1a

uses 16 processors, Case 1b uses 32 processors).

When starting a new simulation, an initial condition is generated by perturbing the lami-

nar Ekman profile. The perturbations can be random noise, which will eventually transition into

turbulence through growth of primary and secondary instabilities, or user defined functions de-

picting an unstable solution of the linearized equations (see §3.3).

3.2.4 Compute Ln
i for Velocity and Temperature

The explicit terms for the velocity and temperature given by Ln
i are computed from flow

variables at iteration n. For each node stored on a processor, the finite differences require sur-
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rounding points to compute spatial derivatives. Near the processor boundaries this requires that

data be transmitted between the processor and its neighbor. PETSc routines are used which trans-

mit neighboring data (including periodic boundaries) for a given finite difference stencil width.

Typically the communication is between 2 processors and no global communication is required.

In order for the terms outlined in Eq. 3.1.6 and 3.1.26 to be computed, a grid transform using

fourth-order Lagrange polynomials is performed for each variable to allow products such as u1u3

to be computed on either zw or zc. The RHS of the u3 and θ linear system must be on the zw mesh,

and consequently, the advective terms are also defined on the zw mesh by interpolating u1 and u2

onto zw (hence the additional storage shown in Table 3.1). Conversely, u1 and u2 explicit terms

require the RHS to be on the zc mesh; variables u3 and θ are interpolated from zw to zc.

Once the velocity and temperature are defined on both zw and zc mesh systems, the explicit

terms are computed locally for each process. Since each process has been updated with the nec-

essary boundary data, no further communication between processors is required. The term Mn
i

given by Eq. 3.1.4 is computed in a similar manner and no additional inter-process communica-

tion is necessary. The RHS is computed locally by Eq. 3.1.7. The explicit term Ln
i is saved for the

next iteration since Eq. 3.1.7 requires the term Ln−1
i .

By allocating additional storage and computing Ln
i for each velocity component and the

temperature simultaneously, the amount of computational work is decreased. Instead of each

process looping over all locally owned grid-points four times, the code only loops once.

3.2.5 Solve for Fractional Velocity and Temperature

The fractional velocity ûi and updated temperature θn+1 are solved using the linear operator

previously defined and the newly computed RHS. For this purpose, the GMRES algorithm is

employed which, in these situations, drops the residual by over five orders of magnitude in a few

iterations (typically 3 − 6). For the system Ax = b, the residual can be defined as r = Ax − b.

PETSc allows the convergence criteria as well as the measure of the residual (e.g.: 2-norm) to be
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controlled by the user.

The code currently uses the previous solution of û as the first guess of the solution in the

next time step; if ∆t is small, the solution does not vary greatly over one time step. Thus, the

number of iterations is reduced by supplying a good initial condition to the solver. The GMRES

algorithm could be replaced with incomplete LU factorization, algebraic multigrid, or others.

3.2.6 Solve for Pseudo-Pressure / Updating Velocity

The divergence of the predictor velocity, ∂ûi/∂xi, is a simple operation which requires up-

dating boundary points of each processor in a similar manner as discussed for the explicit terms.

Since the pseudo-pressure φ is defined on the zc mesh, u3 is interpolated from its original zw grid

onto zc. Upon interpolating and updating boundary points for each processor, the RHS of Eq.

3.1.16 is computed locally.

Solving Eq. 3.1.16 uses the same GMRES algorithm used for the velocity and temperature

equations. Neumann conditions (∂φ/∂x3 = 0) are imposed at both the lower and upper bound-

aries. This system is ill-conditioned since a null-space exists in the solution. PETSc provides an

easily implemented function which removes the null-space by setting the mean of the pressure

field to 0. In mathematical terms, the null-space of vector v is removed by

v = v − 〈v, 1〉
〈1, 1〉 (3.2.1)

where 〈a, b〉 denotes the inner product between the vectors a and b. Since the gradient of the

pseudo-pressure is of interest (both for time advancement as well as analysis), removing the null-

space is sufficient to obtain an accurate pressure gradient.

Once the pseudo-pressure is calculated, the velocity field at the advanced timestep, un+1
i , is

computed via Eq. 3.1.17. Note that the accuracy to which ∇ · un+1
i ≈ 0 is dependent upon the

accuracy of the solution for φ. Simulations indicate that decreasing the residual of φ by five orders

of magnitude generally results in an average divergence of approximately 10−5.
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3.2.7 Field Saves

Field saves are conducted at a frequency defined by the user. For example, if statistical

turbulent averages are of interest, a field is typically saved every hundred or thousand iterations.

If time varying analysis is to be completed, the frequency would increase to every few iterations.

To facilitate stopping and starting with different numbers of processors, each flow variable is

written to one file (as opposed to n processors saving a file each for a total of n files). The drawback

is that writing data is computationally expensive as all processors must communicate with a single

file. Furthermore, the data files become quite large for high Reynolds number problems. For a

512 × 512 × 256 mesh required for the current Re = 1000 simulations, the velocity, temperature,

and pressure files are 515 MB each for a total of 2.6 GB per field save. Transferring data becomes a

problem if many iterations are to be moved.

After saving the field, the code checks to determine if the last iteration has been reached.

If so, all parallel vectors and matrices are deallocated and the computation concludes. If not, the

code begins computing the explicit terms for the next time step, thus closing the iterative loop.

3.3 Code Validation

In an effort to validate the accuracy of the parallel code, numerical solutions are compared

with the hydrodynamic linear stability theory for the plane channel (Poiseuille) flow. For this pur-

pose, least-damped eigenvalues of the Orr-Sommerfeld equation for plane channel flow were used

as the initial conditions for the full Navier-Stokes equations on a horizontally doubly-periodic

computational domain. By measuring the growth rate and phase speed of the primary two-

dimensional disturbance from the computation and comparing these values to the eigenvalues

of the Orr-Sommerfeld equation, the accuracy of the code was assessed. The Orr-Sommerfeld

equation in dimensionless form is given by

(U∗ − c∗)
(

ϕ′′ − αδ
2ϕ
)
− U∗′′ϕ +

i

αδRe

(

ϕ′′′′ − 2αδ
2ϕ′′ + αδ

4ϕ
)

= 0 (3.3.1)

– 43 –



www.manaraa.com

S. B. WAGGY / NUM. METHOD AND PARALLELIZATION SCHEME

Table 3.2: Validation Test: Top - Linear Theory; Bottom - Present DNS.

Case Re = U0δ
ν

αδ c∗r c∗i
Amplitude Growth

(0 ≤ t ≤ 10)

V1 7500 0.98
0.2476 0.0023 1.0233
0.2439 0.0029 1.0294

V2 10000 0.94
0.2309 0.0044 1.0450
0.2316 0.0048 1.0492

where U∗ = U/U0, c∗ = c/U0, αδ = αδ, Re = U0δ/ν, ϕ = w/U0, w is the wall-normal perturba-

tion velocity, α is the wavenumber along the streamwise (x) direction, c is the dimensional wave

speed, δ is the channel half-height, and U0 is the centerline velocity in the channel. The prime,

(·)′, is used to indicate differentiation with respect to the wall normal (z) direction. Boundary

conditions of Eq. 3.3.1 for plane-channel flow are

ϕ (x, y,±δ, t) = 0 (3.3.2)

The solution of Eq. 3.3.1 consists of solving the eigenvalue problem F (Re, c∗, αδ) = 0 for the

specific boundary conditions given by Eq. 3.3.2. For the temporally evolving case, Re and αδ are

real and the eigenvalues will correspond to the complex wave speed c∗ = c∗r + c∗i i (note i =
√
−1)

where c∗r is the phase velocity and c∗i is the temporal growth rate of the wave (see White, 1991,

pg. 410). Solutions of the linearized Navier-Stokes equations are expected to be valid while wave

amplitudes are still small.

Using an Orr-Sommerfeld solver (Trefethen, 2000), αδ was selected such that it corresponds

to the least stable eigenvalue (largest value of c∗i ) for a specified Re. Two Reynolds numbers (Re =

7500 and Re = 10000) have been chosen for this stability analysis; the computed eigenvalues

corresponding to the least stable wave-number αδ for each Reynolds number are shown in Table

3.2 (top numbers).

The eigenfunctions corresponding to these eigenvalues are used as initial conditions for the

numerical simulation; maximum amplitudes of the initial disturbances were set to 0.01U0. The
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Table 3.3: Case Parameters.

Case Re =
UgδE

ν Stratification N1 N2 N3 N

T1 400 Neutral 128 128 128 2.10 × 106

T2 1000 Unstable 512 512 256 6.71 × 107

perturbed field is then integrated forward in time by the Navier-Stokes solver. Comparisons be-

tween observed values of the complex wave speed, c∗, in the computational model and theoretical

predictions are displayed in Table 3.2. For both Reynolds numbers strong agreement between the-

oretical predictions of c∗ and DNS results is observed. The wave speed (c∗r ) is within 1.5% of its

predicted value for both Case V1 and V2. Similar to the work of Orszag and Kells (1980), the

growth of the disturbance amplitude demonstrates small deviation (less than 1%) with the linear

stability theory over the integration time 0 ≤ t ≤ 10 (see Table 3.2). The accuracy of the growth

rates and wave speeds gives confidence to the viability of this code for solving the unsteady in-

compressible Navier-Stokes equations for the simulation of wave propagating problems.

3.4 Scalability Results

Two test cases were used to assess the strong scaling capabilities of the code. Specifics re-

garding each case are presented in Table 3.3. Each simulation is integrated 200 steps forward in

time. The first 4 time steps display significant startup lag when compared with subsequent iter-

ations and are not considered in this analysis. Furthermore, time required to write the field to a

file is not considered in the scaling results. Both cases were run on the Kraken Cray XT5: peak

performance of 1.17 PetaFLOPs, 112,896 compute cores, 147 TB of compute memory.

Strong scaling describes the ability of a parallel code to decrease the wall-time for a prob-

lem of specific size. For each case, the size of the problem (or number of gridpoints) was held

constant while varying the number of processors assigned to the simulation. Figure 3.4 shows

scaling results for Case T1. The number of processors varies between 12 and 768 (multiples of 12
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Figure 3.4: Strong scaling for Case T1: Re = 400, 128 × 128 × 128, neutrally stratified. Timing
averaged over 196 iterations; startup effects are ignored. Dashed line, theoretical strong
scaling; solid line / circles, DNS results.

Approx. Gridpoints / Processor

Number of Processors

W
al

l
T

im
e

/
It

er
at

io
n

[s
ec

]

102 103 104

104105

10−1

100

101

102

Figure 3.5: Strong scaling for Case T2: Re = 1000, 512 × 512 × 256, unstably stratified. Timing
averaged over 196 iterations; startup effects are ignored. Dashed line, theoretical strong
scaling; solid line / circles, DNS results.

– 46 –



www.manaraa.com

S. B. WAGGY / NUM. METHOD AND PARALLELIZATION SCHEME

required for Kraken) and the corresponding number of mesh points per processor is displayed

along the top axis. Note that this is an approximate measure since the PETSc DA is left to deter-

mine how many nodes are assigned to each process. In general, the DA will work to balance the

load equally. The dashed line in Fig. 3.4 represents ideal strong scaling where the time required

is inversely proportional to the number of processors working on the problem. The results in Fig.

3.4 demonstrate strong scaling relatively consistently up until 384 processors are implemented.

The 768 process simulation shows a clear decrease in efficiency, a consequence of the increased

interprocess communication.

The strong scaling results for Case T2 are shown in Fig. 3.5. For this test the number of pro-

cessors was allowed to vary between 300 and 9600. The DNS diverges from ideal scaling near the

test cases with 2400 and 4800 processors. Although the test using 9600 processors converges faster

than the 4800 test, the variance from ideal strong scaling represents a decrease in efficiency. Per-

forming the simulation with 9600 as opposed to 4800 cores is a less efficient use of computational

resources.

As demonstrated by the above examples, the number of processors will change between

runs based on the overall problem size. It would seem that the number of variables per processor is

a more logical choice for assessing scalability. Comparing the results from Case T1 and T2 (Fig. 3.4

and 3.5 respectively), the number of processors assigned to the task varies greatly. However, the

top axis of each plot represents the number of unknowns per process. Both cases show divergence

from ideal strong-scaling near 10000 unknowns per process. Decreasing the number of unknowns

beyond this point causes a clear loss in efficiency. Based on the results from Fig. 3.4 and 3.5,

the user should allocate no less than 14000 unknowns (meshpoints) per processor to ensure an

efficient simulation.

Improving the efficiency of the code and decreasing the time required per iteration depends

upon optimizing the most computationally expensive portion of the code. Monitoring the time

required to perform each operation demonstrates the amount of effort spent at each step of the

– 47 –



www.manaraa.com

S. B. WAGGY / NUM. METHOD AND PARALLELIZATION SCHEME

Com
pute

Exp
lic

it
Te

rm
s

Com
pute

Fra
c.

Vel
oci

ty

So
lv

e
N

ew
Te

m
per

at
ure

D
iv

. of Fra
c.

Vel
oci

ty

So
lv

e
Pse

udo-P
re

ss
ure

So
lv

e
U

pdat
ed

Vel
oci

ty

F
ra

ct
io

n
o

f
T

o
ta

l
C

o
m

p
u

ta
ti

o
n

0

0.2

0.4

0.6

0.8

1

Figure 3.6: Computational Effort for Case T2: Re = 1000, 512 × 512 × 256, unstably stratified.
Results averaged over 300 ≤ Nprocs ≤ 9600.

code. A comparison of routines is provided in Fig. 3.6 for Case T2; as before, startup routines

have been ignored since these represent a one-time expense and should be small when compared

with the total run. The results have been averaged over the seven different parallel simulations.

The chart clearly demonstrates that the solution of φ is by far the most computationally expensive

portion of the code accounting for 75% of the total computational time. Due to the stiffness of the

problem, the number of iterations required to solve the linear system given by Eq. 3.1.16 dramat-

ically increases over the time required to solve for the velocity and temperature field (Eq. 3.1.7).

While the GMRES algorithm decreased the residual of the velocity and temperature equation by

over 5 orders of magnitude in as little as 10 iterations, the pseudo-pressure equation converges

much slower. Figure 3.7 demonstrates a typical convergence curve for solving φ. Note that for

a given solution procedure (such as GMRES) it is possible to decrease the time required to solve

the pseudo-pressure equation by relaxing the convergence criteria. Of course, because this crite-

ria directly affects the residual divergence of the velocity field, it must be selected such that the
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Figure 3.7: Example solution of pseudo-pressure (φ) using GMRES algorithm for Case T1. Resid-
ual normalized by initial value.

magnitude of the quantity remains small. For the simulations presented in this dissertation,

∣
∣
∣

∣
∣
∣∇ · un+1

i

∣
∣
∣

∣
∣
∣ < 10−5 (3.4.1)

3.5 Recommendations

The code exhibits good strong scaling over a finite range of unknowns per processor. It is

recommended that the number of meshpoints per process is kept at 14000 or above to maintain

computational efficiency.

The use of finite differences in the lateral directions does not impose a 2n requirement con-

cerning the number of meshpoints and allows for nonuniform spacing in all directions which is

especially important if periodic sidewall boundary conditions are replaced by solid boundaries

(e.g. duct flow). Furthermore, only slight modifications are required to address other problems

including spatially evolving transition problems that require non-periodic inflow/outflow bound-

ary problems.
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Future improvements are aimed at decreasing the computational cost of each simulation.

Attention should be paid to finding a suitable preconditioner for the GMRES algorithm. This

could substantially reduce the computational effort required to solve for each time step. Also,

storage savings can be realized by coarsening the mesh in the lateral (x1/x2) directions away from

the wall. In much the same manner that the vertical mesh is stretched, a step-wise resolution

change for the horizontal directions will reduce the total number of unknowns. Finally, the simu-

lation currently advances forward in time using a constant ∆t. A variable time-stepping algorithm

would require fewer steps (and less resources) to reach a predetermined convergence criteria.

Although the code has recently been running on the Kraken supercomputer at the Univer-

sity of Tennessee (and previously on Frost at NCAR), the initial development and debugging was

performed on a personal PC. The PETSc libraries (Balay et al., 2010) are widely available, well

supported, and have proven to be easy to implement.
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CHAPTER 4

TURBULENT EKMAN LAYER: NEUTRAL STRATIFICATION

The ABL typically exhibits either unstable or stable stratification during daytime or night-

time hours respectively. Neutral stability of the ABL is a rare occurrence and usually occurs as

a transient state between the unstable and stable stratifications (or vice-versa). Nevertheless, the

neutrally stratified turbulent Ekman layer allows a unique look into the dynamics of the ABL if

thermal forcing is removed. Without buoyant forcing, turbulence in the neutral Ekman layer is

generated by mean shear alone. The flow field is unique, however, from turbulent flows without

system rotation. As will be demonstrated, the Coriolis effect due to rotation generates a three-

dimensional mean velocity field. This results in energy production in both horizontal components.

Like the laminar case, the turbulent Ekman layer still represents a balance between pressure

gradient, Coriolis forces, and shear stresses. Given a high enough Reynolds number, the flow will

transition to turbulence when perturbed. Previous studies have indicated that turbulence in the

Ekman layer occurs at Reynolds numbers as low as Re = 400 (Coleman et al., 1990, Marlatt, 1994).

Turbulence in the boundary layer resulted in significant vertical growth of the mean velocity.

Furthermore, the three-dimensional nature of the mean flow generates complex inter-component

velocity interactions.

Although neutral stratification is a rare occurrence in atmospheric flows, it is frequently

achieved in wind tunnel experiments. Recent wind tunnel studies have analyzed the wake of

a wind turbine under neutral stratification (Chamorro and Porté-Agel, 2009, 2010). The LES of



www.manaraa.com

S. B. WAGGY / TURB. EKMAN LAYER: NEUTRAL STRATIFICATION

Porté-Agel et al. (2010) studies how accurately different models represent actual turbine wake

dynamics. Both Calaf et al. (2010) and Johnstone and Coleman (2012) model the fully-developed

(infinite) wind turbine array using LES and DNS respectively.

To better compare neutrally stratified results with wind farm effects, a thorough analysis

of the neutrally stratified Ekman boundary layer is presented here as a baseline for comparison.

Details concerning the setup of the computation are provided in §4.1, mean flow statistics are pre-

sented in §4.2, and turbulent kinetic energy budgets are analyzed in §4.3. The characteristic shape

of velocity and pressure structures in the turbulent Ekman layer are discussed in §4.4. Finally, an

analysis of the popular k − ε closure model is provided in §4.5.

4.1 Simulation Specifications

The turbulent Ekman layer simulation was initialized using the laminar Ekman layer veloc-

ity profile given in Eq. 2.5.2. Geostrophic balance was assumed and the mean pressure gradient

was set by Eq. 2.5.3 with a Reynolds number of Re = 1000. Random disturbances – with a

strength of ∆ = ±0.1 – were added to the laminar velocity profile to trip the flow to turbulence.

So as to save computational resources, the flow was initialized on a horizontally coarse mesh. The

velocity field was subsequently interpolated onto a finer and finer mesh until no buildup of en-

ergy occurred at the highest wavenumbers. The final mesh had a resolution of 512 × 512 × 256

corresponding to the x, y, and z directions respectively. At this resolution, an artificial dissipation

coefficient (see Eq. 3.1.26) of β = 0.05 was sufficient to ensure stability. The Rayleigh friction had

a maximum strength of αr f ,max = 0.01 with zr f /Lz = 5/6.

Domain parameters (in terms of the turbulent depth δ, see §4.2.1) are given in Table 4.1 along

with a comparison with a similar DNS study of Miyashita et al. (2006). It is clear that the mesh

spacing and domain size are comparable to other Ekman layer DNS studies. Furthermore, DNS of

Ekman layer turbulence at Re = 400 showed that the majority of the largest turbulent structures
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Table 4.1: Case A Domain Parameters

NEW Miyashita et al. (2006)

Re 1000 1140
Ro 500 570

Lx/δ = Ly/δ 2.08 1.92
Nx = Ny 512 512

∆x+ = ∆y+ 5.48 6.60
Lz/δ 2.31 1.92
Nz 256 512

∆z+min 0.477 0.147

are captured when Lx and Ly are greater than 2δ (Waggy et al., 2011). The time step which allowed

for stability to be maintained was ∆tUg/δE = 0.01 or ∆t f = 2 × 10−5.

Once the final grid resolution was reached, the flow was integrated until a statistical steady

state was reached based on the maximum turbulent kinetic energy and the surface friction velocity.

The maximum turbulent kinetic energy is given by

Emax =
1

2

〈
u′u′ + v′v′ + w′w′〉

∣
∣
∣
∣
max

(4.1.1)

where 〈·〉 denotes an average over horizontal planes. Thus, Emax is the maximum turbulent energy

in the field at some distance from the wall z. The change of Emax with time is shown in Fig. 4.1

where t f = 0 corresponds to the start of the averaging period (after a statistical steady state had

been reached). Given that the inertial time period of the flow field is f , an integration window

of 0 ≤ t f ≤ 0.8 captures almost a full inertial time period. Over the period t f = 0.8, 200 flow

realizations were captured for analysis.

The friction velocity u∗ is given by (Pope, 1993)

u∗ =
√

τw

ρ
(4.1.2)

and τw is the total shear stress at the wall. Note that τw is a function of both the streamwise and

spanwise velocity components. In dimensionless form, the friction velocity u∗/Ug is given by

u∗
Ug

=




1

Re

〈√(
∂u

∂z

)2

+

(
∂v

∂z

)2
〉



1/2

(4.1.3)

– 53 –



www.manaraa.com

S. B. WAGGY / TURB. EKMAN LAYER: NEUTRAL STRATIFICATION

t f

E
m

ax

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
0.011

0.012

0.013

Figure 4.1: Time variation of maximum kinetic energy for Case A over averaging period.

or

u∗
Ug

=

[
1

Re

d

dz

√

〈u〉2 + 〈v〉2
]1/2

(4.1.4)

Both Eq. 4.1.3 and 4.1.4 are valid and give comparable results. As u∗ is an averaged quantity,

the friction velocity is only a function of the mean velocity field. The solid line in Fig. 4.2 shows

the results from the DNS over the averaging window; the dashed line indicates the mean value

of u∗/Ug = 0.0520 computed by averaging the 200 realizations over the time period. The mean

value is within 4% of other Re = 1000 neutral Ekman layer simulations (see Table 4.2).

As with the friction velocity, the surface shear angle α0 is computed by averaging the local

shear angle spatially or computing the mean shear angle based on the mean velocity profiles:

α0 =

〈

tan−1

(
∂v/∂z

∂u/∂z

)〉

(4.1.5)

or

α0 = tan−1

(
d 〈v〉 /dz

d 〈u〉 /dz

)

(4.1.6)

Table 4.2: Friction Velocity and Shear Angle Comparison for Case A

Case Re u∗/Ug α0 (deg)

A 1000 0.0520 18.56
Coleman (1999) 1000 0.0539 19.00

Miyashita et al. (2006) 775 0.0561 21.2
Miyashita et al. (2006) 1140 0.0520 19.4

Spalart et al. (2008) 1000 0.0535 19.36
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Figure 4.2: Time variation of friction velocity for Case A over averaging period. Mean friction
velocity denoted by dashed line: u∗/Ug = 0.052.

The shear angle shown in Fig. 4.3 was computed via Eq. 4.1.5. The time series show fluctuations

about the mean α0 = 18.56 ◦ as large as 0.7 ◦. The Re = 1000 cases of Coleman (1999) and Spalart

et al. (2008) both demonstrate slightly higher surface shear angles. The deviation may be due, in

part, to the size of the sampling window used for this case.

4.2 Mean Flow Statistics

Spatially and temporally averaged statistics were computed from the 200 flow realizations

saved over the time period shown in Figs. 4.1-4.3. To accomplish this, the velocity field at some

instance in time can be broken down into the sum of a mean and fluctuating velocity component

ui = 〈ui〉+ u′
i (4.2.1)

where 〈ui〉 is the instantaneous mean component and u′
i = ui − 〈ui〉 is the fluctuating component.

The instantaneous mean velocity 〈ui〉 can then be temporally averaged to yield 〈〈ui〉〉. The double

bracket 〈〈·〉〉 denotes a time average (over the period t f = 0.8) of a quantity that has been spatially

averaged over the horizontal planes. For convenience, the temporal and spatial averaged will be

denoted (·) = 〈〈·〉〉. This convention of using angle brackets to denote a spatial average and the

overbar to denote an addition temporal average will be used throughout the dissertation unless
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Figure 4.3: Time variation of surface shear angle for Case A over averaging period. Mean shear
angle denoted by dashed line: α0 = 18.56 ◦.

otherwise noted. Mean velocities ui will be denoted with a capital letter:

Ui = ui (4.2.2)

Since the turbulent Ekman layer is not a spatially evolving flow (the boundary layer does not

grow), spatial and temporal averaging are applicable. The wall-normal mean velocity component

W is effectively zero: max (W) < 10−10.

4.2.1 Mean velocity profile

The mean velocity field for Case A is shown in comparison with the laminar solution in Fig.

4.4. The mean profile demonstrates growth in the vertical direction due to turbulent mixing. In

the near wall region, the gradient of the mean velocity increases. The vertical coordinate in Fig.

4.4 has been normalized by the turbulent depth δ:

δ = u∗/ f (4.2.3)

Blackadar and Tennekes (1968) proposed a velocity-defect law for neutrally barotropic planetary

boundary layers such that the velocity-defect is Reynolds number independent and a function of

(z/δ) only, specifically,

U − Ug

u∗
= Fu

( z

δ

)

(4.2.4a)
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Figure 4.4: Mean velocity profile. Solid line, Re = 1000; dashed line, laminar.

V − Vg

u∗
= Fv

( z

δ

)

(4.2.4b)

where Fu and Fv are universal functions. The velocity-defect is shown in Fig. 4.5 after rotating the

mean velocity to align with the surface shear angle α0. These results are shown in comparison with

the experimental work of Caldwell et al. (1972) and the Re = 400 Ekman simulation of Marlatt

(1994). For the rotated V velocity component in Fig. 4.5(b), the agreement between the three sets

of data is good. Both the Re = 400 and Re = 1000 DNS fall within the range of experimental

data. However, less agreement is noted for the rotated U component. The current DNS velocity-

defect falls outside of the experimental work. Although the Re = 400 shows agreement near

z/δ = 0.1, the Case A results show closer agreement to experimental work in the near-wall region.

Furthermore, it appears the high Reynolds number DNS if offset from Caldwell’s work by a factor

of approximately 2.5 over the range 10−2 ≤ z/δ ≤ 10−1. While the data do not directly confirm

or invalidate the existence of universal functions Fu and Fv, the characteristic scale δ appears to be

the appropriate length scale for the neutrally stratified turbulent Ekman layer. As such, it will be

used frequently in scaling the spatial coordinates for the neutrally stratified case.

The velocity hodograph for Case A is shown in comparison with the characteristic laminar
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Figure 4.5: Case A velocity-defect. (a) U, (b) V. Note that the coordinates axes have been rotated
for both figures such that U is aligned with the surface shear direction. Solid line, DNS
at Re = 1000; dashed line, DNS at Re = 400 (Marlatt, 1994); error bars, range of data in
Ekman experiment (Caldwell et al., 1972).
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Figure 4.6: Case A velocity hodograph. Solid, Re = 1000; dashed, laminar Ekman spiral.

Ekman spiral in Fig. 4.6. The shear angle at the surface is decreased with the onset of turbulence

and continues to decrease with an increase in Re (Marlatt et al., 2010, Miyashita et al., 2006). It is

believed the kink seen at the top of the boundary layer for the Re = 1000 data is a consequence of

the averaging window used. Since length and time scales increase with distance from the wall, it

is speculated that the curve would maintain a smooth curl if a larger sample was used.

In order to better compare the turbulent Ekman boundary layer with other turbulent flows

it is beneficial to plot the results in terms of the wall units

u+ =
u

u∗
(4.2.5)

and

z+ =
zu∗
ν

(4.2.6)

In terms of dimensionless variables, these can be written as

u+ =
u/Ug

u∗/Ug
(4.2.7)

and

z+ =
z

δE

u∗
Ug

Re (4.2.8)

Given the three-dimensional nature of the Ekman flow it is important to account for both the U
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Figure 4.7: Mean velocity profile in terms of wall units. Solid,DNS data; dashed, Q+ = z+ for
z+ < 10 and Q+ = 1/κ ln (z+) + B for z+ > 10. κ = 0.41 and B = 5.2.
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Figure 4.8: Calculated value of von Kármán ‘constant’. Dashed line indicates κ = 0.41.
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and V velocity components. Here a total velocity Q is defined as

Q =
√

U2 + V2, (4.2.9)

or, in terms of wall units,

Q+ =

√

(U+)2 + (V+)2 (4.2.10)

Figure 4.7 gives Q+ as a function of z+. Note that Q+ is accurately represented in the near-wall

region by Q+ = z+ for z+ ≤ 5. At this Reynolds number a log-law region develops and appears

to be well approximated by Q+ = (1/κ) ln (z+) + B where the Kármán constant is taken to be

κ = 0.41 and B = 5.2. A more precise measure of the Kármán constant is evaluated using

κ =
d (ln z+)

dQ+
(4.2.11)

Figure 4.8 shows the ‘constant’ over the logarithmic region where κ exhibits nearly constant be-

havior over approximately a half decade of z+. This agrees with previously published results for

comparable Reynolds numbers (Miyashita et al., 2006, Spalart et al., 2008). Comparing with the

widely accepted value of κ = 0.41, the computed κ from the DNS appears to be slightly higher

with the constant closer to κ = 0.44.

4.2.2 Second-order Moments

The importance of the fluctuating velocity component u′
i is clearly evident in the Reynolds-

averaged Navier-Stokes equations (RANS, see App. A) where the governing equation for the

mean flow Ui is independent of fluctuating components except for the term ∂u′
iu

′
j/∂xj. The sec-

ond order moments of the fluctuating velocity components are termed Reynolds stresses where

the product of aligned velocity components (u′u′, v′v′, and w′w′) represent normal stresses and

the cross-correlated products (u′v′, u′w′, and v′w′) are shear stresses. Furthermore, the turbulent

kinetic energy of the turbulent field k is given by the sum of the normal Reynolds stresses:

k =
1

2

(
u′u′ + v′v′ + w′w′) (4.2.12)
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Normal Reynolds stresses for Case A are shown in Fig. 4.9. Each stress component reaches

a maximum at slightly different distances from the wall. The streamwise Reynolds stress u′u′

reaches a maximum below the start of the log-law region at approximately z/δ ≈ 0.011 (z+ ≈ 15).

A ‘hump’ which can be seen in u′u′ – Fig. 4.9(b) – is also noted in the Re = 775 and Re = 1140

results of Miyashita et al. (2006). The strength of this artifact has been found to increase with an

increase in Reynolds number until a local maximum becomes present for both pipe flow (Morrison

et al., 2004) as well as flat-plate boundary layers (Marusic and Kunkel, 2003). v′v′ peaks at a

magnitude less than 1/3 that of u′u′ at z/δ ≈ 0.023 (z+ ≈ 29). For 0.25 < z/δ < 0.7 (350 <

z+ < 800), v′v′ is the dominant stress. This region corresponds to the location where U reaches a

maximum and dU/dz is nearly zero. Like the streamwise normal stress, v′v′ displays an inflection

(arguably more prominent than u′u′) above z/δ > 0.1. The location relative to the streamwise

inflection is further from the wall and corresponds to a region of the flow where the gradient of

the mean spanwise velocity is nearly constant. The effect of the wall is very pronounced in the

w′w′ profile as growth of vertical Reynolds stresses is heavily suppressed. Only when z+ > 50

is the magnitude of w′w′ within a factor of two of either horizontal energy component. Unlike

the streamwise and spanwise normal Reynolds stresses, the vertical stress does not display as

prominent of an inflection.

Computing k from Eq. 4.2.12 for Case A gives the distributions shown in Fig. 4.10. The

maximum turbulent intensity is found at z/δ = 0.012, very near the location of maximum u′u′

(which is expected given that the streamwise Reynolds stress is the dominant term in the near

wall region). Unlike the streamwise component which displays inflections in the middle region of

the boundary layer, k is well represented by k/u2
∗ = − ln (z/δ) for 0.02 ≤ z/δ ≤ 1. From Fig. 4.7

and 4.10(b) it appears that both the mean velocity and turbulent kinetic energy may be governed

by some form of log-law outside of the near-wall region for low Reynolds number flows.

Reynolds shear stresses (Fig. 4.11) are defined by −u′
iu

′
j when i 6= j. The convention of

showing the negative of the shear stress stems from the fact that a negative stress, in association
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Figure 4.9: Normal Reynolds stresses: solid line, u′u′; dashed line, v′v′; dotted line, w′w′. Note
that repeated indices do not imply a summation.
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Figure 4.10: Turbulent kinetic energy for Case A: solid line, DNS; dashed line, k/u2
∗ = − ln (z/δ).
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with a positive velocity gradient, will produce (rather than destroy) turbulent energy. The largest

contribution in the near-wall region comes from −u′v′. A minimum at z/δ = 0.009 (z+ ≈ 12)

is comparable to the magnitudes of the normal Reynolds stresses presented in Fig. 4.9. Contri-

bution by −u′v′ Reynolds shear stress is caused by rotation and is not observed in nonrotating

flows (Mansour et al., 1988); even at Re = 400, Marlatt et al. (2010) demonstrated the significant

contribution of −u′v′ to the energy budgets for the Ekman layer. Accordingly, −u′v′ does not con-

tribute turbulent kinetic energy production and simply provides a means of redistributing energy.

The −u′w′ term remains positive for the majority of the boundary layer indicative of turbulence

kinetic energy production by means of sweeps and ejections. Similar behavior was noted for the

Re = 400 turbulent Ekman layer (Marlatt et al., 2010). The −v′w′ term shows a small positive

region near the wall before switching signs at z+ ≈ 58. The point of crossover roughly correlates

with the sign change of −u′v′.

4.2.3 Third and Fourth-order Moments

The Reynolds-averaged Navier-Stokes equations give rise to 6 second-order moments that

must be modeled in order to close the system of equations. If an attempt is made to derive a

governing equation for the u′
iu

′
j terms, third-order moments appear. The dependence of order

n moments on those of order n + 1, or mn = f
(
mn+1

)
, represents an infinite regression. This

phenomena, first recognized by Keller and Friedmann (1924), represents the ‘closure problem’ of

turbulence: how do the fluctuating velocity components relate to the mean?

Here several higher-order velocity statistics are calculated. The third-moment of a velocity

component normalized by the cube of the root-mean-square of the fluctuating velocity component

is termed the skewness:

Sui
=

u′
iu

′
iu

′
i

(

u′
iu

′
i

)3/2
(4.2.13)

Note that no summation is implied by repeated indices and that, by definition, the skewness is

a dimensionless quantity. The skewness provides a measure of the frequency at which either
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Figure 4.11: Shear Reynolds stresses for Case A: solid line, −u′w′; dashed line, −v′w′; dotted line,

−u′v′.
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positive or negative extreme events occur in the fluctuating velocity field. A positive skewness

indicates that large amplitude positive fluctuations are more likely to occur than negative fluctua-

tions of a similar strength (Tennekes and Lumley, 1972). Zero skewness implies that extreme high

or low-momentum events are equally likely to take place.

The skewness for Case A is shown in Fig. 4.12. All three velocity components show a

positive skewness in the very near wall region where high speed streaks and vertical bursts are

evident (see §4.4). The skewness of the wall-normal velocity (Sw) changes sign between 0.003 <

z/δ < 0.023 (4.1 < z+ < 31.1) and then remains positive with Sw ≈ 0.5 throughout the boundary

layer. The streamwise skewness Su remains negative between 0.01 < z/δ < 0.75 with minima at

z/δ = 0.023 and z/δ = 0.42. The minimum skewness Su ≈ −0.8 at z/δ ≈ 0.42 matches closely

with the location of maximum streamwise velocity (see Fig. 4.4). It is interesting to note a local

maximum in the vertical skewness at the same height as the minimum in Su. This suggests the

existence of strong ejections ( +w′, −u′) where ∂U/∂z = 0. The spanwise velocity skewness Sv

is positive for the majority of the boundary layer, and, interestingly, the crossover from positive

to negative skewness occurs at the same location as the crossover for Su (z/δ = 0.75). Moreover,

the point where Sv = Su = 0 corresponds to the minimum in the spanwise velocity profile where

∂V/∂z = 0. The maximum spanwise skewness of Sv = 0.86 is located at the point where V = 0.

The kurtosis – or ‘flatness’ (Tennekes and Lumley, 1972) – represents the normalized fourth-

order moment of the velocity components:

Kui
=

u′
iu

′
iu

′
iu

′
i

(

u′
iu

′
i

)2
(4.2.14)

As with the skewness, the kurtosis is a normalized function and gives an estimate for the fre-

quency at which extreme events occur. However, Kui
will always be positive since the order of the

moment is even. A high value of kurtosis (K > 3) indicates a high probability of small fluctuations

about the mean coupled with an increase in extreme events (large positive or negative fluctuat-

ing velocities) with respect to a Gaussian distribution. A low kurtosis (K < 3) signifies a flatter

distribution with respect to the Gaussian. The flatness of the Gaussian distribution is K = 3.
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Figure 4.12: Velocity skewness for Case A: solid line, Su; dashed line, Sv; dotted line, Sw.
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Figure 4.13: Velocity kurtosis (flatness) for Case A: solid line, Ku; dashed line, Kv; dotted line, Kw.
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Figure 4.13 shows the kurtosis for the three velocity components. The very near-wall region

is characterized by large kurtosis for all three components (Ku = 5.46, Kv = 9.73, and Kw = 39.60

at z+ = 0.4767). The very large value of Kw is a consequence of being oriented in the wall-normal

direction. The streamwise kurtosis decreases to a minimum of Ku = 2.3 at z+ = 12.9. Apart from

two inflections near z/δ ≈ 0.1 and z/δ ≈ 0.5 the streamwise kurtosis increases until a maximum

flatness of Ku = 5.815 is reached near z/δ = 0.7. The spanwise kurtosis is greater than 3 for the

majority of the boundary layer indicating a high probability for low amplitude fluctuations and

localized outbursts of high amplitude fluctuations. The vertical kurtosis (apart from the near wall

region) increases until all three components of kurtosis share the same peak at z/δ ≈ 0.7.

Given that the skewness and kurtosis are high-order moments, statistical convergence is

harder to obtain than the second-order statistics. This is clearly evident in the small fluctuations

occurring in the data sets presented in Fig. 4.12 and 4.13. Furthermore, these statistics are difficult

to measure accurately in the ABL due to data noise and sampling constraints (Lenschow et al.,

1994, 2000). Recent research has been conducted concerning different methods of modeling the

velocity kurtosis as a function of the velocity skewness (Sattin et al., 2009, Schopflocher and Sulli-

van, 2005). Tampieri et al. (2000) and Alberghi et al. (2002) evaluate wind tunnel and sodar data

respectively to determine a value of α such that

Kui
= α

(
S2

ui
+ 1
)

(4.2.15)

The quadratic relationship given in Eq. 4.2.15 was first proposed by Mole and Clarke (1995) and

it can be shown that α = 1 is the lower limit of the relationship (J. Ernest Wilkins, 1944). For the

purely shear driven flows, Tampieri et al. (2000) proposed α = 2.3 for the streamwise velocity and

α = 3.3 for vertical velocity. Figures 4.14 – 4.16 show plots of kurtosis versus skewness below

z+ < 600 (this covers the viscous sublayer, buffer region, and log-law region).

From Fig. 4.14 it is clear that the approximation of kurtosis as the square of the skewness is

good. While α = 2.3 does well at capturing the very near-wall region, a better approximation of

the log-law regime is characterized by α = 2.6. The largest deviation from the parabolic profiles
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Figure 4.14: Skewness vs. Kurtosis for streamwise velocity component, Case A: solid line, DNS
(z+ < 600); dashed line, α = 2.6; dotted line, α = 2.3. Arrow indicates increasing z.
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Figure 4.15: Skewness vs. Kurtosis for spanwise velocity component, Case A: solid line, DNS
(z+ < 600); dashed line, α = 2.3; dotted line, α = 3.3; dash-dot line, α = 3. Arrow
indicates increasing z.
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Figure 4.16: Skewness vs. Kurtosis for vertical velocity component, Case A: solid line, DNS (z+ <

600); dashed line, α = 3.3; dotted line, α = 2.7. Arrow indicates increasing z.

occur at the near-wall inflection that occurs in both the kurtosis and skewness. These inflections

manifest themselves in Fig. 4.14 as the closed loop. Regardless, the α = 2.6 model still does a de-

cent job of predicting the kurtosis based on the skewness of the streamwise velocity. The excellent

agreement noted with the streamwise velocity component between the model and DNS is less ev-

ident for the spanwise component. Much of the data is bounded within the curves set by α = 2.3

and α = 3.3. The kurtosis through the log-law region does not appear to be a parabolic function of

the skewness. Tampieri et al. (2000) note that α = 3.3 for the vertical velocity component in a shear

driven flow field. The data shown in Fig. 4.16 demonstrates that this value is too high outside of

the near-wall region. A better estimate to the data is given by α = 2.7, which is in agreement with

the estimate α = 2.4 ± 0.3 given by Alberghi et al. (2002) for the convective boundary layer.
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4.3 Turbulent Kinetic Energy Budgets

The RANS equations are heavily dependent upon the second-order Reynolds stresses u′
iu

′
j.

Equations governing the dynamics associated with these terms can be developed from the mo-

mentum equation for the fluctuating component (see Appendix B). The resulting budget accounts

for energy redistribution among various energy sources and sinks. Equation 4.3.1 gives the gen-

eral form of energy budget for the three variance (normal stress) and three covariance (shear stress)

terms.

∂u′
iu

′
k

∂t
︸ ︷︷ ︸

0

= 0 = −Uj

∂u′
iu

′
k

∂xj
︸ ︷︷ ︸

I

+u′
iθ

′
vδk3 + u′

kθ′vδi3
︸ ︷︷ ︸

II

−u′
iu

′
j

∂Uk

∂xj
− u′

ku′
j

∂Ui

∂xj
︸ ︷︷ ︸

III

−
∂u′

iu
′
ju

′
k

∂xj
︸ ︷︷ ︸

IV

− 2

Re

∂u′
i

∂xj

∂u′
k

∂xj
︸ ︷︷ ︸

V

+
1

Re

∂2u′
iu

′
k

∂xj∂xj
︸ ︷︷ ︸

VI

+p′
(

∂u′
i

∂xk
+

∂u′
k

∂xi

)

︸ ︷︷ ︸

VII

−∂u′
i p

′

∂xk
− ∂u′

k p′

∂xi
︸ ︷︷ ︸

VIII

+
1

Ro

(

εkj3u′
iu

′
j + ε ij3u′

ku′
j

)

︸ ︷︷ ︸

IX

(4.3.1)

The ten terms which make up the energy budget are (0) temporal variation; (I) advection by

mean shear, Ai,k; (II) buoyant production of turbulent energy, βi,k; (III) production by mean shear

stresses, Pi,k; (IV) transport via turbulent diffusion, Ti,k; (V) viscous dissipation, ε i,k; (VI) molecular

diffusion, Di,k; (VII) pressure strain, Φi,k; (VIII) pressure diffusion, Θi,k; and (IX) Coriolis redistri-

bution, Ci,k.

For the statistically-steady, neutrally-stratified, and horizontally-homogeneous turbulent

Ekman layer, some simplifications to Eq. 4.3.1 are relevant. Temporal variation of the Reynolds

stress (term 0) is assumed to be zero since the solution has reached a quasi-steady state. Further-

more, the enforcement of periodicity in the spanwise and streamwise directions ensures that no

mean gradients exist in either direction: ∂/∂x = ∂/∂y = 0. Given that the wall-normal mean

– 72 –



www.manaraa.com

S. B. WAGGY / TURB. EKMAN LAYER: NEUTRAL STRATIFICATION

velocity W = 0, the advection by mean shear Ai,k = 0 for all i and k. Finally, neutral stratification

dictates that no buoyant forcing occurs, thus, βi,k = 0.

The seven remaining terms in the energy budget were computed for each Reynolds stress

term and are presented in the following sections. Due to the absence of buoyant forcing, the pro-

duction by mean shear, Pi,k is the only means of producing turbulent kinetic energy. The driving

force behind production is the gradient in the mean velocity profile, without which, the turbulent

kinetic energy will decay. Destruction of turbulent kinetic energy is accomplished only through

viscous dissipation, ε i,k. The five remaining terms in the energy budget (Ti,k, Di,k, Φi,k, Θi,k,

and Ci,k) account for both redistribution as well as energy transport between various Reynolds

stresses. Diffusion of turbulent energy is accomplished through three distinct mechanisms: pres-

sure, molecular, and turbulent diffusion. At high Reynolds number, the diffusion by molecular

interactions is typically orders of magnitude smaller than diffusion by turbulent motions (Ten-

nekes and Lumley, 1972). This is a consequence of the fact that Di,k occurs at a much smaller

length scale than Ti,k. For the relatively low Reynolds number presented here, both terms prove

important. The pressure diffusion and pressure strain terms can be combined into a single term

which accounts for all pressure effects:

−u′
k

∂p′

∂xi
− u′

i

∂p′

∂xk
= p′

(
∂u′

i

∂xk
+

∂u′
k

∂xi

)

− ∂u′
i p

′

∂xk
− ∂u′

k p′

∂xi
(4.3.2)

or

Πi,k = Φi,k + Θi,k (4.3.3)

The pressure strain term is commonly referred to as the return-to-isotropy component. A summa-

tion over all three normal Reynolds stresses is zero through application of the continuity equation

(i.e. Φi,i = 0). Therefore, pressure strain acts as an avenue through which energy is redistributed

between normal stresses. Like Φi,i, the sum of the normal components of Coriolis redistribution is

also zero: Ci,i = 0.
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4.3.1 Variance Budgets

The kinetic energy budgets for the three velocity variances, u′u′, v′v′, and w′w′ are presented

in Fig. 4.17, 4.18, and 4.19 respectively. All terms have been nondimensionalized by u3
∗/δ. The

majority of the boundary layer 0.05 ≤ z/δ ≤ 1 is shown in the top panel; the bottom plot provides

details in the near wall region.

Streamwise Variance Budget: u′u′

The variance budget for the streamwise turbulent kinetic energy highlights the presence of

production by mean shear. P1,1 peaks near z+ = 11.5, closely matching the Re = 400 results

of Marlatt et al. (2010) who note peak production at z+ ≈ 12. This location correlates closely

with the location of the maximum u′u′ as shown in Fig. 4.9(b). Production decreases steadily

until the gradient of the mean velocity changes sign, at which point, the production acts as a

sink. Meanwhile, dissipation acts as the primary sink throughout the boundary layer. The small

inflection in ε1,1 near z+ ≈ 10 is also evident other neutral Ekman (Marlatt et al., 2010) and channel

flow (Mansour et al., 1988) simulations. It seems the rate of dissipation is reduced due to the

increased transport through both turbulent and molecular diffusion. The ability of these terms to

transfer energy away from the region of peak production relaxes the dissipation rate necessary to

maintain balance.

The maximum dissipation at the wall is matched by the small-scale molecular diffusion

which transfers energy away from regions of high production and towards the wall. While turbu-

lent diffusion also plays a minor role in moving energy to the wall, T1,1 is largely responsible for

transporting energy upwards into the boundary layer.

Pressure diffusion is not present in the budget equation for u′u′ given the assumption of

horizontal homogeneity. Consequently, pressure effects manifest themselves only through the

return-to-isotropy term which attempts to restore isotropic balance to the flow field. Given that
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Figure 4.17: Case A turbulent kinetic energy budget for u′u′ component. Production, solid; tur-
bulent diffusion, dashed; pressure strain, dot-dash; molecular diffusion, solid circle;
viscous dissipation, open circle; Coriolis redistribution, square. All terms have been
normalized by u3

∗/δ.

– 75 –



www.manaraa.com

S. B. WAGGY / TURB. EKMAN LAYER: NEUTRAL STRATIFICATION

the streamwise variance is the major producer of turbulent kinetic energy, it is no surprise that

pressure strain acts as a sink when z/δ < 0.3. This confirms that u′u′ is supplying energy to

the other variance terms. For z/δ > 0.3, Φ1,1 and T1,1 are the main suppliers of energy for the

streamwise turbulent kinetic energy component. Coriolis redistribution is negligible in the near

wall region and plays only a minor role in the far-field; the negative value indicates that energy is

being redistributed to v′v′ through −u′v′.

Spanwise Variance Budget: v′v′

The budget for the v′v′ velocity variance is shown in Fig. 4.18. Like the streamwise bud-

get, a nonzero mean shear (∂V/∂z 6= 0) introduces energy production into the field. However,

production by mean shear is not the primary energy source in the near wall region for v′v′. The

peak production of P2,2 ≈ 27 occurs near the same location as the peak streamwise production,

z+ ≈ 10.1, although the strength of P2,2 is over an order of magnitude smaller than P1,1. At this

same distance from the wall, the return-to-isotropy term is Φ2,2 ≈ 89.2; this accounts for the trans-

port of energy from u′u′ into the spanwise Reynolds stress component. Away from the wall, a

second peak is noted in the production term at z/δ = 0.22. This corresponds to the location where

the amplitude of the spanwise velocity gradient is at a local maximum. At this distance from

the wall, P1,1 and P2,2 are comparable in magnitude. As the streamwise production decays faster,

spanwise production becomes the main turbulent energy source for z/δ > 0.22.

Energy dissipation is the dominant energy sink in the near-wall region of the boundary

layer. The nonzero dissipation at the wall is balanced by the downward transport of energy by

molecular diffusion. The inflection in ε2,2 is even more pronounced than that found in ε1,1. The

local minimum correlates well with the location where D2,2 is taking the most energy out of the

field. Pressure strain replaces dissipation as the dominant sink near the local maximum in pro-

duction near z/δ = 0.22. Since the P2,2 becomes the dominant source of energy for all variance

components, the return-to-isotropy term acts to provide energy to u′u′ and w′w′. In the work of
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Figure 4.18: Case A turbulent kinetic energy budget for v′v′ component. Production, solid; tur-
bulent diffusion, dashed; pressure strain, dot-dash; molecular diffusion, solid circle;
viscous dissipation, open circle; Coriolis redistribution, square. All terms have been
normalized by u3

∗/δ.
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Marlatt et al. (2010), dissipation remained the dominant energy sink and the effect of Φ2,2 was

less severe. At the increased Reynolds number, the return-to-isotropy term plays a much more

pronounced role in redistributing energy.

Apart from the downward transport of energy by D2,2 below z+ < 10, molecular diffusion

does not affect the v′v′ budget. Turbulent diffusion, T2,2 shows a slight sink near the wall at the

location of maximum production and return-to-isotropy. However, unlike the streamwise vari-

ance, very little of the energy is transported towards the wall. Instead, the energy is transported

upwards and energizes the regions between the two peaks in production, 0.026 < z/δ < 0.19. T2,2

also acts to transport energy upwards from the second peak in the production that occurs away

from the wall. The Coriolis term C2,2 is a mirror image of C1,1 as energy is gained by v′v′ at the

expense of u′u′. Comparing these results with those of Marlatt et al. (2010), it appears the increase

in Reynolds number decreases the importance of Coriolis redistribution.

Vertical Variance Budget: w′w′

The vertical variance budget is fundamentally different from either the streamwise or span-

wise budget as given in Fig. 4.19. The first notable difference is the absence of energy production

by mean shear. Furthermore, since rotation is aligned with the wall-normal direction, C3,3 = 0.

Finally, the pressure diffusion term is nonzero throughout the entire domain.

The primary source of energy for w′w′ comes from the two pressure transport terms, Φ3,3

and Θ3,3. Above z+ > 15 the return-to-isotropy pressure strain Φ3,3 acts to supply energy from

both the streamwise and spanwise variances. Judging by the other budgets, u′u′ is the prime

source when z/δ < 0.22 and v′v′ takes over when z/δ > 0.22. In the very near-wall region

(z+ < 15), pressure diffusion (Θ3,3) transports energy towards the wall from the overlying flow as

pressure strain (Φ3,3) then redistributes this energy to u′u′ and v′v′. This phenomena was referred

to as ‘splatting’ by Moin and Kim (1982) since the impingement of the vertical velocity on the

wall tends to energize the horizontal energy components. As shown in Fig. 4.20(c), the pressure
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Figure 4.19: Case A turbulent kinetic energy budget for w′w′ component. Turbulent diffusion,
dashed; pressure strain, dot-dash; pressure diffusion, diamond; molecular diffusion,
solid circle; viscous dissipation, open circle. All terms have been normalized by u3

∗/δ.
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Figure 4.20: Case A pressure transport terms: (a) u′w′, (b) −v′w′, (c) w′w′. Solid, total pressure
transport (Πi,k); dotted, pressure diffusion (Θi,k); dot-dash, pressure strain (Φi,k).
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strain and diffusion balance each other in the near wall region such that the total contribution

from pressure terms to the energy balance is small. Only when pressure strain becomes positive

at z+ > 12.5 does the energy gain from the pressure terms become substantial. Consequently, Π3,3

acts to supply energy throughout the entire boundary layer.

Molecular diffusion and turbulent diffusion are responsible for energizing the very near

wall region. T3,3 moves energy towards the wall from above z+ ≈ 22. It appears in Fig. 4.19 that

D3,3 then takes energy from T3,3 and Π3,3 and transports it down to the wall. In the very near-wall

region, molecular diffusion is the only process supplying energy to the flow field, hence, the small

amplitude of the Reynolds stress (see Fig. 4.9).

Dissipation is the dominant sink throughout the domain for w′w′ and balances the pressure

terms. Unlike the previous various budgets, ε3,3 = 0 at the wall.

4.3.2 Covariance Budgets

Though the velocity variance terms are directly responsible for the turbulent kinetic energy

of the field, the covariances are primary contributors to the production of kinetic energy through

Pi,k in Eq. 4.3.1. Classification of the covariances can be categorized into primary, those responsible

for energy production, and secondary, those which only act as an avenue for energy redistribution.

Given the non-zero spanwise velocity that results from including Coriolis rotation, both u′w′ and

v′w′ act as primary covariances. u′v′ does not appear in any production terms, but will be analyzed

regardless due to its important role in energy transport. As with the velocity variances presented

earlier, all terms have been nondimensionalized by u3
∗/δ. Note that the budgets for the covariance

terms are presented for −u′
iu

′
k when i 6= k. The analysis is carried out in this manner since Pi,k > 0

if u′
iu

′
j < 0 when ∂Uk/∂xj > 0.
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Figure 4.21: Case A turbulent kinetic energy budget for −u′w′ component. Production, solid;
turbulent diffusion, dashed; pressure strain, dot-dash; pressure diffusion, diamond;
molecular diffusion, solid circle; viscous dissipation, open circle; Coriolis redistribu-
tion, square. All terms have been normalized by u3

∗/δ.
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Primary Covariance Budgets: −u′w′ and −v′w′

Presented in Fig. 4.21 is the energy budget for −u′w′. The gain from production is nearly

in balance with pressure strain for most of the boundary layer. From Eq. 4.3.1 it is clear that

P1,3 involves an interaction between the vertical velocity variance and streamwise mean velocity

gradient. Given that w′w′ is always positive, the nature of the production term to act as a source

or sink of −u′w′ is dependent upon the sign of ∂U/∂z. A budget gain, in the context of the

primary covariances, tends to enhance sweeps and ejections, both of which are responsible for the

generation of turbulent energy (Pope, 1993).

Dissipation and molecular diffusion are small outside of z+ < 10. Once again, molecular in-

teractions tend to transport turbulent producing events towards the wall while dissipation acts to

destroy energy. Pressure strain is the dominant sink for −u′w′ and nearly balances the production

term on its own. Φ1,3 does not dissipate the turbulence producing events (sweeps and ejections),

but rather acts as a redistribution mechanism to transport energy between various velocity vari-

ance components. The total pressure transport term Π1,3 acts as a sink throughout the boundary

layer as shown in Fig. 4.20(a).

The statistics above z/δ > 0.5 suffer from an increase in noise. The uncertainty of the results

may be a consequence of the small role the covariance term plays in the farfield, or a simple artifact

of the slow convergence of these particular statistics.

Figure 4.22 shows that production of turbulence for −v′w′ is over almost a factor of four

smaller than the corresponding streamwise covariance. Like −u′w′, the sign of P2,3 changes when

the corresponding mean velocity is at a maximum. Above z+ ≈ 40, P2,3 destroys turbulent events

and is balanced by the redistribution caused by pressure strain. Since pressure strain represents

an inter-component energy transfer, −v′w′ likely is using Φ1,3 as its source. Pressure diffusion

balances pressure strain at the wall and then acts as a source when production changes sign. The

combined effect of pressure shown in Fig. 4.20(b) demonstrates the same effect.
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Figure 4.22: Case A turbulent kinetic energy budget for −v′w′ component. Production, solid;
turbulent diffusion, dashed; pressure strain, dot-dash; pressure diffusion, diamond;
molecular diffusion, solid circle; viscous dissipation, open circle; Coriolis redistribu-
tion, square. All terms have been normalized by u3

∗/δ.
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The dissipation term acts in a unique manner for the spanwise covariance in that the dissi-

pation acts as a source for most of the flow field. Although quite a few of the terms show heavy

oscillations due to statistical noise (Θ2,3, T2,3), the dissipation appears to be well converged and

acts as a gain for this particular budget. However, the magnitude of this term (as well as the Cori-

olis redistribution) is small in comparison with production by mean shear and pressure strain.

Secondary Covariance Budget: −u′v′

For the flow that is homogeneous in the horizontal domain, −u′v′ does not explicitly act

to produce turbulence like −u′w′ or −v′w′. Consequently, the effects of this term are commonly

overlooked. However, the total energy redistribution that occurs within this term is on the same

order of magnitude as other variance and covariance terms. Should horizontal homogeneity not

be enforced, the covariance between horizontal components could act to produce turbulent energy

directly. In this study, the secondary covariance simply acts as a means of energy redistribution.

The budget for this term is presented in Fig. 4.23.

As with the other velocity covariances, the data presented represent a budget for the nega-

tive of the covariance term. This is done so that production (in the most common case) will act to

produce turbulence while dissipation acts to destroy turbulence for the primary covariances. As

can be seen in Fig. 4.23, the roles of the budget terms have been reversed for the sign convention

used. Production is a sink for z+ < 45 at which point it changes sign and acts to provide energy

to the −u′v′ covariance. Dissipation also acts as a source throughout the domain, although its

presence is only notable near the wall.

Pressure strain is a source for the term near the wall but changes sign near z+ ≈ 30. Above

this Φ1,2 balances the gain provided by the mean shear production.

The roles of molecular and turbulent diffusion are reversed from what is seen in other vari-

ance and covariance budgets. D1,2 and T1,2 move energy in −u′v′ towards the point of minimum

production.
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Figure 4.23: Case A turbulent kinetic energy budget for −u′v′ component. Production, solid; tur-
bulent diffusion, dashed; pressure strain, dot-dash; molecular diffusion, solid circle;
viscous dissipation, open circle; Coriolis redistribution, square. All terms have been
normalized by u3

∗/δ.
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Figure 4.24: Case A production/dissipation balance: k production (P), solid line; k dissipation (ε),
dashed line; balance (P + ε), dash-dot.

4.3.3 Balance of Production and Dissipation

The neutrally stratified turbulent Ekman layer reaches a statistical steady-state since no ther-

mal forcing is applied. Over a long enough averaging window, the total level of kinetic energy

should not change in the domain. The total production P and total energy dissipation ε of kinetic

energy k are defined by

P = 0.5Pi,i (4.3.4a)

ε = 0.5ε i,i (4.3.4b)

which stem from the kinetic energy definition in Eq. 4.2.12. Note the repeated indices imply a

summation over the diagonal components of the tensors. If the level of energy in the flow does

not change over time then the integral of P and ε over the domain should be in balance:

∫ ∞

0
P dz +

∫ ∞

0
ε dz = 0 (4.3.5)

P, ε, and the sum of the two are shown in Fig. 4.24. The sum of production and dissipation

demonstrates that the dissipation of energy occurs near the wall, where length scales are smallest.
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Above z+ ≈ 13 the dissipation decreases rapidly with increased height. The inflection point noted

earlier in the buffer layer at z+ = 10 is particularly interesting as it appears to correlate with

the atmospheric data presented by Balsley et al. (2003). In their work they demonstrate that the

dissipation exhibits a small region of constant dissipation before decreasing with an increase in

altitude. However, no measurements were reported in the region nearest the wall. From Fig. 4.24

we can speculate that there would be an increase in dissipation through the viscous sublayer of

the Ekman layer. The agreement between the atmospheric data of Balsley et al. (2003) and the Case

A unstratified DNS suggests that the effect of buoyancy on dissipation in the near-wall region is

minor. The channel flow analysis by Mansour et al. (1988) demonstrated a similar inflection in ε

at z+ ≈ 10 indicating that in the wall region where viscous effects dominate, small scale motions

are not affected by Coriolis forces.

Integrating the production and dissipation shown in Fig. 4.24 over the entire domain, the

balance of production and dissipation is computed by

∫ ∞

0 Pdz +
∫ ∞

0 εdz
∫ ∞

0 Pdz
= TKE balance (4.3.6)

The balance of k production and destruction is within 9.3% of equilibrium. It is believed that

this discrepancy is a consequence of statistical sampling. While production and dissipation of

k should be in balance, the total energy transported at any distance from the wall z for all u′
iu

′
k

budgets should also be near equilibrium. A measure of equilibrium is given by

Pi,k + Ti,k + ε i,k + Di,k + Πi,k + Ci,k

|Pi,k|+ |Ti,k|+ |ε i,k|+ |Di,k|+ |Πi,k|+ |Ci,k|
= ri,k (4.3.7)

Equation 4.3.7 normalizes the residual energy for a given Reynolds stress budget by the amount

of energy transfer occurring. The budget should be in balance (ri,k = 0) over the entire boundary

layer. The results shown in Fig. 4.25 show that the three energy components are nearly in balance

(within 10%) when z/δ < 0.5. Furthermore, the u′u′ budget is within 5% of equilibrium for

z/δ < 0.64. This is reassuring given that the streamwise variance is the primary supplier of

energy to the flow.
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Figure 4.25: Case A turbulent kinetic energy budget balance: u′u′, solid black; v′v′, dashed black;

w′w′, dash-dot black; −u′v′, solid gray; −u′w′, dashed gray; −v′w′, dash-dot gray.
Terms computed as residual energy in budget terms normalized by total energy in all
terms. 0 - complete balance, 1 - complete imbalance.

The largest unbalance for the covariance terms is noted in u′w′ (solid gray line). When z/δ >

0.5, the balance of all terms deteriorates. In this outer region of the boundary layer the length and

time scales are large. It is possible that the integration period of t f = 0.8 was insufficient to

accurately converge the budget statistics in this region.

4.4 Turbulent Structures

To gain insight concerning the shapes of typical turbulent structures throughout the bound-

ary layer, two-point velocity and pressure autocorrelations are presented. For two arbitrary vari-

ables a and b, the normalized autocorrelation Rab is given by

Rab (∆x, ∆y, z1, z2) =

∫ τ
0

∫ Ly

0

∫ Lx

0 a(x, y, z1, t) b(x + ∆x, y + ∆y, z2, t)dx dy dt

τLxLy arms(z1) brms(z2)
(4.4.1)
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This definition of an autocorrelation can be applied to either velocity or pressure and is written

in such a manner to emphasize that the results are averaged both spatially and temporally. The

spatial integration limits of Lx and Ly imply that the entire x/y plane is averaged over for all

values of x and y. The time interval over which the statistics are averaged is denoted by τ; for

Case A, τ f = 0.8. Due to periodicity, Rab is a function of neither x or y, but rather the spatial

separations ∆x and ∆y. The definition of Eq. 4.4.1 implies that Raa (0, 0, z1, z1) = +1.

The four-dimensional structure generated by Rab is difficult to visualize without simplifying

the autocorrelation. Instead, the autocorrelations across three separate planes are given:

• Projection of the x/y plane at z = z1: Rab (∆x, ∆y, z1, z1)

• Projection of the x/z plane centered at z = z1: Rab (∆x, 0, z1, z)

• Projection of the y/z plane centered at z = z1: Rab (0, ∆y, z1, z)

Through the three projections it is possible to infer the ‘average’ shape of a turbulent structure at

different distances from the wall.

4.4.1 x/y Projections

The near wall (z+ = 2.48) velocity and pressure fields – and their accompanying in-plane

autocorrelation – are presented in Fig. 4.26 through 4.29. The instantaneous fields encompass

nearly the entire domain while the autocorrelation is zoomed-in to show detail concerning the

structure. For the streamwise component shown in Fig. 4.26, the near wall field is characterized

by elongated structures inclined with the local direction of shear. The autocorrelation Ruu indicates

that the autocorrelation is very narrow in the direction normal to shear. Mean flow shear acts to

stretch the coherent structures. Note that the autocorrelation in 4.26(b) does not align exactly with

the local shear but is instead biased towards the x coordinate direction.

The spanwise correlation Rvv shows a different trend (Fig. 4.27) in that the autocorrelation

is slightly biased in the y coordinate direction. This is evident in both the instantaneous field
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Figure 4.26: Case A, z+1 = 2.48: (a) u′/u∗ at t f = 0.4, (b) Ruu (∆x, ∆y, z1, z1). Contour interval for
instantaneous field and autocorrelation is ∆ = 0.457 and ∆ = 0.1 respectively. Black
contours denote positive values while gray indicate negative values; the zero contour
is not shown. The dashed line indicates the direction of local shear.
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Figure 4.27: Case A, z+1 = 2.48: (a) v′/u∗ at t f = 0.4, (b) Rvv (∆x, ∆y, z1, z1). Contour interval for
instantaneous field and autocorrelation is ∆ = 0.283 and ∆ = 0.1 respectively. Black
contours denote positive values while gray indicate negative values; the zero contour
is not shown. The dashed line indicates the direction of local shear.
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Figure 4.28: Case A, z+1 = 2.48: (a) w′/u∗ at t f = 0.4, (b) Rww (∆x, ∆y, z1, z1). Contour interval for
instantaneous field and autocorrelation is ∆ = 0.0256 and ∆ = 0.1 respectively. Black
contours denote positive values while gray indicate negative values; the zero contour
is not shown. The dashed line indicates the direction of local shear.
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Figure 4.29: Case A, z+1 = 2.48: (a) p′/u2
∗ at t f = 0.4, (b) Rpp (∆x, ∆y, z1, z1). Contour interval for

instantaneous field and autocorrelation is ∆ = 1.21 and ∆ = 0.1 respectively. Black
contours denote positive values while gray indicate negative values; the zero contour
is not shown. The dashed line indicates the direction of local shear.
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as well as the autocorrelation function. It appears the autocorrelations tend to align with their

corresponding coordinate direction as the flow becomes more isotropic away from the wall. The

biasing of the structures indicates that pressure strain attempts to overcome the strong anisotropic

mean shear. Like the streamwise autocorrelation, the function is elongated in the shear direction,

though slightly shorter in length. The width of the region of positive correlation is smaller for Rvv

when compared with Ruu. A small region of negative correlation exists with small ∆y.

The instantaneous field for w′, as seen in Fig. 4.28(a), indicates the existence of narrow elon-

gated ‘worm-like’ structures in specific locations throughout the domain. The strength of these

fluctuations are substantially lower than the corresponding streamwise and spanwise fluctuations

as indicated by the very small contour interval. The autocorrelation demonstrates a narrow band

of positive correlation that aligns with the local shear direction. Two regions of negative corre-

lation are found on either side. While Ruu is biased towards x and Rvv towards y, the vertical

autocorrelation shows no biasing in either horizontal direction.

The instantaneous pseudo-pressure field and corresponding autocorrelation shown in Fig.

4.29(a) and (b) respectively are fundamentally different from the three velocity components. The

stretching in the shear direction is non-existent at small scales as demonstrated by the nearly

circular contours in subplot (b) for small values of ∆x. Only at the large scales of the structure

does mean shear tend to affect the pressure.

The next set of autocorrelations presented are located near the start of the log-law region,

z+ = 39.4. The streamwise autocorrelation in Fig. 4.30(b) shows growth of the u′ velocity structure

in both the spanwise and streamwise direction. The autocorrelation is still stretched in the stream-

wise direction and tends to align with structures close to the wall. The spanwise autocorrelation

in Fig. 4.31(b) shows significant broadening in the y direction and a slight contraction in x. Like

Ruu, the spanwise autocorrelation shows a residual angle which aligns with the structures in the

viscous sublayer. w′ and Rww are shown in Fig. 4.32. The structures have grown significantly with

an increased separation with the wall. The regions of negative correlation still exist though they
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Figure 4.30: Case A, z+1 = 39.4: (a) u′/u∗ at t f = 0.4, (b) Ruu (∆x, ∆y, z1, z1). Contour interval for
instantaneous field and autocorrelation is ∆ = 1.06 and ∆ = 0.1 respectively. Black
contours denote positive values while gray indicate negative values; the zero contour
is not shown. The dashed line indicates the direction of local shear.
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Figure 4.31: Case A, z+1 = 39.4: (a) v′/u∗ at t f = 0.4, (b) Rvv (∆x, ∆y, z1, z1). Contour interval for
instantaneous field and autocorrelation is ∆ = 0.700 and ∆ = 0.1 respectively. Black
contours denote positive values while gray indicate negative values; the zero contour
is not shown. The dashed line indicates the direction of local shear.
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Figure 4.32: Case A, z+1 = 39.4: (a) w′/u∗ at t f = 0.4, (b) Rww (∆x, ∆y, z1, z1). Contour interval for
instantaneous field and autocorrelation is ∆ = 0.456 and ∆ = 0.1 respectively. Black
contours denote positive values while gray indicate negative values; the zero contour
is not shown. The dashed line indicates the direction of local shear.
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Figure 4.33: Case A, z+1 = 39.4: (a) p′/u2
∗ at t f = 0.4, (b) Rpp (∆x, ∆y, z1, z1). Contour interval for

instantaneous field and autocorrelation is ∆ = 1.36 and ∆ = 0.1 respectively. Black
contours denote positive values while gray indicate negative values; the zero contour
is not shown. The dashed line indicates the direction of local shear.
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have decreased in strength relative to the center of the structure. The fluctuating pseudo-pressure

and corresponding autocorrelation remain approximately the same size as the structures in the

near wall region (Fig. 4.33). The smallest scales show little directional preference as the contours

are roughly circular.

The final set of autocorrelations presented were taken at z+ = 218 in Fig. 4.34 through

4.37. The autocorrelations show a large increase in structure size and changes in the alignment

of structures. Close to the wall, the Ruu structure tended to align with the shear direction at

the wall. Moving into the boundary layer, however, the inclination has changed such that the

autocorrelation shown in Fig. 4.34(b) is aligned between the x coordinate direction and the local

shear direction. Two regions of negative correlation now exist as the size of the structures has

grown considerably. The Rvv autocorrelation also demonstrates alignment with the direction of

the velocity component in the autocorrelation. For the spanwise autocorrelation Rvv, the structure

is stretched in the y direction. The influence of the local shear is evident as the structure is biased

in that direction at the largest separation distances. The vertical autocorrelation takes on a roughly

circular shape as the distance from the wall increases indicating that w′ does not prefer the x or y

directions. The slight directional preference that is demonstrated is nearly perfectly aligned with

the direction of shear. As will be shown later, the Rww also aligns with its coordinate direction

and is stretched vertically. The pressure autocorrelation in Fig. 4.37(b) shows an alignment of

the structure in the direction perpendicular to the local shear direction. As pressure transport is

partly responsible for the redistribution of energy, the alignment of the pressure structure may be

a consequence of pressure acting to diffuse energy into different components. If the structure is

aligned as such to promote the return-to-isotropy, we would expect to see the pressure structure

also stretched in the vertical direction.

– 96 –



www.manaraa.com

S. B. WAGGY / TURB. EKMAN LAYER: NEUTRAL STRATIFICATION

x/δ

y
/

δ
(a)

∆x/δ
∆

y
/

δ

(b)

-0.5 -0.25 0 0.25 0.50 0.5 1 1.5 2
-0.5

-0.25

0

0.25

0.5

0

0.5

1

1.5

2

Figure 4.34: Case A, z+1 = 218: (a) u′/u∗ at t f = 0.4, (b) Ruu (∆x, ∆y, z1, z1). Contour interval for
instantaneous field and autocorrelation is ∆ = 0.679 and ∆ = 0.1 respectively. Black
contours denote positive values while gray indicate negative values; the zero contour
is not shown. The dashed line indicates the direction of local shear.
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Figure 4.35: Case A, z+1 = 218: (a) v′/u∗ at t f = 0.4, (b) Rvv (∆x, ∆y, z1, z1). Contour interval for
instantaneous field and autocorrelation is ∆ = 0.547 and ∆ = 0.1 respectively. Black
contours denote positive values while gray indicate negative values; the zero contour
is not shown. The dashed line indicates the direction of local shear.
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Figure 4.36: Case A, z+1 = 218: (a) w′/u∗ at t f = 0.4, (b) Rww (∆x, ∆y, z1, z1). Contour interval for
instantaneous field and autocorrelation is ∆ = 0.436 and ∆ = 0.1 respectively. Black
contours denote positive values while gray indicate negative values; the zero contour
is not shown. The dashed line indicates the direction of local shear.
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Figure 4.37: Case A, z+1 = 218: (a) p′/u2
∗ at t f = 0.4, (b) Rpp (∆x, ∆y, z1, z1). Contour interval for

instantaneous field and autocorrelation is ∆ = 0.801 and ∆ = 0.1 respectively. Black
contours denote positive values while gray indicate negative values; the zero contour
is not shown. The dashed line indicates the direction of local shear.
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Taylor Microscale

Although only three locations were shown for the in-plane autocorrelations, statistics were

computed at 10 vertical locations in total. From the various autocorrelations it is easy to find the

Taylor microscale by (Pope, 1993, pg. 198)

λui,xj
=

[

−1

2

∂2Ruiui

∂x2
j

]−1/2

(4.4.2)

where λui,xi
is the Taylor microscale of the ui velocity component in the xi direction (no summation

is implied). This particular scale of turbulence is between the Kolmogorov scale η and the size of

the large eddies L. Taylor microscales are shown for all three velocity components in Fig. 4.38.

Near the wall, the streamwise microscale for all three velocities is larger than the corresponding

spanwise microscale as structures are stretched in the direction of the surface shear. Moving fur-

ther into the boundary layer a growth in λ is evident. Furthermore, the spanwise microscale for

v becomes larger than the streamwise microscale indicating the structure is aligning with the y

coordinate direction. For isotropic turbulence, the ratio of the microscale aligned with the velocity

to component to the scale in the perpendicular direction should have a ratio of
√

2 (≈ 1.41) (Pope,

1993, pg. 199):

λu,x

λu,y
=

λv,y

λv,x
=

√
2 (4.4.3)

At the point furthest from the wall in Fig. 4.38, the ratios for the u and v microscales are 1.38

and 1.46 respectively. This demonstrates the level of isotropy is increased with an increased dis-

tance from the wall. The Taylor microscale can also be expressed as (Marlatt, 1994, Tennekes and

Lumley, 1972, pg. 66)

λ =

√

νk

ε
(4.4.4)

which stems from the isotropic approximation (Pope, 1993)

λ =

√

15νu′2

ε
(4.4.5)

– 99 –



www.manaraa.com

S. B. WAGGY / TURB. EKMAN LAYER: NEUTRAL STRATIFICATION

λ/δ

z/
δ

z+

λ+

0 25 50 75 100 125 150

0 0.025 0.05 0.075 0.1 0.125

101

102

103

10−3

10−2

10−1

100

Figure 4.38: Taylor microscale for Case A: λu, solid line; λv, dashed line; λw, dot-dash line. Circles
and squares denote streamwise (x) and spanwise (y) microscale respectively. Dotted
line indicates microscale λ computed from Eq. 4.4.4.

In Fig. 4.38 it is clear that the microscale computed via the autocorrelations is significantly larger

than that computed by Eq. 4.4.4. Constructing a Reynolds number based on the Taylor microscale,

Reλ =
λk1/2

ν
(4.4.6)

the results indicate a maximum value of Reλ ≈ 25 when the microscale is taken from Eq. 4.4.4.

Energy Spectrum

From the x/y autocorrelations the turbulent kinetic energy spectrum was computed. Since

the velocity correlations have been normalized such that Rab (0, 0, z1, z1) = 0 for all velocity com-

ponents, the spectrum has been computed as such:

E(κ) = FFT

[
k

3
(Ruu + Rvv + Rww)

]

(4.4.7)

E is then a measure of the energy in the flow as a function of specific wavenumbers. The results

shown in Fig. 4.39 are located at z+ = 330. This location corresponds to the distance from the wall
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Figure 4.39: Normalized energy spectrum at z+ = 330: solid line, κxη; dashed line, κyη; dotted

line, ∝ κ−5/3.
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where the separation of scales (L/η) is near a maximum. At the location chosen, L/η = 123.6; the

maximum in the entire domain is L/η = 124.9.

The spectrum in Fig. 4.39 has been normalized by the Kolmogorov scales given by Eqs. 2.6.1

and 2.6.2. Given the Reynolds number of the flow, agreement with the −5/3 spectrum is limited.

4.4.2 x/z Projections

A snapshot of the instantaneous velocity and pressure fields is shown in Fig. 4.40. Note

that the vertical and horizontal scales are not equal so as to show detail in the wall region. The

streamwise and spanwise instantaneous fluctuating velocities in Fig. 4.40(a) and (b) respectively

show elongated structures in the near wall region that tend to lift with an increase in x. The

vertical and pressure fluctuations in subplots (c) and (d) respectively tend to stretch in z with little

elongation in the x direction.

Representative structures in the viscous sublayer are shown in Fig. 4.41 where z+ = 2.48.

The streamwise autocorrelation – subplot (a) – appears symmetric for positive and negative ∆x

apart from the Ruu = 0.1 contour (which may be a byproduct of sampling). The spanwise auto-

correlation is more compact and demonstrates significant lifting with +∆x. Even when centered

very near the wall, the pressure autocorrelation shows a structure that extends far into the bound-

ary layer with a broadening in the structure as z increases.

Moving further away from the wall allows the turbulent structures to grow substantially.

Figure 4.42(a) gives Ruu at z+ = 39.4. Note how the extent of the autocorrelation is no longer

symmetric for ±∆x. Instead, Ruu shows significant correlation for large +∆x and a noticeable lift

of the structure with an increased spacing. Conversely, the upstream portion of the autocorrelation

(−∆x) is truncated. This result indicates that turbulent fluctuations generated near the wall are

passed downstream and slowly move away from the wall. The spanwise correlation in subplot (b)

provides similar behavior except that the lifting is more drastic and a region of negative correlation

exists for −∆x. The vertical velocity and pressure contours show only a slight lifting downstream
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Figure 4.40: Instantaneous velocity and pressure field for Case A, y/δ = 0.0203: (a) u′/u∗, ∆ =
0.592; (b) v′/u∗, ∆ = 0.406; (c) w′/u∗, ∆ = 0.327; p′/u2

∗, ∆ = 0.757.
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Figure 4.41: Case A, z+1 = 2.48 (z/δ = 0.00183): (a) Ruu (∆x, 0, z1, z), (b) Rvv (∆x, 0, z1, z), (c)
Rww (∆x, 0, z1, z), (d) Rpp (∆x, 0, z1, z). Contour interval is ∆ = 0.1. Black contours
denote positive values while gray indicate negative values; the zero contour is not
shown.
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Figure 4.42: Case A, z+1 = 39.4 (z/δ = 0.029): (a) Ruu (∆x, 0, z1, z), (b) Rvv (∆x, 0, z1, z), (c)
Rww (∆x, 0, z1, z), (d) Rpp (∆x, 0, z1, z). Contour interval is ∆ = 0.1. Black contours
denote positive values while gray indicate negative values; the zero contour is not
shown.
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of the structure center. Concerning the pressure autocorrelation, it is peculiar that the vertical

extent of the structure is reduced as the center of the structure is moved further from the wall.

Shown in Fig. 4.43 are the autocorrelations centered at z+ = 218. The transport of near-

wall turbulence away from the wall is clearly evident in the Rvv autocorrelation (and to a smaller

extend, Ruu). The vertical velocity autocorrelation elongates in the vertical direction with an in-

creased separation from the wall. As the flow becomes more isotropic the autocorrelations tend to

align themselves in the direction of the velocity component.

4.4.3 y/z Projections

An instantaneous velocity and pressure field across the y/z plane is shown in Fig. 4.44.

From the perturbation contours it is hard to surmise anything about the general structures except

for that the length scales of velocity structures is significantly shorter in the y direction than in the

x direction (which was plainly obvious from the x/y instantaneous fields and autocorrelations),

and the instantaneous spanwise and vertical velocity in subplot (b) and (c) respectively tend to

roughly correlate with each other for z/δ < 0.25.

The near-wall autocorrelation in Fig. 4.45 demonstrate the narrow shape of the typical tur-

bulent structures. A slight rightward inclination is noted in Ruu. Though hard to see in the figures,

negative correlation regions exist near the wall for both Rvv and Rww. Once again, the pressure

exhibits stretching in the wall-normal direction.

Moving further from the wall the rightward tilt in the streamwise autocorrelation is cor-

rected and the structure stands nearly vertical. The vertical velocity still exhibits regions of nega-

tive correlation, but Rvv now shows a slight lifting with +∆y and a region of negative correlation

above the structure.

At z+ = 218, the autocorrelations shown in Fig. 4.47 show significant tilting. Ruu now shows

a leftward tilt. It is believed that the tilt is directly related to the gradient of the spanwise mean
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Figure 4.43: Case A, z+1 = 218 (z/δ = 0.16): (a) Ruu (∆x, 0, z1, z), (b) Rvv (∆x, 0, z1, z), (c)
Rww (∆x, 0, z1, z), (d) Rpp (∆x, 0, z1, z). Contour interval is ∆ = 0.1. Black contours
denote positive values while gray indicate negative values; the zero contour is not
shown.
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Figure 4.44: Instantaneous velocity and pressure field for Case A, x/δ = 0.0203: (a) u′/u∗, ∆ =
0.673; (b) v′/u∗, ∆ = 0.472; (c) w′/u∗, ∆ = 0.334; p′/u2

∗, ∆ = 0.711.
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Figure 4.45: Case A, z+1 = 2.48 (z/δ = 0.00183): (a) Ruu (0, ∆y, z1, z), (b) Rvv (0, ∆y, z1, z), (c)
Rww (0, ∆y, z1, z), (d) Rpp (0, ∆y, z1, z). Contour interval is ∆ = 0.1. Black contours
denote positive values while gray indicate negative values; the zero contour is not
shown.
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Figure 4.46: Case A, z+1 = 39.4 (z/δ = 0.029): (a) Ruu (0, ∆y, z1, z), (b) Rvv (0, ∆y, z1, z), (c)
Rww (0, ∆y, z1, z), (d) Rpp (0, ∆y, z1, z). Contour interval is ∆ = 0.1. Black contours
denote positive values while gray indicate negative values; the zero contour is not
shown.
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Figure 4.47: Case A, z+1 = 218 (z/δ = 0.16): (a) Ruu (0, ∆y, z1, z), (b) Rvv (0, ∆y, z1, z), (c)
Rww (0, ∆y, z1, z), (d) Rpp (0, ∆y, z1, z). Contour interval is ∆ = 0.1. Black contours
denote positive values while gray indicate negative values; the zero contour is not
shown.

– 111 –



www.manaraa.com

S. B. WAGGY / TURB. EKMAN LAYER: NEUTRAL STRATIFICATION

velocity: ∂V/∂z. This would explain the change in tilt of the streamwise structure at the different

locations in the boundary layer. Moreover, the autocorrelation shape is a direct consequence of

the inclusion of Coriolis rotation given the nonzero V component. The spanwise autocorrelation

once again lifts in the downstream region.

4.5 Evaluation of closure model: k − ε

Turbulence close models are required to close the governing momentum equations given the

existence of the u′
iu

′
j velocity correlations that appear in the Reynolds-averaged equations (App.

A). While further governing equations can be derived for these second-order moments, more

third-order moments are generated resulting in an unclosed system. Closure models are used

to relate these unknown moments back to some known quantity in the flow field through both

theoretical and empirical devices. The order of the model typically refers to the order of the mo-

ment that will be approximated by some prognostic equations. If second-order Reynolds stresses

are modeled, the closure is termed second-order (e.g. Umlauf and Burchard, 2005); if third-order

moments are modeled, the closure is third-order (e.g. Zilitinkevich et al., 1999). The model will

typically relate high-order terms back to known quantities. For example, the fourth-order moment

w′4 is typically a function of the second-order moment w′22
.

Although current meteorological closures typically utilize high-order models (e.g. Lappen

et al., 2010), many methods of relating the mean-flow to the Reynolds stresses are based upon an

analogy with molecular viscosity and assume a form of down-gradient diffusion by the turbulent

stresses:

u′
iu

′
j −

2

3
kδij = −Km

(
∂Ui

∂xj
+

∂Uj

∂xi

)

(4.5.1)

where Km is known by a variety of names, such as ‘eddy viscosity’, ‘eddy diffusivity’, or ‘turbulent

diffusivity,’ and k is the turbulent kinetic energy. For the horizontally homogeneous Ekman prob-

lem under consideration, Eq. 4.5.1 is identically zero for all normal stresses. To avoid uncertainties
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regarding coordinate system rotation, the data presented here consider the parameterization of the

total Reynolds vertical momentum flux

√

u′w′2 + v′w′2 = −Km

√
(

∂U

∂z

)2

+

(
∂V

∂z

)2

(4.5.2)

which follows directly from u′w′ = −Km1 (∂U/∂z) and v′w′ = −Km2 (∂V/∂z). Note that this

assumes isotropic turbulent diffusion (i.e. Km = Km1 = Km2). The definition in Eq. 4.5.2 will be

used to compute the eddy diffusivity from DNS data for comparison with model predictions.

The k − ε model, which was first introduced by Jones and Launder (1972, 1973), is a typical

variant of the second-order closure scheme. Instead of six prognostic equations for the six com-

ponents of the Reynolds stress tensor, the k − ε closure model utilizes a governing equation for

the turbulent kinetic energy k (Eq. 4.2.12) and the dissipation rate ε (Eq. 4.3.1 and 4.3.4b). Various

forms of the k − ε model have been applied to a variety of atmospheric flow problems including

boundary layer flow over a tree canopy (Liang et al., 2006), neutral atmospheric boundary layer

flows (Hargreaves and Wright, 2007), and dispersion in urban environments (Kim and Baik, 2004).

As presented for the model, these equations have the form

Dk

Dt
= −u′w′ dU

dz
− v′w′ dV

dz
−

d
(

w′p′ + w′k′
)

dz
− ε (4.5.3a)

Dε

Dt
= Cε1

( ε

k

) [

−u′w′ dU

dz
− v′w′ dV

dz

]

− dw′ε′

dz
− Cε2

(
ε2

k

)

(4.5.3b)

where D/Dt = ∂/∂t + u · ∇ is the total derivative and the effects of buoyancy are at present

neglected. For the steady-state, horizontally-homogeneous simulation presented here, D/Dt = 0.

The terms k′ and ε′ are used to denote instantaneous turbulent kinetic energy and kinetic energy

dissipation respectively. The equations are then closed using the assumptions (Beljaars et al., 1987,

Stull, 1988)

Km =
(αmk)2

ε
(4.5.4a)

w′p′ + w′k′ = −Km
dk

dz
(4.5.4b)

w′ε′ = −Km

Cε3

dε

dz
(4.5.4c)
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Figure 4.48: Eddy diffusivity for k − ε model: solid line, αm = 0.3; dashed line, αm = 0.18; short-
dash line, αm = f (ReT); dots, DNS.

The constants are defined, primarily on the basis of empirical evidence, by Cε1 = 1.44 and Cε2 =

1.92, Cε3 = 1.30, and αm = 0.3. The value αm = 0.3 was originally recommended by Jones and

Launder; Panofsky and Dutton (1984) recommend a value of 0.18 as more appropriate for the

ABL. For low Reynolds number turbulence, Jones and Launder (1973) recommend several modi-

fications (see White, 1991). Without revisiting the prognostic equations, the most interesting is the

modification to αm:

αm =

[

0.09 exp

( −2.5

1 + ReT/50

)]1/2

(4.5.5)

where ReT is the turbulent Reynolds number defined ReT = k̂2/ε̂ν (the ‘hat’ denotes a dimensional

quantity), or, in terms of the dimensionless kinetic energy and dissipation, ReT = Re(k2/ε). k and

ε are nondimensionalized by k = k̂/U2
g and ε = ε̂δE/U3

g respectively. In the present simulation

this value varies across the boundary layer and peaks at ReT = 624.6 near z/δ = 0.305.

Comparison between the modeled eddy diffusivities (Eq. 4.5.4a) and those from the DNS

(Eq. 4.5.2) are presented in Fig. 4.48, while the resulting Reynolds stress profiles are shown in

Fig. 4.49. Qualitatively the profiles are correct; however, the location of the maximum diffusivity
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Figure 4.49: Reynolds stress for k − ε model: solid line, αm = 0.3; dashed line, αm = 0.18; short-
dash line, αm = f (ReT); dots, DNS.

is off by approximately 0.1δ regardless of the value of αm. For αm = 0.3, the model over-predicts

the Reynolds stress in the lower half of the boundary layer and under-predicts in the upper half.

Reducing αm to 0.18 results in poor model performance across the entire flow field. The variable

coefficient where αm = f (ReT) yields the best results with great accuracy for z/δ < 0.3 and

z/δ > 0.6. The middle region of the boundary layer is underpredicted by all three values of αm,

and performance of the models in the near-wall region is poor. Referring to the normal stress

budgets presented in Figs. 4.17 – 4.19, a significant source of energy in the near-wall region is

molecular diffusion. The formulation given by Eq. 4.5.3 ignores this term and may be the source

of inaccuracy close to the wall.

To better assess the k− ε model with respect to the simulation data, comparisons were made

of the kinetic energy production and transport terms in Eq. 4.5.3a and the transport term in Eq.

4.5.3b. The kinetic energy production is parameterized, using Eq. 4.5.4a, as

−u′w′ dU

dz
− v′w′ dV

dz
≈ Km

[(
dU

dz

)2

+

(
dV

dz

)2
]

(4.5.6)

and the transfer terms are modeled by Eq. 4.5.4b and 4.5.4c, respectively.
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Figure 4.50: Production term for k − ε model: solid line, αm = 0.3; dashed line, αm = 0.18; short-
dash line, αm = f (ReT); dots, DNS.
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The vertical profiles of kinetic energy production (Fig. 4.50) demonstrate that this term is

overestimated by all three forms of the model in the near-wall region. However, the location of

maximum production is well captured and relatively good agreement is achieved above z/δ ≈ 0.1,

especially when αm is a function of ReT. Apart from the near-wall region (where the best model is

off by over a factor of 4), the variable value of αm performs quite well.

The transport model is qualitatively correct throughout the entire boundary layer. The

crossover is well captured (Fig. 4.51, bottom) for all 3 values of αm. The location of the mini-

mum (z/δ ≈ 0.01) is accurately predicted; however, each model overshoots the actual value. The

maxima at z/δ = 0.3 is modeled slightly nearer the wall than DNS results, but the αm = f (ReT)

curve is quite accurate with predicting the actual maximum value. However, all models underpre-

dict the transport terms above z/δ = 0.4. Pressure transport and turbulent diffusion are modeled

together as a down-gradient diffusion of kinetic energy. Although pressure diffusion does trans-

port energy away from the wall as suggested by Eq. 4.5.4b (see Fig. 4.19), modeling both transport

terms together may be the cause of the discrepancies noted.

The vertical profiles of the dissipation (Fig. 4.52) are qualitatively well represented by the

models except in the near-wall region where the models behave poorly due to an inflection in

the mean dissipation profile. None of the models capture the small negative region below z/δ =

0.01. However, the curve for αm = f (Ret) shows good agreement above z/δ = 0.05. All models

underpredict the dissipation in the middle parts of the boundary layer (0.35 < z/δ < 0.7).

4.6 Summary

The neutral Ekman layer results presented here were carried out at the Reynolds number of

Re = 1000. At this modest Reynolds number, approximately half-a-decade of log-law behavior is

evident in the mean velocity profile. However, the ratio of the largest to smallest turbulent scales

is only L/η = 123.6; little evidence of a −5/3 behavior can be seen in the turbulent kinetic energy

– 117 –



www.manaraa.com

S. B. WAGGY / TURB. EKMAN LAYER: NEUTRAL STRATIFICATION

z/
δ

w′p′ + w′k′

z/
δ

−2 × 10−4 −1 × 10−4 0 1 × 10−4 2 × 10−4

0 1 × 10−5 2 × 10−5 3 × 10−5 4 × 10−5

0

0.02

0.04

0.06

0.08

0.1

0.2

0.4

0.6

0.8

1

Figure 4.51: Transport terms for k − ε model: solid line, αm = 0.3; dashed line, αm = 0.18; short-
dash line, αm = f (ReT); dots, DNS.
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Figure 4.52: Dissipation term for k − ε model: solid line, αm = 0.3; dashed line, αm = 0.18; short-
dash line, αm = f (ReT); dots, DNS.
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spectrum.

The kinetic energy budgets indicate a complex exchange of energy between the 3 variance

and 3 covariance Reynolds stresses. Given the absence of buoyant forcing, production by mean

shear for the u′u′ stress is the primary source of turbulent energy. A small contribution by v′v′

exists, but is secondary to the streamwise production in the near-wall region. Away from the wall,

however, spanwise production becomes a primary source of energy. The return-to-isotropy com-

ponent energizes the vertical Reynolds stress by taking energy from both horizontal components.

This is true apart from the near-wall region where the ‘splatting’ effect redistributes energy from

the vertical to horizontal components. The local minimum seen in ε for both horizontal compo-

nents appears to coincide with the location at which molecular diffusion acts as a sink. Instead

of being dissipated, the energy is transfered down to the wall. Finally, comparing the results

with those of Marlatt et al. (2010), it appears the effect of Coriolis redistribution decreases with an

increase in Reynolds number.

Autocorrelation structures were computed from the data set. Results indicate that the struc-

tures near the wall are all inclined at the shear angle at the wall. As the flow becomes more

isotropic, the autocorrelations tend to align with their specific coordinate. The most notable dif-

ference between the turbulent Ekman layer and other boundary layers is apparent in the Ruu

correlation. The opposite tilting evident in the presented contours is attributed to the vertical

variation in the mean velocity gradient.

Two different closure models have been analyzed. As a means of closing the fourth-order

moments, the kurtosis of the streamwise velocity is well approximated by the square of the skew-

ness as shown in Fig. 4.14. Spanwise and vertical velocities demonstrate less agreement with the

model given by Eq. 4.2.15. The evaluation performed of the k − ε closure model supports its use

in modeling rotating flows. Specifically, the parameterization of αm as a function of the turbulent

Reynolds number (ReT) dramatically improved the results over the models utilizing a constant

value for αm. The underprediction of the Reynolds stresses in the outer region of the boundary
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layer appears to be a consequence of the underestimation of the transport terms coupled with a

slight difference in the modeled and actual dissipation. Comparing the magnitude of the pressure

diffusion term w′p′ and the kinetic energy flux w′k′ demonstrates that both terms make consid-

erable contributions to the transport term. As the pressure strain terms are not included in the

turbulent kinetic energy budget for the k − ε model, it is possible that neglected inter-component

energy redistribution is responsible for model errors. A more likely source of error, however, is

the underestimation of the dissipation rate. As production and dissipation are nearly in balance, a

low estimate of the dissipation will directly influence the modeled production through Eq. 4.5.4a

and 4.5.4c. Figure 4.52 demonstrates the underprediction of the dissipation in the top portion of

the boundary layer.
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CHAPTER 5

THE UNSTABLY-STRATIFIED EKMAN LAYER

The unstably-stratified convective boundary layer is typical of the ABL during daytime

hours. Density stratifications are created from the increase in temperature of the fluid close to

the Earth’s surface. As a result, surface heating causes a reduction in density near the wall

(∂ρ/∂z > 0). Turbulent mixing corrects this density inversion by allowing hot fluid to rise through

the ABL in thermal plumes: columns of rapidly ascending hot air. In conserving mass, downward

drafts carrying dense air are found around the plumes. Turbulence is generated throughout this

region due to substantial horizontal gradients in the vertical velocity as well as the viscous insta-

bility associated with neutrally stratified flow.

The top of the mixed layer has a well defined cap by means of a potential temperature inver-

sion. An increase in potential temperature with height throughout the ABL – a positive tempera-

ture gradient – is characteristic of stable stratification. No buoyant forcing exists and turbulence

tends to be suppressed in this region (Kosović and Curry, 2000, Marlatt, 1994). Depending on the

strength of the temperature gradient, stable stratification can result in intermittent turbulence, or

relaminarization of the flow field (Sun et al., 2002). The height of the temperature inversion is

referred to as the ‘inversion height’ and will be represented as zi.

In this simulation the density of the fluid is assumed to remain constant (incompressible

flow assumption). Buoyant forcing is handled by incorporating the Boussinesq approximation

which relates density changes to temperature gradients as discussed in Chapter 2.
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Table 5.1: Case B Simulations Specifications

Case Re Pr Ri0,0 t f tw∗/zi Nsamples

B1 1000 1 −0.08 0.152 1.53 39
B2 1000 1 −1.00 0.050 1.52 51

Specifications for the two unstably-stratified Ekman simulations are given in Table 5.1. For

both simulations, the Reynolds number and Prandtl number are 1000 and 1 respectively and the

only difference concerns the initial temperature gradient applied to the field. The initial tempera-

ture field was specified in the manner used by Coleman and Ferziger (1994):

θ =
a∗
δE

π1/2

2c
Ri0,0

[

erf

(

c
z

a∗

)

+ erf

(

c
b∗ − z

a∗

)]

0 ≤ z

δE
≤ b∗

δE

= − a∗
δE

π1/2

2c
Ri0,0erf

(

c
z − b∗

a∗

)

+ θz=0
z

δE
>

b∗
δE

(5.0.1)

In the above expressions, c =
√

− ln(0.01), a∗/δE = 4, b∗/δE = 10, and Riz,t denotes a local

Richardson number defined by

Riz,t =
∂

∂z
θ(z, t) (5.0.2)

The (0, 0) subscript in Ri0,0 indicate that the Richardson number refers to a surface value at time

t = 0. The initial temperature field given by Eq. 5.0.1 contains two key features of the convective

ABL: surface heating and a temperature inversion. Since heating of the overlying fluid is expected

to occur, the gradient near the wall will not remain constant. The extent to which this occurs will

be demonstrated shortly.

The flow was initialized using the statistically-steady, neutrally-stratified field given by Case

A (see Chapter 4). To start the simulation, the temperature field given by Eq. 5.0.1 was imposed

on the velocity field at t f = 0.3 in Fig. 4.2. Velocity boundary conditions for Case B1 and B2

remained the same: no-slip walls and stress-free farfield. The temperature boundary conditions

were specified such that the temperature on the wall remained constant. This assumes the heat

removed from the wall is trivial in comparison to the total amount of energy contained ‘within’

the boundary.
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5.1 Temporal variation

The velocity and temperature fields were integrated forward in time until the rate-of-change

of the surface Richardson number, friction velocity (Eq. 4.1.3), and shear angle (Eq. 4.1.5) are ap-

proximately constant as shown in Figs. 5.1 – 5.3 respectively. In each figure, subplot (a) refers to

Case B1 and subplot (b) refers to Case B2. It was found (through trial and error) that the time step

used to integrate the neutrally stratified case was insufficient for the buoyantly forced cases. For

both sets of data, ∆t was set to ∆t = 0.01 and ∆t = 0.0025 for Cases B1 and B2 respectively. These

time steps result in a maximum Courant number (see Eq. 3.1.29) that is less than 0.5. Further-

more, stability was maintained by increasing the fourth-order artificial dissipation such that the

coefficient given in Eq. 3.1.26 was increased to β = 0.2 for Case B1 and β = 0.8 for B2.

The initial temperature profile undergoes large changes at the beginning of the integration

period. The temperature gradient at the wall decreases with time until a minimum is reached. For

each case (see Fig. 5.1), this extrema occurs near tw∗/zi ≈ 0.6 where the temperature inversion

height zi and the convective velocity w∗ are taken as the characteristic scales of the convective ABL

(Deardorff, 1972). The convective velocity is defined as (Deardorff, 1972)

w∗ =
(

gQθ,0zi

T0

)1/3

(5.1.1)

where Qθ,0 is the surface heat flux. At the wall, w′θ′ = 0 due to the w = 0 wall boundary condition.

Thus, the total heat flux at z = 0 is given by the viscous flux only:

Qθ,0 = − k

cpρ

∂T

∂z̃
(5.1.2)

or

Qθ,0

UgT0
= − 1

Pr Re

∂θ

∂z

∣
∣
∣
∣
z0

(5.1.3)

The subscript θ, 0 in Eq. 5.1.3 is used to indicate that Qθ,0 is the heat flux (θ) at the wall (0).

Combining Eqs. 5.1.1 and 5.1.3, the convective velocity is written in dimensionless form by

w∗
Ug

=

[

−
(

zi

δE

)(
1

Pr Re

)(
∂θ

∂z

)

z=0

]1/3

(5.1.4)
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Figure 5.1: Variation of surface Richardson number with time: (a) Case B1, (b) Case B2. Dots
denote a saved field.
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Figure 5.2: Variation of surface friction velocity u∗/Ug with time: (a) Case B1, (b) Case B2. Dots
denote a saved field.
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Figure 5.3: Variation of surface shear angle β with time: (a) Case B1, (b) Case B2. Dots denote a
saved field.

The rapid changes in Ri0,t indicate the flow is adjusting to the imposed temperature gradi-

ents. The initial Richardson numbers of −0.08 and −1.00 are quickly amplified by over an order

of magnitude. Similar behavior was noted by Coleman and Ferziger (1994) for their Re = 400 con-

vective boundary layer with system rotation. The minimum value of Ri0,t for their Ri0,0 = −0.08

case is approximately −0.35. The magnitude of their surface Richardson number is over a factor of

2 smaller than the maximum surface Richardson number seen in Fig. 5.1(a). A similar relationship

between the current DNS and the low Reynolds number convective boundary layer of Coleman

and Ferziger (1994) is seen for the Ri0,0 = −1.00 cases.

After the initial transient die out, the increase of the surface Richardson number remains

nearly constant for both cases. Similarly, the friction velocity goes through rapid changes at the

beginning of the integration period and then flattens out after the initial transients have passed.

The surface shear angle (Fig. 5.3) decreases with the increased stratification.
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Table 5.2: Characteristic Scales of Case B

Case zi/δE u∗/Ug w∗/Ug u∗/w∗ β −zi/L Rec

B1 8.59 0.071 0.173 0.411 11.59◦ 5.90 1486
B2 8.59 0.104 0.521 0.201 4.53◦ 50.54 4475

5.2 Temporally Averaged Results

Unlike the neutrally stratified simulation, the convective Ekman layer will not reach an

equilibrium. As the overlying fluid is heated, the temperature gradient at the wall will steadily

return to zero (until neutral stratification is achieved). For this reason, the integration period over

which results are averaged is significantly shorter than that of the neutral Ekman layer presented

earlier. The total time integration period was chosen to be tw∗/zi ≈ 4 where the last tw∗/zi ≈ 1.5

would be used for averaging. This averaging period allows an entire eddy turnover time T (where

T = zi/w∗) to be captured while ensuring that initial transients from imposing the temperature

field have died out. From Table 5.1 it is clear that w∗/zi f ≫ 1. This indicates that the time scale of

the convective eddies (T ) is much smaller than that of the eddies resulting from the inclusion of

Coriolis (Coleman and Ferziger, 1994) which scale as 1/ f .

Averaging the data over the period specified yields the characteristic scales given in Table

5.2. The convective Reynolds number Rec is formed from the characteristic scales zi and w∗:

Rec =
w∗zi

ν
(5.2.1)

or

Rec =

(
w∗
Ug

)(
zi

δE

)

Re (5.2.2)

As seen earlier, the stratification tends to increase the friction velocity while decreasing the shear

angle. This indicates that the wall shear stress increases with an increase in heating while the shear

angle tends to align more closely with the geostrophic direction under more vigorous heating con-

ditions. Moreover, the convective velocity increases with an increase in the level of stratification.

It is important to note, however, that u∗ is not linearly proportional to w∗. The ratio u∗/w∗ gives
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an indication of the role of thermal forcing relative to shear. If u∗/w∗ → ∞, the flow is represen-

tative of turbulence generated by shearing alone (Chap. 4). As u∗/w∗ → 0, buoyancy dominates

the field and shear generated turbulence becomes negligible.

Another measure of stratification is given by the Obukhov length L (Obukhov, 1971)

L = − u3
∗T0

gκQθ,0
(5.2.3)

where κ = 0.41 is the von Kármán constant. A dimensionless form of Eq. 5.2.3 is given by

L

δE
=

(
u∗
Ug

)3 (Re Pr

κ

)(
∂θ

∂z

)−1

z=0

(5.2.4)

The ratio of the inversion height zi to the Obukhov length L gives an indication of the strength of

stratification. A positive value of L indicates unstable stratification while negative values charac-

terize stably-stratified boundary layers. The inversion height to Obukhov length ratios for Case

B1 and B2 are given in Table 5.2. Values of −zi/L for Case B1 indicate moderate heating on par

with the work of Coleman and Ferziger (1994) who report −zi/L = 2 and Moeng and Wyn-

gaard (1984) where −zi/L = 10. The vigorously heated Case B2 is closer to the stratification

level in the LES studies of Wang et al. (2007) (−zi/L = 17.9) and Wyngaard and Brost (1984)

(−zi/L = 64). Also, Gryanik and Hartmann (2002) reported atmospheric measurements ranging

from 9.9 ≤ −zi/L ≤ 20.9. The two cases presented here bound this interval and offer insight into

how large changes in the stratification level might affect turbulence dynamics.

Both the lower and upper boundaries are set to a constant temperature. To ensure no in-

ternal waves are reflected off the top boundary by the numerical scheme (Coleman and Ferziger,

1994), the temperature gradient ∂θ/∂z → 0 as z → ∞ (see Eq. 5.0.1) is applied. Thus, the curva-

ture in the temperature profile at the top of the domain is a consequence of the upper boundary

condition. The shape of the capping inversion for z > zi is reminiscent of the convective tank

experiments of Deardorff and Willis (1985) and Piper et al. (1995). The time-averaged tempera-

ture field is shown in Fig. 5.4. The temperature gradient near the wall is much steeper than that

imposed in the initial field for both cases. For 0 < z < zi, the temperature is well mixed.
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Figure 5.4: Mean temperature field: (a) Case B1, (b) Case B2. The solid line give time-averaged re-
sults; the dashed line indicates the initial temperature distribution imposed (Eq. 5.0.1).
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Figure 5.5: Mean velocity field: (a) streamwise velocity, (b) spanwise velocity. The solid and
dashed lines represent Case B1 and B2 respectively.
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Figure 5.6: Mean velocity hodograph for Case B: solid, Case B1; dashed, Case B2; dotted, Case A,
(neutral Ekman layer).
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Figure 5.7: Variances of velocity fluctuations normalized by convective velocity w∗. (a) u′u′, (b)

v′v′, (c) w′w′. Solid line, Case B1; dashed line, Case B2.

Because of enhanced vertical transport, the mean velocity field (Fig. 5.5) also becomes well

mixed. When z/zi > 0.75 the mean fields for the two cases are approximately equal. However,

for the majority of the boundary layer, an increase in stratification causes a reduction in the mean

spanwise velocity component. Plotting the velocities in hodograph form (see Fig. 5.6) demon-

strates the decrease in β with an increase in −zi/L.

5.2.1 Statistics of Velocity Fluctuations

The velocity variances u′u′, v′v′ and w′w′ are shown in Fig. 5.7. Streamwise and spanwise

fluctuations are at a maximum near the wall. An increase in stratification tends to move this

maximum closer to the wall while slightly decreasing the horizontal velocity variance across the

mixed layer. Both u′u′ and v′v′ demonstrate a dependence upon −zi/L. However, the vertical

variance appears to scale well with w2
∗ regardless of the strength of stratification. The values seen

across the mixed layer for w′w′/w2
∗ are close to the laboratory experiments of Willis and Deardorff

(1974) and Deardorff and Willis (1985). Given the differences in methodology, stratification level,

and Reynolds number of the flow fields, the scaling of w′w′ with w2
∗ appears to be universal in
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Figure 5.8: Covariances of velocity fluctuations normalized by convective velocity w∗. (a) −u′w′,
(b) −v′w′, (c) −u′v′. Solid line, Case B1; dashed line, Case B2.

convective flows.

Shear Reynolds stresses are shown in Fig. 5.8 and 5.9. The difference between the two

sets of data is the characteristic velocity used to normalize the covariances. Results scaled by w2
∗

demonstrate significant differences in amplitude with changes in the level of stratification. Note

the difference in amplitude of −u′w′ for the two cases in Fig. 5.8(a). When scaled by the friction

velocity, however, the −u′w′/u2
∗ stress nearly collapses to the same curve (see Fig. 5.9). Moreover,

the maximum amplitude is much closer to 1 indicating that the shear stresses scale better with the

friction velocity rather than the convective velocity. Similar behavior is noted for the other shear

stress terms; however, the similarity between Case B1 and B2 data depreciates for −v′w′ and −u′v′

in comparison with the primary shear stress.

Skewness (see Eq. 4.2.13) of the velocity components is shown in Fig. 5.10. The streamwise

skewness Su demonstrates a minimum near z/zi = 1 which suggests the existence of streamwise

streaks (bands of slow moving fluid). The negative skewness in the mixed layer for Su decreases

with an increase in stratification; Fig. 4.12 shows that the minimum skewness for the neutrally

stratified case is Su ≈ −0.8. The amplitude of Sv is relatively small for both Case B1 and B2.
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Figure 5.9: Same as Fig. 5.8 but normalized by u∗.
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Figure 5.10: Skewness of velocity components for Case B1 (solid line) and Case B2 (dashed line).
(a) Su, (b) Sv, (c) Sw.
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Figure 5.11: Same as Fig. 5.10 but for velocity kurtosis.

Skewness of the vertical velocity increases in comparison with the neutrally stratified Case A

(Fig. 4.12). Sw for both Case B1 and B2 are nearly identical: positive skewness that increases

linearly throughout the mixed layer. This agrees with LES data of Mason (1989), Mironov et al.

(2000) and Gryanik and Hartmann (2002) but is not representative of convective ABL conditions

(LeMone, 1990, Moeng and Rotunno, 1990). Instead, a decrease in skewness should occur as z →

zi. LeMone (1990) argues that very large scale features of size > 10 km with near-zero skewness

prohibit further increases in skewness in the vicinity of zi. This DNS, as well as the LES noted

earlier, are not capable of resolving these large scales resulting in the increased skewness near the

inversion.

Figure 5.11 gives the kurtosis (see Eq. 4.2.14) of the three velocity components. Recall from

§4.2.3 that Kui
= 3 for normally distributed velocity components. Both Ku and Kv demonstrate a

reduction relative to Case A (Fig. 4.13). With a kurtosis close to 3, both horizontal velocity com-

ponents are close to a Gaussian distribution. At the inversion there is an increase in the kurtosis

of the fluctuating velocity which is amplified by an increase in −zi/L. Kw reaches a minimum of

Kw ≈ 3 at the bottom of the mixed layer but increases steadily until the peak at z/zi = 1 for both
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cases. As with the in-plane velocity components, increased stratification causes an increase in Kw

at zi.

5.2.2 Statistics of Temperature Fluctuations

The turbulent heat flux w′θ′ is shown in Figure 5.12 for both cases. Note that the flux has

been normalized by the surface heat flux Qθ,0. Both cases show linear behavior through the mixed

layer with a maximum at the surface such that w′θ′/Q0 ≈ 1. Although the turbulent flux goes

to zero at the wall (due to the no-slip boundary condition), viscous heat flux is at a maximum at

the wall. Refer to §5.5.2 for a discussion concerning the contribution of viscous and turbulent flux

through both top-down and bottom-up diffusion processes.

Although the inversion height has already been used in presenting results, zi is formally

defined as the height where w′θ′ is a minimum. Other definitions for zi exist and are discussed by

Sullivan et al. (1998). Their results show less than 5% variation in zi between the different methods

used.

Given the convective velocity w∗ and the surface heat flux Qθ,0 a characteristic temperature

scale θ∗ can be formed such that

w∗θ∗ = Qθ,0 (5.2.5)

or

θ∗ =
Qθ,0

w∗
(5.2.6)

The variance of the temperature fluctuations is shown in Fig. 5.13 where θ′θ′ has been normalized

by θ2
∗. It seems θ′θ′ does not scale with θ2

∗ (i.e. θ′θ′/θ2
∗ is not necessarily of order 1) near the

wall or at the inversion. In fact, the case with vigorous heating shows an increase in the level

of fluctuations in the near wall region. However, within the mixed layer, where temperature

fluctuations are less severe, the temperature variance scales with the characteristic temperature in

Eq. 5.2.6. Moene et al. (2006) propose a modified scaling which keeps the scaled variances on the

order of 1 − 10 throughout the boundary layer. So as to compare with other measurements and
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Figure 5.12: Temperature flux for Case B: Solid line, Case B1; dashed line, Case B2.
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Figure 5.13: Variance of temperature fluctuations for Case B: Solid line, Case B1; dashed line, Case
B2. Inset show detail in the mixed layer.
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simulations, their scaling is not incorporated here. The minimum of θ′θ′/θ2
∗ is approximately unity

(see inset of Fig. 5.13) and is located towards the top of the mixed layer. A significant increase in

the level of temperature fluctuations is noted between 0.75 < z/zi < 1.5. A similar increase is

not displayed in the velocity variances (Fig. 5.7). It may be that buoyant plumes carrying hot

fluid from the wall region continue until they encounter the capping-inversion. No longer forced

by a buoyant instability, these plumes continue to travel upwards carrying (relatively) cold fluid

into the stably-stratified region by means of positive vertical velocity fluctuations. The difference

between the mean temperature and the temperature of the plumes impacting into the inversion

results in the large increase in θ′θ′ near z ≈ zi. This reasoning agrees with the heat flux w′θ′ profile

near zi. Cold temperature fluctuations traveling upwards into the inversion would correspond

with a negative heat flux. Scaling of the temperature variance is similar for both Case B1 and

B2 suggesting that the strength of the temperature fluctuations may not be a function of −zi/L.

However, differences in the magnitude of θ′θ′ exist between these data and that of Coleman and

Ferziger (1994, 1996) who show θ′θ′/θ2
∗ ≈ 5 or Mason (1989) where θ′θ′/θ2

∗ ≈ 17.5. It is possible

that the magnitude of the fluctuations at the inversion is more a function of the strength of the

capping inversion (∂θ/∂z) at zi than the surface parameter L.

Higher-order statistics, namely the skewness and kurtosis (Eq. 4.2.13 and 4.2.14 respec-

tively), of the temperature fluctuations are shown in Fig. 5.14. The increase in heating tends to

promote increased positive skewness and increased flatness. The positive skewness is charac-

teristic of the buoyant plumes, or, relatively small regions of very high temperature fluid. An

increased Richardson number promotes the existence of such plumes. It is expected that high

temperatures will correlate with positive vertical velocities. However, the skewness of w′ (which

increases linearly between 0 < z/zi < 1) does not mirror the behavior of Sθ. Although the tem-

perature fluctuations are skewed towards +θ′ in the mixed layer, Sθ decreases as the inversion

is approached. When hot upward traveling fluid encounters the inversion, the skewness is de-

creased since the ‘hot’ fluid from the mixed layer is encountering higher temperatures as it travels
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Figure 5.14: Skewness (a) and Kurtosis (b) of temperature field for Case B: Solid line, Case B1,
dashed line, Case B2.

through the inversion. Thus, the temperature difference between θ and θ′ is reduced.

5.3 Turbulent Kinetic Energy Budgets

Turbulent kinetic energy budgets were computed for the velocity variance and covariance

terms using Eq. 4.3.1. For cases B1 and B2, the production by buoyant forces, βi,k (term II) is

nonzero for w′w′, −u′w′, and −v′w′. The pressure term will be presented for these unstable cases

using the total pressure transport (Πi,k) rather than the pressure strain (Φi,k) and the pressure

diffusion (Θi,k) as given by Eq. 4.3.3. In the budgets for u′u′, v′v′, and −u′v′, Πi,k = Φi,k. All

budgets have been normalized by w3
∗/zi. The averaging periods for the budgets are slightly dif-

ferent than those used for the statistics presented thus far. For the budgets only, 50 realizations

over tw∗/zi = 2.01 were used for Case B1 and 45 realizations over tw∗/zi = 1.37 were used for

Case B2.
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Figure 5.15: Case B1 turbulent kinetic energy budget for u′u′ component. Production, solid; turbu-
lent diffusion, dashed; pressure transport, dot-dash; molecular diffusion, solid circle;
viscous dissipation, open circle; Coriolis redistribution, solid square. All terms have
been normalized by w3

∗/zi.
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Figure 5.16: Same as Fig. 5.15 but for Case B2.
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5.3.1 Variance Budgets

The budgets for u′u′ in Case B1 and B2 are given in Fig. 5.15 and 5.16. Near the wall the

neutrally stratified (Fig. 4.17) and weakly unstable cases are similar to each other qualitatively.

The major source of energy is production by mean shear; molecular and turbulent diffusion trans-

port this energy to other parts of the flow: T1,1 to the farfield and D1,1 towards the wall. A clear

difference between Case A and B1 concerns the pressure transport (pressure strain to be precise).

The amount of energy lost by u′u′ due to pressure transport appears to decrease with the pres-

ence of thermal stratification. Figure 5.16 shows that pressure transport actually supplies energy

to u′u′. Increasing the stratification increases the role of buoyant forcing such that w′w′ is now

the dominant Reynolds stress. This term then supplies energy to the in-plane Reynolds stresses

through the return-to-isotropy transport term. With moderate stratification turbulent diffusion

and production by mean shear both supply energy to u′u′. Likewise, pressure strain acts as a

source throughout the mixed layer except for a small region of loss immediately below zi where

the streamwise term supplies energy to other terms through Π1,1. For vigorous heating, the role

of production is diminished at zi and pressure strain is the primary source of energy along with

turbulent diffusion.

As with u′u′, the v′v′ budgets for Case B1 (Fig. 5.17) and Case A (Fig. 4.18) are quite similar

near the wall. Case B1 shows a slight decrease in the role of P2,2 relative to the pressure trans-

port. Increasing the stratification level further decreases production by mean shear such that the

spanwise production term is negligible (Fig. 5.18). In Case B2, the sole source of energy is pres-

sure strain which supplies energy to the spanwise term from w′w′. Comparing Fig. 5.16 and

5.18 demonstrates that the in-plane budgets are essentially identical except when z+ < 40 where

streamwise shear production plays a role in supplying energy.

For a vigorously heated field (Case B2), the streamwise and spanwise energy transport are

equivalent outside of a small layer near the wall. Likewise,the normal Reynolds stresses in Fig.

5.7 are also similar to each other away from the wall. With a further increase in the convective
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Figure 5.17: Case B1 turbulent kinetic energy budget for v′v′ component. Production, solid; turbu-
lent diffusion, dashed; pressure transport, dot-dash; molecular diffusion, solid circle;
viscous dissipation, open circle; Coriolis redistribution, solid square. All terms have
been normalized by w3

∗/zi.
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Figure 5.18: Same as Fig. 5.17 but for Case B2.
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Reynolds number Rec, this layer is likely to shrink and the small role of shear production in u′u′

will decrease further.

The w′w′ budget shown in Fig. 5.19 and 5.20 for Case B1 and B2 respectively are signifi-

cantly different from the corresponding Case A budget in Fig. 4.17. Buoyant production energizes

w′w′ such that this term now supplies energy to the in-plane components. In Fig. 4.20(c) the total

pressure transport Π3,3 is a gain over the entire boundary layer. With stratification, pressure trans-

port drains energy from the vertical Reynolds stress to energize the other components. Although

β1,1 = β2,2 = 0 in Eq. 4.3.1, the effects of buoyancy are still felt by the horizontal stresses through

the return-to-isotropy term. Turbulent diffusion plays a significant role in the w′w′ budget as it

transports energy from the bottom half of the mixed layer (where buoyant production is largest)

to the top half where buoyant forcing is small. The role of viscous dissipation ε3,3 is decreased

with increased stratification.

5.3.2 Turbulent Kinetic Energy Balance

As with the neutrally stratified simulations, the total energy production and dissipation of

energy are defined by

P = 0.5Pi,i (5.3.1a)

ε = 0.5ε i,i (5.3.1b)

β = 0.5βi,i (5.3.1c)

with a summation over the repeated index. Out of the entire budget, these three terms are respon-

sible for all energy creation or destruction. The budgets for k are given in Fig. 5.21 and 5.22 for

Case B1 and B2 respectively. For both cases the production by buoyant forcing β has an amplitude

near the wall of βzi/w3
∗ ≈ 1. For moderate heating the flow is still dominated by production by

mean shear near the wall. The increased stratification in Case B2 drastically decreases the relative

impact of P and ε when compared to β. If the flow were in equilibrium (which is not the case for
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Figure 5.19: Case B1 turbulent kinetic energy budget for w′w′ component. Turbulent diffusion,
dashed; pressure transport, dot-dash; molecular diffusion, solid circle; viscous dissi-
pation, open circle; buoyant production, open square. All terms have been normal-
ized by w3

∗/zi.
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Figure 5.20: Same as Fig. 5.19 but for Case B2.
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unstable stratification), the total energy produced in the domain would be balanced by the energy

dissipated. The following expression is defined as a measure of the balance of production and

dissipation:
∫ ∞

0 P dz +
∫ ∞

0 β dz +
∫ ∞

0 ε dz
∫ ∞

0 P dz +
∫ ∞

0 β dz
= TKE balance (5.3.2)

The value of the above expression is 0.269 for Case B1 and 0.653 for Case B2. The positive values

indicate that more energy is being produced than dissipated for both cases. Consequently, excess

production will results in a slight increase of kinetic energy over the integration period. Cole-

man and Ferziger (1994) demonstrate such an increase in kinetic energy (their Fig. 3(b)) for the

convective boundary layer. The imbalance of energy is a consequence of two factors:

(1) The assumption that Case B1 and B2 are stationary with time (i.e. term 0 in Eq. 4.3.1 is

zero) is incorrect. The flow slowly adapts as heat from the wall and temperature inversion

is added to the mixed region. The increased stratification associated with Case B2 results

in more of a contribution from the time rate of change of the Reynolds stress.

(2) For a case that is stationary in time (such as Case A), production and destruction will

be in balance if the statistics are fully converged. Since Case A was only within 9.3% of

equilibrium, it is expected that similar results would occur in the convective boundary

layers.

5.3.3 Covariance Budgets

As with the neutrally stratified simulation, primary Reynolds shear stresses are responsi-

ble for the production of kinetic energy through mean shear. While effects of buoyancy do not

directly appear in the u′u′ or v′v′ budgets, it has already been shown that energy is transfered to

these components through pressure transport (return-to-isotropy) as w′θ′ directly feeds into the

w′w′ budget. It will be shown here that buoyancy effects also manifest themselves in the shear

production term for the in-plane kinetic energy components.
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Figure 5.21: Case B1 turbulent kinetic energy balance. Production, solid; viscous dissipation, open
circle; buoyant production; open square. All terms have been normalized by w3

∗/zi.
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Figure 5.22: Same as Fig. 5.21 but for Case B2.
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Figure 5.23: Case B1 turbulent kinetic energy budget for −u′w′ component. Production, solid;
turbulent diffusion, dashed; pressure transport, dot-dash; molecular diffusion, solid
circle; viscous dissipation, open circle; Coriolis redistribution, solid square; buoyant
production, open square. All terms have been normalized by w3

∗/zi.
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Figure 5.24: Same as Fig. 5.23 but for Case B2.

– 150 –



www.manaraa.com

S. B. WAGGY / THE UNSTABLY-STRATIFIED EKMAN LAYER

Q3

Q2

Q4

Q1

+θ′

−θ′

+u′−u′

Figure 5.25: Quadrant analysis of temperature and velocity fluctuations.

The budgets for −u′w′ are shown in Fig. 5.23 and 5.24 for Case B1 and B2 respectively. For

the neutrally stratified simulation, the energy gain for this term was primarily (almost exclusively)

supplied by mean shear production. For the moderately heated case, Fig. 5.23 demonstrates

that β1,3 is the primary source of energy in the budget near the wall. From Eq. 4.3.1 for −u′w′,

buoyancy will result in production of energy if −u′θ′ > 0 and destruction if −u′θ′ < 0. For the

quadrants shown in Fig. 5.25, energy is produced in Q2 and Q4 and lost in Q1 and Q3. A Q2 event

corresponds to low momentum fluid that is being forced upwards due to the positive temperature

fluctuation. Conversely, a Q4 event tends to pull high momentum fluid towards the wall given

that θ′ < 0. These two events directly impact the shear stress by encouraging (or as is shown

near the temperature inversion, discouraging) sweeps and ejections. Surprisingly, the vigorously

heated case does not show a large relative increase in buoyant production in comparison to shear

production. Although the β1,3 is more influential near the wall, production by shear becomes the

primary source of energy for Case B2 at z+ ≈ 12.5. P1,3 remains the primary energy source until

z/zi > 0.27 where buoyancy again takes over.
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Near the inversion both Case B1 and B2 demonstrate similar behavior: (a) a peak in buoyant

destruction at z ≈ zi which is balanced by mean shear production and turbulent diffusion and (b)

a second local minima in β1,3 near z/zi ≈ 1.3 which is balanced by pressure transport.

Statistics through the mixed layer for the covariance terms show large oscillations. Deduc-

ing concrete observations from this region would require an increase in the averaging window

which may adversely affect the velocity variance budgets because the flow is not stationary. As

shown in Fig. 5.9, the Reynolds shear stresses scale better with u∗ rather than w∗; this indicates

a longer integration time might be required given that zi/u∗ > zi/w∗. Furthermore, the devia-

tion between these two time scales grows with an increase in −zi/L (see Table 5.2). This helps to

explain why Case B1 shows better statistical convergence than Case B2 in the mixed layer.

−v′w′ budgets in Fig. 5.26 and 5.27 show similar behavior to the primary streamwise ve-

locity covariance near the wall. The majority of energy is supplied by buoyant and mean shear

production. The budget shown in Fig. 5.23 shows buoyant destruction and shear production near

z = zi. However, the spanwise covariance demonstrates a gain from buoyancy throughout the

boundary layer and a change in the sign of production at z/zi ≈ 0.13. The sign change in P2,3

corresponds with the change in sign of ∂V/∂z. Two peaks are evident in buoyant production and

pressure transport above the inversion height; this is similar to the −u′w′ budget but the roles

have been reversed. The location of the local minima between the two peaks corresponds to the

location of the largest gradient in the temperature inversion.

The switched roles of β1,3 and β2,3 at zi is intriguing. At the temperature inversion, ∂U/∂z >

0 while ∂V/∂z < 0. This causes the roles of buoyant production to be reversed. For u′w′, buoyant

destruction at the inversion – coupled with the positive velocity gradient – results in a net loss

of turbulent energy. In the case of the spanwise production term, β2,3 appears to be a gain, but,

since the mean velocity gradient in in the spanwise direction is negative, the total effect is that

production acts as a sink. Therefore, at the inversion, both primary covariances tend to suppress

turbulence.
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Figure 5.26: Case B1 turbulent kinetic energy budget for −v′w′ component. Production, solid;
turbulent diffusion, dashed; pressure transport, dot-dash; molecular diffusion, solid
circle; viscous dissipation, open circle; Coriolis redistribution, solid square; buoyant
production, open square. All terms have been normalized by w3

∗/zi.
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Figure 5.27: Same as Fig. 5.26 but for Case B2.
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Figure 5.28: Case B1 turbulent kinetic energy budget for −u′v′ component. Production, solid;
turbulent diffusion, dashed; pressure transport, dot-dash; molecular diffusion, solid
circle; viscous dissipation, open circle; Coriolis redistribution, solid square. All terms
have been normalized by w3

∗/zi.
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Figure 5.29: Same as Fig. 5.28 but for Case B2.
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For the unstably stratified cases, Coriolis redistribution is insignificant in the transport of

energy (see Figs. 5.15 through 5.27). Nevertheless, the secondary covariance budget is shown in

Figs. 5.28 and 5.29 for Case B1 and B2 respectively. For the moderately stratified case, the budget

closely resembles the neutrally stratified budget near the wall (Fig. 4.17). Away from the wall,

production and pressure transport are in balance. The vigorously heated case demonstrates that,

apart from the near wall region, the integration time is not sufficient to statistically average the

results.

5.4 Evaluation of Closure Model: Third and Fourth Moments

In §4.5 the k − ε model was compared against the neutrally stratified Ekman layer. It rep-

resented a variant of a second-order closure; instead of solving for the six Reynolds stresses indi-

vidually, an equation for the kinetic energy and dissipation rate were solved instead.

Under thermal stratification, additional velocity-temperature correlations require closure.

Here the DNS data will be used to evaluate a closure which parameterizes the third and fourth-

order moments as functions of the heat flux (w′θ′), vertical velocity variance (σ2
w = w′w′), temper-

ature variance (σ2
θ = θ′θ′), and the velocity and temperature skewness (Sw and Sθ). A simple set

of third and fourth-order closures are given by

w′2θ′ = Swσww′θ′ (5.4.1a)

w′θ′2 = Sθσθw′θ′ (5.4.1b)

w′4 =
(
1 + S2

w

)
σ4

w (5.4.1c)

θ′4 =
(
1 + S2

θ

)
σ4

θ (5.4.1d)

w′3θ′ =
(
1 + S2

w

)
σ2

ww′θ′ (5.4.1e)

w′θ′3 =
(
1 + S2

θ

)
σ2

θ w′θ′ (5.4.1f)

The parameterizations of Eq. 5.4.1a and 5.4.1b were suggested by Abdella and McFarlane (1997).
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The closure given by Eq. 5.4.1e was discussed by Abdella and McFarlane (1999). Remaining

fourth-order closures are explicitly given by Gryanik and Hartmann (2002).

For zero skewness turbulence, w′θ′2 (flux of temperature variance) and w′2θ′ (flux of heat

flux) in Eq. 5.4.1 will both be zero. Furthermore, zero skewness implies that all fourth-order mo-

ments are function of only the second-order moments σ2
w, σ2

θ , and w′θ′. Kraichnan (1957) argues

that relating the fourth-order velocity moments to second-order moments – as is done in a Gaus-

sian distribution where skewness is, by definition, zero – results in a violation of conservation of

energy. Thus, the parameterization w′4 ≈ w′22
is fundamentally flawed.

A generalized modification to Eq. 5.4.1 is given by (Gryanik and Hartmann, 2002, Zilitinke-

vich et al., 1999)

w′2θ′ = a1Swσww′θ′ − K1
∂w′θ′

∂z
(5.4.2a)

w′θ′2 = a2Sθσθw′θ′ − K2
∂θ′2

∂z
(5.4.2b)

w′4 = a3

(
1 + d3S2

w

)
σ4

w (5.4.2c)

θ′4 = a4

(
1 + d4S2

θ

)
σ4

θ (5.4.2d)

w′3θ′ = a5

(
1 + d5S2

w

)
σ2

w w′θ′ (5.4.2e)

w′θ′3 = a6

(
1 + d6S2

θ

)
σ2

θ w′θ′ (5.4.2f)

The third-order moments include a form of down-gradient diffusion of second-order moments.

Zilitinkevich et al. (1999) proposed

a1 = 1 (5.4.3a)

a2 = 1 (5.4.3b)

K1 = CkKwθ (5.4.3c)

K2 = 0 (5.4.3d)

where Ck = 0.1 and Kwθ = 0.2τZσ2
w. The characteristic time τZ was parameterized as τZ = k/ε.
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Gryanik and Hartmann (2002) instead related the diffusivities to the kinetic energy by

Ki = di

√
kzi (5.4.4)

for i = 1, 2 (note that zi still refers to the inversion height).

Gryanik and Hartmann (2002) argue that, in the limit that skewness goes to zero, the fourth-

order statistics should approach Gaussian behavior. This implies ai = 3 for i = 3 − 6. For tur-

bulence with large skewness, the coefficient aidi should approach 1. So, di = 1/3 all fourth-order

moments.

To assess the ability of the above closures to correctly parameterize high-order moments,

Gryanik and Hartmann (2002) use the explained variance to quantify the difference between the

modeled moment and the actual moment:

σ2
f = 1 − (yi − f (xi))

2

(yi − y)2
(5.4.5)

Actual measurements are given by yi while the parameterization is given by f (xi). The overbar

denotes an averaged quantity. To account for the clustering of mesh points in the near-wall region,

the explained variance is redefined for this work as an integral over the boundary layer:

σ2
f ≡ 1 −

∫ Lz

0 (yi − f (xi))
2 dz

∫ Lz

0 (yi − y)2 dz
(5.4.6)

where yi are values from the DNS and f (xi) are, once again, the corresponding model predictions.

The mean y is computed by

y =
1

Lz

∫ Lz

0
yi dz (5.4.7)

The definition in Eq. 5.4.6 eliminates the bias associated with the clustering of meshpoints at the

lower boundary.

5.4.1 Third-order Moments

The third-order closures in Eq. 5.4.2 were compared with data from Case B1 and B2. Op-

timum values of ai and di were found by sampling data with different combinations of the two

– 159 –



www.manaraa.com

S. B. WAGGY / THE UNSTABLY-STRATIFIED EKMAN LAYER

parameters and locating the largest explained variance (which correlates with a better model). The

contour plots in Fig. 5.30(a) and (b) show the explained variance of Case B1 for w′2θ′ and w′θ′2

respectively. The filled circles correspond to the values of ai and di which maximize the explained

variance using the DNS data; the open circles give the values proposed by Gryanik and Hart-

mann (2002) and the open square corresponds to the diffusivities recommended by Zilitinkevich

et al. (1999). For a1, the value which matches our DNS is larger (24-44%) than both recommended

values. The range of recommended values for a2 is relatively small.

The diffusion coefficient d1 and d2, however, show large variations. Relating the two defini-

tions of K1 in Eq. 5.4.3c and 5.4.4 requires that

0.2Ck
k

ε
σ2

w = d1

√
kzi

or

d1 =
0.2Ck

√
kσ2

w

εzi
(5.4.8)

where Ck = 0.1. This gives the parameter d1 proposed by Gryanik and Hartmann (2002) in terms

of the diffusivity definition given by Zilitinkevich et al. (1999). Since the kinetic energy, dissi-

pation, and vertical velocity variance change over the boundary layer, the mean value of d1 in

Eq. 5.4.8 is computed using Eq. 5.4.7. For the present DNS, the values of d1 and d2 proposed

by Gryanik and Hartmann (2002) speculated an increased role of down-gradient diffusion in the

third-order moments. However, these values of di would result in a negative explained variance

indicating an over-emphasis of the diffusion of the second-order moment. The values of d1 and d2

which maximize σ2
f are close to the parameterizations of Zilitinkevich et al. (1999). In fact, based

on the DNS results, the down-gradient diffusion term in the third-order closures of Eq. 5.4.2 could

be eliminated entirely (d1 = d2 = 0) with little loss in the accuracy of the model.

A comparison of Case B1 data and the models for w′2θ′ and w′θ′2 are given in Fig. 5.31(a)

and (b) respectively where the model uses values for ai and di which maximize σ2
f (as shown in Fig.

5.30). The general trend of w′2θ′ is captured by the model although some large differences between
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Figure 5.30: Calculation of empirical constants for third-order moments. Contours give explained

variance as calculated by Eq. 5.4.6. (a) w′2θ′, (b) w′θ′2. Contour interval is ∆ = 0.1
for the black contours; gray contour gives σ2

f = 0.95. Open circles, Gryanik and

Hartmann (2002); open squares, Zilitinkevich et al. (1999); closed circles, Case B1.
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Figure 5.31: Third-order moments: (a) w′2θ′, a1 = 1.44, d1 = −1.17 × 10−3; (b) w′θ′2, a2 = 0.894,
d2 = 1.67× 10−4. Dots are Case B1 data and the line is unity.
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the DNS data and the model exist. The model does well for w′θ′2 throughout the boundary layer

as shown in subplot (b).

5.4.2 Fourth-order Moments

As with the third-order closures, a sensitivity analysis was performed to demonstrate how

variations in ai and di affect the modeling abilities of Eq. 5.4.2. The coefficients ai and di for

i = 1, 2 effectively controlled the strength of the two modeling terms. In order to shut off the role

of down-gradient diffusion, di was set to zero. This action has no direct impact on the coefficient

ai.

However, for the fourth order moments, the coefficients ai and di for i = 3 − 6 are coupled.

Rewriting the closure for the fourth moment of vertical velocity (Eq. 5.4.2c) yields

a3

(
1 + d3S2

w

)
σ4

w = a3σ4
w + a3d3S2

wσ4
w

Although the first term on the right-hand-side of the above expression only depends on a3, the

second term is a function of the product a3d3. The fourth-order closures, as will be demonstrated

shortly, have an array of coefficients ai and di which satisfy the fourth-moments of Eq. 5.4.2c–f.

For Case B1, Fig. 5.32 shows σ2
f as a function of ai and di for the fourth-order moments. As

speculated, a band of values for ai and di will achieve sufficient accuracy of the model. With the

exception of w′θ′3, the theoretical prediction of ai = 3 and di = 1/3 given by Gryanik and Hart-

mann (2002) perform better than the coefficients obtained from atmospheric data. This supports

the theoretical arguments which led to ai = 3 and di = 1/3 for fourth-order closures. Without the

ability to fine-tune the coefficients, these recommended values appear to be strong.

The closure for θ′4 demonstrates the poorest performance with a maximum explained vari-

ance of 0.986. Figure 5.33(b) shows a large spike in the temperature moment which is not accu-

rately captured. This peak in θ′4 occurs in the very near wall region with a second peak at the

inversion (much like the variance of θ, see Fig. 5.13). These two extrema dominate the parameter-
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Figure 5.32: Calculation of empirical constants for fourth-order moments. Contours give ex-

plained variance as calculated by Eq. 5.4.6. (a) w′4, (b) θ′4, (c) w′3θ′, (d) w′θ′3. Contour
interval is ∆ = 0.05 for the black contours (minimum of σ2

f = 0.8); gray contour gives

σ2
f = 0.99. Open circles, Gryanik and Hartmann (2002); open squares, Zilitinkevich

et al. (1999); closed circles, Case B1.
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ization of a4 and d4 such that the mixed layer – where the magnitude of θ′4 is almost 3 orders of

magnitude smaller – is insignificant when computing Eq. 5.4.6.

As seen in Fig. 5.33(a), (c), and (d), the optimum coefficients ai and di found in Fig. 5.32

do a good job at modeling the DNS results. Note the exceptional performance of the model for

w′θ′3. The coefficients computed for a6 and d6 are close to the values recommended by Gryanik

and Hartmann (2002), both of which deviate significantly from theoretically expected values.

5.4.3 Recommended Coefficients

A summary of the findings is given in Table 5.3. Contour plots showing σ2
f as a function of

ai and di for Case B2 are given in Appendix C. The values listed for Case B2 are based on these

results. Note that d1 changes sign between Case B1 and B2 and that both coefficients are an order

of magnitude smaller than the recommended value (REC). It is likely that d1 is a function of the

strength of stratification. With how small the amplitudes are, simply letting d1 = 0 would remove

the uncertainty associated with this term with only a small decrease in model accuracy.

The two values of d2 for Case B1 and B2 were found to be identical to three significant digits.

Although small, it appears this coefficient is optimal for the current DNS data.

Only small changes in the coefficients ai and di are seen for the comparison between Case B1

and B2 with the exception of d4. The value of the coefficient computed for Case B2 is much closer to

the predicted value of Gryanik and Hartmann (2002). Since their atmospheric measurements were

such that 10 < −zi/L < 20, it seems d4 is a function of the level of stratification: stronger heating

results in an increase in role of skewness when parameterizing the fourth-moment of temperature.

5.5 Top-down / Bottup-up Diffusion

In the unstably stratified atmospheric boundary layer (ABL), mean velocity and potential

temperature are well mixed below the capping inversion. To account for nonzero gradients in the
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Figure 5.33: Fourth-order moments: (a) w′4, a3 = 2.36, d3 = 0.742, σ2
f = 0.998; (b) θ′4 a4 = 2.95,

d4 = −7.58 × 10−2, σ2
f = 0.986; (c) w′3θ′, a5 = 2.42, d5 = 0.879, σ2

f = 0.996; (d) w′3θ′2,

a6 = 2.11, d6 = 0.470, σ2
f = 0.995. Dots are Case B1 data and the line is unity.
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Table 5.3: Coefficients for third and fourth-order moment closures, Case B: Recommended values
(REC) for i = 1, 2 by Zilitinkevich et al. (1999) and i = 3 − 6 by Gryanik and Hartmann
(2002). Best-fit for atmospheric measurements (GH) given by Gryanik and Hartmann
(2002). Left and right d1 coefficients calculated by Eq. 5.4.8 for Case B1 and B2 respec-
tively.

ai, di REC GH B1 B2 σ2
f

∣
∣
∣
B1

σ2
f

∣
∣
∣
B2

a1 1.00 1.16 1.44 1.65
0.975 0.986

d1 0.0122 / 0.0162 0.146 -0.00117 0.000836

a2 1.00 0.96 0.894 0.854
0.991 0.994

d2 0.00 -0.016 0.000167 0.000167

a3 3.00 2.85 2.36 2.15
0.998 0.998

d3 0.33 0.146 0.742 0.803

a4 3.00 2.58 2.95 2.50
0.986 0.972

d4 0.33 0.497 0.0758 0.348

a5 3.00 2.926 2.42 2.48
0.996 0.996

d5 0.33 0.713 0.879 0.970

a6 3.00 2.18 2.11 2.17
0.995 0.996

d6 0.33 0.570 0.470 0.439

mixed layer for specific humidity, Wyngaard and Brost (1984) proposed the concept of top-down

and bottom-up diffusion. Given a scalar concentration q, Wyngaard describes the total scalar flux

as a linear combination of the surface flux (subscript b) and entrainment-zone flux (subscript t):

w′q′ = w′q′b + w′q′t (5.5.1)

By means of large-eddy simulation (LES), Wyngaard and Brost (1984) parameterized the eddy

diffusivity for both top-down and bottom-up passive scalars by treating the processes as symmet-

ric. Their results show good agreement between LES and their proposed closure approximation.

Moeng and Wyngaard (1984) built upon this analysis by constructing functions to parameterize

scalar covariances and compute the flux budgets for both top-down and bottom-up scalars. Pat-

ton et al. (2003) and Wang et al. (2007) proposed revisions to the gradient functions proposed by

Wyngaard and Brost (1984) for a convective boundary layer over a forested site where the canopy

acts to increase surface roughness.

The purpose of this work is to simulate passive scalars as bottom-up and top-down pro-
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cesses over a smooth surface while resolving flow features through the viscous sublayer and down

to the wall via direct numerical simulation (DNS). This allows a fundamental study of the two dif-

fusion processes in the absence of a rough wall and avoids assumptions concerning near-wall

temperature and scalar fluxes. Comparison between DNS results and previous LES simulations

provides insight into the effect of surface roughness on scalar flux.

5.5.1 Simulation Specifications

Starting from the end of the Case B2 simulation, two scalars were initialized in the domain

with small amplitude random fluctuations. The new case is denoted as Case B2s (s for ‘scalars’).

The first passive scalar qb was initialized with a constant value through most of the boundary

layer and with a steep gradient near the wall. A constant scalar value (qb = 1) condition was

imposed at the wall with ∂qb/∂z = 0 at zmax. The top-down scalar qt was initialized using a step

function and allowed to evolve with a zero gradient condition at the wall. The height of the initial

step function for qt was chosen to align with the temperature inversion height (though zi grows

with time). With the newly introduced passive scalars qb and qt, the field was advanced forward

in time until a quasi-steady state was reached. Field variables were then averaged using 50 data

realizations. The mean profiles of qb and qt are shown with their corresponding initial distribution

in Fig. 5.34(a) and (b) respectively. Since Case B2s has evolved from Case B2, the temperature field

and surface heat flux change slightly. Over the time-averaging period used for Case B2s, the mean

surface Richardson number decreases to Ri0 = −14.02 (slightly lower than that of Case B2).

The data for this Case B2s were averaged over a sampling window of t/T ≈ 1.4, i.e. an

entire large eddy turnover time was captured. This corresponds to an averaging window of t f ≈

0.05 in terms of the Coriolis parameter. For Case B2s, zi/L = −49.1. The strength of stratification

is slightly lower than that of Case B2 since the flow has evolved longer.

The total temperature flux is composed of both turbulent and viscous flux components:

Qθ = w′θ′ − 1

Pr Re

∂θ

∂z
(5.5.2)
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Figure 5.34: Mean scalar profiles for qb (left) and qt (right). Dashed lines indicates initial conditions
while solid lines show time-averaged profiles.
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Figure 5.35: Mean temperature profile: solid, time-averaged θ; dashed, initial condition.
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The contributions of each term are shown in Fig. 5.36. Note that viscous effects only are prevalent

in the very near wall region and when z ≥ zi. Furthermore, it is clear that the heat flux maintains

a linear shape for 0 ≤ z/zi ≤ 1. The minimum heat flux at z = zi, which gives an indication

of the strength of top-down diffusion to bottom-up diffusion and also entrainment, has a value

of Qθ/Qθ,0 = −0.153. Sorbjan (2004) simulated the unstable ABL under various conditions with

−4.17 ≤ zi/L ≤ −1.95 using LES. In Sorbjan’s LES, the ratio between the total heat flux at the

top and bottom of the mixed layer varied between approximately −0.17 and −0.3. Our results

indicate slightly less entrainment influences at the top of the mixed layer relative to the bottom

when stronger stratification is present (Jonker et al., 2010).

In the same fashion as Eq. 5.1.2, a surface flux parameter is defined for the bottom-up scalar

qb:

Qqb,0

Ug
= − 1

Sc Re

∂qb

∂z

∣
∣
∣
∣
z0

(5.5.3)

Note that qb is a dimensionless scalar concentration so Qqb,0/Ug is likewise a dimensionless flux.

The total, turbulent, and viscous fluxes for qb are shown in Fig. 5.37(a). The near-wall region

is once again dominated by viscous flux as the no slip condition enforces zero turbulent flux.

However, for z/zi > 0.04, the viscous term is less than 1% of Qqb,0 where w′θ′ is the primary

transport mechanism. At the inversion, Qqb,0/Ug = 0.06 indicating very weak scalar flux.

While it is convenient to normalize θ and qb by the surface value of the viscous flux, such

an operation is not possible for qt since both the turbulent and viscous fluxes at z = 0 are zero.

Instead, the total flux

Qqt = w′q′t −
1

Sc Re

∂qt

∂z
(5.5.4)

is normalized by Qqt,1 where

Qqt,1 = min
(
Qqt

)
(5.5.5)

Note that, for the distribution of qt shown in Fig. 5.34, both the turbulent and viscous fluxes will

be negative over the entire mixed layer as the scalar is transported downward towards the wall.

The maximum of Qqt /Qqt,1 is found to occur at z/zi = 0.87 which correlates very well with the
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Figure 5.36: Vertical temperature flux: solid, total temperature flux; dashed, turbulent flux; dotted,
viscous flux. All terms have been normalized by Qθ,0 (Eq. 5.1.3).
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Figure 5.37: Vertical scalar flux for qb (left) and qt (right). Solid, total scalar flux; dashed, turbulent
flux; dotted, viscous flux. Dash-dot indicates linear relationship between zero flux
wall and maximum top-down flux.
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Table 5.4: Case B2s Simulation Parameters. Type codes: SW = smooth wall, WT = water tank
experiment, RW = rough wall LES, and C = canopy LES.

Type Rec u∗/w∗ Ri −zi/L

DNS (Present work) SW 4473 0.203 55.5 49.1
Patton et al. (2003) RW −− 0.252 −− 24.9
Patton et al. (2003) C −− 0.282 −− 17.8
Piper et al. (1995) WT 1000-2000 −− 29 −−
Moeng and Wyngaard (1984) RW −− 0.350 54 10
Wyngaard and Brost (1984) RW −− 0.184 −− 64

crossover point where Qθ goes from positive to negative flux. Unlike Qθ or Qqb
, the flux profile

of a top-down process is not linear. Wyngaard and Brost (1984) attributed this to deepening of

the ABL with time. The peak in viscous flux occurs just above the inversion (z/zi ≈ 1.04). At

this point the turbulent and viscous fluxes are nearly equal in amplitude and greater than 17%

of Qqt,1. Whereas viscous effects are relevant only in a very thin layer at the wall for bottom-up

diffusion, both viscous and turbulent fluxes play an important role at the temperature inversion

for the top-down processes given the low Reynolds number of the simulation.

A comparison between the current DNS and other LES are provided in Table 5.4. The

Reynolds number based on convective scales is defined as Rec = w∗zi/ν and the Richardson

number is

Ri =
zi/δE

(
w∗/Ug

)2
∆θ (5.5.6)

in terms of dimensionless quantities. Note that ∆θ is the jump in potential temperature across

the entrainment layer. Despite the fact that our DNS is at a substantially lower Reynolds number

in comparison with atmospheric LES studies, all other flow parameters are comparable to rough

wall LES conditions. In terms of the convective Reynolds number, the DNS is close to the water

dye experiments of Piper et al. (1995).
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5.5.2 Top-down Diffusion

In order for a scalar to exhibit pure top-down diffusion, the scalar gradient at z = 0 must be

identically zero to ensure both turbulent and viscous flux vanish at the wall. This is accomplished

by imposing a zero gradient boundary condition on the top-down scalar qt. Consequently, the

steepest gradients in qt occur near the inversion and decay as z → 0.

A simple mixing length hypothesis for the scalar flux of qt can be constructed as follows:

Qqt = −Kt
∂qt

∂z
(5.5.7)

where Kt is the eddy diffusivity for a top-down scalar. Solving for Kt yields

Kt = − Qqt

∂qt/∂z
(5.5.8)

A dimensionless scalar gradient can be defined as

gt = − zi

qt∗

∂qt

∂z
(5.5.9)

where qt∗ is a characteristic scalar value defined as

qt∗ =
Qqt,1

w∗
(5.5.10)

The dimensionless mean scalar gradient gt obtained from the present DNS is shown in Fig. 5.38

and is compared with the best fit curve of Moeng and Wyngaard (1984) defined as

gt ≈ Ct(1 − z/zi)
−2 (5.5.11)

with Ct = 1; Moeng and Wyngaard (1984) chose Ct = 0.7 as a fit to their LES data. The data

show good agreement between their approximation and the DNS data for 0.1 < z/zi < 0.95. Ap-

proaching the wall, the gradient function demonstrates a deviation from Eq. 5.5.11 as gt increases.

Similar near-wall behavior for a top-down scalar is noted by Piper et al. (1995). In their work,

Patton et al. (2003) demonstrated that adding a tree canopy to their LES had little effect on gt. Our

results validate their findings: the top-down diffusion of a scalar is not a function of surface rough-

ness. As shown in Fig. 5.38, only a slight increase in the gradient function throughout the mixed
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Figure 5.38: Gradient of mean top-down scalar distribution. Solid line, DNS; dashed line, Eq.
5.5.11 Ct = 0.7; dotted line, Eq. 5.5.11 Ct = 1; closed circles, LES with canopy (see
Patton et al., 2003).

layer is noted for the low Reynolds number DNS. This increase in gt indicates a small decrease

in mixing efficiency. The difference in the amplitude of gt is likely a consequence of the Reynolds

number as opposed to the surface roughness given the consistency of the offset throughout the

mixed layer. Nevertheless, the similarity between the smooth-wall, low Reynolds number DNS

with rough-wall, atmospheric LES suggests that in the mixed layer, gt is only weakly influenced

by surface roughness, large variations in the Reynolds number, or the strength of stratification.

If a linear relationship between the scalar flux and height in the mixed layer is assumed such

that the maximum flux occurs at the temperature inversion, then

Qqt

Qqt,1
≈ z

zi
(5.5.12)

Combining Eq. 5.5.8-5.5.12 with Ct = 1, the predicted eddy diffusivity based on a linear flux

profile is given by

Kt

w∗zi
≈
(

z

zi

)(

1 − z

zi

)2

(5.5.13)
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Figure 5.39: Eddy diffusivity (left) and scalar flux (right) for top-down scalar. Solid line, DNS;
dashed line, Eq. 5.5.13.

Figure 5.39 compares this cubic polynomial approximation along with our DNS results for the

eddy diffusivity and scalar flux and indicates that Eq. 5.5.13 and the DNS results are in relatively

good agreement. Kt is slightly underpredicted through the mixed layer and overpredicted in

the very near-wall region. From Fig. 5.38 it is clear the the near-wall deviation is caused by an

under-estimation of the velocity gradient at the lower boundary (top of figure). As shown in Fig.

5.39(b), the location of the maximum scalar flux, which is computed via Eq. 5.5.7 and 5.5.13, is

correctly captured (z/zi ≈ 0.88) and the magnitude of the flux is only off by approximately 3.5%.

For 0.25 < z/zi < 0.85, the total top-down flux is marginally underpredicted. This is partially

a consequence of assuming the flux is linear with a maximum flux at the inversion (Eq. 5.5.12).

A small improvement through the mixed layer is obtained by fitting a linear trend between the

wall (zero flux) and the height at which Qqt /Qqt,1 = 1. However, the height at which this occurs

(z/zi = 0.869 for this case) may not be universal and could demonstrate dependence on Reynolds

number or the strength of stratification. Finally, the parameterization of gt by Eq. 5.5.11 dictates

that the eddy diffusivity is zero at z = zi. In actuality, both the turbulent and viscous fluxes are
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substantial at the inversion. The total scalar flux from the DNS reaches zero at approximately

z/zi = 1.13.

5.5.3 Bottom-up Diffusion

Since a top-down diffusion process exhibits zero flux at the wall, a true bottom-up process

should exhibit zero flux near the temperature inversion. Wyngaard and Brost (1984) explicitly

enforced a zero flux condition at the top of the mixed layer (as determined by the maximum

amplitude of their top-down scalar flux). Moeng and Wyngaard (1984) and Piper et al. (1995)

extract the bottom-up scalar gradient using the top-down scalar and a scalar (or temperature)

which exhibits both top-down and bottom-up diffusion. Although results from the DNS (see

Fig. 5.37) show Qqb
is small at zi indicating only a small contribution from top-down diffusion,

the effect of top-down diffusion on the bottom-up scalar has been removed so a pure bottom-up

process is captured.

As with the top-down scalar, the eddy diffusivity for a bottom-up process is given by

Kb = − Qqb

∂qb/∂z
(5.5.14)

and a dimensionless scalar gradient is defined as

gb = − zi

qb∗

∂qb

∂z
(5.5.15)

where

qb∗ =
Qqb,0

w∗
(5.5.16)

Top-down diffusion effects are removed using the assumption that the gradient of an arbitrary

scalar has both top and bottom diffusion effects:

∂c

∂z
=

∂cb

∂z
+

∂ct

∂z
(5.5.17)

The gradient of ct has already been parameterized in Fig. 5.38, so gb (minus top-down effects) is
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given by

gb = − ziw∗
Qqb,0

∂qb

∂z
− Qqb,1

Qqb,0
gt (5.5.18)

The height at which Qqb,1 was taken corresponds to the point where Qqt/Qqt,1 = 1. The gradient

profile gb is shown in Fig. 5.40. The model

gb ≈ Cb

(
z

zi

)−3/2

(5.5.19)

of Wyngaard and Brost (1984) fits the scalar qb data very well for 0.08 < z/zi < 0.4. For z/zi > 0.4,

the gradient function changes sign and Eq. 5.5.19 no longer holds. Interestingly, if top-down

effects are not removed (i.e. gb = −
(
ziw∗/Qqb,0

)
∂qb/∂z), agreement between the model and DNS

show agreement up until z/zi ≈ 0.7 (gray curve in Fig. 5.40). The constant Cb = 0.23 used to

fit our data is close to the value Cb = 0.4 used by Wyngaard and Brost (1984) for their LES data.

Patton et al. (2003) notice enhanced mixing efficiency (a decrease in gb) for flow with canopy in

comparison to flow without. It is expected, then, that the smooth-wall DNS would also show an

increase in gb near the wall as mixing from surface roughness is eliminated. However, the gradient

function gb closely aligns with their no-canopy results for z/zi > 0.02. Thus, differences between

bottom-up diffusion for a smooth and rough wall are limited to a very thin layer near the wall.

Below z/zi = 0.02, the smooth-wall results show a considerable increase in gb through the viscous

sublayer (note that z/zi = 0.01 corresponds with z+ ≈ 9.1). For the Reynolds number of the DNS,

the viscous sublayer is considerably thicker than that of rough wall LES.

Both Moeng and Wyngaard (1984) and Piper et al. (1995) show gb ≈ 0 at z/zi ≈ 0.5 − 0.6

when gb is deduced from other flow variables; this crossover point is well captured by our DNS

results. The gradient function in the bottom half of the mixed layer appears to be well represented

by Eq. 5.5.19 as shown in Fig. 5.40. However, above z/zi > 0.6 the gradient function model does

not capture the sign change associated with pure bottom-up diffusion.

Combining Eq. 5.5.14, 5.5.19 and the approximation that Qqb
/Qqb,0 ≈ 1 − z/zi yields the
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gb = − zi
qb∗
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Figure 5.40: Gradient of mean bottom-up scalar distribution. Gray line, DNS Eq. 5.5.15; black
line, DNS Eq. 5.5.18; dashed line, Eq. 5.5.19 w/ Cb = 0.4; dotted line, Eq. 5.5.19
w/ Cb = 0.23; open circles, LES without canopy; closed circles, LES with canopy (see
Patton et al., 2003).
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Figure 5.41: Eddy diffusivity (left) and scalar flux (right) for bottom-up scalar. Solid line, DNS;
dashed line, Eq. 5.5.20
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following model for the eddy diffusivity of a bottom-up scalar:

Kb

w∗zi
=

(
1

0.23

)(

1 − z

zi

)(
z

zi

)3/2

(5.5.20)

Figure 5.41 compares the DNS and model eddy diffusivities (a) and resulting total scalar flux

(b). Note that the turbulent flux w′q′b has not had top-down effects removed. Once again, the

model does well except for close to the inversion and near the wall where the viscous sublayer

is approached. It is expected that the model will perform better in the near-wall region as the

Reynolds number increases. The over-prediction over the total flux near the inversion is likely

a consequence of the presence of top-down diffusion in w′q′b and not, necessarily, a Reynolds

number effect.

5.5.4 Variance and Covariance Functions

The gradient functions for top-down and bottom-up processes are useful in determining

the vertical flux of a scalar in the mixed layer. While Eq. 5.5.1 relates the flux of a scalar to

contributions from both top-down and bottom-up diffusion, the variance of a scalar c is a function

of top-down diffusion, bottom-up diffusion, and a cross-correlation between the two processes

(Moeng and Wyngaard, 1989):

c′c′ = c′tc
′
t + 2c′tc

′
b + c′bc′b (5.5.21)

In an attempt to parameterize c′c′, variance functions – denoted ft, fb, and ftb for top, bottom, and

mixed diffusion – can be formed for each term as follows:

c′tc
′
t = q2

t∗ ft (5.5.22a)

c′tc
′
b = qt∗qb∗ ftb (5.5.22b)

c′bc′b = q2
b∗ fb (5.5.22c)

If the above variance functions are universal (independent of Reynolds number or the strength

of stratification), then the variance of some arbitrary scalar could be determined if the strength of
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Figure 5.42: Scalar variance for top-down diffusion: Solid line, DNS; dashed line, Eq. 5.5.24 (a1 =
2.1 and a2 = 14); dotted line, Eq. 5.5.24 (a1 = 7.5 and a2 = 52).

top-down diffusion relative to bottom-up diffusion is known. Letting R = Qc,1/Qc,0 be the ratio

of the entrainment flux to surface flux, the variance for an arbitrary scalar c can be approximated

as

c′c′

c2∗
= R2 ft + 2R ftb + fb (5.5.23)

where c∗ = Qc,0/w∗, the total surface flux divided by the convective velocity.

Variance of the top-down scalar for the present DNS is shown in Fig. 5.42. Moeng and

Wyngaard (1984) fit their LES data with empirical functions

ft = a1

(

1 − z

zi

)−3/2

, z/zi < 0.9 (5.5.24a)

ft = a2

(

1 − z

zi

)−2/3

, z/zi > 0.9 (5.5.24b)

and specified a1 = 2.1 and a2 = 14 to fit their data. While the −3/2 relation in the mixed layer ap-

pears qualitatively correct, a large increase in a1 is required to fit our smooth wall results. Because

of coarse resolution in their LES near the inversion, the fit Moeng and Wyngaard (1984) propose
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Figure 5.43: Scalar variance for bottom-up diffusion: Solid line, DNS; dashed line, b1 = 1.8 and

b2 = 0.47; dotted line, ft ≈ 0.91 (z/zi)
−0.95.

for z/zi > 0.9 is relatively uncertain. Our DNS also has a coarse resolution near the inversion (in

comparison to the near-wall region), but mesh points closer to the inversion were captured allow-

ing for a better approximation of ft near zi. The −2/3 relation does reasonably well at capturing

scalar variance near the inversion. However, Eq. 5.5.24 assumes that q′tq
′
t → ∞ as z/zi → 1 and

will perform poorly near the inversion as the scalar variance is bounded.

The bottom up scalar qb and temperature θ were used to solve for fb and ftb. Since ft is

known, a two equation system for fb and ftb is formed from Eq. 5.5.23 and solved using variances

q′bq′b and θ′θ′ (see Moeng and Wyngaard, 1984). The scalar variances for a bottom-up process are

approximated by Moeng and Wyngaard (1984) as

fb = b1

(
z

zi

)−2/3

, z/zi < 0.9 (5.5.25a)

fb = b2

(
z

zi

)−5/4

, z/zi > 0.9 (5.5.25b)

The constants are given by b1 = 1.8 and b2 = 0.47. Moeng and Wyngaard (1989) adjust this model
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Figure 5.44: Scalar covariance: Solid line, DNS.

by changing the exponent of Eq. 5.5.25a to be −0.9. Figure 5.43 demonstrates that the piecewise

function given by Eq. 5.5.25 does not correlate well with the DNS results. Instead of a two-step

function, it appears that the variance is better approximated by a single relationship:

fb ≈ 0.91

(
z

zi

)−0.95

(5.5.26)

The exponent −0.95 is close to the modified exponent of Moeng and Wyngaard (1989) though

they still employ a piecewise function to model the variance near the wall (z/zi < 0.1). Not only

does Eq. 5.5.26 fit our DNS for the majority of the mixed layer, there is very good agreement for

z/zi < 0.1 up until z/zi < 0.01 where viscous effects start to dominate (z+ ≈ 9.1).

The covariance between the top-down and bottom-up scalars is shown in Fig. 5.44. Given

the small amplitude of ftb relative to the variance functions, the covariance is commonly modeled

as a constant. Moeng and Wyngaard (1989) demonstrate an increase in the magnitude of ftb with

an increase in LES resolution. As their calculation of ftb does not account for subgrid effects,
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correlation is lost in subgrid scales without a fine resolution. Patton et al. (2003) utilized a nested

grid LES to better resolve the wall region and found a maximum covariance of ftb ≈ 4.5 with a

tree canopy and ftb ≈ 4.0 without. Our DNS results give a maximum covariance of ftb ≈ 3.96

at z/zi ≈ 0.9. Therefore, the smooth-wall results of this DNS, the rough-wall LES of Patton et al.

(2003), Moeng and Wyngaard (1989), and Moeng and Wyngaard (1984), and the canopy results

of Patton et al. (2003) show the scalar covariance may vary little with surface roughness and that

small scale effects play a substantial role in ftb.

5.6 Summary

Two unstably stratified simulations of the convective ABL were carried out. Case B1 was

moderately heated (−zi/L = 5.90) while Case B2 was initialized with much more vigorous sur-

face heating (−zi/L = 50.54). After integrating the two cases forward in time, both simulations

developed a mixed layer where temperature and velocity were nearly constant.

The normal Reynolds stress scale well with the convective velocity w2
∗. Scaling of the hor-

izontal components display a slight effect concerning the strength of stratification. The vertical

Reynolds stress, however, scales well with w2
∗. Shear Reynolds stresses do not scale properly with

w2
∗, and an improvement is obtained by scaling them with the friction velocity u2

∗ (especially for

the streamwise shear stress u′w′).

Turbulent energy budgets were computed for the velocity variance and covariance terms.

For the moderately heated case, the primary source of turbulent energy near the wall is production

by mean shear. Away from the wall, energy is supplied to both horizontal components via the

return-to-isotropy pressure strain term. For vigorous heating, both production by mean shear and

pressure strain supply energy to the streamwise energy component near the surface. Production

in the spanwise direction is negligible under vigorous heating conditions. The major changes in

the budgets, in comparison to those of Case A, is the production by buoyant forces that appears in
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the w′w′ budget. When the vertical velocity is energized in this manner, it can now act to supply

energy to the horizontal components rather than simply acting as a sink (as in Case A).

A high-order closure model for the third and fourth moments of the vertical velocity and

temperature was discussed. Results show that, in general, the predicted values of ai and di per-

form sufficiently. For the third-order closures, the down-gradient diffusion term was shown to

be almost negligible for the low Reynolds number cases that were analyzed. Sensitivity analyses

were performed for each modeled term to determine the range of values for the constants ai and

di that will provide sufficient accuracy. It was found that the optimum values computed for the

fourth-order moments were (in most cases) close to those predicted by Gryanik and Hartmann

(2002) and Zilitinkevich et al. (1999).

Finally, two scalars were introduced into the Case B2 simulation to model top-down and

bottom-up diffusion processes. The scalar qt is a function of top-down diffusion only as a zero-

gradient boundary condition is imposed at the surface. Like Wyngaard and Brost’s (1984) results,

the total flux of qt is not linear but exhibits a slight curvature (which has been attributed to the

deepening of the ABL). As the temperature inversion is approached, viscous flux increases and

is not negligible (as it is through the mixed layer) for the low Reynolds number case presented

here. The gradient function of qt is well represented by the model of Moeng and Wyngaard (1984)

except at the inversion (where the model is expected to perform poorly) and at the wall. Though

resigned to a thin region, a large increase in the scalar gradient occurs as z → 0. Since a pure

bottom-up diffusion scalar could not be replicated, top-down effects were removed from qb by

means of the potential temperature (Moeng and Wyngaard, 1984, Piper et al., 1995). The model of

Wyngaard and Brost (1984) represents the gradient for approximately the bottom half of the mixed

layer (apart from the very near-wall region). The gradient function switches sign for z/zi > 0.6

and is therefore not represented by the empirical fit proposed by Wyngaard and Brost (1984). If the

small effects of top-down diffusion on qb are not removed, agreement with Wyngaard and Brost’s

(1984) is extended to z/zi ≈ 0.7. The bottom-up gradient function was found to correlate very
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closely with the rough-wall LES of Patton et al. (2003) without a tree canopy. Differences (notably,

an increase in gb) are resigned to a very thin layer at the lower boundary. Both the top-down and

mixed scalar variances ( ft and ftb respectively) show little surface roughness or Reynolds number

effects in comparison with the results of Patton et al. (2003). However, a new model for the pure

bottom-up scalar variance ( fb ∝ (z/zi)
−0.95) is proposed. The exponent −0.95 is close to the model

of Moeng and Wyngaard (1989) who use a constant of −0.9. Here two piecewise functions of

Moeng and Wyngaard (1984, 1989) are replaced with a single expression. With the new model, the

variance is accurately captured from the top of the viscous sublayer to z/zi ≈ 0.9.
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CHAPTER 6

TURBINE EFFECTS IN THE ATMOSPHERIC BOUNDARY LAYER

In this section, an analysis of the environmental effects of an array of wind turbines on

nearby farmland is presented. Since the purpose of a wind turbine is to extract energy from the

atmosphere, it seems logical that the flow will dramatically change as it passes through the rotor

blades. This is an important realization since typically an array of turbines is employed rather

than a single machine. Not only is it important to design wind farms such that the most power

can be extracted from the field, turbulence that occurs as a result of passing through the turbine

can increase loading on turbines downstream.

In considering the dynamics of a wind turbine wake, there are several important issues to

consider. Vermeer et al. (2003) provide a great overview of both near and far wake characteristics.

(1) Extracting energy from the flow results in a velocity deficit downstream of the turbine

(Chamorro and Porté-Agel, 2009). This is important since the flow must recover before

interacting with the next turbine in the wind farm. Consequently, the rate at which the

wake is able to re-energize directly impacts the optimal spacing between turbine hubs.

Additionally, the change in mean velocity directly impacts turbulent energy production

and can increase fatigue loading on structures downstream.

(2) In addition to an axial (aligned with the hub) velocity deficit, the turbine imparts an az-

imuthal velocity component into the wake region. Medici and Alfredsson (2006) took hot

wire measurements of a scaled down wind turbine in a wind tunnel. Their results indicate
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that the azimuthal velocity component can be as large as 25% of the free stream velocity.

The azimuthal velocity can increase the production of turbulence causing large velocity

fluctuations downstream.

(3) Tip vortices (see Fig. J-2 in Hand et al., 2001) develop at the end of each turbine blade.

The spiraling vortices are propagated downstream by the mean flow and tend to increase

turbulence levels as they break down (Hahm and Wußow, 2006).

Recent studies have addressed how wind farms may affect their surroundings. Keith et al.

(2004) simulates how large wind farms (significant land coverage) might impact global climate.

This is accomplished using two global circulation models and altering the surface drag coefficient

(through either an increase in surface roughness or an explicit drag term). To determine the impli-

cations of very large scale wind power generation, Keith et al. (2004) varied wind farm coverage

between 2.5% of all land surface and an extreme case where all land except Antarctica was uti-

lized. Keith et al.’s (2004) results indicate that large scale wind farms may have an impact on

global temperatures.

In a more local sense, Roy and Pacala (2004) looks at how a wind farm might affect mete-

orology in the immediate area. Their results show that, through generating turbulence, vertical

mixing is enhanced and surface heating and drying can occur. Since the ABL is a constantly evolv-

ing system, these effects vary based on time of day.

The drying effect associated with an increase in humidity transport away from the wall is

of particular interest in this study. Calaf et al. (2011) performed an LES study of a fully developed

wind turbine array. For the neutrally stratified boundary layer, their results indicated an increase

in surface scalar flux of a passive scalar by approximately 10–15%.

The goal of this work is to study the evolution of the wind turbine wake with an emphasis

on heat and scalar transport at the surface. Using the results presented in Chap. 4 and 5 as a

reference point, the present work aims to:
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• Section 6.1 – introduce a new method for modeling the idealized wake of a wind farm.

• Section 6.2 – determine the extent to which DNS can be used in modeling wind farm

dynamics.

• Section 6.3 – quantify the increase (or decrease) in scalar and thermal flux at the surface

under neutral and unstable stratification.

• Section 6.4 – identify the mechanism(s) through which turbulence is developed in the

wake and transported to other parts of the flow field.

• Section 6.5 – evaluate whether closure models which were effective in the absence of a

wake will still correctly capture turbulence dynamics.

6.1 Wake Model for Wind Turbine

The flow past a wind turbine is an exceedingly difficult problem to model when all of its de-

tails are considered. To accurately capture flow and separation dynamics past each blade requires

substantial meshing and resolution. Accounting for the rotation of turbine blades and the mechan-

ical resistance of doing so requires even more sophisticated meshing routines and fluid-structure

interaction models. The range of scales required to fully resolve the characteristic scales of the

atmospheric boundary layer and flow over a turbine blade is outside of current computational

capabilities.

While it is (currently) impossible to simulate all facets of the turbine in the ABL, the current

research applies simplifications to the problem which ease the computational cost. This work

will focus on two aspects of the wind turbine wake: the velocity deficit and azimuthal velocity

component. Porté-Agel et al. (2010) demonstrate that LES turbine models which introduce rotation

perform better than non-rotating models. The simulation will analyze the wake region only and

does not directly model flow through the turbine.
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Conceptually, the introduction of the wake into the flow field is quite simple. Energy is

taken out of the flow as it passes through a turbine causing a momentum deficit and axial vortic-

ity in the wake region. For the wake model used, the turbine itself will not directly impart any

turbulent fluctuations onto the flow. Instead, only the mean flow feels the impact of the turbine. In

mathematical terms, the velocity field immediately downstream of the rotor blades can be written

as

ui = Ui + u′
i + Ui,t (6.1.1)

where Ui,t is the velocity deficit that results from passing through the turbine. The turbulent

fluctuation u′ immediately downstream of the rotor are the same as the fluctuations immediately

upstream.

The wake of a wind turbine is inherently three-dimensional. The cartoons shown in Fig.

6.1 demonstrate how a velocity deficit might appear from a top-down perspective. The velocity

profiles are immediately downstream of a series of wind turbines that are positioned parallel to

one another. Conceptually, as you place more turbines in the flow, the wakes begin to overlap

until a nearly constant wake (see Fig. 6.1(d)) develops. The simulations presented here model

this theoretical constant wake by enforcing periodicity across the region of velocity deficit. For a

given distance from the wall, the velocity deficit Ui,t will be applied across the entire domain in

the x/y plane. Consequently, the velocity deficit will be aligned with the velocity direction and be

a function of z only. A limitation of this method is that the spanwise (with respect to the turbine)

momentum transfer from ambient flow to the wake can not occur. This may result in a slower

re-energizing of the velocity deficit.

Chamorro and Porté-Agel (2009) demonstrates that downstream of the wind turbine, the

change in velocity takes on a nearly Gaussian shape. Denoting the axial component of velocity

that results from the turbine as Uax, the velocity deficit from the turbine is approximated as

Uax = −γax exp

[

− (z − zh)
2

2σ2

]

(6.1.2)

where γax is the strength of the wake (given as a fraction of the geostrophic velocity Ug), zh is
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(a)

(b)

(c)

(d)

Figure 6.1: Top-down view of interacting wakes velocity field: (a) 1 wake, (b) 3 wakes, (c) 5 wakes,
(d) 7 wakes.
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the height of the turbine hub, and σ2 controls the thickness of the wake. It is assumed that the

velocity deficit is aligned with the mean velocity. However, this direction changes with height

in the turbulent Ekman layer so the deficit is aligned with the mean velocity direction βt. Note

that the mean flow direction βt and the shear direction β at a given distance from the wall are not

coincident.

In the same manner that velocity deficit is applied over the entire domain, an azimuthal

velocity component is added to mimic the rotational element of the turbine wake. The velocity

distribution used for the azimuthal component (Uaz) is given by Vatistas (2006):

Uaz = γazξ

(
αv + 1

αv + ξ4

)m

(6.1.3)

where

ξ =
z − zh

rmax

(6.1.4)

is the dimensionless radial coordinate and

m =
αv + 1

4
(6.1.5)

The strength of the azimuthal component is controlled by γaz and αv controls the level of turbu-

lence in the vortex core where αv = 1 gives a laminar profile. Vatistas (2006) shows αv ≈ 0.75 while

Maalouf et al. (2009) shows a slightly lower value (αv ≈ 0.65) for tip vortices in a wind turbine.

The radius of the vortex rmax, controls the location at which the peak velocity occurs. Although

Eq. 6.1.3 was designed for use with tip vortices, this model will be used to impose the azimuthal

velocity component across the domain to mimic the rotational velocity component that occurs as

flow passes through a turbine. As with Uax, Uaz will be rotated to align with the velocity direction

corresponding to zh.

Figure 6.2 demonstrates the two velocity components centered about the hub height zh. To

completely define the wake profile for this study, seven parameters must be set. In addition to the

five shown in Fig. 6.2 (zh, σ, γax, rmax, and γaz), the turbulent parameter αv and angle of velocity
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(a) (b)

−γaz 0 +γaz−γax 0

−rmax

zh

+rmax

−2σ

zh

+2σ

Figure 6.2: Examples of turbine velocity: (a) Uax, (b) Uaz.

rotation βt must be specified. The rotated velocity contributions from the turbine are simply

ut = Uax cos βt − Uaz sin βt (6.1.6a)

vt = Uax sin βt + Uaz cos βt (6.1.6b)

The diameter of the turbine is taken to be

D = 4σ (6.1.7)

Two cases will be presented with a turbine wake superimposed on the mean velocity pro-

file. Case CN will denote the neutrally stratified boundary layer with a wake, and CH indicates

the wake with surface heating. Case parameters for the each simulation are given in Table 6.1.

In order to gain an insight into how stratification alone affects the results, all parameters are the

same except for βt (which is dependent upon the velocity field). Starting from a fully converged

solution, the wake profile is introduced into the mean velocity field – the fluctuating velocity com-

ponent is unchanged – and then allowed to evolve in time. Since the flow field is periodic, no

spatial evolution will occur. Instead, the field will evolve with time as the velocity deficit is grad-
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Table 6.1: Case CN & CH Simulation Parameters

Case Init. Cond. Re Sc zh βt Uax Uaz rmax α σ

CN A 1000 0.7336 δE 13.3 0.5 0.25 0.05 0.75 0.2
CH B1 1000 0.7336 δE 11.0 0.5 0.25 0.05 0.75 0.2

ually recovered. Moreover, turbulence characteristics, as will be shown shortly, will drastically

change because of the changes introduced to the mean velocity gradient.

From this temporal simulation it is possible to extract spatial statistics by assuming that the

entire field is advected downstream at a velocity of Ug (the geostrophic velocity). Integrating the

solution forward by ∆t, the entire field would then be displaced a distance of

∆x = ∆tUg (6.1.8)

through Taylor’s hypothesis (see Pope, 1993). By performing a spatial average over the x/y plane

(the angle brackets 〈·〉 are used to emphasize this) at each time realization that is saved, the evolu-

tion of turbulent statistics in the geostrophic direction can be determined. Similar methods have

been used in studying the effect of surface roughness on a neutral boundary layer (Lin et al., 1997),

modeling the flow of warm air over cool water (Skyllingstad et al., 2005), and determining the ef-

fect of sea-surface temperature variation on surface fluxes in the marine ABL (Skyllingstad et al.,

2007).

6.1.1 Overview of Case CN

The neutrally stratified wake simulation was started from the Case A simulation. A passive

scalar q was initialized in the field with a Dirichlet condition q0 = 0.01 at the wall. The outer

boundary condition has a zero gradient (i.e. ∂q/∂z = 0) with an initial value of q = 0.001. These

initial values for the scalar flux were chosen as they are close to values of specific humidity that

would be encountered in the atmospheric boundary layer (Mahrt, 1976).

As with the unstably stratified simulations presented in Chap. 5, a steady-state will not be
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Figure 6.3: Case CN Mean distribution of q (a): solid, DNS; dashed, initial condition. Normalized
turbulent and viscous flux (b): solid, total flux; dashed, turbulent flux; dotted, viscous
flux.

reached for the passive scalar. Instead, the flow was integrated until initial transients in the scalar

flux profile are eliminated. The distribution of q after integrating forward in time (as well as the

initial profile) is shown for Case CN in Fig. 6.3(a). An averaged scalar flux profile (after allowing

initial transients to die out) for Case CN is shown in Fig. 6.3(b). Note that the contribution from

both the viscous and turbulent fluxes are shown and have been normalized by the surface flux.

Both figures use an averaging window of t f = 0.02 using 10 iterations. In general, time averaging

periods for the results presented in this chapter will be short due to the transient nature of the

problem.

In Fig. 6.3 the vertical axis has been normalized by zh, the height at which turbine wake

will be centered. In both cases, zh is set to be zh = δE. In comparison to the total depth of the

atmospheric boundary layer, the height of the wind farm is small. Since q is a passive scalar for

Case CN, the introduction of q into the flow field will not change the characteristics of turbulence.

Therefore, the results from Chap. 4 can be used as a baseline for determining wind farm effects.
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Based on the last iteration of Case A, the wake is rotated βt = 13.3 ◦ with respect to the

geostrophic velocity. This will align Uax with the local mean velocity direction at zh.

6.1.2 Overview of Case CH

Case CH is restarted from Case B1, the unstably-stratified simulation presented in Chap.

5. The initial distribution and boundary conditions of the scalar q are identical to the neutrally

stratified case. However, in Case CH, q is an active scalar and is incorporated into the vertical

momentum equation by Eq. 2.4.1e. Given the small amplitude of q in comparison to θ in Case

B1, the effects of specific humidity will be small in comparison to those of potential temperature.

Since Sc and Pr change between Case B1 and Case CH, the simulation was integrated forward

until transients had died out before initializing the wake profile.

As with Case CN, the unstably stratified wake simulation has zh = δE. This leads to a ratio

of zi/zh ≈ 8.59. Typically the ABL is 1 − 2 kilometers in height while the hub of a wind turbine

can be as high as 100 meters. Thus, actual wind turbines in the convective ABL have a ratio of

zi/zh ≈ 10 − 20. The ratio from the DNS is close to these values of actual atmospheric conditions

though on the low side. The angle which Uax and Uaz are rotated changes slightly between Case

CN and CH. For the unstably stratified case, βt = 11 ◦.

Despite the change in the magnitude of the scalar concentration, the distribution of q with

z is nearly identical in shape to the bottom-up scalars presented in §5.5.2. Figure 6.4(a) shows

the initial scalar distribution and an average result immediately before initializing the wake (com-

puted using only 8 time realizations). The normalized scalar flux shown in Fig. 6.4(b) displays a

kink near z/zh ≈ 4 which is not seen in the earlier results from Case B1 (Fig. 5.37). This is likely a

result of the short integration time used.

The temperature profile was restarted from Case B1 and is nearly identical to Fig. 5.4. Since

the field has been integrated longer, the mixed layer is slightly warmer.
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Figure 6.4: Case CH Mean distribution of q (a): solid, DNS; dashed, initial condition. Normalized
turbulent and viscous flux (b): solid, total flux; dashed, turbulent flux; dotted, viscous
flux.

6.2 Comparison between DNS and other results

Here the results from the DNS are compared against other wind tunnel and simulation data.

This will assist in validating the method of modeling a wind farm in the manner described in the

previous section.

To determine the exact influence of the wake, both cases were continued from their initial

starting condition without introducing the wake. Direct effects of the wake profile are then as-

sumed to be additive:

effects of wake = data with wake − data without wake (6.2.1)

This simple relationship can be applied to all statistics including mean velocity components, scalar

flux profiles, and kinetic energy budgets. To differentiate between data with a wake, without a

wake, and the difference between the two, the subscripts ‘ww’ (with wake), ‘nw’ (no wake), and

‘∆’ (difference) will be used in this chapter. As an example, for some arbitrary variable a, Eq. 6.2.1

can be written as a∆ = aww − anw.
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Case CN

The streamwise and spanwise velocity profiles for 4 locations downstream are shown in

Fig. 6.5 for Case CN. Comparison of the streamwise velocity distributions in Fig. 6.5(a) with

the neutrally-stratified wind tunnel measurements of Wu and Porté-Agel (2011) shows qualitative

agreement. As the flow progresses downstream (or, with time in the DNS), the wake spreads as

momentum is transferred towards the region of maximum deficit. The spanwise component is

dominated by the azimuthal velocity component. The sharpest velocity gradient occurs at zh and

is heavily suppressed as the flow travels downstream. Moreover, the local minimum in 〈v〉ww

is moved closer to the wall and the maximum is transfered upwards. While the location of the

velocity deficit in 〈u〉ww does not move, the peaks in velocity in 〈v〉ww are translated away from

the hub. The distance from zh at which the maximum in the azimuthal velocity occurs is found

to be slightly smaller than the wind tunnel data of Medici and Alfredsson (2006). Moreover, at

∆x/D = 1 their results show a sharper drop-off of the azimuthal velocity outside of zh ± D/2.

Another means of visualizing the data presented in Fig. 6.5 is demonstrated in Fig. 6.6.

In this figure, subplot (a) refers to the streamwise component 〈u〉ww while (b) gives the spanwise

velocity 〈v〉ww. Negative values of x/D indicate flow upstream of the imposed wind farm wake.

Since βt is small (see Table 6.1), the velocity deficit is primarily seen in 〈u〉ww. These results, then,

are comparable to the wind tunnel experiments of Chamorro and Porté-Agel (2010) and show

that high momentum fluid does not start being transported back towards the wall immediately.

Instead, after about 5 turbine diameters, the velocity deficit tends to angle downwards as momen-

tum is transported towards the wall. The center of the vertex in the spanwise direction starts at

z = zh. As flow progresses, the vortex center appears to be transported away from the wall.

In Fig. 6.7 the mean velocity profile without the wake profile is subtracted from the simu-

lation with a wake. The largest initial changes occur in the 〈v〉∆ component as the peaks in the

azimuthal velocity are quickly suppressed. The streamwise deficit remains nearly Gaussian as the

wake develops. This matches the results of Chamorro and Porté-Agel (2009) where it is demon-
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Figure 6.5: Case CN velocity distribution: (a) 〈u〉ww, (b) 〈v〉ww. Gray, initial condition without
wake; solid, ∆x/D = 1.25; dashed, ∆x/D = 6.25; dash-dot, ∆x/D = 12.5; dotted,
∆x/D = 31.25.
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Figure 6.6: Case CN velocity contours downstream of wind farm: (a) 〈u〉ww, (b) 〈v〉ww. Dashed

line indicates z = zh. Colorbar is in units of U−1
g .
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Figure 6.7: Evolution of mean turbine wake velocity: (a) 〈u〉∆, (b) 〈v〉∆. Gray, initial wake distri-
bution; solid, ∆x/D = 1.25; dashed, ∆x/D = 6.25; dash-dot, ∆x/D = 12.5; dotted,
∆x/D = 31.25.

strated that the Gaussian profile is maintained until 5D downstream of the turbine. After this, the

distribution is skewed such that the velocity deficit is not symmetric about the turbine axis. In-

stead, the data in Fig. 6.7(a) and data of Chamorro and Porté-Agel (2009) both show more gradual

return to the unperturbed solution above the turbine hub.

Reynolds stresses are shown in Fig. 6.8. The streamwise stress component in Fig. 6.8(a)

shows an increase in energy for z > zh and a decrease when z < zh. This agrees with the wind

tunnel tests of Chamorro and Porté-Agel (2010). However, the position downstream at which

the flow begins to recover is greater in Case CN than in the wind tunnel tests. This is likely

a consequence of the ‘slab’ wake that is being modeled in the current simulation. Momentum

and energy transport are limited to the vertical direction in the current DNS, whereas energy

transport in the wind tunnel is three-dimensional. The minimum in energy located at z/zh ≈

0.5 occurs at x/D ≈ 18. Chamorro and Porté-Agel (2010) shows a similar feature at x/D ≈

7. Although the distance downstream of the events is off by over a factor of 2, the qualitative

agreement in the results is promising. Since the specification of D = 4σ is somewhat arbitrary, it is
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Figure 6.8: Normal Reynolds stresses for Case CN: (a) 〈u′u′〉ww, (b) 〈v′v′〉ww, (c) 〈w′w′〉ww. Dashed
line indicates z = zh. Colorbar is in units of u−2

∗ (see Case A data in Table 4.2).

possible that choosing D = 8σ would give better scaling between wind tunnel tests and the DNS

data. Regardless, the qualitative agreement between the simulation and experiment is good. The

spanwise Reynolds stress (subplot (b)) quickly picks up energy due to the sharp gradient in the

wake profile. As the gradient is attenuated, turbulent energy rapidly drops off and is transported

to other regions of the domain.

The contours of 〈w′w′〉ww in Fig. 6.8(c) are different from the in-plane components. The

energy in the x and y directions grows as a direct consequence of the change in production that

results from modifying the mean flow (see §6.4). The vertical Reynolds stress, however, shows a

growth in energy where the peak occurs much further downstream (at x/D ≈ 17). Furthermore,

even though the primary stress 〈u′u′〉ww has a local minimum between 15 < x/D < 20, the

maximum in the vertical stress occurs at the same location and no reduction in magnitude is

evident throughout the domain.
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Figure 6.9: Change in normal Reynolds stresses for Case CN: (a) 〈u′u′〉∆, (b) 〈v′v′〉∆, (c) 〈w′w′〉∆.
Solid, ∆x/D = 1.25; dashed, ∆x/D = 6.25; dash-dot, ∆x/D = 12.5; dotted, ∆x/D =
31.25. All terms have been normalized by u2

∗ given for Case A in Table 4.2.

Changes resulting from the wake are clearly seen in Fig. 6.9 where the difference between

the wake and no-wake simulations is shown. The decrease in the streamwise energy component

is clearly indicated below zh. The sharp increase in 〈v′v′〉∆ at ∆x/D = 1.25 is quickly spread

across the boundary layer. Far downstream, the spanwise Reynolds stress is well mixed for 0.5 ≤

z/zh ≤ 2.25. In Fig. 6.9(c) the delay in the accumulation of energy in the vertical direction is

clearly evident. Only after the two horizontal components are established does 〈w′w′〉∆ pick up

energy. The peak in energy (which begins at a height of zh) is slowly transported away from the

wall.

Reynolds shear stresses are shown in Fig. 6.10. The stress − 〈u′w′〉ww clearly shows a

negative region below zh and a positive region above. This indicates high momentum fluid

is being transported towards zh to re-energize the velocity deficit. However, the region where

− 〈u′w′〉ww < 0 ends at z/zh ≈ 12.5. After this, the covariance is positive everywhere indicating

high momentum fluid is transported downwards from above the wake. This is an important re-

alization: in the case where the wake is two-dimensional and wall-bounded, the velocity deficit is
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Figure 6.10: Shear Reynolds stresses for Case CN: (a) − 〈u′w′〉ww, (b) − 〈v′w′〉ww, (c) − 〈u′v′〉ww.
Dashed line indicates z = zh. Colorbar is in units of u−2

∗ (see Case A data in Table 4.2).

re-energized by the transport of momentum from the free-stream towards the wall. Similar behav-

ior is seen by Chamorro and Porté-Agel (2009, 2010). The term − 〈v′w′〉ww is also heavily modified

because of the wake. A region where − 〈v′w′〉ww > 0 starts as a narrow band at zh and expands

downstream. For x/D > 20, the positive region appears to remain nearly constant in height and

gradually decreases in magnitude.

The difference in shear stress plotted in Fig. 6.11 confirms the above findings except that

the location of at which − 〈u′w′〉∆ > 0 for all z is further downstream than is evident in Fig. 6.10.

Additionally, Fig 6.11(c) shows that the wake does have a noticeable effect on − 〈u′v′〉∆. This

shear component increases for z/zh < 1 and tends to decrease above the hub height. Referring

to Eq. 4.3.1, an increase in − 〈u′v′〉∆ promotes transport from u′u′ to v′v′. A decrease in − 〈u′v′〉∆

encourages energy to be transferred the other direction.
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Figure 6.11: Change in shear Reynolds stresses for Case CN: (a) − 〈u′w′〉∆, (b) − 〈v′w′〉∆, (c)
− 〈u′v′〉∆. Solid, ∆x/D = 1.25; dashed, ∆x/D = 6.25; dash-dot, ∆x/D = 12.5;
dotted, ∆x/D = 31.25. All terms have been normalized by u2

∗ given for Case A in
Table 4.2.

Case CH

In contrast to the neutrally stratified wake simulation, Case CH incorporates surface heating

which generates a mixed layer. The velocity profiles for the Case CH simulation are shown in Fig.

6.12. In comparison with the neutral results in Fig. 6.5, the heated case tends to re-energize the

wake (or spread) at a faster rate than the neutral results. This is a direct consequence of the heating.

Buoyant plumes already tend to mix the velocity prior to introducing the wake.

Viewing the velocity as a contour map (Fig. 6.13) shows the same results: the velocity deficit

recovers quicker with surface heating. Additionally, Fig. 6.13(a) shows that the maximum deficit

in 〈u〉ww tends to get transfered towards the wall much earlier than Case CN.

The horizontally averaged Reynolds stresses are shown in Fig. 6.14 as the simulation pro-

gresses through time (space). In several aspects the results from Case CH share characteristics

of those from Case CN. Streamwise energy is produced for z > zh and destroyed when z < zh.

However, the peak in turbulence occurs much earlier at x/D ≈ 2.5 (x/D ≈ 5 for Case CN). The
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Figure 6.12: Case CH velocity distribution: (a) 〈u〉ww, (b) 〈v〉ww. Gray, initial condition without
wake; solid, ∆x/D = 1.25; dashed, ∆x/D = 6.25; dash-dot, ∆x/D = 12.5; dotted,
∆x/D = 31.25.
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Figure 6.13: Case CH velocity contours downstream of wind farm: (a) 〈u〉ww, (b) 〈v〉ww. Dashed

line indicates z = zh. Colorbar is in units of U−1
g .
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Figure 6.14: Normal Reynolds stresses for Case CH: (a) 〈u′u′〉ww, (b) 〈v′v′〉ww, (c) 〈w′w′〉ww.
Dashed line indicates z = zh. Colorbar is in units of w−2

∗ (see Case B1 data in Ta-
ble 5.2).

spanwise Reynolds stress grows quickly behind the turbine but is then transported towards the

wall as seen in subplot (b). The results from Case CN show a different result; in the neutrally strat-

ified case the maximum in the spanwise Reynolds stress is carried away from the wall up until

x/D ≈ 20. The upstream values of 〈w′w′〉ww are much larger in Case CH than those of Case CN.

Thus, the increase in the vertical energy component is less dramatic for the results in Fig. 6.14(c)

than those in 6.8(c). Moreover, the maximum in the neutral case is closer to the wall than in the

unstable case.

Looking at the difference in Reynolds stress between the wake and no-wake results shows

similar characteristics of the neutrally stratified case. In Fig. 6.15(a) there is quicker growth of

the Reynolds stress for z > zh. The relative increase in −u′w′ for the unstable case in comparison

to the neutral simulation is likely responsible (see Fig. 4.11 and 5.9). The minimum of 〈u′u′〉∆

is about the same magnitude for both cases, though the extrema occurs closer to the wall for the
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Figure 6.15: Change in normal Reynolds stresses for Case CH: (a) 〈u′u′〉∆, (b) 〈v′v′〉∆, (c) 〈w′w′〉∆.
Solid, ∆x/D = 1.25; dashed, ∆x/D = 6.25; dash-dot, ∆x/D = 12.5; dotted, ∆x/D =
31.25. All terms have been normalized by w2

∗ given for Case B1 in Table 5.2.

unstable case. Far downstream (dotted line in Fig. 6.15(a)), the excess in Reynolds stress becomes

well mixed for z/zh > 0.5.

The spanwise Reynolds stress increases rapidly immediately after the turbine is imposed; at

∆x/D = 1.25, the magnitude of the stress in Fig. 6.15 is greater than the corresponding Case CN

results. However, the energy is quickly distributed vertically and a uniform increase in 〈v′v′〉∆ is

apparent between 0.2 < z/zh < 3.

The results shown in Fig. 6.14(c) are somewhat misleading. It appears that the largest in-

crease in 〈w′w′〉ww occurs well above zh. Because of the large magnitude of the stress upstream

of the turbine due to surface heating, however, the relative increase in the vertical energy is more

difficult to visualize. Figure 6.15 clearly shows that the point where 〈w′w′〉∆ is a maximum occurs

just above zh. As the flow evolves the maximum slowly translates upwards at a slow rate. Com-

paring the unstable and neutral results, the magnitude of change in vertical energy between the

two cases are comparable. Energy is transferred to the vertical component quicker due to a faster

growth rate in the horizontal energy components.
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Figure 6.16: Shear Reynolds stresses for Case CH: (a) − 〈u′w′〉ww, (b) − 〈v′w′〉ww, (c) − 〈u′v′〉ww.
Dashed line indicates z = zh. Colorbar in units of w−2

∗ (see Case B1 data in Table 5.2).
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Figure 6.17: Change in shear Reynolds stresses for Case CH: (a) − 〈u′w′〉∆, (b) − 〈v′w′〉∆, (c)
− 〈u′v′〉∆. Solid, ∆x/D = 1.25; dashed, ∆x/D = 6.25; dash-dot, ∆x/D = 12.5;
dotted, ∆x/D = 31.25. All terms have been normalized by w2

∗ given for Case B1 in
Table 5.2.
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Figure 6.16 shows the evolution of the shear Reynolds stresses in the turbulent wake. The

unstable results mimic the behavior of the neutrally stratified case quite closely for all three com-

ponents. The most notable difference is the speed in which the simulation returns to its natural (no

wake) state. Under neutral stratification (Fig. 6.10) the flow features are stretched much further

downstream than the corresponding unstable data. Since the turbulent time scale is shorter under

unstable stratification, the time it takes for mixing to occur should be smaller. This is plainly seen

in Fig. 6.17. Although the behavior of the Reynolds shear stresses is qualitatively the same, results

from the heated case show enhanced mixing as sharp features are blended in the vertical direction.

The neutral case takes a longer time to spread the wake than the unstable case. This is due, in

part, to the fact that Case CH already has enhanced vertical mixing because of the hot surface. The

mixing necessary to spread the wake in Case CN must rely on the less vigorous turbulence found

in the neutral Ekman layer, and turbulence that is generated by the wake itself. Since turbulence

is not immediately generated, a delayed response occurs as turbulent fluctuations are enhanced.

6.3 Effect of Wake on Thermal and Scalar Flux

In §6.2 it was demonstrated that spatially averaged results from the DNS show qualitative

agreement with wind tunnel results in the wake of a single turbine. With this in mind, attention is

now turned towards scalar and thermal flux in the vicinity of the wake.

Case CN

The concentration of scalar q changes with time in the neutrally stratified turbulent Ekman

layer. As time progresses, the scalar becomes more mixed and the concentration will increase

throughout the boundary layer. In order to determine the effect of adding the wind farm wake

into the simulation, the difference between the unperturbed solution and the wake field (the ∆

variables) will be focused on.
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Figure 6.18: Change in scalar concentration for Case CN. Solid, ∆x/D = 6.25; dashed, ∆x/D =
12.5; dash-dot, ∆x/D = 18.75; dotted, ∆x/D = 31.25. Results have been normalized
by the surface scalar concentration q0 = 0.01.

The change in scalar concentration 〈q〉∆ /q0 (where q0 is the surface concentration) is shown

in Fig. 6.18. As early as ∆x/D = 12.5 the concentration of 〈q〉ww drops below that of 〈q〉nw for

z < zh (i.e. negative value of 〈q〉∆). Increasing ∆x/D further decreases the concentration of the

scalar below the hub. It appears that q is transported upwards given the surplus of 〈q〉∆ that is

evident when z > zh. The scalar concentration can significantly change (a few percentage points

of the surface value) below zh as a direct consequence of the wind farm wake.

Given the presence of a scalar deficit below zh and a surplus above, it is likely that the scalar

flux profile will show an increase over the majority of the wake region. This will be indicative of

the transport of high scalar concentrations upwards and low concentrations towards the wall. The

changes in viscous and turbulent flux downstream of the turbine are shown in Fig. 6.19(a) and

(b) respectively. In both plots, the flux has been normalized by the surface scalar flux without a

wake: Qq,0,nw. If the scalar flux were to not deviate from the no-wake simulation, the data should
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Figure 6.19: Change in scalar flux for Case CN: (a) viscous flux, (b) turbulent flux. Solid, ∆x/D =
6.25; dashed, ∆x/D = 12.5; dash-dot, ∆x/D = 18.75; dotted, ∆x/D = 31.25. Results
have been normalized by the surface viscous flux of the no wake simulation at the
corresponding integration time (or ∆x/D).

be zero for all z. However, the results show an increase of over 10% in the viscous flux at the

wall and almost 80% in the turbulent flux near the hub height. Calaf et al. (2011) perform an LES

of a wind turbine array and also show significant increases in the vertical scalar transport. The

findings shown in Fig. 6.19 confirm their results and offer insight into how scalar transport might

evolve as a wake is spreading behind a wind turbine.

The viscous scalar flux at the wall is shown as a function of ∆x/D in Fig. 6.20. The flux at the

wall gradually increases until approximately 15 < ∆x/D < 20 where the transfer of q increases

drastically. This location corresponds to the minimum that occurs in the streamwise energy term

and the maximum in the vertical stress component (see Fig. 6.8(a) and (c) respectively). Increasing

〈w′w′〉 causes q to be transported away from the wall by enhancing mixing the z direction. This,

in turn, decreases the concentration of q near the surface (see Fig. 6.18) resulting in an increase in

the gradient of the mean scalar. Since the viscous flux of a scalar is a direct function of the mean

gradient (Eq. 5.5.3), the viscous flux will necessarily change as well.
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Figure 6.20: Change in surface viscous flux for Case CN. Results have been normalized by the
surface viscous flux of the no wake simulation at the corresponding integration time
(or ∆x/D).
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Figure 6.21: Change in 〈q′q′〉∆ for Case CN: solid, ∆x/D = 6.25; dashed, ∆x/D = 12.5; dash-dot,
∆x/D = 18.75; dotted, ∆x/D = 31.25. Results have been normalized by the surface
scalar concentration q0 = 0.01.
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While the imposed velocity field tends to transport the scalar away from the wall, the fluc-

tuations in concentration also increase below zh. Figure 6.21 shows the normalized scalar con-

centration at four locations downstream of the wind farm. A clear increase in seen in the scalar

variance below the hub while a decrease in the magnitude of the fluctuations occurs above. The

strength of the oscillations downstream tend to increase with distance below zh. This is likely a

consequence of 〈w′w′〉ww gaining energy from the two other energy components. Above zh, how-

ever, the relative change in the variance of the scalar tends to remain constant in both magnitude

and the location of the minimum.

Case CH

The change in scalar concentration for the unstably stratified simulation is presented in Fig.

6.22. Like the neutral case, scalar concentration near the surface decreases. Away from the wall,

a small increase in 〈q〉 is evident. Three unique characteristics distinguish the results in Fig. 6.18

and 6.22:

(1) The height at which 〈q〉∆ ≈ 0 is close to z/zh = 1 for the neutral case. With surface heating,

this crossover is much closer to the wall (z/zh < 0.5).

(2) Above the zero crossover, the scalar concentration is fairly well mixed as is expected in

the mixed layer of the convective boundary layer. The neutral case shows a clear peak in

the scalar concentration indicating a decreased level of mixing.

(3) At corresponding distances downstream, the ratio of 〈q〉∆ for the neutral to unstable case

is greater than three. This indicates a much larger decrease in the concentration near the

wall for the neutral case. Likely, this is a consequence of the relative difference in initial

turbulent intensities before the wake is initialized.

The change in scalar flux for the unstably-stratified simulation is presented in Fig. 6.23.

As a consequence of adding the wake, the flux at the surface increases by approximately 3.5%
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Figure 6.22: Change in scalar concentration for Case CH. Solid, ∆x/D = 6.25; dashed, ∆x/D =
12.5; dash-dot, ∆x/D = 18.75; dotted, ∆x/D = 31.25. Results have been normalized
by the surface scalar concentration q0 = 0.01.
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Figure 6.23: Change in scalar flux for Case CH: (a) viscous flux, (b) turbulent flux. Solid, ∆x/D =
6.25; dashed, ∆x/D = 12.5; dash-dot, ∆x/D = 18.75; dotted, ∆x/D = 31.25. Results
have been normalized by the surface viscous flux of the no wake simulation at the
corresponding integration time (or ∆x/D).
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Figure 6.24: Change in surface viscous flux for Case CH. Results have been normalized by the
surface viscous flux of the no wake simulation at the corresponding integration time
(or ∆x/D).

at ∆x/D = 31.25. This is a significant decrease from the neutral case where adding the wake

increased surface flux by over 10% of Qq,0,nw. Figure 6.24 clearly shows that surface flux increases

by < 4% when the wake is added. For the turbulent flux shown in Fig. 6.23(b), 〈w′q′〉∆ tends to

be negative immediately after introducing the velocity deficit. A small region of increased flux is

evident close to the wall. As the wake evolves, the scalar flux increases until two local maxima are

evident: one close to the wall and one above the wake. Far downstream of the turbine, the scalar

flux increases relative to the no-wake simulation. However, values of 〈w′q′〉∆ are small signaling

that changes in scalar flux are minor.

While 〈q′q′〉∆ is on the same order of magnitude as q2
0 for Case CN, the scalar variance

changes much less for Case CH. Figure 6.25 shows the change in scalar variance is about two

order of magnitudes smaller than the neutral case. Once again, the unstable case is already well

mixed so the wake has less of an influence on q than the neutral simulation.

In addition to the scalar q, the introduction of the wake has a small effect on the temperature

of the fluid as mixing is increased. Like q, the temperature decreases near the wall as thermal

energy is transported upwards (see Fig. 6.26). Consequently, temperature increases away from

the wall. Comparing the change in humidity and temperature for Case CN (Figs. 6.22 and 6.26
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Figure 6.25: Change in 〈q′q′〉∆ for Case CH: solid, ∆x/D = 6.25; dashed, ∆x/D = 12.5; dash-dot,
∆x/D = 18.75; dotted, ∆x/D = 31.25. Results have been normalized by the surface
scalar concentration q0 = 0.01.
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Figure 6.26: Change in 〈θ〉∆ for Case CH: solid, ∆x/D = 6.25; dashed, ∆x/D = 12.5; dash-dot,
∆x/D = 18.75; dotted, ∆x/D = 31.25. Results have been normalized by the surface
temperature θ0.
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respectively), the results are nearly identical when both are scaled by their corresponding surface

value. As both are active scalars for Case CH, similar behavior is expected. Additional statistics for

the temperature including the heat flux and fluctuating temperature variance are nearly identical

to the scalar statistics and are, consequently, not necessary to show.

6.4 Turbulent Budgets

Budgets for the turbulent kinetic energy (u′
iu

′
k) and the humidity flux (u′

iq
′) help uncover the

mechanism which causes the increase/decrease in turbulent energy once the wind turbine wake

has been introduced into the flow. To capture the ‘average’ effect of the wake, budgets have been

averaged over 0 < ∆x/D < 37.5 using 30 equally spaced flow realizations. Although the flow

evolves with time, the results give a general feel for how energy is redistributed downstream of a

turbine.

6.4.1 Kinetic Energy Budgets

Kinetic energy budgets were computed from Eq. 4.3.1 for the six variance and covariance

terms. A direct comparison between the with-wake and no-wake results is made to highlight

the effect of the wake on the various budget terms. Note that insignificant terms (e.g. Coriolis

redistribution) might not be shown in the following plots.

Case CN

For the neutrally stratified wake profile there is no buoyant forcing; therefore, term II in Eq.

4.3.1 is zero. Additionally, it was shown in §4.3 that Coriolis redistribution plays only a minor role

in the transport of energy. Results indicated that the same conclusion was true in the wake profile,

and differences between the with-wake and no-wake results were small with regards to Ci,k. For

this reason, Ci,k is not considered here.
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Figure 6.27: Case CN, budget for u′u′: (a) with wake, (b) no wake, (c) difference. Solid, produc-
tion; dashed, turbulent diffusion; dot-dash, pressure strain; solid circle, molecular
diffusion; open circle, viscous dissipation. All terms have been normalized by u3

∗/δ
from Case A.
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Figure 6.28: Case CN, budget for v′v′: (a) with wake, (b) no wake, (c) difference. Solid, produc-
tion; dashed, turbulent diffusion; dot-dash, pressure strain; solid circle, molecular
diffusion; open circle, viscous dissipation. All terms have been normalized by u3

∗/δ
from Case A.
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In the neutrally stratified Ekman layer, production in the u′u′ budget was the primary source

of kinetic energy. The same holds true for the wake simulation shown in Fig. 6.27. In each budget

figure, subplot (a) shows the with-wake results, (b) the no-wake results, and (c) the difference (∆)

between the two. The results have been normalized by u3
∗/δ as reported in Table 4.2. The most

notable feature is the drastic increase production for z > zh. The large positive mean velocity

gradient (see Fig. 6.5) coupled with an increase in − 〈u′w′〉 yields a sizable increase in P1,1. Con-

sequentially, production near the wall is no longer the primary source of kinetic energy. While

the increase in the gradient of u yields an increase in production over zh, the opposite holds true

below the hub height. A slight decrease in production is seen near z/zh ≈ 0.4. Although energy

production displays major increases, energy destruction by viscous dissipation is affected much

less. A slight decrease in ε1,1 (i.e. a larger loss or more dissipation of energy) is seen throughout the

wake region. The maximum difference of ε1,1∆ ≈ −77.2 occurs just above z = zh. Looking at Fig.

6.27(c), the gain by production above zh is not balanced by the production lost below zh and the

dissipation. Consequently, a net increase in u′u′ occurs. Molecular diffusion is mostly unchanged,

but turbulent diffusion acts to transport momentum from the region of maximum production to-

wards the wall. Between 0.5 < z/zh < 1 production remains the primary source of energy, but

turbulent diffusion acts as a secondary source that is not negligible in this region. Pressure strain

remains unchanged below the hub and acts as a sink above zh. As will be shown shortly, energy

is redistributed from u′u′ to the other two Reynolds normal stresses.

In Fig. 6.28, the most notable differences occur very close to the hub. The gradient of the

mean spanwise velocity is increased quite drastically due to the imposition of the planar vortex

onto the field. Hence, production at zh is on the same scale as production in the streamwise direc-

tion. Dissipation at the hub is increased such that more energy is lost by ε2,2 when compared with

the no-wake simulation. The change in viscous dissipation is comparable in magnitude for both

horizontal stress components. Turbulent diffusion balances the peak in production and pressure-

strain for the no-wake simulation as shown in Fig. 6.28(b). Introducing the wake causes turbulent
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diffusion to act as a major sink while transporting energy downwards. The study shown in Fig.

4.18 indicates that T2,2 is mostly responsible for transporting energy away from the wall. There-

fore, the role of turbulent diffusion is the same: transport energy from high production regions to

regions where turbulent energy is not produced. Finally, above z/zh ≈ 1.25 the primary source of

energy is the return-to-isotropy term. Energy from u′u′ is transfered to v′v′ in a manner such that

pressure strain is the primary source of energy outside of the small region where production by

mean shear dominates. Should the vortex not be introduced into the field, pressure strain would

likely be nearly constant across 0.25 < z/zh < 2 as the spike in production would no longer be

evident.

Since w′w′ does not have any direct production through mean shear or buoyancy (in the

neutral case), all differences in the budget are a direct consequence of energy that is transfered to

the term via pressure strain. Unlike the horizontal energy components where the with-wake sim-

ulation retains some of the characteristics of the no-wake case, the budget of the vertical energy

component (Fig. 6.29) is completely dominated by the introduction of the wake into the mean

velocity. The primary source of energy with the wake is via pressure strain as the vertical com-

ponent is energized by u′u′. Figure 6.29(b) shows that the total pressure transport term is a gain

throughout the boundary layer when no wake is present. After introducing the wake, pressure

transport acts as a sink when z/zh < 0.6. Turbulent diffusion takes energy from above z/zh ≈ 0.75

and transports it towards the wall. Pressure strain then redistributes this energy to v′v′. The span-

wise budget actually has three sources of energy near the wall: production by mean shear and

an inter-component energy transfer from both u′u′ and w′w′. Vertical dissipation acts as a larger

sink (approximately three times stronger) when the wake is present while molecular diffusion is

essentially unchanged with the introduction of the wake.

Figure 6.30 gives the energy budget for −u′w′ in Case CN. Production increases above zh

while decreasing below the hub height. Consider an element of fluid with streamwise velocity u1.

The fluctuating velocity at some point 1 is given by u′
1 = u1 −U1. If the fluid element remains at a
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Figure 6.29: Case CN, budget for w′w′: (a) with wake, (b) no wake, (c) difference. Solid, pro-
duction; dashed, turbulent diffusion; dot-dash, total pressure transport; solid circle,
molecular diffusion; open circle, viscous dissipation. All terms have been normalized
by u3

∗/δ from Case A.
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Figure 6.30: Case CN, budget for −u′w′: (a) with wake, (b) no wake, (c) difference. Solid, pro-
duction; dashed, turbulent diffusion; dot-dash, total pressure transport; solid circle,
molecular diffusion; open circle, viscous dissipation. All terms have been normalized
by u3

∗/δ from Case A.
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constant velocity and is transported upwards (+w′) to a new level 2, the new fluctuating velocity

is given by u′
2 = u2 − U2. If the streamwise velocity of the element does not change (u2 = u1)

but the mean velocity increases (U2 > U1), then u′
2 < u′

1. This results in an increase in −u′w′ if

the vertical velocity is unchanged. Therefore, changing the mean velocity profile will have major

effects on the Reynolds shear stresses.

Pressure transport acts as a sink for the streamwise shear stress with an increase in strength

occurring above z ≈ zh. Both viscous dissipation and molecular diffusion remain mostly un-

changed.

The budget of −v′w′ is dominated by wake effects. A peak in production at z ≈ zh occurs

and is counteracted by pressure transport. The pressure term is responsible for the diffusion of

energy to other regions of the boundary layer – notice the positive region above z/zh > 2 in Fig.

6.31(a) – and also redistribution to other energy terms. It appears energy is transported into the

−u′v′ term. Little change occurs with either viscous term (ε2,3 or D2,3).

Like the budget shown in Fig. 4.23, the kinetic energy budget for −u′v′ shown in Fig. 6.32

shows a reversal of the role of the components. Above z/zh ≈ 1, production by mean shear acts

as a significant sink. An increase in the total pressure transport occurs and is likely an acquisition

of energy from both −u′w′ and −v′w′. Changes in the budget of −u′v′ are limited to z/zh < 2;

above this, little change to any term occurs.

Case CH

Budgets for Case CH share many of the same characteristics of the budgets from Case CN.

As with Case B1 and B2, Coriolis redistribution plays a very minor role in redistributing energy.

Results from Case CH indicate that the change in Ci,k that results from adding the wake is small.

For this reason, Coriolis redistribution is not included in the following budget results even though

this term is nonzero.
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Figure 6.31: Case CN, budget for −v′w′: (a) with wake, (b) no wake, (c) difference. Solid, pro-
duction; dashed, turbulent diffusion; dot-dash, total pressure transport; solid circle,
molecular diffusion; open circle, viscous dissipation. All terms have been normalized
by u3

∗/δ from Case A.
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Figure 6.32: Case CN, budget for −u′v′: (a) with wake, (b) no wake, (c) difference. Solid, pro-
duction; dashed, turbulent diffusion; dot-dash, total pressure transport; solid circle,
molecular diffusion; open circle, viscous dissipation. All terms have been normalized
by u3

∗/δ from Case A.
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Figure 6.33: Case CH, budget for u′u′: (a) with wake, (b) no wake, (c) difference. Solid, produc-
tion; dashed, turbulent diffusion; dot-dash, pressure strain; solid circle, molecular
diffusion; open circle, viscous dissipation. All terms have been normalized by w3

∗/zi

from Case B1.
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Figure 6.34: Case CH, budget for v′v′: (a) with wake, (b) no wake, (c) difference. Solid, produc-
tion; dashed, turbulent diffusion; dot-dash, pressure strain; solid circle, molecular
diffusion; open circle, viscous dissipation. All terms have been normalized by w3

∗/zi

from Case B1.
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In Fig. 6.33(c) it is clear that production by mean shear is increased when z/zh > 1. A third

local maximum in the production curve in seen in Fig. 6.33(a) which is not evident in the Case CN

results (see Fig. 6.27). A weakening of production still occurs for the unstably-stratified case, but

to less of an extent than the neutral simulation. The second notable change in the energy budget

is the increase in turbulent diffusion just above the hub height. However, the large pressure strain

sink term that was evident for Case CN is not present with stratification. Since production in the

u′u′ budget is no longer the sole source of energy (buoyant production), the return-to-isotropy

term takes less energy from the streamwise component.

Figure 6.34 gives the energy budget for the spanwise velocity variance. Changes in the

budget balance only occur at the hub height. The increase in production is balanced by turbulent

diffusion as the energy is redistributed throughout the boundary layer. Pressure strain acts as

a second sink as energy is redistributed to the vertical component. Finally, viscous dissipation

increases slightly at zh.

The most notable change in the vertical energy budget occurs with the pressure transport

term (see Fig. 6.35). Without the wake, the vertical component is energized by buoyant forcing.

Recall that q is an active scalar in Case CH. Therefore, the buoyancy term β3,3 includes contribu-

tions from temperature and humidity:

w′θ′v = w′θ′ + 0.61w′q′ (6.4.1)

Given the small magnitude of the scalar concentration relative to θ, the contribution to buoyant

forcing by humidity content is over an order of magnitude smaller than the contribution by the

potential temperature. The increase in pressure transport (mostly pressure-strain) at zh draws

energy from the horizontal energy components. The sharp mean velocity gradients and enhanced

vertical mixing from buoyancy injects energy at the hub height. The energy is then transfered

to w′w′ through return-to-isotropy and then transported throughout the boundary layer by an

increased role of turbulent diffusion.

The primary shear stress budgets for −u′w′ and −v′w′ are presented in Fig. 6.36 and 6.37
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Figure 6.35: Case CH, budget for w′w′: (a) with wake, (b) no wake, (c) difference. Dashed, turbu-
lent diffusion; dot-dash, total pressure transport; diamond, pressure diffusion; solid
circle, molecular diffusion; open circle, viscous dissipation; square, buoyant produc-
tion. All terms have been normalized by w3

∗/zi from Case B1.
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Figure 6.36: Case CH, budget for −u′w′: (a) with wake, (b) no wake, (c) difference. Solid, pro-
duction; dashed, turbulent diffusion; dot-dash, total pressure transport; solid circle,
molecular diffusion; open circle, viscous dissipation; square, buoyant production. All
terms have been normalized by w3

∗/zi from Case B1.
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Figure 6.37: Case CH, budget for −v′w′: (a) with wake, (b) no wake, (c) difference. Solid, pro-
duction; dashed, turbulent diffusion; dot-dash, total pressure transport; solid circle,
molecular diffusion; open circle, viscous dissipation; square, buoyant production. All
terms have been normalized by w3

∗/zi from Case B1.
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Figure 6.38: Case CH, budget for −u′v′: (a) with wake, (b) no wake, (c) difference. Solid, pro-
duction; dashed, turbulent diffusion; dot-dash, pressure strain; solid circle, molecular
diffusion; open circle, viscous dissipation. All terms have been normalized by w3

∗/zi

from Case B1.
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respectively. Buoyant production acts as a source throughout the boundary both with and without

the wake present. Below the hub, the gain from buoyancy is reduced while it is slightly increased

above the hub. The other terms behave in a similar fashion to the Case CN results presented in Fig.

6.30 and 6.31. In the streamwise direction, pressure transport displays a small increase below the

hub that is not evident without temperature stratification. For −v′w′, less of a change in pressure

transport is seen with stratification with thermal forcing.

The horizontal shear stress (Fig. 6.38) displays an increase in production over zh and is

balanced by an increase in the energy lost to pressure strain and turbulent diffusion. Apart from

a rather narrow region (0.75 < z/zh < 2), no changes to the budget of −u′v′ are evident.

6.4.2 Scalar Transport Budgets

The scalar transport budget for term u′
iq
′ is developed in Appendix B. Like the kinetic en-

ergy budget, it is derived by substituting mean and fluctuating components for velocity and scalar

concentration into the governing equations of momentum and scalar transport. Analyzing the

scalar transport budget reveals important characteristics of the mechanisms responsible for in-

creasing the transport of humidity in the wake of a turbine. In its full form, the budget is given

by

∂u′
iq
′

∂t
︸ ︷︷ ︸

0

= −Uj
∂u′

iq
′

∂xj
︸ ︷︷ ︸

I

+q′θ′vδk3
︸ ︷︷ ︸

II

−u′
iu

′
j

∂q

∂xj
− q′u′

j

∂Ui

∂xj
︸ ︷︷ ︸

III

−
∂u′

iu
′
jq
′

∂xj
︸ ︷︷ ︸

IV

−
(

2

Re
+

2

Re Sc

)
∂u′

i

∂xj

∂q′

∂xj
︸ ︷︷ ︸

V

+

(
1

Re
+

1

Re Sc

)
∂2u′

iq
′

∂xj∂xj
︸ ︷︷ ︸

VI

+p′
∂q′

∂xi
︸ ︷︷ ︸

VII

−∂q′p′

∂xi
︸ ︷︷ ︸

VIII

+
1

Ro
ε ij3q′u′

j
︸ ︷︷ ︸

IX

− 1

Re
u′

i

∂2q′

∂xj∂xj
− 1

Re Sc
q′

∂2u′
i

∂xj∂xj
︸ ︷︷ ︸

X

(6.4.2)
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Many of the above terms are analogous to the kinetic energy equations of Eq. 4.3.1. Term 0 is the

time rate of change of the scalar flux u′
iq
′ and I is advection by mean shear (or Ai); together these

form the substantial derivative of the scalar flux. Term II is buoyant production by the virtual

potential temperature βi, III gives production by mean shear (Pi), and IV is the turbulent diffusion

term Ti. Viscous dissipation is given by term V (ε i) and molecular diffusion by term VI (Di).

Pressure fluctuations manifest themselves in pressure strain (term VII, Φi) and pressure diffusion

(term VIII, Θi). Coriolis redistribution is given by IX and is denoted Ci. Finally, an extra viscous

term appears with leftover viscous terms and is given by X. This extra term will be denoted as Xi.

The time rate of change of the flux term is not explicitly calculated. However, based on the

energy balance of the remaining terms it is possible to infer whether the flux term is growing or

not. Given that W = 0, the advection term is identically zero.

The energy budget terms are normalized by u∗q2
0/δ where both u∗ and δ are taken from Case

A results. As before, q0 is the scalar concentration at z = 0.

Case CN

Under neutral stratification, βi = 0 for all values of i. The primary transport term of interest

is w′q′. This term is responsible for the vertical transport of humidity towards and away from the

wall. The following analysis will start with this important velocity and scalar product as given in

Fig. 6.39. Production by mean shear is nonzero given the nonzero gradient in q. Without the wake,

P3 is the primary source of flux throughout the boundary layer. Although not shown, molecular

diffusion provides a small gain region in the very near wall region. The pressure transport terms

for the no-wake simulation in Fig. 6.39(b) act as a sink throughout the region shown. Pressure

transport nearly balances production. Turbulent diffusion predictably acts to move energy from

regions of high production both towards the wall and into the farfield.

After introducing the wake, the w′q′ budget in Fig. 6.39(a) demonstrates a doubling of the

magnitude of production by mean shear. Figure 6.18 clearly shows that q is transported away

– 227 –



www.manaraa.com

S. B. WAGGY / TURBINE EFFECTS IN THE ATM. BOUND. LAYER

Loss Gain

(a)
z/

z h

Loss Gain

(b)

Loss Gain

(c)

-20 0 20-20 0 20-40 0 40
0

0.5

1

1.5

2

2.5

3

0

0.5

1

1.5

2

2.5

3

0

0.5

1

1.5

2

2.5

3

Figure 6.39: Case CN, budget for w′q′: (a) with wake, (b) no wake, (c) difference. Solid, pro-
duction; dashed, turbulent diffusion; dot-dash, total pressure transport; open circle,
viscous dissipation; dotted, extra viscous terms. All terms have been normalized by
u∗q2

0/δ (u∗ and δ from Case A).
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Figure 6.40: Case CN, budget for −u′q′: (a) with wake, (b) no wake, (c) difference. Solid, pro-
duction; dashed, turbulent diffusion; dot-dash, pressure strain; open circle, viscous
dissipation; closed circle, molecular diffusion; dotted, extra viscous terms. All terms
have been normalized by u∗q2

0/δ (u∗ and δ from Case A).
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from the wall. This causes a decrease in ∂q/∂z (or an increase in P3). The increase in production

of w′q′ is not limited to the region in close proximity of the hub height, rather, the increased

production is seen for 0 < z/zh < 3. Pressure transport acts to balance the increased production

below zh, but slightly decreases in amplitude when z/zh > 1. With the wake present, vertical

transport by turbulent diffusion is increased and likely is responsible for reducing the role of

pressure transport. By adding the wake, the magnitude of dissipation increases slightly as more

flux is removed. The extra viscous terms (X3) are very small in comparison to other budget terms.

Figure 6.19(b) shows an increase in turbulent flux both below and above the hub height.

The increase in production is primarily responsible for the increase in w′q′. Immediately behind

the wake, production would be identical to the no-wake simulation. Only as time progresses

and the vertical turbulent energy grows through pressure strain would production pick up. As

the gradient of q changes (humidity transported away from the wall), production of scalar flux

further increases. Consequently, the catalyst for the increase in the vertical flux of a scalar is the

transfer of energy from the horizontal components to the vertical.

The budget of −u′q′ is shown in Fig. 6.40. Note that the negative sign is required in order to

get the sign such that terms act as expected (i.e. production is a gain, viscous dissipation is a loss).

This is a reversal of the dynamics associated with w′q′. With no-wake present, the budget in Fig.

6.40(b) looks qualitatively comparable to the streamwise velocity variance budget shown in Fig.

6.27: a maximum in production close to the wall that is balanced by a large loss by dissipation.

Molecular diffusion acts to transport scalar flux towards the wall while turbulent fluctuations

transport flux towards the farfield. The significant contribution from X1 (the extra viscous terms)

near the wall is surprising given their small amplitude for the w′q′ budget. Likely, the difference

is the amplitude of u′ relative to w′ explains the order of magnitude difference between the two

terms. Upon adding the wake, streamwise scalar flux shows an increase in production above the

hub height, a reduction in the strength of dissipation below the hub, and a decrease in production

below zh. Pressure strain is exaggerated when the wake is introduced and acts as a sink for 0 <
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Figure 6.41: Case CN, budget for −v′q′: (a) with wake, (b) no wake, (c) difference. Solid, pro-
duction; dashed, turbulent diffusion; dot-dash, pressure strain; open circle, viscous
dissipation; closed circle, molecular diffusion; dotted, extra viscous terms. All terms
have been normalized by u∗q2

0/δ (u∗ and δ from Case A).

z/zh < 3. The role of the extra viscous terms is diminished below zh. Likely, this is a byproduct of

the reduction in the u′u′ energy term behind the wake.

The no-wake scalar flux in the spanwise direction is qualitatively similar to the no-wake

streamwise scalar flux. Comparing Fig. 6.41(b) with Fig. 6.40(b) it is clear that the primary differ-

ence between the two budgets is simply the magnitude of each term. In the streamwise budget,

the no-wake results are approximately a factor of 4 larger than the corresponding spanwise pro-

files. The addition of the wake causes a sharp increase in spanwise flux production (due to the

increase in the gradient of V) and an increase in the energy lost to pressure strain. At the wall, the

energy lost to viscous dissipation is decreased as is the energy gained from molecular diffusion.

Consequently, both terms are still nearly in balance when the wake is applied to the field.

– 230 –



www.manaraa.com

S. B. WAGGY / TURBINE EFFECTS IN THE ATM. BOUND. LAYER

Loss Gain

(a)
z/

z h

Loss Gain

(b)

Loss Gain

(c)

-2 -1 0 1-10 0 10-10 0 10
0

0.5

1

1.5

2

2.5

3

0

0.5

1

1.5

2

2.5

3

0

0.5

1

1.5

2

2.5

3

Figure 6.42: Case CH, budget for w′q′: (a) with wake, (b) no wake, (c) difference. Solid, pro-
duction; dashed, turbulent diffusion; dot-dash, total pressure transport; closed cir-
cle, molecular diffusion; open circle, viscous dissipation; dotted, extra viscous terms;
open square, buoyant production. All terms have been normalized by w∗q2

0/zi (w∗
and zi from Case B1).

Case CH

Figure 6.42 gives the scalar flux budget for Case CH with (a) and without (b) a wake.

Changes to the flux budget for the neutrally stratified case were on the same order as the magni-

tude of the terms in the wake free boundary layer. After modifying the mean velocity profile, the

flux budget is dominated by a gain via production, a loss through pressure transport, and turbu-

lent diffusion. The budget difference between the wake and no-wake simulation in Fig. 6.42(c)

clearly indicates that the wake has less of an effect on vertical flux when unstable stratification is

present. Without the wake, buoyant production replaces shear production as the largest gain in

w′q′. Buoyant production already causes enhanced vertical transport such that the increase due to

the addition of a wake is small. If the strength of stratification were further increased (e.g. Case

B2 from Chap. 5), it is expected that vertical transport from turbine effects would be even smaller
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Figure 6.43: Case CH, budget for −u′q′: (a) with wake, (b) no wake, (c) difference. Solid, pro-
duction; dashed, turbulent diffusion; dot-dash, pressure strain; open circle, viscous
dissipation; closed circle, molecular diffusion; dotted, extra viscous terms. All terms
have been normalized by w∗q2

0/zi (w∗ and zi from Case B1).

relative to transport that results from the unstable temperature gradient. Pressure transport is the

largest sink term and approximately balances buoyant production. Small increases in the magni-

tude of pressure transport is seen above and below zh. However, differences between the wake

and no-wake budget is an order of magnitude smaller than the largest budget terms.

Unlike w′q′, the streamwise scalar flux term is not directly influenced by buoyant produc-

tion. In fact, the budgets for the neutrally-stratified no-wake simulation in Fig. 6.40(b) and the

unstably-stratified no-wake simulation in Fig. 6.43(b) are nearly identical apart from the differ-

ence in the scale of the terms. Introducing the wake when a thermal gradient is present causes a

reduction in −u′q′ below the inversion and an increase above. Turbulent diffusion plays a role in

transporting flux from regions where production is a source to those regions of the domain where

production acts as a sink (see Fig. 6.43(a)). The remaining terms (i.e. viscous terms and pressure

strain) are largely unaffected by the introduction of the wake.
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Figure 6.44: Case CH, budget for −v′q′: (a) with wake, (b) no wake, (c) difference. Solid, pro-
duction; dashed, turbulent diffusion; dot-dash, pressure strain; open circle, viscous
dissipation; closed circle, molecular diffusion; dotted, extra viscous terms. All terms
have been normalized by w∗q2

0/zi (w∗ and zi from Case B1).

Finally, the scalar flux budget for −v′q′ is given in Fig. 6.44. The budget is modified quite

substantially by introducing the wake. Downstream of the wake, (subplot (a)), production acts

as a sink between 0.35 < z/zh0.8 and adds a second peak in production that reaches a maximum

at z ≈ zh. Once again, turbulent diffusion is increased to transport flux from regions of high

production to other areas of the flow field.

6.5 Turbulent Closure Evaluation

In earlier chapters, different closure models for approximating second, third, and fourth

order moments were discussed. Here three models are revisited to understand how adding the

wake profile to the mean velocity will affect correlation between the modeled terms and DNS.

Since the profiles evolve steadily with time, results have been averaged in the same fashion as the

budgets presented in §6.4: 30 equally spaced flow snapshots over 0 < ∆x/D < 37.5.
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Figure 6.45: Case CN, Ku versus Su: Solid, Case CN; dashed, α = 2.6; dotted, α = 2.3. Open circle,
z/zh = 0.1; filled circle, z/zh ≈ 1.

6.5.1 Kurtosis vs. Skewness under Neutral Stratification

Section 4.2.3 discussed the model first proposed by Mole and Clarke (1995). It was found

that the parabolic relationship K2
ui
= α

(
S2

ui
+ 1
)

performed well as a model of the streamwise kur-

tosis under neutral stratification. The spanwise and vertical components showed less agreement.

In Fig. 6.45, Ku is shown as a function of Su for Case CN when 0 < z/zh < 5. Like the results

shown in Fig. 4.14, the model performs well near the wall with a coefficient of α = 2.3. Away from

the wall, α = 2.6 performs better. The height of the turbine hub is noted by the filled circle. This

point is characterized by a local maximum in the both the skewness and kurtosis. Apart from the

region in the immediate vicinity of the hub and the very far field (where turbulent fluctuations are

small), the parabolic relationship between skewness and kurtosis appears to be unaffected by the

presence of the wake.

Figure 6.46 shows the relationship between spanwise skewness and kurtosis. The y compo-
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Figure 6.46: Case CN, Kv versus Sv: Solid, Case CN; dashed, α = 2.3; dash-dot, α = 3; dotted,
α = 3.3. Open circle, z/zh = 0.1; filled circle, z/zh ≈ 1.

nent of velocity does not show significant changes in either high order correlation near the hub

height. Kv appears to be fluctuating around Kv ≈ 3 which suggests that fluctuations are dis-

tributed in a Gaussian manner. When z < zh, a slight positive skewness is present. Above the hub

height, however, the skewness appears to be centered about Sv = 0. It appears from Fig. 6.46 that

α = 3 is a good approximation of the model constant, but the component does not show the large

changes in the magnitude of skewness or kurtosis that are evident in the streamwise direction.

In the vertical direction, a parabolic relationship between skewness and kurtosis did not

appear to be evident for Case A (see Fig. 4.16). However, Fig. 6.47 shows a clear parabolic

relationship around zh. The near wall region still demonstrates large kurtosis values that were

evident in Case A, but the increase in vertical energy appears to lock the vertical skewness and

kurtosis together. This allows a better approximation of α to be made for the vertical component.

It appears α = 2.9 is a more suitable approximation for the vertical velocity relationship.
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Figure 6.47: Case CN, Kw versus Sw: Solid, Case CN; dashed, α = 2.7; dash-dot, α = 2.9; dotted,
α = 3.3. Open circle, z/zh = 0.1; filled circle, z/zh ≈ 1.

6.5.2 k − ε Model in Turbine Wake

Here the k − ε model that was discussed in §4.5 is revisited. The model equations given by

Eq. 4.5.2 through 4.5.6 are reprinted here for convenience. The eddy diffusivity incorporates both

horizontal directions since the mean velocity has components in both coordinate directions:

√

u′w′2 + v′w′2 = −Km

√
(

∂U

∂z

)2

+

(
∂V

∂z

)2

The governing equations for the kinetic energy k and the dissipation ε are given by

Dk

Dt
= −u′w′ dU

dz
− v′w′ dV

dz
−

d
(

w′p′ + w′k′
)

dz
− ε

and

Dε

Dt
= Cε1

( ε

k

) [

−u′w′ dU

dz
− v′w′ dV

dz

]

− dw′ε′

dz
− Cε2

(
ε2

k

)

The modeled eddy diffusivity is given by

Km =
(αmk)2

ε
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Pressure transport and turbulent diffusion is modeled as a down-gradient transport of kinetic

energy:

w′p′ + w′k′ = −Km
dk

dz

The turbulent transport of dissipation uses the same methodology:

w′ε′ = −Km

Cε3

dε

dz

The constant Cε3 = 1.30 as before. Three values of αm in the definition of the eddy diffusivity are

used: (1) αm = 0.3, (2) αm = 0.18, and (3) a variable diffusivity based on the turbulent Reynolds

number ReT = Re(k2/ε):

αm =

[

0.09 exp

( −2.5

1 + ReT/50

)]1/2

Finally, the production is computed using

−u′w′ dU

dz
− v′w′ dV

dz
≈ Km

[(
dU

dz

)2

+

(
dV

dz

)2
]

Figure 6.48 shows the averaged eddy diffusivity from Case CN alongside the values of Km

computed using various values of αm. Near the wall, all three model curves over estimate the

eddy diffusivity. Around the height of the turbine hub, Km from the DNS becomes somewhat

erratic with two large peaks immediately below z/zh = 1. Apart from these two anomalies, it

appears that αm = 0.18 gives the closest results as both other models overestimate Km.

The resulting distribution of the Reynolds shear stress is shown in Fig. 6.49. Between 0.5 <

z/zh < 1 all models do a decent job at approximating the shear stresses. Below z/zh ≈ 0.5,

all three models overestimate the magnitude of the stress (though αm = 0.18 is off by the least).

Above z/zh ≈ 1, the model with αm = 0.18 is, again, closest to the actual Reynolds shear stresses

found in the DNS.

Like the results of Case A shown in Fig. 4.50, the production near the wall is overestimated

for Case CN (Fig. 6.50). Above the hub where an increase in production occurs, however, the k − ε

model with αm = 0.18 performs exceptionally well. This is deviation from the results of Case A
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Figure 6.48: k − ε model, eddy diffusivity: Solid, Case CN; dashed, αm = f (ReT); dotted, αm =
0.18; dot-dash, αm = 0.3.
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Figure 6.49: k − ε model, Reynolds shear stress: Solid, Case CN; dashed, αm = f (ReT); dotted,
αm = 0.18; dot-dash, αm = 0.3.
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Figure 6.50: k − ε model, production: Solid, Case CN; dashed, αm = f (ReT); dotted, αm = 0.18;
dot-dash, αm = 0.3.
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Figure 6.51: k − ε model, transport terms: Solid, Case CN; dashed, αm = f (ReT); dotted, αm =
0.18; dot-dash, αm = 0.3.
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Figure 6.52: k − ε model, dissipation transport: Solid, Case CN; dashed, αm = f (ReT); dotted,
αm = 0.18; dot-dash, αm = 0.3.

where the non-constant αm performed best. The models with αm = f (ReT) and αm = 0.3 both

overestimated the production when z/zh > 1 by over a factor of 3 (though both correctly capture

the location of the maximum production). Peak production as modeled by αm = 0.18 is by only

12% at the peak near z/zh ≈ 1.25.

Turbulent transport – which considers both pressure transport and turbulent diffusion –

shows inconsistencies between the model and DNS results. In Fig. 6.51, the transport is overes-

timated below z/zh < 0.5. When αm = 0.18 the model does a decent job of capturing dynamics

when 0.5 < z/zh < 1.1. Additionally, the crossover point at which transport becomes a source

rather than a sink is well captured at z/zh ≈ 1.04. Above this, the modeled transport terms do

not fall in line with the DNS results, though the actual transport is bounded by the αm = 0.18 and

αm = f (ReT) models.

The transport of dissipation for Case CN is shown in Fig. 6.52. When z/zh < 0.75, the three

transport terms are incorrect. w′ε′ acts as a sink in the DNS while the k − ε closure model shows

a net gain in dissipation near the wall. At z/zh ≈ 1 there is a change in sign of the dissipation
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transport. The location is accurately captured and the αm = 0.18 model is close to the capturing

the magnitude of the transport term.

To summarize, many of the deficiencies in the k − ε model that were noted in §4.5 are still

evident in the neutrally-stratified turbine wake simulation. However, agreement is further depre-

ciated outside of the near-wall region because of changes that were made to the mean velocity in

imposing the wake. The coefficient αm = 0.18 appears to perform the best in predicting the turbine

wake results. Especially strong agreement in turbulent energy production near z ≈ zh is evident.

6.5.3 Third and Fourth Moments of Temperature and Velocity Closure

For the wake simulation under unstable stratification, the high-order closure presented for

Case B1 and B2 in §5.4 is analyzed again. The previous section indicates that the third and fourth

moments of vertical velocity (skewness and kurtosis) are altered when the wake is introduced into

the flow. As such, it is expected that the constants controlling the third and fourth-order closures

of velocity and temperature might be changed. Recall that the closure equations are given by Eq.

5.4.2.

Figure 6.53 shows the calculation of the constants ai and di for i = 1, 2. The optimal values

computed are close to those found for Case B1 (refer to Table 5.3). As with the Case B1 simulation,

d1 and d2 are nearly zero and could easily be approximated as such with little (or no) loss in

accuracy. Both a1 = 1.53 and a2 = 0.924 are within 7% of the values computed for Case B1.

Although changes to the intensity of w′w′ are occurring (as well as the skewness of the vertical

velocity component), the model remains sound and the constants do not need to be altered to

account for the presence of a wake. Using the optimal values shown in Fig. 6.53, the computed

moments are compared with results of the DNS in Fig. 6.53. Note that w∗ and θ∗ are taken to be

the values computed for Case B1.

As with the third-order moments, the fourth-order moments show little deviation from the

Case B1 results. The small deviations in ai and di are of little significance. The largest change
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Figure 6.53: Calculation of empirical constants for third-order moments. Contours give explained

variance as calculated by Eq. 5.4.6. (a) w′2θ′, (b) w′θ′2. Contour interval is ∆ = 0.1
for the black contours; gray contour gives σ2

f = 0.95. Open circles, Gryanik and

Hartmann (2002); open squares, Zilitinkevich et al. (1999); closed circles, Case CH.
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Figure 6.54: Third-order moments: (a) w′2θ′, a1 = 1.53, d1 = −5.02 × 10−4; (b) w′θ′2, a2 = 0.924,
d2 = −2.34× 10−4. Dots are Case B1 data and the line is unity. θ∗ and w∗ are taken to
from Case B1.
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Figure 6.55: Calculation of empirical constants for fourth-order moments. Contours give ex-

plained variance as calculated by Eq. 5.4.6. (a) w′4, (b) θ′4, (c) w′3θ′, (d) w′θ′3. Contour
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Figure 6.56: Fourth-order moments: (a) w′4, a3 = 2.33, d3 = 0.712; (b) θ′4 a4 = 3.20, d4 = −7.58 ×
10−2; (c) w′3θ′, a5 = 2.55, d5 = 0.727; (d) w′3θ′2, a6 = 2.14, d6 = 0.470. Dots are Case
CH data and the line is unity. θ∗ and w∗ are taken to from Case B1.
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comes in the θ′4 closure in Fig. 6.56(b). The new value of a4 = 3.20 is approximately 8.5% off

from the value found in Case B1 (a4 = 2.95). Nevertheless, adding the wake to the mean profile

does little to affect the capabilities of the model. Thus, the values reported in Table 5.3 should be

sufficient from unstably-stratified turbine flow calculations.

6.6 Summary

Two simulations were carried out to model the influence of turbines on turbulent transport

in the ABL. A velocity deficit was imposed on the mean velocity field to mimic the energy removed

from the flow by the turbine. Secondly, an azimuthal component of velocity was imposed in the

form of a vortex plane. Porté-Agel et al. (2010) demonstrated that turbine models with rotation

more closely represented wind tunnel measure of turbine wakes.

Both the neutrally-stratified and unstably-stratified simulations were integrated forward in

time after initializing the wake. Furthermore, a control case was performed for each simulation.

The same initial condition without the wake was integrated forward so a proper comparison of

the data could be made. Spatial evolution of the wake was determined by averaging the periodic

domain over the lateral directions at various simulation times. The amount the averaged field

advanced spatially was simply determined by ∆x = Ug∆t.

Basic spatially evolving turbulence statistics show agreement with previous wind tunnel

experiments. The mean velocity deficit is recovered by a spreading of the wake in the vertical

direction. Once the wake impacts the wall, all momentum must be transported from above the

wake to re-energize the field. While both horizontal energy components are directly impacted by

an increase in energy production by mean shear, the vertical component is energized through the

return-to-isotropy term which balances the energy among the three coordinate directions. Given

the increased mixing due to buoyant forces, the heated case displays less of an influence from the

wake in comparison to the neutrally stratified simulation.
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Humidity transport throughout the boundary layer increases for both Case CN and CH.

The increase in turbulent energy in the vertical direction causes an increase in turbulent diffusion

in the wall-normal direction. Consequently, humidity flux at the wall under neutral stratification

increases by over 10% compared to the no-wake simulation. Scalar flux for Case CH also increased

but by a lesser degree. Budgets indicate that the largest increase in vertical flux is a consequence

of production by mean shear. As the vertical turbulent energy increases through the return-to-

isotropy term in the kinetic energy budget, additional flux is generated. Turbulent diffusion then

transports the flux down to the wall.

Three of the turbulence models presented earlier were analyzed to determine if the pres-

ence of a wake would detract from the model’s capabilities. Agreement with the k − ε model is

decreased when the wake is present. It was found that the variable model coefficient αm = f (ReT)

performed best for Case A. The results presented in this chapter show that αm = 0.18 performs

best when the mean flow has been modified. The high-order closures for velocity and temperature

variances and covariances showed only slight changes when a wake was imposed. In general, the

coefficients found for Case CH aligned well with those of Cases B1 and B2.
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CHAPTER 7

CONCLUSIONS AND RECOMMENDATIONS

This dissertation has focused on aspects of the atmospheric boundary layer under various

thermal conditions. The primary objective, of which, was to better understand if – and how –

humidity is transported in the wake of wind farms as previous research has suggested. Through

a series of increasingly complex numerical simulations, an in depth analysis of the ABL and hu-

midity transport was completed.

Modeling the ABL was accomplished by means of direct simulation. Although the Reynolds

number of the field is substantially lower than actual atmospheric conditions, many of the results

were found to agree with and complement both experimental data as well as higher Reynolds

number large-eddy simulations.

This chapter has been divided into three sections: an overview of the research completed

(§7.1), a summary of the significant contributions from this dissertation (§7.2), and suggestions for

future research that would benefit the scientific community (§7.3).

7.1 Overview

The atmospheric boundary layer over an infinite flat plate was modeled by solving conser-

vation equations of an incompressible fluid. System rotation effects were included to incorporate

the unique dynamics associated with the spin of the Earth. Conservation of thermal energy was
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Table 7.1: Overview of Cases Presented

Case Stratification Strength of Heating Wake?

A Neutral −− No
B1 Unstable Moderate No
B2 Unstable Vigorous No
CN Neutral −− Yes
CH Unstable Moderate Yes

solved and coupled to the vertical conservation of momentum equation via the Boussinesq ap-

proximation. Humidity and passive scalars are modeled using advection-diffusion scalar trans-

port equations.

The conservation equations are simulated on a stretched Cartesian mesh using fourth-order

accurate finite differences and a semi-implicit time advancement scheme that is second-order ac-

curate in time. The Reynolds number of all simulations was set to Re = 1000 where the Reynolds

number is defined in terms of the inertial scales. The resolution required for such a simulation is

beyond the capabilities of single-processor codes. Therefore, a parallelized numerical algorithm

was developed for performing the simulations. The code functions well over a wide range of

resolutions such that it is efficient for large or small size problems. As of its latest revision, the

most computationally expensive subroutine of the code involves solving for the elliptic pseudo-

pressure at each time step.

Since the flow geometry does not change (pressure driven boundary layer over a flat plat

with Coriolis rotation), the primary difference between the various simulations is the strength

of thermal stratification. A secondary effect is introduced by imposing a wake profile onto the

velocity field to approximate the downstream region of a wind turbine. A total of five cases were

analyzed in Chap. 4 through 6 as outlined in Table 7.1. Stable stratification (surface cooling) was

not simulated in this collection of results.

Despite the fact that pure neutral stratification rarely occurs in atmospheric turbulence, a

number of previous studies (Coleman, 1999, Miyashita et al., 2006, Spalart et al., 2008) have stud-
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ied the neutrally stratified Ekman layer at similar Reynolds numbers to those presented in this

dissertation. Results from Case A were in agreement with these previous studies. In addition

to traditional turbulent statistics (mean velocity profiles, second-order velocity moments, etc.), a

selection of unique analyses were completed. These include the calculation of complete energy

budgets (e.g. Marlatt et al., 2012), the evaluation of two closure models used to approximate high-

order moments, and visualization of turbulent structures through the calculation of velocity and

pressure autocorrelations.

In general, the atmospheric boundary layer exhibits either unstable (daytime) or stable

(nighttime) stratification. Chapter 5 discusses results from two simulations of the unstably-stratified

Ekman layer. Given the presence of thermal stratification, the characteristic scales associated with

the field change such that the inertial scales relevant in the neutrally-stratified Ekman layer are

no longer applicable. Instead, the field is characterized by both shorter length and time scales.

Though the strengths of the stratification applied in Cases B1 and B2 differ by an order of magni-

tude (see Table 5.2), both are within the range of stratifications that occur in the ABL. When a hot

surface and temperature inversion are present, a mixed layer develops in both the mean velocity

and temperature distributions. Like Case A, turbulent energy budgets are computed so as to un-

derstand the transfer of energy between the three Reynolds stresses. While the vigorously-heated

case is dominated by the production of turbulence due to buoyancy, Case B1 (moderate heating)

results show that both shear and buoyant production contribute significantly to the generation of

turbulence. In simulating stratified turbulence at high Reynolds numbers, it is necessary to apply

closures to high-order covariances between w′ and θ′. Accurate approximation of these third (e.g.

the flux of heat flux) and fourth (e.g. the flux of the flux of heat flux) moments is crucial for an

accurate representation of convective dynamics. An involved analysis of a closure (see Gryanik

and Hartmann, 2002) was completed to determine how model parameters change under varying

levels of stratification when the Reynolds number of the turbulence is low. In general, the model

performed quite well as discussed in §5.4. Finally, an analysis of top-down (nonzero entrainment,
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zero wall flux) and bottom-up (zero entrainment, nonzero wall flux) diffusion processes (Wyn-

gaard and Brost, 1984) was completed for Case B2. Two passive scalars were initialized such that

both processes could be separated and analyzed individually. Slight modifications to various vari-

ous models are proposed and a discussion concerning the effect of surface roughness is presented.

Comparing the DNS results with rough-wall simulations, it is evident that surface roughness has

little effect on top-down diffusion processes; however, roughness promotes mixing in the near-

wall region for the bottom-up process.

Using the results from Case A and B1 as a reference, Chap. 6 simulates humidity transport

in the wake of a wind turbine. To accomplish this, the deficit in the mean velocity field that is

seen immediately downstream of a turbine was directly imposed onto the mean velocity field.

Furthermore, an azimuthal velocity component was imposed in the direction perpendicular to the

mean velocity direction to capture the rotational component of velocity that is imparted onto the

fluid as it passes through a turbine. Turbulent fluctuations were not directly modified in any way.

Using the modified initial condition, the field was integrated forward in time to approximate the

spatial evolution of the wake downstream of the turbine. Mean velocity and second-order statis-

tics demonstrated qualitative agreement between the neutrally stratified simulation and the wind

tunnel experiments of Wu and Porté-Agel (2011). The streamwise energy component is increased

above the hub height and decreased below. This is a direct consequence of the production term in

the energy budget; the change in sign of the streamwise mean velocity below zh causes a reduction

in energy production. The vertical energy component demonstrates an increase in amplitude for

both the neutrally and unstably-stratified wake simulations. However, the heated case already ex-

hibits an amplification of vertical velocity fluctuations given the buoyant forcing. Consequently,

the increase in kinetic energy is much more dramatic in the neutral case in comparison to the same

simulation without a wake imposed on the initial condition.

The primary goal of this research was to understand how humidity (or other scalars) re-

spond in the wake of a turbine. Scalars were monitored in both Case CN and CH to address this
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question. For Case CN (neutral stratification), humidity flux out of the surface was drastically

increased. Below the hub height there is a clear reduction in the mean concentration of the scalar

〈q〉. Above zh, the concentration of the scalar increases. The turbulent flux of humidity in the ver-

tical direction 〈w′q′〉 demonstrates an increase by as much as 60% of the surface scalar flux when

no wake is present. For both Case CN and CH, the concentration of the scalar q at the wall was

held constant (q = q0). Though this prohibits the concentration of q to change on the wall, the

viscous flux at the wall is allowed to vary with time. In comparison to the simulation without a

wake, the flux at the wall increased by over 10% far downstream of the turbine. This would repre-

sent a drying effect at the wall and humidity (water) content in the surface would likely decrease

downstream of the turbine.

The heated wake simulation (Case CH) also showed a decrease in the concentration of 〈q〉

near the wall. However, the layer which shows a decrease in the humidity content is much thinner

when thermal stratification is present. The excess humidity that is transported upwards is imme-

diately mixed. Buoyant forcing excites the vertical direction in a manner such that the turbine has

a much smaller effect on the vertical transport of humidity. Flux at the wall increases by almost

4% when the wake is present under stratified conditions. Thus, introducing the turbine into the

velocity field under thermal stratification still produces an increase in the vertical transport of hu-

midity. However, as the strength of stratification increases, the extent to which the turbine affects

the turbulent flux will likely be reduced as the flow dynamics are overwhelmed by buoyant forces.

7.2 Significant Contributions

• A fully parallelized direct simulation code was developed to solve the Ekman layer flow

geometry with thermal stratification and two (passive or active) scalars. Verification of

the numerical algorithm was accomplished by monitoring the growth of perturbations in

a channel flow and comparing them with growth rates derived from the Orr-Sommerfeld

equation.
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• The neutrally-stratified Ekman layer at Re = 1000 was simulated in a periodic domain.

Temporally and spatially-averaged turbulent statistics agree with similar simulations.

• The parabolic relationship Ku = α
(
S2

u + 1
)

was critiqued for all three velocity compo-

nents under neutral stratification. It was found that the streamwise kurtosis is accurately

captured by the parabolic relationship in the near-wall region when α = 2.3 and in the

logarithmic region of the velocity field when α = 2.6. The other two components demon-

strated less agreement with the model.

• The full kinetic energy budgets were analyzed under neutral and unstable stratification (at

two levels of heating). As Reynolds number increases, the role of Coriolis redistribution is

reduced. With vigorous heating, both horizontal energy components behave in a similar

fashion except in the near wall region where shear production occurs in the streamwise

direction. Under moderate heating, the near-wall region resembles the neutrally stratified

budgets. Moving away from the wall, buoyancy plays a significant role in energizing

the vertical energy component (which is then transfered through pressure strain to both

horizontal components.

• Characteristic turbulent structures in the neutral Ekman layer were computed by means

of velocity and pressure autocorrelations. Structures near the wall tend to align with the

surface shear direction. Away from the wall, velocity autocorrelations tend to align be-

tween the local shear direction and the coordinate direction of the velocity component.

The spanwise velocity autocorrelation shows significant lifting downstream of the struc-

ture center suggesting that turbulence generated near the wall is transported upwards as

it progresses downstream. The spanwise tilt of the streamwise autocorrelation is a direct

results of system rotation.

• The k− ε turbulence model was evaluated for the neutrally-stratified Ekman layer. Results

indicate that the model does a good job of calculating the eddy diffusivity when αm =
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f (ReT). The closure assumes that all three energy components are equal and the inter-

component transport of energy is ignored. Given the anisotropy of the field, ignoring

energy redistribution may contribute to model inaccuracies.

• Under unstable stratification, a model of the third and fourth-order vertical velocity and

temperature correlations was shown to perform well. The optimal coefficients computed

from the DNS results change only slightly with large changes in −zi/L. In most cases,

the optimal coefficient is close to the theoretical value of the constant. Likely because of

the low Reynolds number, down-gradient diffusion of w′θ′ and θ′2 contributes very little

to the closure of w′2θ′ and w′θ′2 respectively. The extra diffusion terms can be ignored

(d1 = d2 = 0) with little loss to the accuracy of the model.

• Top-down diffusion processes are not affected by surface roughness. However, the gradi-

ent function gb increases near the wall when a smooth surface is present. This indicates

that mixing is decreased near the wall for bottom-up diffusion. The flow region where

smooth and rough-wall simulations diverge is confined to a narrow region at the wall (as

the viscous sublayer is approached). A modification to the model for the bottom-up scalar

variance is proposed: the piecewise model of Moeng and Wyngaard (1984) is replaced by

a single function which improves accuracy in the mixed layer and better approximates the

near-wall region of the smooth-wall low Reynolds number flow.

• A means of approximating the wake of a wind turbine via a periodic domain is introduced.

Mean velocity statistics and second-order correlations indicate the method qualitatively

reproduces the region downstream of a single turbine (along the centerline of the turbine).

• DNS results indicate that the increase in vertical turbulent energy downstream of the tur-

bine tends to increase the transport of humidity away from the wall when the surface has a

humidity concentration that is greater than the edge of the boundary layer. Under neutral

stratification, surface humidity flux increases by more than 10% relative to the same sim-
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ulation without introducing a wake. Though an increase in humidity flux is still evident

when surface heating is present, the turbine has less influence on the transport dynamics

since buoyant forcing already increases vertical mixing (hence the existence of the mixed

layer).

• Vertical turbulent flux is increased primarily through production by mean shear of the

mean humidity gradient. Immediately downstream of the turbine, however, the scalar

gradient is identical with and without the wake (since humidity is not modified by adding

a wake). Consequently, initial changes in the humidity flux occur when pressure strain

redirects energy from the horizontal turbulent energy components (where energy increases

directly through a change in production by mean shear) to the vertical energy component.

This increase in energy directly increases the production of vertical scalar flux. Turbulent

diffusion then transports the increase in flux down to the wall.

7.3 Recommendations for Future Work

A number of interesting (and challenging) research subjects can be pursued to build upon

the work previously discussed. A few of the most interesting and beneficial are outlined below.

• The topic of the stably-stratified atmospheric boundary layer should be pursued. During

nighttime hours, the atmosphere can exhibit a low-level jet of high velocity air. Given its

relatively low turbulent intensity, this excess momentum is ideal for wind farming appli-

cations. However, it is not fully understood why the jet forms and what conditions lead

to its development. A DNS of the low Reynolds number stably-stratified could give light

to a number of interesting topics concerning the jets formation: (1) What specific strati-

fication conditions lead to the formation of the jet? (2) Do daytime convective boundary

layer conditions impact the development and strength of the jet? (3) Do turbulence clo-

sures correctly handle subgrid scales in the jet (large velocity gradient but low turbulent
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intensity)?

• In the unstably-stratified boundary layer simulations that were performed, the tempera-

ture inversion that was imposed was chosen based on previous work. It is expected that

the strength of the inversion could have an impact on how strong top-down diffusion

processes evolve. A series of DNS simulations with variations in the lapse rate of the

temperature at the top of the mixed layer will be useful to parameterize the entrainment

process at the top of the convective boundary layer.

• The k − ε model has a number of improvements and modifications that have been devel-

oped to address specific flow geometries. Evaluating these model revisions would show

if a modification to the k − ε model might improve its capabilities when system rotation is

present and the mean velocity is three dimensional.

• The closures used for LES were not addressed in this work. Like RANS simulations, LES

requires that unresolved scales be modeled. The DNS data provide an excellent oppor-

tunity to determine the limitations of these models with respect to low Reynolds number

flow with Coriolis acceleration.

• The turbine wake results presented here represent an attempt to address the problem of

environmental impacts by wind turbine wakes. While some work has been completed by

the scientific community on the impact of ‘infinite wind farms,’ it would be interesting

to use DNS to model the spatially evolving flow past a model turbine (possibly using

a drag-disk approximation). This case would require careful handling of the periodic

boundary conditions. A possible solution would be to remove the Coriolis acceleration so

that the mean flow is two-dimensional. This would allow the domain to be elongated in

the streamwise direction and contracted in the spanning direction. Periodicity could be

enforced as long as the flow completely recovers before reaching the end of the domain.

This could be encouraged by a buffer region which helps damp out the turbulent signal
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associated with the turbine.

• The assumption that the bottom boundary had a constant humidity concentration was

sufficient for this work. An interesting alternative would be to run a large-eddy simulation

at atmospheric conditions and develop a surface model to mimic the change in water

content in the soil. This would give an indication of how quickly moisture is transported

upwards from the Earth’s surface.

• All cases in this study were performed with flow over a flat wall. Given that typical atmo-

spheric flows rarely occur over perfectly flat terrain, it would be interesting to introduce

topographic features into the field. Two prominent cases come to mind: (1) Modeling flow

over an infinite series of hills. The case can be run using the present code in its current

periodic configuration. The hills can be added be either mapping the lower boundary

onto a smooth two-dimensional contour and adjusting the difference operators as needed

(difficult), or by introducing an additional forcing function which creates an immersed

boundary in the field (easier). The former is beneficial in that no grid resolution is lost un-

derneath the hill, while the latter could need less programming effort. (2) The second case

with flow over a hill can be approximated by the simple case of flow over a forward fac-

ing (smooth) step. Accurate predictions of separation turbulence dynamics could benefit

wind farm design in regions with topographic features.

• Little work was performed on time dependent flow visualization. The turbine wake simu-

lations present a unique opportunity to visualize the evolution of turbulence as the mean

velocity undergoes drastic changes. Flow visualization might help uncover how eddies

change in shape and strength when the flow is forced away from its equilibrium state. The

conclusions of such a study could potentially be applied to any flow where the turbulent

fluctuations remain relatively unchanged but the mean flow is drastically modified in a

nearly instantaneous manner.
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APPENDIX A

REYNOLDS-AVERAGED NAVIER STOKES

A common means of understanding turbulent flows is the decomposition of the flow field

into a mean and fluctuating component:

ui = ui + u′
i (A.0.1a)

θ = θ + θ′ (A.0.1b)

qw = qw + q′w (A.0.1c)

p = p + p′ (A.0.1d)

Note that, in this context, the operator (·) is used to denote a temporal average such that (Tennekes

and Lumley, 1972)

ui = lim
T→∞

1

T

∫ t0+T

t0

uidt

which implies that dui/dt = 0. For homogeneous flow fields (as will be studied here), the overbar

can also be used to denote a spatial average. By definition, the average of any fluctuating quantity

is zero, i.e. u′
i = 0. Substitution of Eq. A.0.1 into Eq. 2.4.1 yields a set of equations where

contributions by the mean and fluctuating components have been separated.

∂Ui

∂xi
+

∂u′
i

∂xi
= 0 (A.0.2a)

∂Ui

∂t
+

∂u′
i

∂t
+

∂UiUj

∂xj
+

∂Uiu
′
j

∂xj
+

∂u′
iUj

∂xj
+

∂u′
iu

′
j

∂xj
+

1

Ro
ε3jiUj +

1

Ro
ε3jiu

′
j

= − ∂p

∂xi
− ∂p′

∂xi
+

1

Re

∂2Ui

∂xj∂xj
+

1

Re

∂2u′
i

∂xj∂xj
+ θvδi3 + θ′vδi3

(A.0.2b)
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∂θ

∂t
+

∂θ′

∂t
+

∂Ujθ

∂xj
+

∂u′
jθ

∂xj
+

∂Ujθ
′

∂xj
+

∂u′
jθ

′

∂xj
=

1

Re Pr

∂2θ

∂xj∂xj
+

1

Re Pr

∂2θ′

∂xj∂xj
(A.0.2c)

∂qw

∂t
+

∂q′w
∂t

+
∂Ujqw

∂xj
+

∂u′
jqw

∂xj
+

∂Ujq
′
w

∂xj
+

∂u′
jq
′
w

∂xj
=

1

Re Sc

∂2qw

∂xj∂xj
+

1

Re Sc

∂2q′w
∂xj∂xj

(A.0.2d)

The mean velocity ui has been replaced with Ui to denote a mean velocity field. This notation

convention will be used throughout the dissertation. The continuity equation given above implies

that both the mean and fluctuating velocity fields must have a zero divergence. Applying the

averaging operator (·) to each term in Eq. A.0.2 yields the Reynolds-averaged Navier-Stokes

(RANS) equations, averaged energy equation, and averaged scalar transport equation:

∂Ui

∂xi
= 0 (A.0.3a)

∂Ui

∂t
+

∂UiUj

∂xj
+

∂u′
iu

′
j

∂xj
+

1

Ro
ε3jiUj = − ∂p

∂xi
+

1

Re

∂2Ui

∂xj∂xj
+ θvδi3 (A.0.3b)

∂θ

∂t
+

∂Ujθ

∂xj
+

∂u′
jθ

′

∂xj
=

1

Re Pr

∂2θ

∂xj∂xj
(A.0.3c)

∂qw

∂t
+

∂Ujqw

∂xj
+

∂u′
jq
′
w

∂xj
=

1

Re Sc

∂2qw

∂xj∂xj
(A.0.3d)

The only fluctuating components that remain are due to interactions of fluctuating variables via

the advective terms. In turbulence research, the products u′
iu

′
j, u′

jθ
′, and u′

jq
′
w are the focus of a

great deal of attention given that these quantities are responsible for how turbulent fluctuations

relate to mean flow characteristics. They will be given their due attention in this work as well.
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DEVELOPMENT OF BUDGET EQUATIONS

B.1 Turbulent Kinetic Energy Budget

The turbulent kinetic energy budget given in Eq. 4.3.1 are derived from the Navier-Stokes

equations of Eq. 2.2.3b. Substituting the total velocity, temperature, and pressure with the cor-

responding mean and fluctuating components yields the momentum equation in Eq. A.0.2. Per-

forming a time average results in the typical RANS equations (see Eq. A.0.3).

To develop the kinetic energy budget, Eq. A.0.3b is subtracted from Eq. A.0.2b yielding

∂u′
i

∂t
+

∂Uiu
′
j

∂xj
+

∂u′
iUj

∂xj
+

∂u′
iu

′
j

∂xj
−

∂u′
iu

′
j

∂xj
+

1

Ro
ε3jiu

′
j = −∂p′

∂xi
+

1

Re

∂2u′
i

∂xj∂xj
+ θ′vδi3 (B.1.1)

Multiplying the above expression by the fluctuating velocity u′
k and performing a time average

gives

u′
k

∂u′
i

∂t
+ u′

k

∂Uiu
′
j

∂xj
+ u′

k

∂u′
iUj

∂xj
+ u′

k

∂u′
iu

′
j

∂xj
− u′

k

∂u′
iu

′
j

∂xj
+

1

Ro
u′

ku′
jε3ji = −u′

k

∂p′

∂xi
+

1

Re
u′

k

∂2u′
i

∂xj∂xj
+ u′

kθ′vδi3

(B.1.2)

Since ∂u′
iu

′
j/∂xj is a constant, the fifth term in Eq. B.1.2 reduces to 0 since u′

k = 0:

−u′
k

∂u′
iu

′
j

∂xj
= −u′

k

∂u′
iu

′
j

∂xj
= 0 (B.1.3)

Equation B.1.2 then simplifies to

u′
k

∂u′
i

∂t
+ u′

k

∂Uiu
′
j

∂xj
+ u′

k

∂u′
iUj

∂xj
+ u′

k

∂u′
iu

′
j

∂xj
+

1

Ro
u′

ku′
jε3ji = −u′

k

∂p′

∂xi
+

1

Re
u′

k

∂2u′
i

∂xj∂xj
+ u′

kθ′vδi3 (B.1.4)
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A second energy is developed by simply switching the i and k indices in B.1.4:

u′
i

∂u′
k

∂t
+ u′

i

∂Uku′
j

∂xj
+ u′

i

∂u′
kUj

∂xj
+ u′

i

∂u′
ku′

j

∂xj
+

1

Ro
u′

iu
′
jε3jk = −u′

i

∂p′

∂xk
+

1

Re
u′

i

∂2u′
k

∂xj∂xj
+ u′

iθ
′
vδk3 (B.1.5)

Adding Eq. B.1.4 and Eq. B.1.5 and simplifying yields the full budget equation. The following

simplifications can be made. Note that ∂Uj/∂xj = ∂u′
j/∂xj = 0 through incompressible continuity.

• Temporal variation

u′
i

∂u′
k

∂t
+ u′

k

∂u′
i

∂t
=

∂u′
iu

′
k

∂t

• Production

u′
i

∂Uku′
j

∂xj
+ u′

k

∂Uiu
′
j

∂xj
= Uku′

i

∂u′
j

∂xj
+ u′

iu
′
j

∂Uk

∂xj
+ Uiu

′
k

∂u′
j

∂xj
+ u′

ku′
j

∂Ui

∂xj

= u′
iu

′
j

∂Uk

∂xj
+ u′

ku′
j

∂Ui

∂xj

• Advection by mean flow

u′
i

∂u′
kUj

∂xj
+ u′

k

∂u′
iUj

∂xj
= u′

iu
′
k

∂Uj

∂xj
+ Uju

′
i

∂u′
k

∂xj
+ u′

ku′
i

∂Uj

∂xj
+ Uju

′
k

∂u′
i

∂xj

= Uju
′
i

∂u′
k

∂xj
+ Uju

′
k

∂u′
i

∂xj

= Uj

∂u′
iu

′
k

∂xj

• Turbulent diffusion

u′
i

∂u′
ku′

j

∂xj
+ u′

k

∂u′
iu

′
j

∂xj
= 2u′

iu
′
k

∂u′
j

∂xj
+ u′

iu
′
j

∂u′
k

∂xj
+ u′

ku′
j

∂u′
i

∂xj

= u′
iu

′
j

∂u′
k

∂xj
+ u′

ku′
j

∂u′
i

∂xj

=
∂u′

iu
′
ku′

j

∂xj
− u′

iu
′
k

∂u′
j

∂xj

=
∂u′

iu
′
ku′

j

∂xj

• Pressure terms

u′
i

∂p′

∂xk
+ u′

k

∂p′

∂xi
=

∂u′
i p

′

∂xk
− p′

∂u′
i

∂xk
+

∂u′
k p′

∂xi
− p′

∂u′
k

∂xi

=
∂u′

i p
′

∂xk
+

∂u′
k p′

∂xi
− p′

(
∂u′

i

∂xk
+

∂u′
k

∂xi

)
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• Viscous terms

u′
i

∂2u′
k

∂xj∂xj
+ u′

k

∂2u′
i

∂xj∂xj
=

∂

∂xj
u′

i

∂u′
k

∂xj
− ∂u′

i

∂xj

∂u′
k

∂xj
+

∂

∂xj
u′

k

∂u′
i

∂xj
− ∂u′

k

∂xj

∂u′
i

∂xj

=
∂

∂xj

(

u′
i

∂u′
k

∂xj
+ u′

k

∂u′
i

∂xj

)

− 2
∂u′

i

∂xj

∂u′
k

∂xj

=
∂2u′

iu
′
k

∂xj∂xj
− 2

∂u′
i

∂xj

∂u′
k

∂xj

Combining the above simplifications and the other simple terms yeilds the full turbulent

kinetic energy budget (Eq. 4.3.1):

Du′
iu

′
k

Dt
=

∂u′
iu

′
k

∂t
+ Uj

∂u′
iu

′
k

∂xj

=+ u′
iθ
′
vδk3 + u′

kθ′vδi3

− u′
iu

′
j

∂Uk

∂xj
− u′

ku′
j

∂Ui

∂xj

−
∂u′

iu
′
ku′

j

∂xj

− 2

Re

∂u′
i

∂xj

∂u′
k

∂xj

+
1

Re

∂2u′
iu

′
k

∂xj∂xj

+ p′
(

∂u′
i

∂xk
+

∂u′
k

∂xi

)

− ∂u′
i p

′

∂xk
− ∂u′

k p′

∂xi

+
1

Ro

(

εkj3u′
iu

′
j + ε ij3u′

ku′
j

)

B.2 Scalar Flux Budget

The scalar flux budget equation is derived in a similar fashion to the kinetic energy transport

equation. The averaged scalar transport equation given by Eq. A.0.3d is subtracted from Eq.

A.0.2d and yields a transport equation for q′w:

∂q′w
∂t

+
∂u′

jqw

∂xj
+

∂Ujq
′
w

∂xj
+

∂u′
jq
′
w

∂xj
−

∂u′
jq
′
w

∂xj
=

1

Re Sc

∂2q′w
∂xj∂xj

(B.2.1)
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Multiplying the above expression by u′
i and averaging yields

u′
i

∂q′w
∂t

+ u′
i

∂u′
jqw

∂xj
+ u′

i

∂Ujq′w
∂xj

+ u′
i

∂u′
jq
′
w

∂xj
− u′

i

∂u′
jq
′
w

∂xj
=

1

Re Sc
u′

i

∂2q′w
∂xj∂xj

(B.2.2)

Note that the fifth term in the expression is zero since u′
i is zero. A second equation is formed by

multiplying the equation governing velocity fluctuations (Eq. B.1.1) by q′w and applying a time

average:

q′w
∂u′

i

∂t
+ q′w

∂Uiu
′
j

∂xj
+ q′w

∂u′
iUj

∂xj
+ q′w

∂u′
iu

′
j

∂xj
− q′w

∂u′
iu

′
j

∂xj
+

1

Ro
q′wu′

jε3ji = −q′w
∂p′

∂xi
+

1

Re
q′w

∂2u′
i

∂xj∂xj
+ q′wθ′vδi3

(B.2.3)

Once again, the fifth term drops out using the same argument formulated in Eq. B.1.3. Adding

the results of Eq. B.2.2 and B.2.3 yields the full budget for the scalar flux u′
iq
′
w. The following

simplifications are made:

• Temporal variation

u′
i

∂q′w
∂t

+ q′w
∂u′

i

∂t
=

∂u′
iq
′
w

∂t

• Production

u′
i

∂qwu′
j

∂xj
+ q′w

∂Uiu
′
j

∂xj
= qwu′

i

∂u′
j

∂xj
+ u′

iu
′
j

∂qw

∂xj
+ Uiq′w

∂u′
j

∂xj
+ q′wu′

j

∂Ui

∂xj

= u′
iu

′
j

∂qw

∂xj
+ q′wu′

j

∂Ui

∂xj

• Advection by mean flow

u′
i

∂q′wUj

∂xj
+ q′w

∂u′
iUj

∂xj
= u′

iq
′
w

∂Uj

∂xj
+ Uju

′
i

∂q′w
∂xj

+ q′wu′
i

∂Uj

∂xj
+ Ujq′w

∂u′
i

∂xj

= Uju
′
i

∂q′w
∂xj

+ Ujq′w
∂u′

i

∂xj

= Uj
∂u′

iq
′
w

∂xj
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• Turbulent diffusion

u′
i

∂q′wu′
j

∂xj
+ q′w

∂u′
iu

′
j

∂xj
= 2u′

iq
′
w

∂u′
j

∂xj
+ u′

iu
′
j

∂q′w
∂xj

+ q′wu′
j

∂u′
i

∂xj

= u′
iu

′
j

∂q′w
∂xj

+ q′wu′
j

∂u′
i

∂xj

=
∂u′

iq
′
wu′

j

∂xj
− u′

iq
′
w

∂u′
j

∂xj

=
∂u′

iq
′
wu′

j

∂xj

• Pressure terms

q′w
∂p′

∂xi
=

∂q′w p′

∂xi
− p′

∂q′w
∂xi

• Viscous terms

1

Re Sc
u′

i

∂2q′w
∂xj∂xj

+
1

Re
q′w

∂2u′
i

∂xj∂xj
=

1

Re Sc

[

∂

∂xj
u′

i

∂q′w
∂xj

− ∂u′
i

∂xj

∂q′w
∂xj

]

+
1

Re

[

∂

∂xj
q′w

∂u′
i

∂xj
− ∂q′w

∂xj

∂u′
i

∂xj

]

=
1

Re Sc

[

∂

∂xj

(

∂u′
iq

′
w

∂xj
− q′w

∂u′
i

∂xj

)

− ∂u′
i

∂xj

∂q′w
∂xj

]

+
1

Re

[

∂

∂xj

(

∂u′
iq
′
w

∂xj
− u′

i

∂q′w
∂xj

)

− ∂u′
i

∂xj

∂q′w
∂xj

]

=

(
1

Re Sc
+

1

Re

)[

∂2u′
iq
′
w

∂xj∂xj
− ∂u′

i

∂xj

∂q′w
∂xj

]

− 1

Re Sc

∂

∂xj
q′w

∂u′
i

∂xj
− 1

Re

∂

∂xj
u′

i

∂q′w
∂xj

=

(
1

Re Sc
+

1

Re

)[

∂2u′
iq
′
w

∂xj∂xj
− ∂u′

i

∂xj

∂q′w
∂xj

]

− 1

Re Sc

[

q′w
∂2u′

i

∂xj∂xj
+

∂u′
i

∂xj

∂q′w
∂xj

]

− 1

Re

[

u′
i

∂2q′w
∂xj∂xj

+
∂u′

i

∂xj

∂q′w
∂xj

]

=

(
1

Re Sc
+

1

Re

)[

∂2u′
iq
′
w

∂xj∂xj
− 2

∂u′
i

∂xj

∂q′w
∂xj

]

− 1

Re Sc
q′w

∂2u′
i

∂xj∂xj
− 1

Re
u′

i

∂2q′w
∂xj∂xj
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Combining the above simplifications yields the full budget equation for the scalar flux u′
iq
′
w

as given by Eq. 6.4.2:

Du′
iq
′
w

Dt
=

∂u′
iq
′
w

∂t
+ Uj

∂u′
iq
′
w

∂xj

=+ q′wθ′vδi3

− u′
iu

′
j

∂qw

∂xj
− q′wu′

j

∂Ui

∂xj

−
∂u′

iq
′
wu′

j

∂xj

−
(

2

Re Sc
+

2

Re

)
∂u′

i

∂xj

∂q′w
∂xj

+

(
1

Re Sc
+

1

Re

)
∂2u′

iq
′
w

∂xj∂xj

+ p′
∂q′w
∂xi

− ∂q′w p′

∂xi

+
1

Ro
ε ij3q′wu′

j

− 1

Re Sc
q′w

∂2u′
i

∂xj∂xj
− 1

Re
u′

i

∂2q′w
∂xj∂xj
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HIGH-ORDER CLOSURE MODEL - CASE B2

In §5.4, third and fourth-order velocity and temperature moments were related back to the

second-order variances and the skewness of both temperature and velocity. It was shown that a

range of values for ai and di in Eq. 5.4.2 can be used to accurately model the higher-order terms.

Presented here are the results for Case B2. Figure C.1 shows the explained variance of the

third-order moments as a function of ai and di (for i and d = 1 − 2). The closure of w′2θ′ behaves

similar to the results of Case B1 though a slight increase in the optimum values of a1 is seen. Sub-

plot (b) shows that the range of acceptable values for d2 decreases (a narrowing of the contours).

As with Case B1, the recommended values of Gryanik and Hartmann (2002) perform poorly for

the third-order terms. The fit of model in comparison to the DNS for w′2θ′ and w′θ′2 are shown in

Fig. C.2(a) and (b) respectively.

Contours for the fourth-order moments are shown in Fig. C.3. ai and di for i = 3, 5, 6 all

show similar behavior to Case B1 results with only a slight contraction in the range of acceptable

values when stratification is stronger. The largest deviation of the Case B2 results from those

of Case B1 are seen in a4 and d4. Not only is the total region covered by the contour smaller

(compare Fig. C.3(b) with 5.32(b)), but a significant shift is seen in the optimal value of both

empirical constants. For Case B2, the recommended values of a4 and d4 are much closer those

recommended by Gryanik and Hartmann (2002) (see Table 5.3). Using the optimum values for ai

and di shown in Fig. C.3, the fit of the DNS data with the model of Eq. 5.4.2 is shown in Fig. C.4.
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Figure C.1: Calculation of empirical constants for third-order moments. Contours give explained

variance as calculated by Eq. 5.4.6. (a) w′2θ′, (b) w′θ′2. Contour interval is ∆ = 0.1 for
the black contours; gray contour gives σ2

f = 0.95. Open circles, Gryanik and Hartmann

(2002); open squares, Zilitinkevich et al. (1999); closed circles, Case B2.
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Figure C.2: Third-order moments: (a) w′2θ′, a1 = 1.44, d1 = −1.17 × 10−3; (b) w′θ′2, a2 = 0.894,
d2 = 1.67× 10−4. Dots are Case B2 data and the line is unity.
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Figure C.3: Calculation of empirical constants for fourth-order moments. Contours give explained

variance as calculated by Eq. 5.4.6. (a) w′4, (b) θ′4, (c) w′3θ′, (d) w′θ′3. Contour interval
is ∆ = 0.05 for the black contours (minimum of σ2

f = 0.8); gray contour gives σ2
f =

0.99. Open circles, Gryanik and Hartmann (2002); open squares, Zilitinkevich et al.
(1999); closed circles, Case B2.
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Figure C.4: Fourth-order moments: (a) w′4, a3 = 2.36, d3 = 0.742, σ2
f = 0.998; (b) θ′4 a4 = 2.95,

d4 = −7.58 × 10−2, σ2
f = 0.986; (c) w′3θ′, a5 = 2.42, d5 = 0.879, σ2

f = 0.996; (d) w′3θ′2,

a6 = 2.11, d6 = 0.470, σ2
f = 0.995. Dots are Case B2 data and the line is unity.
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