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Abstract
The accuracy of the inertial dissipation method (IDM), commonly applied to estimate the
observed rate of turbulent dissipation in bottom boundary layers (BBL), is evaluated by
performing direct numerical simulations (DNS) and large eddy simulations (LES) of
unidirectional turbulent channel flows. Errors in the IDM occur as the mean velocity is
commonly used for the convection velocity and when the canonical Kolmogorov -5/3 constants,
which assume isotropy and homogeneity of the flow, are applied. The optimal convection
velocity, as previously shown by many researchers, is found to be 2 times greater than the local
mean velocity near the bed and the Kolmogorov constants are significantly affected by
anisotropy. Usage of the canonical Kolmogorov constants leads to significant errors (>50%) in
computation of dissipation.
Using the same DNS and LES data, the accuracy of Kolmogorov 2/3 constants, used in
the structure function method (SFM) to compute dissipation, is also investigated. As with the
IDM, comparison of the dissipation, calculated directly from DNS/LES with that from the SFM,
shows that usage of canonical constants results in considerable error (>50%) from the vertical or
spanwise velocity components. Application of anisotropy-adjusted constants to data from the
BBL of Lake Erie shows that these constants improve computed dissipation by a factor of two,
with results within 20% of published dissipation obtained from the Batchelor fitting method.
DNS and LES of oscillating turbulent flows were also carried out to calibrate and
evaluate common analytical models used in oscillatory BBLs in lakes and costal oceans. These
include the log-law, Stokes second problem, the IDM, and a one-equation Spalart-Allmaras
model. Velocity profile predictions from the Spalart-Allmaras model were found to be more
ii

accurate than those from the log-law and Stokes’ second problem. Comparison of the LES data
and the turbulence models, with published field measurements, shows that the rate of dissipation
from the IDM is more accurate than that obtained from the log-law, particularly when the flow
reverses. The differences between the IDM and LES suggest that the errors in prediction of
dissipation can be due to the anisotropy conditions in the BBL.
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Chapter 1
Introduction

1.1 Motivation and objectives
Turbulent bottom boundary layers (BBLs) play an important role in mixing and transport in lakes
and coastal oceans. Enhanced vertical transport of momentum and mass at basin-scale are a
result of the strong turbulence production and mixing within the turbulent boundary layers
(Munk, 1966; Imberger, 1998). Characterizing and modeling BBL dynamics and kinematics will
help with parameterizing various flow properties such as the mass flux across the sediment water
interface (Scalo, Piomelli, and Boegman, 2013; McGinnis et al., 2014); bottom drag in
hydrodynamic models (Boegman et al., 2001; Bourgault et al., 2014), turbulent energy budgets
(Wüest, Piepke, and Senden, 2000; Bouffard, Boegman, and Rao, 2012), and sediment resuspension (Boegman and Ivey, 2009; Hosegood and Van Haren, 2004). However, direct
measurement of the dynamics of turbulent boundary layers in the field are difficult and the
analytical models applied to BBLs suffer from limits of applicability and typically are based on
assumptions for idealized turbulent flows (Caldwell and Chriss, 1979; Lorke et al., 2002; Scalo
et al., 2013; Jabbari, Boegman and Piomelli, 2015).
Since mixing rates and biogeochemical fluxes within the BBL are commonly estimated
from the rate of dissipation of turbulent kinetic energy (ε) (Ivey, Winters, and Koseff, 2008;
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Dunckley et al., 2012) accurate calculation of dissipation is very important. The direct
measurement of ε requires the simultaneous measurement of the instantaneous velocity-gradient
in the order of Kolmogorov scale. However, velocity measurements in the lake and coastal
studies are carried out through single point measurements (e.g ADV; acoustic Doppler
velocimeter) or spatial measurements (e.g ADCP; acoustic Doppler current profiler that
measures current speed at equal intervals along 3 or 4 beams) with the spatial resolution of 3 cm
(e.g. Lorke, 2007) to 1 m (e.g. Wiles et al., 2006) which are way greater than the Kolmogorov
scale, required to resolve small scale motions for precise measurement of the dissipation.
Therefore calculation of ε is impractical in the field studies and is generally estimated indirectly
(e.g., Doron et al., 2001). The inertial dissipation method (IDM) is one of the common methods
to estimate the dissipation (e.g., Wüest and Lorke, 2005; Bluteau et al., 2011). The IDM is based
on Kolmogorov’s second similarity hypothesis (Kolmogorov, 1941) in which the dissipation is
calculated by fitting the velocity fluctuation spectra to their theoretical and universal forms
within the inertial subrange. Application of this method to field measurements requires empirical
constants (Kolmogorov -5/3 constants) to compute ε from the measured flow velocity and
assumptions of steady state, isotropy and Taylor’s frozen turbulence hypothesis to convert
frequencies to wavenumbers using the convection velocity.
The Structure Function Method (SFM) is another common method for calculation of the
dissipation, which compared to the IDM is fairly new in lake and costal ocean studies (Wiles et
al., 2006; Lorke, 2007; Bouffard et al., 2013). Similar to the IDM, the SFM is based on
Kolmogorov’s second similarity hypothesis, and requires Kolmogorov 2/3 constants, but instead
2

of temporal velocity fluctuations the dissipation is calculated from the covariance of the
difference in fluctuation velocity between two points within the inertial subrange (Taylor, 1937;
Pope, 2000).
Although there is some numerical research that examines the region close to the
boundary (Kim and Hussain, 1993; Geng et al., 2015), most previous research on the
determination of the convection velocity (Lumley, 1965; Wyngaard and Clifford, 1977) and
Kolmogorov constants in the IDM (Monin and Yaglom, 1975; Saddoughi and Veeravalli, 1994)
and SFM (Monin and Yaglom, 1975; Sauvageot, 1992; Antonia et al., 1997) have been carried
out for flow regions far from the boundary, where the turbulence becomes more isotropic.
Despite this limitation, these methods are commonly used in observational studies to calculate
the dissipation close to the boundary and in particular in the buffer layer, where the flow
becomes anisotropic (e.g., IDM: Bryant et al., 2010 and Inoue et al., 2011; SFM: Lorke, 2007
and Wu et al., 2011). Therefore, there is a need for further evaluation of the accuracy of the IDM
and SFM close to the boundary for application in lake and costal ocean studies.
BBL flows in lakes and costal oceans are typically oscillating, due to the periodic nature
of the driving physical processes such as surface waves in shallow zones, high-frequency internal
waves along the thermocline, and basin-scale internal waves in lakes or tides in the ocean. These
energy sources can result in current velocities of ~10 cm s-1 and time scales of seconds, to
current velocities of a few cm s-1 and time scales of several hours to days (Lorke and MacIntyre,
2009). The characteristics of oscillating BBLs have been modelled using the logarithmic law-ofthe-wall (log-law), for unidirectional steady turbulent flows, or Stokes’ second problem, for
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oscillating laminar flows; neither of which is strictly applicable for an oscillating turbulent BBL.
For low current velocities, the turbulence in oscillatory BBLs become intermittent and unsteady,
the non-equilibrium turbulence associated with an oscillatory flow results in the deviation from
logarithmic pattern; therefore, the log-law does not apply (Lorke et al., 2002; Mellor, 2002). On
the other hand, Stokes’ second problem only applies to laminar flow and applying this method to
characterize environmental BBL flows, that are typically turbulent, causes errors in modelling
the flow properties (Lorke et al., 2002). Therefore, there is a need to investigate the applicability
of these models to predict the characteristics (such as BBL thickness, near-wall velocity profile
and energy dissipation) of oscillating BBLs and evaluate these and other models to predict the
BBL characteristics from field measurements.
Numerical models have contributed widely to the analysis of oscillating flows (e.g.,
Akhavan, Kamm and Shapiro 1991b, Verzicco and Vittori, 1996, Salon, Armenio and Crise,
2007). Compared to observations, idealized numerical simulations (direct numerical simulations,
DNS, and large eddy simulations, LES) can be applied with good accuracy to validate and
calibrate the models and parametrizations for turbulent flows that are applied in field studies
(e.g., Radhakrishnan and Piomelli, 2008, Scalo et al., 2013). This research proposes doing this by
applying the IDM and SFM to data from DNS and LES of turbulent channel boundary layer
flows, where the flow properties (including dissipation) are known a priori allowing the models
and constants to be unambiguously evaluated. The simulations are then extended to investigate
the accuracy of analytical model in predicting characteristics of oscillating boundary layers
simulated with DNS and LES.
4

The specific objectives of this thesis are to:
1. To quantify and reduce the effects of near-wall anisotropy on the Kolmogorov
coefficients and convection velocity used in the IDM and SFM using data from wellresolved DNS and LES simulations of turbulent channel flows.
2. To evaluate the improvement in observed dissipation estimated using the anisotropyadjusted coefficients in the IDM and SFM methods in application to field data.
3. To assess the accuracy of commonly used analytical and low-order numerical
boundary layer models applied to determine BBL characteristics using data from
well-resolved DNS and LES simulations of oscillating flows.

1.2 Layout of the thesis
This thesis is concerned with characterizing boundary layer dynamics and calibration and
validation of boundary layer models by performing well-resolved DNS and LES. In Chapter 2
the accuracy of the inertial dissipation method to calculate turbulent dissipation is evaluated
using DNS and LES of turbulent channel flows. The objectives are to quantify the Kolmogorov 5/3 constants and convection velocity at different heights from the boundary. Using the same
simulations from Chapter 2, the accuracy of the structure function method in boundary layers is
studied in Chapter 3, and the effects of anisotropy on the Kolmogorov 2/3 constants is
investigated. In Chapter 4, the SFM with modified Kolmogorov 2/3 constants (from Chapter 3) is
applied to determine the dissipation using direct velocity measurements from the bottom
boundary layer in Lake Erie. In Chapter 5, the applicability of commonly used analytical and
5

low-order numerical models to predict the characteristics of oscillating boundary layers is
evaluated by applying the models to DNS and LES of oscillating flows, where the BBL
characteristics are known from the simulations. The results are also compared with published
field observations. A summary and conclusions follows in Chapter 6, along with suggestions for
future work.
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Chapter 2
Evaluation of the inertial dissipation method within boundary layers using
numerical simulations1

2.1 Introduction

It is very important, in environmental flow studies, to measure accurately the rate of dissipation
of turbulent kinetic energy, ε, since mixing rates and biogeochemical fluxes are commonly
estimated from ε (Ivey et al., 2008; Dunckley et al., 2012). The direct measurement of ε requires
the simultaneous measurement of the instantaneous velocity-gradient tensor. However, the
velocity measurements in field studies are typically obtained from single point measurements
(e.g ADV; acoustic Doppler velocimeter) or spatial measurements (e.g ADCP; acoustic Doppler
current profiler) where the spatial resolution (typically 3 cm to 1 m) is not fine enough to resolve
small scale motions at the Kolmogorov scale, required for exact calculation of the dissipation.
Consequently the dissipation rate must be obtained indirectly (e.g., Doron et al., 2001). Methods
to compute ε include the structure function method (Wiles et al., 2006; Lorke, 2007), Batchelor
fitting (e.g., Ruddick et al., 2000; Bouffard and Boegman, 2014), the inertial dissipation method
1

Published as: Jabbari, A., Boegman, L. and Piomelli, U. 2015. Evaluation of the inertial
dissipation method using numerical simulations. Geophys. Res. Lett. 42: 1504–
1511, http://dx.doi.org/10.1002/2015GL063147
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(e.g., Wüest and Lorke, 2005; Bluteau et al., 2011) and the assumption of log-law behaviour
(e.g., Lorke et al., 2002; Lorke and MacIntyre, 2009). Many of these methods require empirical
constants to compute ε from measured flow variables and assumptions of steady state, isotropy
and Taylor’s frozen turbulence hypothesis to convert frequencies to wavenumbers. As a
consequence of these assumptions, the dissipation computed from the various methods may
differ by 1-2 orders of magnitude (Lorke et al., 2002; Wüest and Lorke, 2005; Scalo et al., 2013).
In this chapter, one of the most commonly used approaches, the inertial dissipation method
(IDM), is examined in detail. Its accuracy in application to computing dissipation in boundary
layers is investigated through the analysis of numerical simulation data.
The IDM is based on fitting the velocity fluctuation spectra to their theoretical and
universal forms within the inertial subrange. According to Kolmogorov’s second similarity
hypothesis, in turbulent flows with sufficiently high Reynolds numbers, the statistics of the small
scale motions in the inertial subrange have a universal form that is only determined by ε, and
viscous effects are negligible (Kolmogorov, 1941). Consequently, if the turbulence is isotropic,
at high Reynolds numbers, by dimensional analysis, the three-dimensional energy spectrum E is

E k   c 2/3k5/3 ,

(2.1)

where c is the Kolmogorov constant, which is usually taken equal to 1.5±0.1 (Monin and
Yaglom, 1975) and k denotes the wavenumber. The corresponding one-dimensional spectrum
takes the form
E  k      2/3 k 5/3

(2.2)
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where   is the one-dimensional Kolmogorov constant, the index   1, 2, 3 represents the
streamwise, vertical and spanwise directions (also denoted as x, y and z), and the summation
convention does not apply to repeated Greek indices. In isotropic turbulence the transverse
spectrum can be obtained from the longitudinal one as (Pope, 2000)

  


dE11 k1
E22 k1  E33 k1  1/ 2  E11 k1  k1

dk1


 

 

 




(2.3)

Evaluation of (2.3) in the inertial subrange results in  22   33  4/3  11 where  11 =(18/55)c
(Monin and Yaglom, 1975; Saddoughi and Veeravalli, 1994). The expected value of the
Kolmogorov constants has been studied in channel flows (Anselmet and Gange, 1984; ComteBellot, 1969) and boundary layers (Bradshaw, 1967; Kailasnath and Sreenivasan, 1993;
Saddoughi and Veeravalli, 1994) as well as a large number of geophysical flows such as
atmospheric boundary layers (e.g. Gibson et al., 1970; Kailasnath and Sreenivasan, 1993; Kaimal
et al., 1972; Praskovsky and Oncley, 1994) and tidal channels (Wyngaard and Cote, 1971;
Wyngaard and Pao, 1971; Grant et al., 1962; Grant et al., 1968). Sreenivasan (1995) collected a
variety of data in shear flows and grid turbulence on Kolmogorov constants and found, at high
Reynolds numbers, the value of  11 is approximately 0.5 and is independent of the Reynolds
number and the flow (in this study  11 =0.5 and  22   33  4/3  11 =0.67 are referred as canonical
values of Kolmogorov -5/3 constants).
In field studies, where spectral observations are typically obtained from a point velocity
time series, and Taylor’s frozen turbulence hypothesis is applied to relate wavenumber and
frequency spectra:
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Uc

 

x t

(2.4)

where Uc is a local convection velocity, commonly assumed to be equal to the local mean
velocity at the measurement point (Saddoughi and Veeravalli, 1995; Lorke and Wüest, 2005;
Bluteau et al., 2011). Taylor’s frozen turbulence hypothesis is more accurate in the turbulence
dissipation range when the ratio of root mean square of the turbulent velocity to time-averaged
advection velocity is smaller than unity (Lumley, 1965): errors in longitudinal and transverse
spectra in the inertial subrange are less than 5% if this ratio is equal or less than 0.1 (Lumley
1965; Wyngaard and Clifford, 1977). Previous research on the determination of the Kolmogorov
constants and convection velocity has focused on the region far from the boundary, where the
turbulence becomes more isotropic; however, measurements to compute dissipation and fluxes
are often carried out close to the sediment boundary (e.g., Bryant et al., 2010; Inoue et al., 2011)
where using mean velocity as Uc is less precise.
The application of the IDM requires a number of hypotheses, usually derived from the
theory of homogeneous isotropic turbulence. Since the method is, in practice, applied to wallbounded flows far from the idealized conditions of the theory, there is a need to evaluate the
generality of this method, and quantify its errors. The aim of this study is to compare the
predictions of the IDM with the values of dissipation obtained from direct numerical simulation
(DNS) and large eddy simulation (LES) of turbulent channel flows. Also various ways to
evaluate the convection velocity, and how far from the boundary near-wall effects modify the
turbulence so that isotropic considerations cannot be applied are assessed.
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In the following, the numerical approach and the methods used to apply the IDM to the
numerical data are described. Then the numerical results are presented. A discussion of the
implications of the findings of this study and conclusions follows.
2.2 Problem formulation and methodology
2.2.1 Governing equations and numerical method
The governing equations for the incompressible flow of a Newtonian fluid are the conservation
of mass and momentum:

where

ui
0
xi

(2.5)

ui

p
1 2

ui u j   

 ui  f i i1

t  x j
xi Reb

(2.6)

ui

are the velocity components in the streamwise, vertical, and spanwise directions,

the pressure divided by density

p is

 , and Reb is the Reynolds number defined as

Reb  U b Ly  . Equations (2.5-2.6) are dimensionless: the velocities, lengths and time have
been nondimensionalized using the bulk velocity in the channel, U b , the height of the simulation
domain, Ly , and the associated timescale, Ly U b , respectively. The size of the domain, in





dimensionless units, is Lx , Ly , Lz = (6,1,3), where Lx and Lz are the length and width of the
simulation domain. fi is a forcing term used to drive the flow, maintaining a constant mass flowrate.
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In this study direct and large-eddy simulations of the equations of motion (2.5-2.6) are
performed. In the direct numerical simulations (DNS) the entire range of length and time scales
of the turbulence is resolved; the equations of motion must, therefore, be discretized and solved
on a grid with mesh size of the order of the Kolmogorov length scale; no turbulence model is
required. In large-eddy simulations (LES), on the other hand, the turbulent eddies are separated
into large- and small-scales by a filtering operation (Leonard, 1975). Only the effect of the large
scales of motion (of size comparable to the local integral scale) is calculated explicitly; the effect
of the eddies smaller than the grid size appears through a sub-grid scale (SGS) stress term,

 ij

on

the right side of (2.5). In the present work, the SGS stresses are parameterized by a dynamic
eddy-viscosity model (Germano et al., 1991; Lilly, 1992)
2

 


 ij  u
i u j  ui u j  2 t S ij  2  Cev    2 S mn S mn  S ij



(2.7)



where  t is the eddy viscosity, Sij  ui / x j  u j / xi / 2 is the symmetric part of the filtered
velocity gradient tensor, and a tilde represents the filtering operation used to separate the large
from the small scales. The model coefficient Cev is adjusted by the Lagrangian-Averaging
procedure (Meneveau et al., 1996).
2.2.2 Computational Setup
Numerical simulations of turbulent channel flows have been carried out for two Reynolds
numbers, Reb  6900 and 43500, corresponding to Re  Lyu /  400 and 2000, where

u  ( w / )1/2 is the friction velocity, and  w is the shear stress at the wall (normalized by Ub2 ).
The low- and high-Re cases were simulated using DNS and LES, respectively. An additional
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LES, at Re  400, was performed using nearly the same resolution as the higher-Re LES, to
evaluate the accuracy of the LES vs. the DNS. The number of grid points (Nx,Ny,Ny) and
associated spacings (∆x+,∆y+min,∆z+) are (384,384,384), (96,192,96) and (384,300,384) and
(6.07,0.11,3.035), (24.15, 0.22,12.01) and (30.79, 0.66,15.39) for Re  400 (DNS), 400 (LES)
and 2000 (LES), respectively. Distances with a superscript “+” are normalized by u  .
The governing equations (2.5-2.6) are solved by a well-validated code that employs a
central, second-order-accurate differencing scheme on a staggered grid (Keating et al., 2004). A
fractional time-step method is used (Chorin, 1968; Kim and Moin, 1985). The time advancement
is second-order Crank-Nicolson for the wall-normal diffusive term; all the other terms are
advanced explicitly in time by a third-order Runge-Kutta method. No-slip and free-slip
symmetry boundary conditions are applied at the smooth bottom and top boundaries,
respectively, and periodic conditions are used in the streamwise and spanwise directions. The
flow is driven by a pressure gradient adjusted, at each time-step, to maintain a constant mass
flow-rate through the channel. The numerical model has been widely used for the simulation of
similar flow configurations (Keating et al., 2004a, 2004b; Scalo et al., 2012; Yuan and Piomelli,
2014), and has been shown to yield very accurate results with mesh resolutions of the order of
the ones used here.
2.2.3 Data post-processing
The numerical simulations yield a series of three-dimensional velocity fields (“snapshots”),
containing the velocity and pressure at N x  N

y

 N

z

grid points. The sequence of NT=1000

snapshots covers a total simulation time T= NT  Δt =10 (normalized by Ly /Ub); the snapshots
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are separated by a time-interval Δt=0.01. The snapshots are used below to compute various
quantities. First, the dissipation is calculated from its definition:
N  

ui u j
x j xi

or

 N  (   T )

ui u j
x j xi

(2.8)

for the DNS and LES, respectively. The angle brackets denote averaging over time and the
homogeneous directions x and z. The subscript N indicates that the quantity was calculated from
the numerical data. The wave number and frequency spectra were then calculated from their
definitions

Eij , N  kn   uˆi(kn ) uˆj* (kn ) k and Eij , N n   uˆi(n ) uˆj* (n ) 

(2.9)

where uˆi and ûj are the complex Fourier coefficients (in space or time) of the fluctuating
*

velocity components in the i-th direction, ui , and uˆ j

*

is the complex conjugate of uˆi . In

equation (2.9)  k and   are

 k  2 / L x

an d

   2 / T

(2.10)

The inertial subrange is then identified by finding the wavenumber range in which the error
between wavenumber spectra and the model spectrum E11,M  k1   cN k1

2/3 5/3

is minimum. In this

study the inertial subrange was considered to be the wave number range associated with 20%
error from the plateau of N k E  k  . The highest, thus defined, wavenumber is very close to
2/3 5/3

the theoretical bound 1 10 (Pope, 2000), where    3  N  is the Kolomogorov length scale.
1/ 4

The IDM estimate of the dissipation was then obtained by equating the numerically computed
spectrum Eii , N to the modeled one in the inertial subrange to yield
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 IDM

 E (k ) 
  11, N5/31 
 ck1


2/3

(2.11)

A similar procedure is used for the frequency spectrum. Since the signal, in time, is not periodic,
a Hanning window was applied.

whan  0.5  0.5cos  2 n  , 0  n  NW 1
NW 


(2.12)

where NW is the width of the window (taken to be equal to the length of the time series, NT). The
convection velocity is calculated separately for each distance from the wall by matching the
wavenumber spectra and the transformed frequency spectra E11, N  / Uc  and minimizing the
root-mean-square error in the inertial subrange.
The numerical data was also used to calculate the one-dimensional Kolmogorov
constants. Equation (2.2) can be rearranged as

   N2/3k 5/3 E  k 

(2.13)

and the constants   are obtained by least-square-fitting the spectra at each height y, through
the inertial subrange.
2.3 Results

The convective velocity, Uc, required to transform the frequency spectra into wavenumber
spectra, and vice versa is considered. Figures 2.1a, 2.1b, and 2.1c show streamwise wavenumber
and frequency spectra (from (2.9)) at y+=20, 80, and 160 for Re =400. The first of these
locations is in the buffer layer and the other two are in the logarithmic layer. Near the wall
(Figure 2.1a), the use of the local mean velocity does not result in a good collapse of the
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frequency and wavenumber spectra; the optimal convection velocity (i.e., the one that results in
best collapse in the inertial subrange) is larger than the local mean velocity by approximately a
factor of 2. This difference, however, decays rapidly, as shown in Figure 2.2b, where the mean
velocity and optimal convection velocity are compared. In the range 70<y+<220 the local mean
velocity and the optimal convection velocity are nearly equal, but farther from the wall using the
local mean velocity to transform frequency spectra into wavenumber spectra results in an error of
10% or more. The ratio of root-mean-square (RMS) of the streamwise velocity fluctuations to
local mean velocity through 70<y+<220 is less than 0.11 and 0.13 for R e  400 and 2000,
respectively (Figure 2.2a). This is close to the criterion that the ratio should be equal to or less
than 0.1 for Taylor’s frozen turbulence hypothesis to be accurate in wall-bounded flows (e.g.
Wyngaard and Clifford, 1977; Piomelli et al., 1989; Kim and Hussain, 1993). There is a
considerable influence of turbulence structures in the buffer layer on the near-wall dynamics and
propagation of perturbations in the wall region (e.g. Johansson et al., 1991; Kim, 1992). In
particular, the convection velocity in the near-wall region (y+ < 15) being larger than the mean is
due to the effect of advection-dominated sweep-type structures (Kim and Hussain, 1993).
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Figure 2.1. Streamwise wavenumber spectra (solid line) and wavenumber spectra derived from
time series data by Taylor’s hypothesis using the local mean velocity Ul (dashed line) and the
calculated convection velocity Uc (dash-dot) for (a) y+=20, (b) y+=80, and (c) y+=160 for
Reτ=400. Wavenumber spectra of the streamwise (E11,N, black), vertical (E22,N, red), and
spanwise (E33,N, blue) velocity components for (d) y+=20, (e) y+=80, and (f) y+=160 for Reτ=400
and 2000. Dashed: Reτ=2000; solid: 400. Kim et al.’s (1987) results at y+=150 are also shown in
(f) (dash-dot line).
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Figure 2.2. (a) Ratio of RMS of streamwise velocity fluctuations to local mean velocity. (b)
Ratio of optimal convection velocity to local mean velocity. (c) Ratio of Corrsin length scale to
Kolmogorov length scale. Black: Reτ=2000; red: 400. (d) Averaged Kolmogorov constants for

two Reynolds numbers in streamwise (  11 , black), vertical (  22 , red), and spanwise (  33 ,
blue) directions at different heights.

Figure 2.1d, e, f show the wavenumber spectra of the three velocity components at three
wall-normal locations (y+=20, 80 and 160), for both Reynolds numbers. At Reτ=400 the
agreement between LES and DNS is good, with a maximum difference of 6.5%; for this reason,
only the DNS results are shown. For validation, the spectra from this study are shown to compare
well with the Kim et al. (1987) DNS results (Figure 2.1f).
Figure 2.3 compares the dissipation obtained from the IDM applied to the spectra shown
in Figures 2.1d, 2.1e, and 2.1f with that calculated directly from the numerical data, εN.
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Differences are due to several causes: first, near the wall (Figure 2.3a) viscous effects reduce the
extent of the inertial subrange, or make it disappear altogether; this is particularly significant in
the wall-normal and spanwise directions. Second, the anisotropy of the flow (especially near the
solid boundary) implies that the canonical values of the Kolmogorov constants αββ are not
appropriate. Third, only at the higher Reynolds number, and at the locations farthest from the
wall (Figures 2.3b and 2.3c), a reasonable plateau in k1, in which the IDM yields results within
50% of the directly calculated dissipation is observed. Figure 2.4 shows the values of αββ
obtained using (2.13) at two wall-normal locations (the regions with error bars in Figure 2.4 are
inertial subranges). The constants for both Reynolds numbers are very close (Figure 2.4).
The error caused by using the canonical Kolmogorov constants for the calculation of
dissipation, in the wall-normal and spanwise directions, is more than 50% for y+ < 80 due to the
strong anisotropy of the flow in this region (Table 2.1). Figure 2.2d shows the average of the
calculated Kolmogorov constants for two Reynolds numbers at different heights. From Table 2.1
and Figure 2.2d, the streamwise constant (  11 ) is closer to the canonical value (0.5) than those
in the spanwise (  33 ) and vertical (  22 ) directions (the overbar denotes the average constants
for both

Re ). Farther from the bottom boundary (y+ ≥ 160), the flow tends toward isotropy, and

 33

 22

and

are close to canonical values (0.67).
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Figure 2.3. Dissipation of turbulent kinetic energy calculated from the wave number
spectra using canonical values of the Kolmogorov constants (equation (2.11)) compared
with the dissipation calculated directly (equation (2.8)) at (a) y+=20, (b) y+=80, and (c)
y+=160 for Reτ=400 (solid lines) and 2000 (dashed lines) (ε is normalized by u 4  ).
Black: E11 (streamwise); red: E22 (vertical); blue: E33 (spanwise); green: εN.

Table 2.1. Averaged Kolmogorov constants for two Reynolds number and error of using
the canonical Kolmogorov constants for calculation of dissipation in the streamwise,
vertical, and spanwise directions at 8 different heights.

y

 11

%error11

 22

%error22

 33

%error33

5
10
20
40
60
80
160
320

0.39
0.40
0.46
0.47
0.48
0.48
0.49
0.47

37
35
11
9
7
7
4
15

0.014
0.015
0.06
0.18
0.34
0.40
0.50
0.54

98
98
95
76
58
50
35
44

0.10
0.11
0.19
0.35
0.45
0.53
0.63
0.60

97
97
82
52
40
25
9
20
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Figure 2.4. Kolmogorov constants from streamwise, vertical, and spanwise wavenumber
spectra at y+=20 (a, c, e) and y+=160 (b, d, f) for Reτ=400 (solid line) and 2000 (dashed line).
The length of the error bars show the difference between the maximum and minimum values in
calculation of constants in data series in time. The horizontal straight lines show the average
values of the constants in the inertial subrange (the regions with error bars).

2.4 Discussion and Conclusions

In summary, numerical simulations of turbulent channel flows with different Reynolds numbers
have been carried out to assess the errors incurred in the computation of turbulent dissipation
from near-wall field data using the IDM. This study finds these errors are due to using the mean
velocity to convert frequency spectra to wavenumber space and applying the canonical
Kolmogorov constants.
The convection velocity is higher than the mean velocity at y+≤130, with a maximum
ratio of convection velocity to mean velocity equal to 2.52 at y+=5. The use of the local mean
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velocity to transform frequency to wavenumber spectra is only valid for y+>100. Near the wall,
advection is driven by turbulent sweep-type events that accelerate towards the wall faster than
the local velocity. This results in an optimal convection velocity that can be twice as large as the
local mean velocity in the buffer region. The errors associated with using the mean velocity
range from 10% at y+=320 to 60% at y+=5 and adoption of the values obtained from the present
simulations can decrease these errors (Figure 2.2b).
The Kolmogorov constants have also been evaluated, in the inertial subrange, for flows
with different Reynolds numbers. Because of the computational cost, the Reynolds numbers in
this work and corresponding inertial subrange bandwidths are less than oceanic observations.
1/2
The ratio of Corrsin length scale (or shear length scale, Ls=(εN/S3)1/2, where S  (2Sij Sij ) ) to

the Kolmogorov length scale B=Ls/η is less than 30 for y+ <320 (Figure 2.2c); this is significantly
less than B>3000 required for two decades of inertial subrange at much higher Reynolds number
farther from the bottom (Bluteau et al., 2011; Saddoughi and Veeravalli, 1994). However, at
least one decade of inertial subrange for y+>160 is modeled and the calculated Kolmogorov
constants show Reynolds number independence at each height (Figure 2.4). This provides
confidence in the reliability of the results from this study. Finally, for B>10, which corresponds
to y+>60, the ratio of the vertical to spanwise Kolmogorov constants approaches unity
(1  33  22  1.33). Therefore, the turbulence approaches isotropy in this region and the
calculated constants default to their canonical isotropic values, as expected (Table 2.1).
Comparison of ε from LES and DNS to those from the IDM, which use the canonical
values of the Kolmogorov constants, shows errors of more than 50% in the spanwise and vertical
directions at y+≤80. The dissipation estimate in Bryant et al. (2010), at 10 cm above the bed (y+
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≈7 and u  0.007 cm s-1 ), can be improved by almost 40% in the longitudinal and 100% in
vertical and spanwise directions using anisotropy-adjusted constants. The estimates of
dissipation by Inoue et al. (2011), at 4 cm above the bed (44≤y+≤216 and 0.11 u  0.54 cm s-1 ),
can also be improved by 40-75% if the anisotropy-adjusted Kolmogorov constants are used.
These errors in wavenumber transformation and Kolmogorov constants are additive. The
numerical data suggest that at y+=320, using Uc/Ul=0.92 and 11  0.47 results in 32% higher
accuracy in the prediction of dissipation. Including both optimal convection velocities and
anisotropy-adjusted values of the Kolmogorov constants that account for the anisotropy of the
flow can result in considerably more accurate calculations of the dissipation rates, specifically in
the vicinity of the boundaries, in environmental studies.
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Chapter 3
Evaluation of the structure function method to compute turbulent dissipation
within boundary layers using numerical simulations

3.1 Introduction

In the field of environmental fluid dynamics, mixing rates and biogeochemical fluxes are often
estimated from the rate of dissipation of turbulent kinetic energy, ε (e.g. Ivey et al., 2008; Bryant
et al., 2010; Dunckley et al., 2012). Since the direct measurement of ε requires simultaneous
measurement of the instantaneous velocity-gradient tensor, an exact calculation of ε is not
possible from field measurements; hence it is approximated indirectly. Indirect methods employ
fitting constants and the dissipation results vary with respect to each other by 1-2 orders of
magnitude (Lorke and Wüest, 2005; Scalo et al., 2013). The methods include the inertial
dissipation method, IDM (e.g., Bluteau et al., 2011; Chapter 2), Batchelor fitting (e.g., Ruddick
et al., 2000; Bouffard and Boegman, 2014), and the structure function method, SFM (Wiles et
al., 2006; Mohrholz et al., 2008).
The present study focuses on the SFM, which Wiles et al. (2006) adapted from the field
of radar meteorology to measure ε in the marine environment. Based on Kolmogorov’s similarity
hypothesis (Kolmogorov, 1941), the SFM equates the rate of turbulent kinetic energy transfer
through the inertial subrange cascade to ε at Kolmogorov scales (i.e.,   s 3 l where s and l are
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the characteristic velocity and length scales of the energy containing eddies). The second-order
structure function

  u( y  r)  u( y)

Dii y,r 

i

2

(3.1)

i

is the covariance of the difference in fluctuation velocity ( ui ) between two points within the
inertial subrange. Here, the index i=1, 2, and 3 represents the streamwise, vertical and spanwise
directions (also denoted as x, y and z), respectively. The angle bracket denotes averaging with
respect to the time and the homogeneous directions x and z, and Dii  y, r  is the structure
function calculated at each height y above the bed. In isotropic turbulent flows, at high Reynolds
numbers, the velocity difference between two points at distance r is determined by turbulent
eddies with a length scale close to r ( l  r ) and velocity scale close to s ( s  ui ) (Taylor, 1937;
Pope, 2000). The corresponding dissipation is related to r and Dii  y, r  by   s 3 l , giving:

 

Dii y,r  Cii 2 3r 2 3

(3.2)

where Cii represents the Kolmogorov constant for the structure function. If the constants are
known, (3.2) can be rearranged to yield ε (see Section 3.2.3). In this study r is associated with the
vertical distances. From atmospheric studies, 2.0 ≤ C 22 ≤ 2.2 (Sauvageot, 1992) and C 22 = 2.1 is
the canonical value typically adopted in application to oceanographic field data (e.g., Wiles et
al., 2006; Lorke, 2007). Equation (3.2) is also known as the Kolmogorov 2/3 law for secondorder structure functions. Insight into the applicability of this equation can be gained through
comparison to its counterpart the Kolmogorov -5/3 law for wavenumber spectra, which is used in
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the IDM. Here, the energy spectrum E   k1     

2 /3

k15/3 and k1 is the streamwise

wavenumber. The constants in Kolmogorov’s 2/3 and -5/3 laws are related by

C 22  4.02 11 ,  11  18 55 c

(3.3)

where c=1.5±0.1 and C33  C11  4 / 3C22 (Monin and Yaglom, 1975; Pope, 2000). Sreenivasan
(1995) found that 11 =0.53±0.055, when the Reynolds number based on transverse Taylor
microscale  

 u

2

1

2
fluctuation R e    u 1

  u 1
1 2

 x1 

2



1 2

and the root mean square of longitudinal velocity

 is greater than 55 (Taylor microscales will be explained in

more detail in Section 3.2.3). Moreover, the relation between C22 and 11 in (3.3) is obtained at
the ideal isotropic condition of the infinite integral length scale and zero Kolmogorov dissipation
length scale (Monin and Yaglom, 1975); therefore, it is only valid for isotropic turbulent flows
with infinite Re and inertial subrange.
Ni and Xia (2013) obtained a Re power-law relation for the ratio between the
Kolmogorov 2/3 and -5/3 law constants when 55  Re  17000 . In agreement with Sauvageot
(1992), Saddoughi and Veeravalli (1994) found the Kolmogorov constants C22  2±0.1 over 1.5
to 2.0 decades of r, calculated in spectra away from the boundary for high Reynolds number
flows. Laboratory experiments (e.g. Van Atta and Chen, 1970; Mestayer, 1982) tend to
overestimate the structure function because C22 neglects the influence of anisotropy on the flow
(e.g. Effinger and Grossmann, 1987); this will be particularly significant near a boundary where
a very narrow inertial subrange exists and a universal inertial subrange is unlikely (Antonia et al.,
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1997). This behaviour has been confirmed through numerical simulation of the variation in the
Kolmogorov -5/3 constant near the wall in Chapter 2. However, despite these results, there has
been no systematic evaluation of the variation in the Kolmogorov 2/3 constant with both
Reynolds number and distance from the wall; the SFM is commonly applied using (3.2) with

C22 = 2.1 (e.g., Wiles et al., 2006; Lorke, 2007; Lorke and Wüest, 2005; Bouffard et al., 2013).
In this chapter, well-resolved numerical simulation data of turbulent channel flows is
analyzed to assess the accuracy of the SFM in prediction of ε. To apply the SFM, the numerical
data is virtually sampled in the vertical direction, to characterize what would be collected from
an acoustic Doppler current profiler (ADCP) deployed in the field. The exact ε calculated from
both direct numerical simulation (DNS) and large eddy simulation (LES) is compared with the
predictions of the SFM.

Then the Kolmogorov 2/3 constant are modified to improve the

accuracy of the method, as required, and the relation between the Kolmogorov 2/3 constant and
the Taylor microscale Reynolds number Re is evaluated.

3.2 Problem formulation and methodology
3.2.1 Governing equations and numerical method

A well-validated numerical code (Keating et al., 2004) is used to solve the governing
conservation equations of mass and momentum for incompressible flow of a Newtonian fluid,
written in compact tensor notation as

ui
0
xi

(3.4)
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ui 
p
1 2


 ui  fi i1
uiu j   

t x j
xi Reb

(3.5)

where x1, x2, and x3 (or x, y, and z) are the streamwise, wall-normal, and spanwise directions,
respectively, and u1, u2, and u3 (or u, v, and w) are the velocity components in the respective
directions, p is the pressure (divided by density), and δij is the Kronecker delta. The Reynolds
number Reb  Ub Ly

 , where Ub is the bulk velocity in the channel, Ly is the domain height,

and  is the kinematic viscosity. A forcing term fi drives the flow in the streamwise direction,
due to the periodic boundary conditions applied in the x and z directions, maintaining a constant
mass flow-rate. In equations (3.4-3.5) the velocities are normalized by Ub , lengths by Ly , and
time t using Ly Ub . The non-dimensionl size of the domain is (Lx,Ly,Lz) = (6,1,3), where Lx, Ly,
and Lz are the length, height, and width.
DNS and LES of the governing equations (3.4-3.5) are performed in the current study.
The entire range of length and time scales of the turbulence is resolved in DNS; hence, the
equations of motion are discretized and solved on a grid with size of the order of the
Kolmogorov length scale, without using a turbulence model. In LES, a filtering operation
separates the turbulent eddies into resolved and unresolved (modelled) eddies of a size
comparable to the local integral scale (Leonard, 1975). The effect of the unresolved eddies
appears through a sub-grid scale stress (SGS) term  ij  on the right side of (3.5). A dynamic
Smagorinsky eddy-viscosity model (Germano et al., 1991; Lilly, 1992) is used to parameterize
SGS stresses
(3.6)
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is the symmetric part of the filtered velocity gradient tensor

where

(a tilde represents the filtering operation used to separate the resolved from unresolved scales),

t

is the eddy viscosity, and Cev is the model coefficient which is adjusted by the Lagrangian-

averaging procedure (Meneveau et al., 1996).
3.2.2 Computational Setup

Numerical simulations for two Reynolds numbers, Reb  6900 (DNS) and 43500 (LES) are
performed. These correspond to Re  Lyu /  400 and 2000, respectively, where u  ( w /  )1/2
2
represents the friction velocity and  w is the bed shear stress (divided by Ub ). LES at Re =400

has also been performed (not shown) to evaluate the accuracy of the LES against the DNS (by
using almost the same resolution as in the higher-Re case). The maximum difference beteween
DNS and LES velocity structure functions is 6.2%, confirming that the LES captures the flow
dynamics. The code employs a central, second-order-accurate differencing scheme on a
staggered grid (Keating et al., 2004). The number of grid points (Nx,Ny,Ny) for Re =400 (DNS),
400 (LES) and 2000 (LES) are (384,384,384), (96,192,96) and (384,300,384), respectively. The
associated spacings in wall units (∆x+,∆y+min,∆z+) with these grids are (6.07,0.11,3.035), (24.15,
0.22,12.01) and (30.79,0.66,15.39), respectively. Distances with a superscript “+” are normalized
by u  .
The equations are integrated in time by a fractional-step method (Chorin, 1968; Kim and
Moin, 1985). The wall-normal diffusive term time advancement is a 2nd-order Crank-Nicolson
method, while the other terms are advanced explicitly in time by a 3rd-order Runge-Kutta
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method. Flows are on a smooth wall and the top and bottom boundaries are free-slip symmetry
and no-slip, respectively. The numerical model has been extensively applied for simulation of
similar flow configurations; with mesh resolutions similar to ones employed here and has
provided very accurate results (e.g. Keating et al., 2004a, 2004b; Scalo et al., 2012; Yuan and
Piomelli, 2014).
3.2.3 Data post-processing

A sequence of NT=1000 snapshots (three-dimensional velocity and pressure fields at

N x  N y  N z grid points) obtained from the numerical simulations of this study are used for
assessment of the structure function method. The time-interval Δt=0.01 between snapshots
results in a total simulation time T= NT  Δt =10 which is normalized by Ly Ub . The
numerical dissipation is calculated from its definition:

N  

ui u j
x j xi

or  N  ( T )

ui u j
x j xi

(3.7)

for the DNS and LES, respectively. The subscript N indicates that the quantity was calculated
from the numerical data. The structure functions are numerically calculated from their definitions
(3.1) for every y  yu /  using a centered difference scheme with vertical distance


r   ru /  as
Dii , N  yi , rm    ui( yim )  ui( yim ) 

2

(3.8)

where m=1…n and n is determined by the distance to the boundaries. To deal with nonhomogeneous grids in the vertical direction, first the structure function for every grid cell from
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(3.8) is calculated. Then at each y+, the r+ and associated D values that their center of difference
fall within y+±0.01 are interpolated to ∆r+=2 intervals (see Appendix A). The inertial subrange is
subsequently identified by finding the range r+ where the error between the calculated structure
function and the model structure function

Dii , M  y  , r    C ii  N2 / 3 r 

2/3

is minimum

( C33  C11  4/3 C22  4/3×2.1 are the canonical constants). In the present study, the r+ range
2/3 
associated with 20% of error from the plateau of  N r

2/3

Dii , N  y  , r   is considered to be the

inertial subrange. The lowest bound of the inertial subrange, by this definition, is very close to
the theoretical bound ≈20η (e.g. Praskovsky et al., 1993), where    3  N 

1/ 4

is the

Kolomogorov length scale.
To evaluate the error associated with using the canonical Kolmogorov constants to
calculate dissipation, the dissipation using the numerically computed structure functions ( Dii,N )
and the canonical constants are evaluated

 SFM

 D ( y , r  ) 
  ii , N  2/3 
 Cii r


3/2

These are compared to the direct dissipation

(3.9)

N

from (3.7). Furthermore, optimal Kolmogorov

2/3 contents are calculated using the numerically computed structure functions and dissipation
by rearranging (3.2) as
C ii   N2 / 3 r 

 2/3

Dii , N  y  , r  

(3.10)

and the constants Cii , N are obtained by least-square-fitting the spectra at each height y+, through
the inertial subrange.
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To evaluate the realtionship between C22 11 (equation (3.3)) and the transverse
microscale Reynolds number, this study investigates the dependance of this ratio on
for

Re with y+

Re = 400 and 2000 and compares them with Ni and Xia’s (2013) experimental data. The

transverse Taylor microscale is commonly calculated from the isotropic definition (e.g.
Saddoughi and Veeravalli, 1994; Sreenivasan, 1995; Ni and Xia, 2013)

 gI 

 u

2

1

 u1

x1 

2



12

(3.11)

which is not valid in boundary layers with high anisotropy due to presence of shear. Here, the
subscript I indicates a quantity calculated on the assumption of isotropy and gI is normalized by
the domain height (Ly). Rather, in this chapter, the Taylor microscale is calculated from the
original definition, based on a two-point correlation where the parabola osculating

Rii ( y + ,rx ) / u12

at rx=0 intersects the longitudinal axis (rx and ii are normalized by Ly )

(Pope, 2000). Here,

Rii ( y+ ,rx )  u1  y  , x  e1rx  u1  y  , x 

(3.12)

is the two-point correlation and e1 is the unit vector in the x direction. Since the Taylor
microscales are calculated using two-point correlations (3.12) in the streamwise direction,
and

22

33 are the transverse microscale; i.e. g . Then the microscale Reynolds numbers are

defined by

R e ii ,    ii u 12

1 2

 , R e    g I u 12
gI
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1 2



(3.13)

based on the osculating parabola and the isotropic assumption, respectively. In this study, the
microscales calculated from (3.11) are compared with those from the original definition, and also
dependence of C22 11 on the transverse microscale Reynolds number at different y+ are
evaluated. To explore the isotropy effects on the Kolmogorov constants, the three components of
the Reynolds-stress anisotropy tensor

bij  u iu j



2 q   ij 3


where q  0.5 u11
2

2


 u22

2

(3.14)


 u33

2

 is the average turbulent kinetic energy, are calculated

for both Reynolds numbers and are evaluated with y+.
3.3 Results
3.3.1 Structure function constants

Figure 3.1 shows structure functions for three velocity components (from (3.8)) for Re =400 and
2000 at y+=20, 80, and 160, where the first location is in the buffer layer and the other two are in
the logarithmic layer. Peaks in the streamwise velocity component structure function form at the
transition from the small-scale dissipative range to the inertial range (y+=80 and 160 in Figure
3.1a; and Ni and Xia (2013)). At y+=160 the both Re yield similar structure functions
suggesting universality of the Kolmogorov 2/3 constant at this y+ and above as the flow becomes
isotropic.
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Figure 3.1. Streamwise ( D11, N ; a), vertical ( D22, N ; b), and spanwise ( D33, N ; c) velocity

component structure functions (equation (3.8)) at y+=20 (red), y+=80 (blue), and y+=160 (black)
for Reτ=400 (solid lines) and 2000 (dashed lines).

The ratio of the SFM dissipation, using the canonical constant (equation (3.9)) to that
calculated directly from the numerical data (equation (3.7)) shows errors in predicted SFM
dissipation (Figure 3.2) and is particularly high near the wall in the buffer layer and for the
vertical and spanwise velocity component. These errors result from near wall viscous effects
that reduce or eliminate the extent of the inertial subrange, anisotropy effects reducing the
applicability of the canonical constants, and the distinct plateau in r+ only occurring in the
logarithmic layer (e.g., at y+=160 for Re =2000 in Figure 3.2).
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Figure 3.2. The ratio of the dissipation of turbulent kinetic energy by structure function ( SFM ;
equation (3.9)) from streamwise (a and b), vertical (c and d), and spanwise (e and f) velocity
components using canonical Kolmogorov constants to those calculated directly (  N ; equation
(3.7)) at y+=20 (red), y+=80 (blue), and y+=160 (black) for Reτ=400 (a,c,e) and 2000 (b,d,f).

Figure 3.3 shows the optimal values of Kolmogorov constants, calculated from (3.10).
The optimal constants are nearly Reynolds number independent (Figure 3.3), but differ with the
velocity component and y+ (Figure 3.4a and Table 3.1). Strong streamwise mean shear occurs in
the buffer layer (10<y+<50), which leads to the elongation of turbulent eddies causing high
anisotropy and expected deviation from the canonical Kolmogorov constants, in this region

 

 

(Table 3.1). From Table 3.1, the streamwise constant C11 is closer to the spanwise one C33
for y+ ≥ 60 (1  C11 C33  1.19); whereas, the vertical coefficient

C 
22

tends toward the

experimental values (e.g. Ni and Xia, 2013) farther from the bottom boundary (y+≥ 160), where
45

the flow is closer to isotropic condition (the overbar denotes the average constants for both
Reynolds numbers). Due to the strong anisotropy of the flow at y+ < 80 (e.g., Chapter 2) the
dissipation errors caused by using the canonical Kolmogorov constants from the vertical and
spanwise velocity components, are more than 40% and 50%, respectively, in this region (Table
3.1).

Figure 3.3. Kolmogorov constants (equation (3.10)) from (a and b) streamwise, (c and d)
vertical, and (e and f) spanwise velocity component structure functions at y+=20 (red), y+=80
(blue), and y+=160 (black) for Reτ=400 (a,c,e) and 2000 (b,d,f). The length of the error bars
shows the difference between the maximum and minimum values in calculation of the
constants. The horizontal lines show the average values of the constants through the inertial
subrange (denoted with error bars).
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Table 3.1. Average Kolmogorov constants for Reτ=400 and 2000 and percentage error in
dissipation from using the canonical Kolmogorov constants relative to the numerical
dissipation.

y

C11

%error11

C22

%error22

C33

%error33

20
40
60
80
160
320

1.87
2.18
2.51
2.68
2.71
2.75

39
33
25
19
15
12

0.305
0.525
0.715
0.895
1.27
1.42

93
84
75
68
48
40

1.21
1.63
2.11
2.15
2.35
2.55

70
50
40
33
18
15

3.3.2 Dependence of C22 11 on microscale Reynolds number

To investigate the dependence of C22 11 on the transverse microscale Reynolds number, first
the microscales based on osculating parabola are compared with those from the isotropy
definition ( gI , equation (3.11)) (Figure 3.5a and 3.5b). Changes in the Reynolds-stress
anisotropy tensor ( bij , equation (3.14)) occur with height. For y+ ≥ 10 where bij decreases
(Figure 3.5e),

gI

tends to the vertical

 22  and the spanwise  33 

by osculating the parabola, and is within 15% of

microscales, calculated

22 and 33 for y+ ≥ 60 (Figures 3.5a and

3.5b). Likewise, the isotropy-based Reynolds number RegI is close to Re22, and Re33,
(equation (3.13)) in this region (Figures 3.5c and 3.5d). However for y+ < 60, the flow is highly
anisotropic ( b22  0.2 and b33  0.07); therefore, calculation of Taylor microscales based on the
assumption of isotropy, in this region, can result in inaccurate evaluation of the dependence of
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C22 / 11 on the microscale Reynolds number (Figure 3.4b; e.g., Re33, RegI  1.6 and

Re22, RegI  1.4 in y+=60 for Reτ=2000).
Chapter 2 showed that the Kolmogorov -5/3 constants were significantly influenced by
anisotropy within the buffer layer. In Figure 3.4b, these coefficients are compared to the optimal
Kolmogorov 2/3 coefficients from this study (Figure 3.4a) and the power-law relation presented
by Ni and Xia (2013) ( 11 C22  0.25=1.95 Re

0.68

), based on experiments over 55≤ RegI ≤17000.

The results from this study are within 18% of Ni and Xia (2013) in the logarithmic layer (y+ ≥
160) where b22  0.17 and b33  0.055 for both Reynolds numbers. For lower y+, although
62.4≤  Re22,  , Re33,   ≤360 is in the range suggested by Ni and Xia (2013), C22 11 does not
follow the power-law relation, due to the lack of applicability of this relation where the flow is
anisotropic close to the boundary (Figure 3.4b). In addition, the ratio 0.65 ≤ C22 11 ≤ 2.83 for y+
≤ 320 (Figure 3.4b) is less than the canonical value 4.02 (equation (3.3)), obtained for an
infinite microscale Reynolds number. Therefore, for y+ ≤ 320 the flow is not fully isotropic with
infinite microscale Reynolds number, the behavior of C22 11 does not follow the canonical
relation or data from isotropic experiments and must be evaluated at each height considering the
local homogeneous and isotropy conditions of the flow. This result is expected, but has not
previously been quantified.

48

Figure 3.4. (a) Calculated optimal Kolmogorov constants from streamwise ( C11 , black), vertical

( C22 , red), and spanwise ( C33 , blue) velocity components at different heights (equation (3.10))
averaged between two Reτ. (b) Ratio of the vertical velocity component structure function to the
inertial method Kolmogorov constants compared with Ni and Xia (2013) (dashed line) and
canonical value (solid line, equation (3.3)); green: RegI , red: Re22, , blue: Re33, (equation
(3.13)). (c) Ratio of Corrsin length scale to Kolmogorov length scale. In panels b and c the
circles and triangles are for Reτ=400 and 2000, respectively. The numbers in parentheses in panel
b denote the y+.

3.4 Discussion and Conclusions

In summary, numerical simulations have been used to evaluate the accuracy of the turbulent
dissipation estimated in the near-wall region using the SFM with the canonical Kolmogorov 2/3
constant, as is commonly applied to oceanographic field data. Analysis of this study shows this
approach leads to errors in calculated dissipation of >50% from the spanwise and vertical
velocity components when y+≤80. Optimal constants are determined, using the exact numerical
dissipation. Through the buffer layer, the constants are modified by anisotropy (e.g., C11  1.87
(streamwise) and C33 = 1.21 (spanwise) at y+=20) and are not equal as required in an isotropic
flow. In particular, the vertical velocity component coefficient C 22 = 0.305, is significantly less
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than the canonical value of 2.1; consequently, usage of the modified constants, in application to
near-wall field data, should improve dissipation estimated with the SFM.
Due to computational limitations, only Reτ= 400 and 2000 have been simulated in this
study. These Reynolds numbers, and associated inertial subrange bandwidths, are less than what
would be encountered in a geophysical flow at field-scale. Since the Kolmogorov constants are
calculated over the inertial subrange, the limited inertial subrange may affect the reliability of the
results from this study. This is tested by computing the ratio of Corrsin length scale (or shear
length scale, Ls=(εN/S3)1/2, where

) to Kolmogorov length scale B=Ls/η at y+ <320,

which is less than 30 (Figure 3.4c). Although this is very far from the criteria B>3000 for the
existence of two decades of inertial subrange (Saddoughi and Veeravalli, 1994), at very high
Reynolds numbers (typical of oceanic conditions away from the boundary) almost a decade of
inertial subrange is observed for y+>160 (Figure 3.3). Also, the calculated 2/3 Kolmogorov
constants are Reynolds number independent (Figure 3.3) (Chapter 2).
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Figure 3.5. Taylor microscales (a and b; normalized by Ly) and calculated microscale
Reynolds numbers (c and d, equation (3.13)) for Reτ=400 (a and c) and 2000 (b and d)
compared with the isotropy based definition (green circles; equations (3.11) and (3.13)), and
(e) Reynolds-stress anisotropy tensor (equation (3.14)) for streamwise (black), vertical (red),
and spanwise (blue) velocity components; in e: Reτ=400 (solid line) and 2000 (dashed line).
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For B>10 (y+>60) the ratio of the streamwise velocity component Kolmogorov constant
to the spanwise one becomes close to unity (1  C11 C 33  1.19), showing the turbulence tends to
isotropy at this height (Table 3.1); similarly, C22 approaches the canonical value of 2.1 for

y+>160 (Ni and Xia, 2013). From these results, it is recommended to apply the modified
Kolmogorov 2/3 constants, determined in this study, in the flow domain closer to the wall. For
example, by applying the modified Kolmogorov constants in SFM of the vertical velocity
components, it can be estimated that the dissipation calculation by Wu et al. (2011) at 5.9 cm
above the bed (25≤y+≤ 200 and 0.0424  u

 0.339 cms-1) in the Pearl River Estuary, could be

improved by 45-90% and the dissipation in Lorke (2007), at 12 cm above the bed (82≤y+≤ 312
and 0.0683  u

 0.26 cms-1) in Lake Constance, could be improved by 40-65%. Therefore,

using modified values of the Kolmogorov 2/3 constants that account for the anisotropy of the
flow can result in considerably more accurate calculation of the rate of dissipation in geophysical
boundary layers.
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Chapter 4
Application of an isotropy-dependent structure function to estimate
dissipation of turbulent kinetic energy in the bottom boundary layer of a large
lake

4.1 Introduction

Turbulence in the bottom boundary layers (BBLs) of lakes and oceans regulates basin-scale mass
fluxes (e.g., Munk, 1966; Imberger, 1998), sediment resuspension (e.g., Grant and Madsen,
1986; Boegman and Ivey, 2009) and sediment water interface biogeochemistry (e.g., Scalo et al.,
2012; McGinnis et al., 2014). BBL turbulence is typically characterized according to the rate of
dissipation of turbulent kinetic energy ε, which enables parameterization of turbulent mixing and
fluxes (e.g., Lorke, 2007; Bouffard et al., 2013). Recently, the application of structure function
method (SFM) to spatial measurements of the flow velocities from acoustic Doppler current
profilers (ADCPs) is gaining popularity and allows for computation of dissipation profile
timeseries through the BBL (e.g., Wiles et al., 2006; Lorke, 2007; Mohrholz et al., 2008;
Bouffard et al., 2103). The SFM was originally developed for the calculation of the dissipation in
the atmosphere (Lhermitte, 1968; Sauvageot, 1992) and is based on Kolmogorov’s 2nd similarity
hypothesis that relates spatial velocity correlations to the dissipation in the inertial subrange. This
method has the advantage of generating long-term ‘instantaneous’ dissipation profiles (e.g.,
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Lorke, 2007). However, the SFM was initially developed for homogeneous-isotropic turbulent
flows, which limits the applicability of this method within boundary layers, where turbulence
becomes anisotropic near the bottom (Monin and Yaglom, 1975). Chapter 2 showed that the
Kolmogorov -5/3 constants, used to fit data to the theoretical energy spectrum in the inertial
subrange, change substantially from the canonical values through the buffer layer, where nearwall anisotropy becomes significant. Further simulations (Chapter 3) have shown similar effects
on the Kolmogorov 2/3 constants applied in the SFM.
The objective of the present study is to test a recently modified SFM (Chapter 3), which
adjusts the canonical Kolmogorov constant through the buffer layer to account for turbulent
anisotropy in this region. The SFM with both the canonical isotropic (Wiles et al., 2006) and
recently modified anisotropic (Chapter 3) Kolmogorov 2/3 constants are applied to compute
dissipation profiles from ADCP measurements within the boundary layer of central Lake Erie.
The calculated dissipation profiles are compared to those from the log-law of the wall and from
published Bachelor fits to temperature gradient microstructure.
4.2 Materials and Methods
4.2.1 Study site and measurements

Lake Erie (Figure 4.1; 388 km long and 92 km wide) is the shallowest of the Laurentian Great
Lakes and consists of distinct western, central and eastern basins, which have maximum depths
of 11 m, 25 m, and 64 m, respectively. In the summers of 2008-09, extensive field measurements
(Bouffard et al., 2012; Bouffard and Boegman, 2013; Bouffard et al., 2013; Valipour et al., 2015)
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were carried out in the central basin to address the hypoxia problem (e.g., Rao et al., 2008;
Bouffard et al., 2013). As part of the measurements, at Sta. 341, a 1.8m-tripod (Figures 4.1a and
4.1b) was deployed on the bottom and was equipped with a downward looking 2 MHz pulse
coherent acoustic Doppler current profiler (HR-ADCP, Nortek with accuracy ±1% of measured
values) at 1.84 m above the bed. At 15 min intervals, the HR-ADCP burst recorded velocity at 1
Hz over 256 s in 3 cm bins to the bed. This study concentrates on data between May 3rd and 6th
(day of year 122.23-125 in 2009) when the flow is weakly stratified and the surface seiche (14 h
period) is the predominant process that energizes the bottom boundary layer (e.g., Boegman et
al., 2001; Rao et al., 2008).
The dissipation computed in this study, using the SFM, is compared with that obtained
from Batchelor fitting to temperature gradient microstructure measured with a self-contained
autonomous microstructure profiler (SCAMP, PME Inc.; Bouffard and Boegman, 2013) on May
28th and July 2nd in 2009 (days 147.13 and 182.64, respectively). Profiling vertically through the
water column at a speed of 0.1 m s-1 and a sampling frequency of 100 Hz, the SCAMP resolved
water column structure with vertical scales as small as 1 mm. Batchelor fits, to estimate
dissipation, were performed in 0.25 m bins through the water column. The methodology and
dataset are described in detail in Bouffard and Boegman (2013).
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Figure 4.1. (a) Map of Lake Erie and its bathymetry. The square shows the location of the
moorning: St. 341, N41◦47′ W82◦16′. Bathymetric contours are in meters and the axis is based
on Universal Transverse Mercator coordinate system (UTM) in the zone 17-North. (b) The
tripod equipped with ADCPs, an ADV and RBR TR-1060s before deployment on the bottom at
Sta.341. Modified from Valipour et al. (2015).

4.2.2 Methodology
4.2.2.1 Structure function method

This study has used the second-order structure function
D  y, r  

u  ( y  r )  u  ( y ) 
b

b

2

(4.1)

which is the correlation of the in-beam fluctuation velocity ( ub , obtained by Reynolds averaging
each 256 s burst) between two points separated by a beam distance r. In equation (4.1) D  y, r 
represents the structure function at the height y above the bed and the angle bracket denotes
averaging with respect to the time. Here the centered difference scheme described by Wiles et al.
(2006) is applied. In isotropic turbulent flows, at high Reynolds numbers, the SFM relates the
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rate of dissipation of turbulent kinetic energy (ε) to the spatial correlations of velocity (D) based
on the Kolmogorov turbulent cascade theory in the inertial subrange. Here,

D y, r   CSFT 2 3r2 3

(4.2)

where C is the Kolmogorov 2/3 constant (Pope, 2000), which in atmospheric studies has been
found to be between 2.0 and 2.2 (Sauvageot, 1992). Typically, the dissipation ( SFT ) is computed
with the canonical value CT = 2.1 (e.g., Wiles et al., 2006; Lorke, 2007; Bouffard et al., 2013).
These dissipation values are compared with those ( SFN ) calculated using the new Kolmogorov
constants C N (Chapter 3; equation (4.3) and Figure 4.2a), which have been adjusted for
turbulence anisotropy through the buffer layer. The latter constants were computationally
evaluated over 20≤ y  ≤320 (Chapter 3), where y   yu /  is the height normalized by the

friction velocity u  ( w /  )1/2 ,  w is the shear stress at the wall and  is the kinematic
viscosity. The constant C N is given by the fitting function
0.65

CN  0.048 y  , y   160

  , 160<y

CN  0.152  0.45ln y
CN  1.141 

0.5

0.45



0.5  25 y

 0.6





 500

(4.3)

, y  >500

where the constant C N for y+≤2000 is obtained from numerical simulations and has been
extrapolated to y+≥2000. From equation (4.3) it can be obtain 1.90  CN  1.99 within
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11000  y  62000, which is in a reasonable agreement with experimental results from Saddoughi
and Veeravalli (1994) who found C N =2.0±0.1 for y+=16200 and 62000.
The dissipation

SFN

is estimated by fitting the measured structure functions from field

data (D; equation (4.1)), to equation (4.2) in the inertial subrange. A maximum separation
distance of six bins (0.06 m <r <0.18 m) is used following Lorke (2007) and the dissipation is
beam-averaged.
4.2.2.2 Logarithmic law-of-the-wall

The observed velocity profiles (u) are compared with those from logarithmic law-of-the-wall
(log-law; uL ) for a steady turbulent wall flow

1 y 
uL u  ln 
  y0 

(4.4)

where κ≈0.41 is the von Karman constant and y0 is roughness length, that is calculated by fitting
the velocity profiles to equation (4.4). The log-law dissipation is calculated by

L  u3  y

(4.5)

which is based on a local equilibrium between the dissipation and production of turbulent kinetic
energy in stationary flows (Lorke and Maclntyre, 2009). To compute

u and y0, following

Valipour et al. (2015), first the logarithmic constant-stress layer is located by finding the depth
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range over which the gradient

du
d 
du 

 y
  0±0.1. Then, u and y0 are evaluated by
dy dy 
dy 

fitting (4.4) to the profiles of u over the constant-stress layer (i.e., the profile method, Grant and
Madsen, 1986).

Figure 4.2. The vertical velocity component Kolmogorov 2/3 constant obtained from numerical
simulation (CN); circles are from LES data and the solid line is from the fitting function (equation
(4.3)). The dashed line shows the canonical constant CT = 2.1. (b): An example of the alongbeam structure function (equation (4.1)) from the three HR-ADCP beams at y+=500 (y=0.44 m)
on day 123.49.

4.3 Results
4.3.1 Flow interference

First the data are evaluated to identify when spurious dissipation measurements may arise from
frame interference. This study follows McGinnis et al. (2014) and correlates, at 1-m above the
bed where a co-deployed acoustic Doppler velocimeter battery canister is located (Figure 4.1),
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the

 SFN

and mean flow velocity (Figure 4.3a). Dividing

 SFN

by the predicted dissipation from

the correlation allows identification of the flow directions associated with outlier data (Figure
4.3b). The largest deviations occur when flow is from 275° to 360° resulting in elevated
dissipation ratios by up to a factor of 23. Therefore, the data from these directions are neglected
in the following analysis.

Figure 4.3. (a) Relationship between the dissipation and the flow velocity at 1 m above the bed.
(b) Ratio of the calculated dissipation from SFM   SFN ,1m  to the predictions from panel a

  versus velocity direction in 1 m above the bed ( u1m ).
p ,1m

4.3.2 Time variations of friction velocity and Kolmogorov constant

The Kolmogorov constants (equation (4.3)) are a function of y+, which depend on the friction
velocity u , and so first the friction velocity from the log-law (equation (4.4)) is evaluated. The
friction velocity follows the oscillatory dynamics of the 14 h flow shown at 1 m above the bed

u1m (Figures 4.4a and 4.4b), leading to periodicity in u ; as is typically observed (e.g., Lorke et
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al., 2002) here it can be found that u ~ 0.1 u1m . These oscillations result in time variations of y+,
and consequently, C N that varies with both time and height due to changes in y+ (equation (4.3)).
For instance, at 0.2 m above the bed, y+=220 and y+=800 on a low (day 123.46, u =0.0011 m s-1,
Figures 4.5a and 4.5b) and high turbulence intensity days (day 124.90, u =0.0040 m s-1, Figures
4.5c and 4.5d), respectively, the corresponding Kolmogorov constants (from Figure 4.2a) are

C N =1.36 and 1.61, respectively. Higher values of y+ (e.g., y+≥11000; Figure 4.2a), where C N is
close to the canonical value ( CT = 2.1) did not occur in the measurement period.

Figure 4.4. Flow velocity at 1 m above the bed. (b) The friction velocity calculated by fitting
the equation (4.4) to the velocity profiles over the logarithmic layer. The data with flow
direction 275° to 360° have been removed because of the frame interference.

4.3.3 Dissipation of turbulent kinetic energy

66

Time series of flow direction and velocity measured by the HR-ADCP are shown in Figure 4.6a
and 4.6b, respectively, along with dissipation from the SFM with anisotropy-adjusted (Figure
4.6c) and canonical (Figure 4.6d) Kolmogorov constants and the log-law (Figure 4.6e). The
dissipation computed from each of the three in-beam velocity components (e.g., Figure 4.2b) is
bin-averaged (e.g. Wiles et al., 2006; Lorke, 2007). Beams facing toward the flow direction have
higher D and dissipation values (e.g., 2.5×10-8, 2.28×10-8, 2.0×10-8 W kg-1 for the top, middle
and the bottom lines in Figure 4.2b, respectively) that contribute to the measurement errors.
Figures 4.5b and 4.7b (low turbulence day) and Figures 4.5d and 4.7d (high turbulence
day) show examples of the dissipation ( SFT ) calculated with the canonical Kolmogorov constant
(CT) and the dissipation ( SFN ) from the anisotropy-adjusted constants (CN). For the lower y+,
close to boundary, the ratio between

SFT

and

SFN

can be to a factor of ~2; e.g.,

SFN SFT =2.1

at y+=220 or y=0.2 m (Figure 4.5b). However this ratio decreases away from the boundary for
higher y+ where C N approaches CT (Figure 4.2a); e.g.,

SFN SFT =1.2 at y+=8000 or y=1.7 m

(Figure 4.7d). Comparison of dissipation calculated from SFM with those from SCAMP data
(Figures 4.7b and 4.7d) shows that

SFN

SCAMP measurements than SFT ;

is within 20% of the SCAMP measurements, while

SFN

has a better agreement with the dissipation from

shows differences up to 40-50% with SCAMP data.
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SFT

Figure 4.5. Velocity profiles from HR-ADCP (solid line) compared with log-law (uL; equation
(4.4); circles) in (a) and (c). Dissipation of turbulent kinetic energy from structure function
method using the anisotropy-adjusted constants (  SFN ; red circles) compared with those from
canonical constants (  SFT ; black circles) and log-law (  L ; equation (4.5); solid line) in (b) and
(d). Figures (a) and (b) are from a low turbulence time (day 123.46); (c) and (d) are from a high
turbulence time (day 124.90).
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Figure 4.6. Time series of the flow on days 122.23-125:(a) flow direction, (b) flow velocity,
and log of the dissipation of turbulent kinetic energy calculated from structure function based
on (c) anisotropy-adjusted Komogorov constants (CN; equation (4.3)) and (d) canonical used
constant (CT=2.1) and (e) calculated from log-law (equation (4.5)). Note that the data with flow
direction 275° to 360° have been removed from b-e (Figure 4.3). The dissipation is in W/kg.

In comparison to equation (4.4), the velocity profiles show nearly logarithmic
characteristics in almost all the days of this study (Figures 4.5a, 4.5c, 4.7a and 4.7c). However,
the dissipation from log-law ( L ; equation (4.5)) shows discrepancies relative to the dissipation
calculated from the other methods; e.g.

L / SFN 2.7 at y+=6800 or y=1.6 m during relatively

energetic turbulence (Figure 4.5d). The log-law overestimates the dissipation close to the
boundary (y<0.5 m) on almost all days (Figures 4.5b, 4.5d, 4.7b, 4.7d, and 4.6e). This difference
can be as high as a factor of 3 (Figure 4.5b) and may be due to the lack of equilibrium between
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production and dissipation of the turbulent kinetic energy, which is not always satisfied in the
boundary layers of oscillatory seiche-induced lake flows (Lorke, 2007; Lorke and Maclntyre,
2009; Chapter 3).

Figure 4.7. Velocity profiles from HR-ADCP (solid line) compared with log-law (uL; equation
(4.4); circles) in (a) and (c). Dissipation of turbulent kinetic energy from structure function
method using the anisotropy-adjusted constants (  SFN ; red circles) compared with those from
canonical constants (  SFT ; black circles), log-law (  L ; equation (4.5); solid line), and SCAMP
measurements (triangles) in (b) and (d). Figures (a) and (b) are from a low turbulence time (day
182.64); (c) and (d) are from a high turbulence time (day147.13).

4.4 Discussion and conclusions

This study has evaluated the use of anisotropy-adjusted Kolmogorov constants in the structure
function method applied to calculate dissipation of turbulent kinetic energy within the boundary
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layer of Lake Erie from HR-ADCP measurements. The ratio of the dissipation calculated from
the anisotropy-adjusted Kolmogorov constants to those obtained with the canonical constant can
be a factor of 2. This ratio increases closer to the bed, where the difference between the constants
increase. The velocity profiles show a good agreement with logarithmic law-of-the-wall fits;
however, the log-law cannot estimate dissipation profiles, particularly away from the wall, where
non-boundary layer processes may be generating turbulence (e.g., Lorke et al., 2002) and log-law
dissipation differs from SFM by as much as a factor of 3. The dissipation from the structure
function using the anisotropy-adjusted constants is within 20% of that evaluated from Batchelor
fits to temperature microstructure data. This difference for those from canonical constants can be
up to 40-50%. While errors between log-law and SFM are likely attributed to unsteadiness in the
flow, the discrepancies between SFM and Batchelor fits may be attributed to the heterogeneous
nature of oscillating turbulent BBLs in geophysical flows. Since the method of beam-averaging
the dissipation in the SFM relies on the assumption of homogeneous turbulence, the difference
between the dissipation calculated from the beams shows that this condition is not fulfilled.
Some of this error may be attributed to the application of vertical velocity component
Kolmogorov constants to in-beam velocities measured at 25° to the vertical. The horizontal
velocity component coefficients differ from the vertical (Chapter 3), which introduces error that
is well within the range of other methods (Lorke and Wüest, 2005). Nonetheless, future work
should adjust the coefficients to correct for this error.
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Chapter 5
Parameterizations of oscillating boundary layers in lakes and coastal oceans

5.1 Introduction

The flow in the bottom boundary layer (BBL) of lakes and coastal oceans is typically oscillating
due to surface waves, internal waves along the thermocline, and tides. The dynamics of
oscillating turbulent BBLs are of significant importance to understand mixing and transport
processes. Strong turbulence production and mixing in turbulent BBLs results in enhanced
vertical transport of mass and momentum on basin scales (Munk, 1966; Imberger, 1998). The
ability to characterize BBLs is required to parameterize the bottom drag in hydrodynamic models
(Boegman et al., 2001; Bourgault et al., 2014), the turbulent BBL thickness in energy budgets
(Wüest, Piepke and Senden, 2000; Bouffard, Boegman and Rao, 2012), the occurrence of
sediment re-suspension (Boegman and Ivey, 2009; Hosegood and Van Haren, 2004) and the
mass flux across the sediment water interface (Scalo, Piomelli and Boegman, 2013; McGinnis et
al., 2014). However, there are no analytical models for oscillating turbulent BBL dynamics and
direct measurement of the characteristics of turbulent BBLs in lakes and coastal oceans remains
difficult (Lorke et al., 2002; Scalo, Boegman and Piomelli, 2013; Chapters 2 and 3).
The characteristics of oscillating BBLs may be analytically derived from field data by
assuming (i) steady turbulent logarithmic law-of-the-wall (log-law) behaviour or (ii) oscillating
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laminar Stokes’ second problem behaviour. However, field observations (Lorke, 2007; Mellor,
2002) and laboratory experiments (Jensen, Sumer and Fredsoe, 1989) show that in the case of
low current velocities turbulence in an oscillatory BBL can become intermittent and unsteady
and consequently the log-law does not always apply. For example, the BBL forced by low speed
oscillatory currents in Lake Alpnach (Lorke et al., 2002) has significant scatter of both friction
velocity and turbulent kinetic energy dissipation relative to log-law predictions. The nonequilibrium turbulence associated with an oscillatory flow is likely causing the deviation from
log-law behaviour (Lorke et al., 2002; Mellor, 2002). On the other hand, Stokes’ second problem
applies to laminar flow; using its solution to characterize turbulent environmental BBLs results
in inaccuracies in modelling the velocity distribution and turbulent viscosity (Lorke et al., 2002).
Therefore, there remains a need to investigate comprehensively the applicability of these models
to predict the characteristics (such as BBL thickness, velocity profile and energy dissipation) of
oscillating BBLs in lakes and coastal oceans and evaluate existing and new models that allow the
prediction of these characteristics based on readily observed flow variables.
Numerical models have contributed widely to the understanding of oscillating flows.
Direct numerical simulations (DNS; e.g., Spalart and Baldwin, 1988) focused on the disturbed
laminar and intermittently turbulent regimes and presented a high Reynolds number theory for
wall stress and freestream velocity profiles. Large eddy simulations (LES) have extended the
oscillating flow studies to higher Reynolds numbers in the fully turbulent regime (Radhakrishnan
and Piomelli, 2008). Hsu, Lu and Kwan (2000) captured the transition to the intermittent
turbulent regime as well as the phase lag between the wall shear stress and the freestream
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oscillations for turbulent oscillating flows. Many other studies (e.g., Salon, Armenio and Crise,
2007) have reproduced the oscillating BBL experimental results by Jensen et al. (1989).
The present study focuses on the difficulty in measuring the characteristics of oscillating
turbulent BBLs in lakes and coastal oceans. The objective is to assess the accuracy of the
analytical models for the prediction of the characteristics of turbulent oscillating geophysical
BBLs. To do so a high-fidelity database of oscillating boundary layer flows, ranging from the
laminar to fully turbulent regime is developed via DNS and LES and analyzed. From these data,
and available published field observations, the analytical models for commonly measured
turbulent quantities such as the boundary layer thickness, turbulent kinetic energy dissipation,
and Reynolds shear stresses are evaluated quantitatively.
The theoretical models are also compared with a simpler (compared to the LES and DNS)
numerical model. An alternative to both the theoretical methods (which make drastic
assumptions not always valid) and to the DNS and LES (which require significant computational
resources) is the solution of the Reynolds Averaged Navier-Stokes (RANS) equations. These
models are frequently applied to large Reynolds number geophysical flows, and require
parameterization of the turbulent shear stresses for closure. The Spalart-Allmaras (SA) eddyviscosity model (Spalart and Allmaras, 1994) is a one-equation model that was originally
designed for aerospace applications, and will be used here. It solves a transport equation for the
eddy viscosity without requiring a mixing length-scale; it is relatively simple to employ and has
been shown to predict velocity profiles reasonably, compared to LES, for low Reynolds number
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pulsating flows (Scotti and Piomelli, 2001b). In this study the SA model accuracy in predicting
the BBL characteristics is evaluated.
This chapter is organized as follows: in Section 5.2 the numerical model, the problem
formulation and computational setup are introduced. Section 5.3 contains the results of the
simulations; their comparison with commonly adopted models and field data are carried out in
Sections 5.4 and 5.5, respectively. Summary and conclusions are presented in Section 5.6.

5.2 Methodology
5.2.1 Problem formulation and nondimensionalization

The major physical processes providing energy to the currents that force oscillating turbulent
BBL are surface waves in shallow zones, high-frequency internal waves along the thermocline,
and basin-scale internal waves in lakes or tides in the ocean. While the periods of surface waves
are of the order of a few seconds, high-frequency internal waves evolve over time scales of 1020 minutes, with velocities of ~0.1 ms-1 (Helfrich and Melville 2006; Boegman, 2009; Lorke and
MacIntyre, 2009). Near-bottom currents in lakes are primarily generated by basin-scale internal
waves with typical periods of 1-10 days superimposed with other modes of oscillation. Similarly,
in coastal oceans, the predominant tides have periods of 12 to 24 hours. Therefore, turbulent
BBL oscillations can be a result of current velocities of ~10 cm s-1 and time scales of seconds, to
current velocities of a few cm s-1 and time scales of several hours to days (Lorke and MacIntyre,
2009). These oscillations (Figure 5.1) can be characterized by the freestream velocity amplitude,


U0m
, and period, T (in this chapter asterisks denote dimensional variables).
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Figure 5.1. Typical variation of Stokes Reynolds number for oscillating flows with Res =800




(dot line), 1800 (dashed line), and 3600 (solid line) in the U0m T plane. The figure also
highlights examples of oscillating flows.
This work focuses on the idealized case of a uniform, zero-mean freestream currents on a
smooth flat wall with freestream velocity U   U 0 m sin  , where


angle and



 t represents the phase

   2 / T  is the angular frequency of the oscillation. The typical Reynolds number


in oscillating boundary layers studies is defined from a combination of three parameters: U 0 m ,

  , and   the kinematic viscosity of the fluid as
Re s   sU 0m  

(5.1)
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where s  2    is the Stokes layer thickness (Spalart and Baldwin, 1988). The thus defined
Reynolds number (equation 5.1) includes the amplitude of the freestream velocity and period of
oscillation that define the flow regime of the oscillating BBL. In the laminar regime the
oscillating part is confined to  s . Previous research (e.g., Hino, Sawamoto and Takasu, 1976;
Jensen et al., 1989; Spalart and Baldwin, 1988; Verzicco and Vittori, 1996) has identified four
flow regimes on the basis of the Stokes Reynolds number: (i) fully laminar ( Res  100); (ii)
disturbed laminar, characterized by the presence of small-amplitude perturbations superposed on
the base Stokes flow (100 <Res  550); (iii) intermittent turbulent, where bursts are created
during the deceleration phase of the cycle (550 <Res  1800); and (iv) fully developed turbulent,
where turbulence is present during most of the cycle (1800 <Res  3500). For Res  3500
Jensen et al. (1989) observed a fully developed turbulent flow throughout the cycle. Fully
developed turbulent regimes are characteristic of oceanographic environments.
Flows with equal Stokes Reynolds numbers possess the same turbulent properties;
therefore, a solution for a specific Reynolds number is relevant to a variety of flows with
different velocities and periods (Figure 5.1). An oscillating flow driven by a high-frequency
internal wave with high velocity (e.g. Lake Constance, Lorke, 2007) is dynamically similar to
one driven by an internal wave with low velocity and long period; provided they have the same
Reynolds number (e.g. Lake Alpnach, Bryant et al., 2010).

5.2.2 Governing equations and numerical method
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In this work, the dimensionless equations of conservation of mass and momentum
u j
x j

(5.2)

0

u i
1  2 ui

p

ui u j   

  i1 f

t x j
xi Re s x 2j

(5.3)

where x1, x2, and x3 (or x, y, and z) are, respectively, the streamwise, wall-normal, and spanwise
(or z) directions and ui (or u, v, w) are the velocity components in those directions; p is the
pressure (normalized by the density, ρ). δij is the Kronecker delta. The flow is driven by a
periodic pressure gradient f which results in a sinusoidal variation of the freestream. In equations

, lengths by  s , and the time by  s U 0m ; all
(5.2) and (5.3) the velocities are normalized by U 0m

unstarred quantities are non-dimensional in this chapter (e.g. u  u  U 0m and y  y   s ).
For LES, the governing equations (5.2-5.3) are filtered (Leonard, 1974). Consequently, the
velocity and pressure are replaced by their filtered counterparts,

and p . The contribution of

the unresolved eddies to the momentum transport appears through the divergence of the subgridscale stresses,  ij xi , where

(a tilde represents the filtering operation used to

separate the resolved from unresolved scales). This term is modelled using an eddy-viscosity
approximation

(5.4)
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is the eddy viscosity,

in which

is the filtered strain-rate tensor

1  u u 
Sij   i  j 
2  x j xi 



and S  2 Sij Sij



12

(5.5)

is its magnitude. The coefficient Cev is evaluated using the dynamic

procedure (Germano et al., 1991; Lilly, 1992) and     x   z 

1 3

y

is the filter width (where

 x ,  y , and  z are the grid spacings in the three directions).

Methods to compute energy dissipation and production from field data require assumptions
that flow is steady, homogeneous and isotropic (e.g. Doron et al., 2001; Lorke et al., 2003;
Lorke, 2007). Here, from the numerical data, these assumptions are not required as the
dissipation ( ) and production (P) are computed directly from the definitions:

  2

where

ui ui

, P   uu
i j   ui / y
xj xj

(5.6)

ui are the velocity fluctuations and  and P are normalized by U 0 m 3  s  (for the

LES,  is replaced by the total viscosity  t ). Here, the angle brackets denote averaging over
the homogeneous directions x and z.
Simulations have been carried out for Res =20, 800, 1000, 1800, and 3600 spanning the
range from fully laminar flow to fully developed turbulent including the intermittent regime
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(Figure 5.1). The governing equations (5.2) and (5.3) are solved in a Cartesian domain (Figure
5.2). The boundary conditions are periodic in the x and z directions and the smooth top and the
bottom boundaries are free and no-slip, respectively. The numerical model used to compute the
flow is a well-validated finite-difference code, based on a staggered grid. Second-order central
differences are used for both convective and diffusive terms. The time advancement scheme is
Crank-Nicolson for the wall-normal diffusive term, and low-storage third-order Runge-Kutta for
the other terms. The parameters used in this study are summarized in Table 5.1. The superscript
“+” indicates normalization by
density, and

  u where u   w   is the friction velocity,  is the

 2
 w is the wall shear stress (normalized by  U 0m
). Numerical results have been

validated by comparison with different studies in the literature (Appendix B).

Figure 5.2. Sketch of the computational configuration: domain size in longitudinal (Lx), vertical
(Ly), and spanwise (Lz) direction (normalized by  s ; y  y   s ). A sinusoidal freestream
velocity forms on the freeslip top boundary and bottom wall is no-slip.

5.2.3 Logarithmic Law-of-the-wall (log-law)
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The log-law, for the mean velocity profile, is one of the most commonly adopted models for
steady turbulent BBLs
1
uL   ln y   BL

(5.7)




 

where κ≈0.41 is the von Karman constant, BL ≈5.1 is a constant, and y  y u  (equation 5.7

is for smooth flows). The log-law is applied to recover mean-flow and dissipation profiles (Lorke
and Maclntyre, 2009). In this study the error of this model is assessed by comparing the
dissipation and velocity distribution obtained from the log-law with those obtained directly from
LES.

5.2.4 Stokes’ second Problem

For low Reynolds numbers the solution to Stokes’ second problem is often used to provide the
velocity profiles. This is the solution of the Navier-Stokes equations for the case of an infinite
plate in which the freestream is subjected to a sinusoidal oscillation with frequency   and

maximum velocity U 0m
. The resulting velocity profile is:

uS  uS  U 0m  e y



 s





cos  t   y  s  cos  t 

(5.8)

Although this solution is strictly for laminar flows, it has been applied to oscillating BBLs
in lakes (Lorke et al., 2002). In the following, the accuracy of the velocity profile (5.8) over a
range of Res will be quantified.
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5.2.5 Spalart-Allmaras Model

An alternative method to obtain the velocity profile and wall stress from the mean current is to
solve numerically the unsteady Reynolds-averaged Naver-Stokes (RANS) equations. In this
flow, in which the phase-averaged velocity U  u

depends on time and y, only the x-

momentum equation needs to be solved

U
  1 U

 u v 

t
 y  Re s  y


 f



(5.9)

Spalart-Allmaras (SA) model (Spalart and Allmaras, 1994) expresses the Reynolds shear stresses

 uv in terms of an eddy viscosity  uv  2 t

U
. The one-equation SA model assigns the
y

eddy viscosity  t from the solution of a transport equation for the auxiliary variable 

(5.10)

The turbulent eddy viscosity is

. Here,
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The calibrated model constants (Spalart and Allmaras, 1994; Javaherchi, 2010) are
Cv1  7.1, Cb1 =0.1355, Ct 3 =1.2, Ct 4 =0.5,
Cw1 =

Cb1 1  Cb 2
2
, Cw 2  0.3, Cw3  2,   , Cb 2  0.622

2
3



More complex models may also be used, which are able to include more complex
physics, such as stratification or system rotation. For the present work, the goal is to show that
even a simple one-equation eddy viscosity model can give results in much better agreement with
the data than any of the semi-analytical models above.

Table 5.1. Simulation parameters: computational domain (Lx,Ly,Lz), grid points used (Nx,Ny,Nz)
and grid spacings in wall units (  x  ,  z  ,  y m i n ) in the respective directions. Grid

spacings are normalized by   u .

Res

Lx  Ly  Lz

20
800
1000
1800
3600

5×90×2.5
50×90×25
50×90 ×25
50×90 ×25
50×90 ×25

Nx N

y

 N

z

4×384×4
384×384×256
384×384×256
192×256×192
192×384×192

5.3 DNS and LES Model Results
5.3.1 Bottom Boundary Layer Evolution
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x

z 


y(min)

0.1-6
0.67-4.7
1.16-6
0.36-21.68
3.4-38.6

0.05-3
0.5-3.52
0.8-5
0.18-10.84
1.7-19.3

0.001-0.075
0.07-0.5
0.24-1
0.017-1
0.18-2

This study next investigates the development of the boundary layer thickness, for different
Reynolds numbers. Here, the edge of the boundary layer (  ) is defined as the point where

u U  0.01U0m . The ratio of boundary layer thickness to Stokes layer  δs increases with
the Reynolds number from a value of 18 (for Res =800) to 42 (for Res =3600) (Figure 5.3). The
BBL grows until the later stages of deceleration (150°    170°), where the turbulent layer
reaches the maximum thickness (Gayen et al., 2010). Scotti and Piomelli (2001) proposed the
use of a turbulent Stokes length,

2 t  
t = 

  

12

(5.11)

in which the eddy viscosity is added to the molecular one, to include the effects of the turbulent
transport on the development of the BBL thickness ( = δs U0m ). This definition has the
 



obvious advantage that the resulting thickness is time dependent (through the effect of the eddy
viscosity) while the Stokes length δs is not. To verify whether turbulent transport is sufficient to
account for the BBL thickness development, it is tested by replacing the eddy viscosity with its
“exact” value obtained from the LES or DNS:

(5.12)
which is averaged over the BBL thickness (known from the simulation). While this test is not
predictive, it helps highlight whether the important mechanisms that govern the BBL
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development can be accounted with a simple eddy-viscosity concept. Comparison of this length
(with a proportionality constant of 4.5, obtained by fitting (5.11) to the exact value) with
boundary layer thickness from velocity profiles (Figure 5.3) indicates that the eddy viscosity
concept can be useful in explaining the BBL development, as the temporal variations of its
thickness are captured accurately.



Figure 5.3. BBL thickness normalized by δs from velocity profiles (solid line) and turbulent

Stokes length (5.11) (circles), (a) Res =800 (DNS); (b) Res =1000 (DNS); (c) Res =1800
(LES); (d) Res =3600 (LES).
5.3.2 Turbulent Production and Dissipation

Contours of non-dimensional turbulent energy dissipation and the ratio of turbulent production to
dissipation are shown in Figures 5.4 and 5.5, respectively. Increasing Reynolds numbers, the
production and dissipation of turbulent energy occur at greater distances from the wall due to the
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dispersion of the strong turbulence formed close to the bottom boundary (Hino et al., 1983;
Salon et al., 2007). As a result the thickness of turbulent boundary layer increases with increased

Res . In accordance with previous experimental observations (Hino et al., 1983; Sleath, 1987;
Akhavan, Kamm and Shapiro, 1991a) and numerical results (Akhavan, Kamm and Shapiro,
1991b; Vittori and Verzicco, 1998) the strong turbulent production and dissipation occurs in the
early phases of deceleration close to the bed at lower Reynolds numbers (e.g.  ≈90° for

Res =800 at y=5), while strong turbulence generation occurs during the entire cycle for highly
turbulent flows. For Res =3600 at y=5, turbulent production and dissipation begin from the early
phase of acceleration  ≈25° and continue until the last phase of deceleration  ≈170° (Figure
5.4).
The balance between shear production and dissipation is a common assumption in
environmental flow studies for calculation of parameters such as bed shear stress and diapycnal
diffusivity from observed data. (Osborn, 1980; Ivey and Imberger, 1991; Holtappels and Lorke,
2011). A local equilibrium between dissipation and production close to the wall (Figure 5.5) is
limited to phases immediately after the beginning of the acceleration and the late stages of
deceleration. Figures 5.4 and 5.5 show an appreciable vertical inhomogeneity in the state of the
turbulent dissipation. Due to this phase difference in the water column, which results from
turbulent energy dispersion generated at the bottom, the local equilibrium between dissipation
and production happens in later  , away from the wall, compared to closer to the bottom
boundary for earlier phases (e.g.   180° at y=10 for Res =800; Figure 5.5a).
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For fully turbulent flows, the magnitude of turbulent production can be as high as twice
the dissipation (Figure 5.5). High ratios of production to dissipation in the late stages of
acceleration and early stages of deceleration near the wall result from turbulent bursts (Akhavan
et al., 1991b). Therefore, the equilibrium assumption is not valid for most phases of oscillation;
this can affect the accuracy of calculations of such quantities as bed shear stress (Perlin et al.,
2005) and diapycnal diffusivity (Lorke, 2007) from field measurements.

Figure 5.4. Logarithm of the non-dimensional turbulent energy dissipation normalized by
U 0m3 δs for: (a) Res =800; (b) Res =1000; (c) Res =1800; (d) Res =3600. The black dashed

line indicates the BBL thickness. The nondimensional height y  y * / s  y * / 2    can be
dimensionalized from the angular frequency    2 T  , where T* is the period of the
oscillation.
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Figure 5.5. Ratio of turbulent energy production to dissipation for (a) Res =800; (b)

Res =1000; (c) Res =1800; (d) Res =3600. The black dashed line shows the BBL thickness
and the white isolines indicate P   1 . The nondimensional height y  y * / s  y * / 2    can
be dimensionalized from the angular frequency    2 T  , where T* is the period of the
oscillation.

5.3.3 Boundary layer-integrated dissipation

Significant energy dissipation and vertical mixing occur in the BBLs of lakes and oceans (e.g.,
Munk, 1966; Polzin et al., 1997; Imberger, 1998; Wüest et al., 2000; Bouffard et al., 2012). In
lakes, the mixing within the BBL can be the main source of vertical fluxes of nutrients and
oxygen (Wüest et al., 2000). Therefore, there is a need to model and evaluate the integrated
turbulent energy dissipation occurring in the BBLs of oscillating geophysical flows to
parameterize mixing and close energy budgets. Figure 5.6 shows variation of the integrated
dissipation within the BBL over an oscillation for four Res . Local peaks in dissipation, for fully
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developed cases ( Res =1800 and 3600), occur almost at the same phase (   90°) and earlier
compared to lower Reynolds numbers ( Res =800 and 1000) due to the phase delay of dissipation
with height.

 3



Figure 5.6. Integrated value of turbulent energy dissipation (normalized by U0m δs ) inside

BBL thickness from DNS results for Res =800 (○), and 1000 (□) and LES results for

Res =1800 (Δ), and 3600 (◊).
5.4 Model validation
5.4.1 Logarithmic Law-of-the-wall (log-law)

In field studies, mean flow profiles are often measured and BBL turbulence is then modeled
using the log-law (e.g. Lueck and Lu, 1998; Lorke et al., 2002; Wu et al., 2011). The log-law can
be used to calculate the bed shear stress or evaluate the dissipation. It was, however, recognized
by Jensen et al., (1989) that the logarithmic law only holds through part of the cycle, increasing
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in extent with Reynolds number. This is shown in Figure 5.7a, in which the RMS deviation of
the velocity profile from the log-law is shown; here

2
eL     u N  u L  dy 
 y


where

12

(5.13)

uN is the velocity calculated from DNS/LES and uL is the velocity from (5.7) normalized





by U0m ; consequently eL is normalized by U0m and the error is evaluated over a distance ∆y (y is


normalized by  s ) associated with 50  y  110.
As expected from Jensen et al. (1989), for low Reynolds number oscillating flows
( Res <550) the logarithmic profile is more accurate in the later stage of the acceleration phase
(  ≈70° to 110°) (Figure 5.7a). Here, Hino et al.’s (1983) experiments show turbulence is
generated following the violent collapse of a shear layer near the boundary. For Res  550 the
error is greater than 5% throughout the cycle (Figure 5.7a). Highly turbulent flows ( Res >3000)
follow the log-law with error less than 2%. The agreement with the log-law improves for the
highest Reynolds number Res =3600, as expected (Jensen et al., 1989; Radhakrishnan and
Piomelli, 2008).

5.4.2 Stokes’ second Problem

The solution to Stokes’ second problem, equation (5.8), has also been used to infer the velocity
profile from field measurements (Lorke et al., 2002). The RMS error with height for Stokes’
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second problem is evaluated from an expression similar to (5.13), where the velocity profile (5.8)
is used instead of uL. The error is acceptable only for very low Reynolds numbers, and
approaches 40% through the intermittent turbulent regime, Res ≃1000 (Figure 5.7b). For
turbulent flows ( Res ≥2000), Stokes’ second problem becomes inapplicable through most of the
cycle, due to the predominance of turbulent transport over molecular transport, the latter of
which is the only mechanism accounted for in the exact solution.

Figure 5.7. Contours of percentage RMS error deviation of the velocity profile from (a) the loglaw over 50  y  110 , (b) from Stokes’ second problem, and original (c) and modified SA

model (d) in the Res – phase plane. Note the different error scales in each panel.
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5.4.3 Spalart-Allmaras model

The applicability of this model to predict the velocity distribution in pulsating flows has been
assessed by Scotti and Piomelli (2001b). The model was found to overestimate the eddy
viscosity, and hence the Reynolds shear stress, in the beginning of the deceleration phase.
Despite this shortcoming, this model gives very good prediction of the present flow. Figures 5.8
and 5.9 compare the velocity and Reynolds shear stress profiles, respectively, obtained from the
SA model with the LES and DNS results, for a range of phases and Reynolds numbers. The
agreement is generally acceptable (and the error is much lower than either that of the log-law or
the Stokes’ second problem, Figure 5.7). It has been shown (Scotti and Piomelli 2001b) that the
SA model has difficulty predicting the transition from laminar to turbulent flow. The SA model
predicts an earlier beginning of the Reynolds stress increase compared to LES, which results in
overestimation of the Reynolds stress at the beginning of the turbulent stage. Here, it is
noticeable that in the fully turbulent regime (Figure 5.8d) the thickness of the inner layer, where
most of the turbulence is generated (y<20), is overestimated giving a more uniform distribution
of the Reynolds stresses (Figure 5.9d); this is a problem inherent to the model. At the beginning
of deceleration in intermittent regime, the eddy viscosity (and hence the Reynolds stress) is too
large (in magnitude), as shown in Figure 5.8a. This results in excessive mixing of momentum,
and affects the prediction of the velocity profiles.
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Figure 5.8. Velocity profiles (normalized by U 0m
) from the original SA model (dashed-dot line)
and the modified SA model (dashed line) at ϕ=nπ/4 with n=0,…,3 and DNS/LES (crosses) for

(a) Res =800, (b) Res =1000, (c) Res =1800, and (d) Res =3600. Each profile is shifted by 1/2
units for clarity and y  y* /  s .

To improve this deficiency, an intermittency function based on the Reynolds number can
be used to damp the eddy viscosity in the intermittent regime. This function should be zero in the
laminar regime, and one in the fully turbulent one. This study proposes a hyperbolic tangent of
the form





I Re s 

Re s  Reo 
1
1  tanh

W
2


(5.14)
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where Reo and W are constants that were determined by fitting the intermittency function to the
turbulent kinetic energy q  uiui 2 integrated over the period and domain height, and
2

normalized so that it is equal to one in the fully turbulent regime. Fitting to the DNS/LES data at
four Reynolds numbers yields Reo = 900 and W=500 (Figure 5.10). The eddy viscosity calculated
from the SA model is reduced by the factor obtained from equation (5.14).
Figure 5.9a shows the improvement in accuracy of SA model in calculating the Reynolds
shear stress in the early deceleration phase of the intermittent turbulent regime ( Res =800). The
modified SA model yields the maximum Reynolds stress within 4% of those obtained from
DNS/LES, and consequently deviation of the mean velocity profiles from the DNS data, in the
early deceleration phase of intermittent turbulent flows is improved (Figure 5.8a). Comparison
of velocity profiles from the modified SA model with numerical simulation results (Figure 5.7d)
shows that this model predicts the velocity with an error of less than 2% during most phases of
oscillation for Res ≤1000. In addition, the maximum RMS error in velocity prediction reduces
from 3% to 2.4% by applying the modification to SA model (Figure 5.7c and d). However, since
the intermittency function is normalized to a unit value when Res =3600, these modifications
cannot improve the velocity profiles for the highest Reynolds number of this work and this
requires further study.
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Figure 5.9. Reynolds shear stress profiles (normalized by U 0m 2 ) from the SA model (dashed-dot

line) and the modified SA model (dashed line) at n/4 with n=0,…,3 and DNS/LES (crosses)

for (a) Res =800, (b) Res =1000, (c) Res =1800 and (d) Res =3600. Each profile is shifted by
0.005 units for clarity and y  y* /  s .

Figure 5.10. Reynolds based intermittency function (from (5.14), solid line) fitted on integrated
turbulent kinetic energy in phase and domain height (normalized by the maximum values) for
different Reynolds numbers (○).
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5.5 Application of models to field data

Field instruments have limitations in spatial and temporal sampling of BBLs (Chapters 1 and 2).
Consequently, models are applied to calculate indirectly the turbulent characteristics of BBLs
(e.g., Chapter 4) and interpolate observed results in space and time (e.g., Lorke et al., 2002;
McGinnis et al., 2014). To test the applicability of models used in the literature to predict
oscillatory BBL dynamics at field-scale, the simulation results from this work are compared to
those from the models at an appropriate Reynolds number. The goal is not to validate the model
with published field data, but rather to design an idealized companion DNS/LES to determine
model veracity. This allows for the generation of self-consistent (and geophysically relevant)
data to assist the development of algebraic and RANS models of BBL dynamics, which are
needed in field-scale applications.

5.5.1 Lake currents

Lake Alpnach is elliptical in shape and is a medium-sized (4.76 km2) sub-basin of Lake Lucerne
located in central Switzerland. Current velocities were measured (Lorke et al., 2003; Lorke and
Wüest, 2005) at a mid-lake site with a local depth of 32.2 m for 25 h by a four-beam, RDI
Workhorse ADCP (with a bin size of 0.1 m enabling a measurement range from 0.6 to 8.1 m
above the bed) and a three-beam, Nortek NDP (with a vertical bin size of 0.04 m resolving the
range from 0.05 to 2.2 m above the sediment). Due to the surrounding mountainous topography,
there is a diurnal wind stress (lake breeze) along the main axis that causes strong seiching that
generates an oscillatory BBL (Münnich, Wüest, and Imboden, 1992; Gloor, Wüest, and
Imboden, 2000). Consequently, Lake Alpnach has been an ideal site for research on internal
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waves, BBL dynamics, turbulence and mixing (Lorke et al., 2002; Lorke et al., 2003; Lorke,
Peeters and Wüest, 2005; Lorke and Wüest, 2005; Bryant et al., 2010). The seiche driven
horizontal currents exhibit a period of ~18 h and the maximum measured velocity for these
currents at 1 m above the bed is ~30 mms-1. This period is associated with the first
horizontal/second vertical mode internal seiche in the lake (Münnich, Wüest, and Imboden,
1992). From the period of the current and the velocity profiles (Figures 5.11a and 5.12) Res ~
3880, close to the highest Reynolds number computed in this study; hence, the field
measurements are compared with the LES results for Res =3600.
The time series of observed mean current speeds 1 m above the bed are evaluated against
simulations (Figure 5.11a). Current measurements reveal higher levels of variance during periods
of high velocity associated with enhanced turbulence. There are significant differences between
the simulation setup and the experimental conditions: First, the forcing (the current velocity,
Figure 5.11a) used in the simulations is only an approximate match of the experimental one.
Second, the simulations were performed for a large number of cycles, and represent a periodic
steady state, whereas the field measurements represent a single cycle, preceded by a different
history.

Finally, the measurement of several quantities has large uncertainties, as will be

discussed later.
Figure 5.12 compares velocity profiles obtained from ADCP measurements and LES at
two different times. As Lorke et al. (2003) describes, there are distinct current speed maxima
typical of an oscillatory Stokes velocity profiles. The amplitude of these maxima decreases
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gradually with distance from the bed (Schlichting, 1962). This feature is more obvious in the
profile measured at 09:30 h (Figure 5.12b). From the measurements reproduced in Figure 5.12b,
Lorke et al. (2002) estimated that the logarithmic boundary layer is restricted to the lowest 0.5 m
above the sediment. LES velocity profiles are compared with log-law (on the basis of LES
calculations) in Figure 5.12. The log-law is shown in the region where velocity profiles follow
the log-law with 5% error. According to Jensen et al. (1989), during the earlier phases of
oscillation the logarithmic layer does not exist since the boundary layer is not thick enough to
house the log-layer. However, the log-layer grows in the later phases when the flow reaches a
fully turbulent state. From Figure 5.12b the logarithmic region can be up to about 1 m from the
bed in the high turbulent phase, whereas in the low turbulent phase (Figure 5.12a) the
logarithmic layer height is 0.25 m from the bed. Internal and surface currents in the lake are
believed to cause significant deviation of field measured currents from log-law behavior outside
of the BBL (Lorke et al., 2002); consequently, as initially reported in Jensen et al. (1989)
application of the log-law at greater heights is not valid. In comparison with the log-law, the SA
model shows considerably better velocity-profile agreement with the LES, specifically in the low
turbulence phase (Figure 5.12a; maximum error of 30%).

The log-law substantially over-

predicts the velocity profile obtained from the LES away from the bed and predicts monotonic
behavior that does not match the flow physics during the acceleration phase (Jensen et al., 1989).
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Figure 5.11. (a) Time series of current velocity measured by RDI (dot line) and NORTEK
(dashed line) ADCPs and extracted from LES calculation (solid line), and (b) time series of the
dissipation from TMM (○), IDM (for Nortek (▲) and RDI (■) measurements), LES calculations
(solid line), IDM (from LES calculations; dash-dot line) and log-law (from LES calculations;
dashed line) at a height of 1 m above the sediment (y*/δ*s = 6.944) for Lake Alpnach (13-14 Aug
2002). Field data in (a) are from Lorke et al. (2003) and in (b) are from Lorke and Wüest (2005).

(c) Logarithmic value of the predicted

 from LES results for Re =3600 along with BBL
s

thickness (black dashed line).
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Figure 5.12. Profiles of the current speed averaged over 15 min measured by Lorke et al.,
(2003) with the NORTEK (●) and RDI ADCPs (○) compared with LES calculations (solid line),
log-law (∆), and modified SA model (dashed-dot line) on the basis of LES results in Lake
Alpnach at (a) 07:30 LT and (b) 09:30 on 14 Aug 2002. The log-law is shown in the region
velocity profiles are within 5% of the log-law equation (equation 5.7) above the viscous sublayer
(Jensen et al., 1989). The absolute values of velocities are shown here and Stokes’ second
problem is not included since the flow is in the fully turbulent regime.
5.5.2 Rate of dissipation of turbulent kinetic energy

Methods to compute energy dissipation from field data require assumptions that flow is steady,
homogeneous and isotropic (Doron et al., 2001; Lorke et al., 2003; Lorke 2007). Since these
assumptions rarely apply in realistic cases, the results may be quite inaccurate, and show
significant scatter, depending on the method used: the variation can be 1 or 2 orders of
magnitude (Lorke et al., 2002; Lorke and Wüest, 2005; Scalo et al., 2013; Chapter 2). The rate of
dissipation of turbulent kinetic energy was calculated by Lorke and Wüest (2005) for the Lake
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Alpnach data by fitting either temperature microstructure profiles to the Batchelor spectrum
(temperature microstructure method; TMM), or wavenumber time series to the Kolmogorov
spectrum in the inertial subrange (inertial dissipation method; IDM). Other methods used in field
studies include estimating the dissipation assuming log-law behaviour (balance between
production and dissipation):

* 

u*3
 y*

(5.15)

Figure 5.11b compares time series of the turbulent kinetic energy dissipation 1 m above
the sediment from: (1) the three published experimental methods (TMM, and IDM from 2
ADCPs), (2) the log-law based estimation (5.15), in which the dissipation is calculated from the
LES data, (3) the dissipation computed applying the IDM method (Chapter 2) to the LES time
series, and (4) the dissipation calculated directly from the LES (5.6). In all methods, the
turbulence follows the same periodic structure as the current velocity (Figure 5.11a and 5.11b).
There is a phase lag of 1 to 2 h between the seiche-induced currents and the turbulent energy
dissipation in the LES (Figures 5.11a and 5.11b), which was also observed by Lorke et al.
(2002), resulting from the seiche-induced periodicity of the flow causing a local and temporal
imbalance between production and dissipation of turbulent kinetic energy.
There are considerable differences between field measurements of dissipation (Figure
5.11b). Part of these discrepancies could be due to the different measurement techniques and
methodologies to compute dissipation. These differences increase during the early phases of
acceleration, before the turbulent phase of oscillation. Similarly, the log-law shows less
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agreement with LES and measurements in these phases (a difference of 1 to 2 orders of
magnitude between 06:00 and 08:30) because the flow condition does not satisfy the ideal
assumptions of stationary and fully developed turbulence. Finally, it can be observed that the
boundary layer thickness (Figure 5.11c) is simulated to be as large as 3.5 m in the LES results,
which is close to observed estimates (Lorke et al., 2003; Lorke and Wüest, 2005). The 1 to 2 h
phase lag between the boundary layer thickness (calculated from the LES currents) and the
dissipation is also evident from Figure 5.11c.
Dissipation profiles, from field measurements and LES calculations, are compared in
Figure 5.13 with those obtained from the log-law applied to the LES data. The TMM shows very
weak dissipation rates between 10-11 and 10-10 Wkg-1 in the weak turbulence phases (Figure
5.13a and 5.13c) without noticeable dynamics (Lorke and Wüest, 2005). These are at the noise
floor for microstructure measurements (Lorke et al. 2003; Lorke and Wüest, 2005) and indicate
nearly laminar flow. Moreover, Lorke and Wüest (2005) give a noise floor (detection limit of
the automated estimation procedure) for the RDI computed dissipation at ≈4×10-10 Wkg-1.
Therefore, the majority of the RDI dissipation estimates in Figure 5.13c are noise, with the
exception of those near the bed. Incidentally, these will be most affected by anisotropy (Chapters
2, 3 and 4). Comparison of the dissipation from the log-law applied to LES with the direct LES
dissipation shows that log-law errors are substantial, even in the strong turbulence case (Figure
5.13b) in which the log-law shows better accuracy at distances less than 1m above the bed. This
error indicates that, despite the high Reynolds number and the long forcing period of 18 h, the
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flow is not in equilibrium and, consequently, the log-law does not predict the dissipation
distribution with high accuracy through all phases of oscillation.

Figure 5.13. Profiles of turbulent kinetic energy dissipation for Lake Alpnach (13 Aug 2002) at
(a) 07:30 LT, (b) 09:30 LT, (c) averaged between 19:00-20:00 LT. TMM (○, shaded area); IDM
for Nortek (▲) and RDI (■); numerical results: log-law (dashed line) and IDM (dash-dot line),
and direct calculation from LES (solid line). Field data in a and b are from Lorke et al. (2003); in
c from Lorke and Wüest (2005).

To assess the accuracy of the IDM, the dissipation is also calculated (as in Chapter 2) by
applying the IDM to wavenumber spectra of the streamwise velocity component from the LES
(Figures 5.11b and 5.13). Note that wavemunber spectra were available directly from the LES
without a need for a ‘frozen turbulence’ conversion from time series data using a convection
velocity. Canonical values of Kolmogorov constants are used here (Chapter 2). The IDM is
ideally applied to homogeneous and isotropic turbulent flows with high Reynolds number. These
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conditions are not fulfilled during all phases of the oscillatory cycle resulting considerable error
in prediction of dissipation, for example over 0o    20o (Figure 5.13c) the IDM dissipation at
1m above the bed is ≈2 times less than the LES. There is a better agreement between LES and
IDM where the oscillation is in the turbulent phases (e.g. at   270° in Figure 5.13b). The
discrepancies between the IDM (applied to LES) and direct LES dissipation profiles highlight
errors associated with the assumption of homogeneous and isotropic conditions in applying the
IDM. As expected, the ‘instantaneous’ IDM dissipation are more accurate than the log-law, when
applied to an oscillatory flow, as the log layer only comes into existence after the flow reverses
and progresses for the case of larger Reynolds numbers (Jensen et al., 1989).

Errors are

particularly large during the weak turbulence of the acceleration phase of the oscillatory BBL
cycle (Figure 5.11b), when homogeneous and isotropic conditions are less likely to occur.
The log-law approximation is not as accurate as the IDM, even in the high turbulent
phase (09:30h; Figure 5.13b). This error indicates that, despite the high Reynolds number and the
long forcing period of 18h, the assumption of local equilibrium between production and
dissipation does not hold, and by assuming a quasi-steady state significant error results. The IDM
also assumes that the flow is homogeneous and isotropic; therefore, one would expect similar
errors to occur. That the IDM, when using the LES data, is more accurate than the log-law
estimate may be due to the log-law being based on the equilibrium between dissipation and
production that happens in larger eddies. Near the boundary, these large eddies are more
anisotropic and so equilibrium is rare. The IDM, on the other hand, is based on the spectrum in
the inertial subrange, which takes into account eddies much smaller than the integral scale,
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whose timescales are shorter, making them more likely to be more homogeneous and isotropic
than the large ones responsible for the production.
From comparisons between the LES and the IDM applied to the LES data, the
methodological error associated with the IDM method has been assessed. Of note, the error
between LES vs. IDM dissipation (and even LES vs. log-law, except when the flow reverses) is
significantly smaller than the scatter of the field data (above the noise floor, Figure 5.11b).
These aforementioned errors were associated with the differences between the idealized
numerical setup and the observational conditions, which include: currents (e.g., Figure 5.11a),
periodic-steady state nature of LES, and/or measurement error in the field. Specifically, the
considerable scatter between the observational estimates (Figure 5.11b) suggests that differences
in the flow conditions, between the observations and idealized LES (Figure 5.11a) are less
significant than measurement error in causing uncertainty of observed dissipation in turbulent
BBLs. These errors are large between observational methods (TMM vs. IDM) and instruments
(Nortek vs. RDI) confirming the large scatter in observed dissipation results from measurement
error, as opposed to methodological error, which is lower when the IDM is applied to the LES.

5.6 Conclusions

Idealized DNS and LES of oscillating BBL flows that occur in lakes and coastal oceans were
performed to test the applicability of BBLs models to reproduce the associated flow kinematics.
The models tested include applying the log-law, Stokes’ second problem and a simple oneequation turbulence model (the Spalart-Allmaras (1994) model) to describe the velocity variation
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in the BBL and the use of equilibrium assumptions for the evaluation of the dissipation (Inertial
Dissipation Method and the log-law).
For laminar oscillating flows ( Res <550) the applicability of the log-law, in reproducing
velocity profiles, is limited to the beginning of turbulent phases; whereas, for fully turbulent
flows ( Res >3000) the log-law is reasonably accurate in most phases with less than 2% error.
The laminar solution of Stokes’ second problem is only applicable in reproducing velocity
profiles in the laminar regimes and can result in errors greater than 40% in Res 1000. The
Spalart-Allmaras model predicted the velocity with much better accuracy compared to log-law
and Stokes’ second problem, whose assumptions of steady state and laminar flow, respectively,
are violated in oscillatory BBLs. A simple intermittency was proposed for the Spalart-Allmaras
model, which improved its predictions in the intermittent turbulent regime. The Spalart-Allmaras
model is simple and inexpensive computationally, and its solution appears to be a desirable
alternative to the drastic simplifications generally used to estimate velocity profiles in the BBL.
Application of different models to lake currents shows that the dissipation obtained from
the log-law is similar to the LES data at 1 m from the bed (Figure 5.11b); but diverges away
from the bed (Figure 5.13) and the errors from log-law are especially large when the flow
reverses (Figure 5.11b). The IDM, applied to the LES data, shows better accuracy than the loglaw, especially during the weak turbulence of the acceleration phase in an oscillatory BBL cycle,
when homogeneous and isotropic conditions are less likely to occur (but so is the equilibrium,
production-equals-dissipation, argument on which the log-law prediction is based). The error
associated with applying the equilibrium assumption to an oscillatory flow is, therefore, more
110

significant than those resulting from anisotropy. The error in computing dissipation when
applying log-law and IDM to LES data is significantly less than the large scatter in dissipation
from different observational methods (TMM vs. IDM) and different instruments (Nortek vs.
RDI) suggesting that measurement error, as opposed to methodological error, predominates
when computing observed dissipation in oscillatory BBL flows. Thus, more research is required
to assess the accuracy of acoustic instruments in measuring near-bed velocity timeseries data,
including averaging effects.
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Chapter 6
Conclusions and Recommendations for Future Research
6.1 Conclusions

High resolution direct numerical simulations and large eddy simulations results were used to
calibrate and evaluate boundary layer models. The main conclusions of this study are
summarized below:
1-

The main overreaching finding of this thesis is that idealized numerical simulations may be
applied to improve observational methods. By simulating complex geophysical flows and
sub-sampling to generate virtual observational data sets, these data may be processed – as
in the field or lab – and the results compared to the exact numerical data. Differences
between processes virtual observations and numerical data may be used to improve
observational methods.

By applying this approach, it was found that the canonical

Kolmogorov -5/3 and 2/3 constants, used to compute dissipation from acoustic
instruments, are significantly affected by anisotropy near the wall and this causes large
methodological observational errors. The specifics of these errors are outlined below.
2-

LES and DNS simulations of turbulent channel flows show that the errors in the
computation of the dissipation in boundary layers using the IDM are due to applying the
mean velocity as the convection velocity and using the canonical Kolmogorov -5/3
constants, which assume isotropy. The convection velocity is greater than the mean
velocity for y+≤130 due to sweep-type events close to the wall; the ratio of convection
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velocity to mean velocity reaches to 2.52 at y+=5. The optimal convection velocity is close
to the mean velocity over 70≤y+≤220. Although the viscous effects near the wall limit the
extension of the inertial subrange, at least one decade of inertial subrange was observed
over y+≥160 and the optimal Kolmogorov constants were found to be Reynolds number
independent; this supports the reliability of the calculated Kolmogorov constants.
Comparison of ε computed directly from numerical simulations to those from the IDM,
using the canonical Kolmogorov constants, shows errors >50% particularly in the spanwise
and vertical directions at y+≤80 (buffer layer), where isotropy predominates. Usage, of the
optimal anisotropy-adjusted coefficients with velocity data collected in this region, by field
practitioners, will improve dissipation estimates by >50%.
3-

Similar to the IDM, using the canonical constants in the SFM for calculation of dissipation
in boundary layers leads to errors >50% from anisotropy effects on the spanwise and
vertical velocity components for y+≤80. The computed anisotropy-adjusted Kolomogorov
2/3 constants are Reynolds number independent and their application results in more as
much as 90% improvement in computation of dissipation near the bed (y+≤20). Again, this
has signification implications for observational estimation of dissipation near the bed in
geophysical flows, where to date the anisotropy effects on Kolmogorov constants have
been neglected.

4-

Application of the SFM to ADCP measurements within the boundary layer of Lake Erie
shows a factor of 2 difference between the dissipation calculated using the anisotropyadjusted Kolmogorov constants relative to those obtained from the canonical constants.
Comparisons to log-law dissipation and published TMM dissipation observations, confirms
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the improved results with the anisotropy-adjusted constants. Although the velocity profiles
show a good agreement with the log-law, the dissipation from log-law can be a factor of 3
greater than that from the SFM, due to the unsteady characteristics of the flow. There is a
considerable difference between the dissipation from structure functions applied to the
three ADCP beams. This results in errors due to the assumption of homogeneity in ADCP
velocity calculations.
5-

From numerical simulation of oscillating flows, the accuracy of commonly used
observational methods to predict the characteristics of oscillating boundary layers were
tested. Velocity profiles from a simple eddy-viscosity Spalart-Allmaras model were found
to have much better accuracy compared to the log-law (which assumes steady turbulence)
and Stokes’ second problem (which assumes a laminar flow state). Results from applying
the models to an idealized Lake Alpnach-type flow show that the dissipation obtained from
the log-law to LES data is close to the direct LES dissipation at 1 m above the bed.
However, the IDM, applied to the LES data, shows better accuracy than the log-law during
the weak turbulence of the acceleration phase, when the flow does not meet homogeneous
and isotropic conditions. This suggests that in an oscillatory flow, the errors resulting from
the equilibrium assumption are greater than those from the isotropy assumption.

6.2 Future work

Due to time constraints, several outstanding issues were not investigated.
suggestions are provided for future work:
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The following

1- To correct for the effects of applying vertical velocity Kolmogorov 2/3 coefficients to
ADCP beams data that is actually collected at an angle of approximately 25° to the
vertical.
2- To collect more observational data, including microstructure measurements, close to the
boundaries to better evaluate the improvements in applying anisotropy-adjusted
Kolmogorov coefficients.
3- To implement and test the Spalart-Allmaras model in RANS simulations of actual
geophysical flows.
4- To quantitatively compare dissipation estimates from simple geometry flows (e.g., open
channels where boundary conditions are known) against numerical data to better assess
the accuracies and limitations of acoustic instruments in measuring turbulent fluctuating
quantities.
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Appendix A
Centered Difference Scheme in SFM

A centered difference scheme (equation (3.8)) is used in the vertical coordinate direction to
evaluate the structure functions (D) from the numerical velocity fields (Wiles et al., 2006; Lorke,
2007). However, the wall-resolved numerical grid used in this study has uneven (nonhomogeneous) vertical spacings, making centred differencing difficult. To account for the nonhomogeneous grid spacing in the vertical direction, the following approach is appled: (1) at
every grid D is calculated from (3.8), using all grids above and below; (2) r+ and the associated
D, where the center of the difference is within 1% of the desired y+ are allocated to that y+ and
are interpolated to ∆r+=2 intervals (Figure A1a). Care must be taken near the boundary where,
compared to the middle of the domain, there are limited grid points to calculate the centered
differences (Figure A1b and c). From Figure A1b, ∆r+=2 enables us to capture all the r+ that are
within 1% of y+=20 and so this is the closest grid to the boundary where the dissipation is
estimated using the structure function.
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Figure A1. Centered differencing scheme applied to non-uniform vertical grid. (a) r+ that fall
within y+±0.01 for all the grids in the vertical direction; Reτ=2000. Interpolation intervals for
y+=20 (b) and 80 (c), respectively, with y+±0.01 and ∆r+=2.
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Appendix B
Validation of LES and DNS simulations

Figure B1. Velocity profiles from LES (solid line), log-law (dashed line), and Jensen et al.’s


 

(1989) experimental results (circles) for Re s =1800 in six different phases ( y  y u

u  u u ).
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Figure B2. Velocity profiles from LES (solid line), log-law (dashed line), and Jensen et al.’s


 

(1989) experimental results (circles) for Re s =3600 in six different phases ( y  y u

u  u u ).
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 2
Figure B3. Wall shear stress (normalized by U0m
) from LES of this study (solid line),
Salon et al.’s (2007) LES (squares), and Jensen et al.’s (1989) experimental results (circles)
for Re s =1800.
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 2
Figure B4. Reynolds shear stress profiles (normalized by U 0m
) from DNS of this study
(solid line) and Spalart and Baldwin’s (1988) DNS results (circles) for Re s =1000.
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