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ABSTRACT

The nature of the dissipation of turbulent kinetic en-
ergy is experimentally measured in the wake of a 0.58 m
diameter model wind turbine exposed to various “flavours”
of freestream turbulence (FST), produced by an active
turbulence-generating grid. The Taylor Reynolds number of
the turbulence within the wake is high, ranging between 250 <
Re) < 1000. The dimensionless dissipation coefficient, C, is
observed to be a function of Re(}/Re}, where Reg is a global
Reynolds number based on the turbine diameter and Rey is a
local turbulent Reynolds number based on the integral scale,
in the outer part of the wind-turbine wake. This is where the
intermittency of the turbulence is observed to be at its great-
est. This scaling is characteristic of dissipation that is out of
equilibrium with the inter-scale flux of turbulent kinetic en-
ergy in the energy cascade. Conversely, in the central portion
of the wake there is no clear scaling of C¢ with Ref:/Re} . With
the lowest intensity FST Cg is observed to be almost constant
in the streamwise extent 1 < x/D < 20, which may reflect
either classical Kolmogorov-type (equilibrium) turbulence or
balanced non-equilibrium turbulence.

INTRODUCTION

Wind turbines are typically clustered together into wind
farms as developers seek to maximise the power output from
limited lease areas whilst minimising costs associated with
foundations, cabling, maintenance, and other infrastructure.
This clustering means that the turbulent wakes generated by
upstream turbines become the (unsteady) inflow to down-
stream machines, thereby affecting the overall efficiency of the
wind farm. Since wakes are fluxes of reduced momentum (and
hence also kinetic energy) then downstream turbines immersed
in the wakes of upstream machines produce less power and
are susceptible to accelerated accumulation of fatigue damage.
Being able to accurately, but computationally inexpensively
predict the spreading of wind-turbine wakes from the basis of
the underpinning physics is therefore an important aspect of
wind-farm design and optimisation.

Wind-turbine wakes are observed to evolve into a self-
similar fashion downstream of the region immediately adja-
cent to the turbine. A Gaussian shape is typically used to rep-

resent the self-similar functional form of the wake’s velocity
deficit profile (e.g. Bastankhah & Porté-Agel, 2014). Previ-
ous studies on self-similar axisymmetric turbulent wakes have
yielded predictions on the axial scaling of the maximum (cen-
treline) mean velocity deficit, Auc, and the wake width r,,
with downstream distance, x. Classically, this was predicted
in Townsend (1976) (and later formalised in George (1989))
to be Auc ~ x2/3 and r,, ~ x'/3 for high Reynolds number
flows past solid, axisymmetric objects. This theory was devel-
oped by using a closure (the Taylor dissipation scaling) on the
self-similar form of the dissipation rate within the wake
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This assumes that the rate of dissipation (€) of turbulent ki-
netic energy (K) is in equilibrium with the inter-scale flux of
the turbulent kinetic energy (TKE) within the inertial range
of the cascade of TKE. Here .Z is the integral length scale
of the turbulence, being indicative of the size of the largest
(energy-containing) eddies within the flow, and C¢ is a con-
stant. Henceforth, we refer to this as the equilibrium scaling
law.

More recently, observations show that C¢ can in fact be
a function of the ratio of two different Reynolds numbers,
a global Reynolds number Reg (defined by inlet conditions)
and a local, turbulent Reynolds number Re; (defined using
local turbulent length and velocity scales) (Vassilicos, 2015)
such that C¢ ~ Re(; /Rel} # const. For a wind turbine, its di-
ameter D is typically used to form Reg, since the forcing
at the global scale occurs across the entire rotor plane, and
henceforth Rep = Reg. This scaling for Ce violates the clas-
sical Richardson-Kolmogorov (equilibrium) phenomenology
for the cascade of TKE and is hence referred to as a non-
equilibrium dissipation scaling. If self-similar analysis akin to
that of George (1989) is conducted with the non-equilibrium
dissipation scaling replacing Ce = const. then alternative scal-
ings for Auc and ry, are obtained.
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where 6 is the momentum thickness, [ is the characteristic
length of the wake-generating body, and xj is a virtual origin.
In turbulent, axisymmetric wakes produced by solid objects it
has been observed that for sufficiently high Reynolds numbers
m~n~1 (Nedié et al., 2013; Dairay et al., 2015; Vassilicos,
2015). These values lead to the scalings of Auc ~ x~! and
Fy ~x'/2,

It is noteworthy that much of the previous work consid-
ering the dissipation scaling in wakes has done so from two
perspectives; i) the wake-generator is a solid body, and ii) the
wake expands out into a non-turbulent environment. This sim-
plifies the problem since there is only one “flavour” of tur-
bulence within such a flow — that produced within the wake
itself arising from mean shear — and not an interaction be-
tween two adjacent, but fundamentally different streams of
turbulence. Secondly, solid wake-generators do not produce
a flow through the wake-generator due to porosity. Both of
these scenarios are those encountered in a wind-turbine wake;
the rotor plane itself is porous meaning that there is a flow
crossing the rotor plane and since wind turbines are situated
within the turbulent atmospheric boundary layer (ABL) their
wakes are exposed to background turbulence whose history is
completely different to that of the wake-turbulence.

An important feature of the non-equilibrium dissipation
theory is that it accommodates different values for m and n
to describe wake behaviour in different types of flows. Stein
& Kaltenbach (2019) postulated that the often-observed linear
growth of wind turbine wakes (in the near-wake region) could
be explained in terms of the non-equilibrium scaling law when
m =~ n~ 2; resulting in the scaling laws of Auc ~ x~2 and r,, ~
x!. The goal of the present work is to try and identify the nature
of the dissipation rate in a wind-turbine wake exposed to high-
Reynolds-number, atmospheric-like turbulence. In particular
we seek to identify whether the wake turbulence follows an
equilibrium or non-equilibrium scaling and whether this varies
in different regions of the flow. Long-term this ought to yield
a physical, as opposed to ad hoc. basis for the modelling of
the spreading of wind-turbine wakes which we have noted is a
vital facet of wind-farm design/optimisation.

METHODOLOGY
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Figure 1: Experimental configuration highlighting the
various hot-wire measurement stations

The experiments were performed in the 3 m x 3 m x 30
m test section of the large closed-loop wind tunnel at the Uni-
versity of Oldenburg using a wind turbine model with diameter
D = 0.58 m. The Reynolds number based on D and freestream
velocity U.. was Rep ~ 2.55 x 10°. Since there was no pitch
control on the blades, the turbine was operated at three differ-
ent tip speed ratios, I' = QD/(2U..) where Q is the turbine’s
rotational speed, in order to yield mild (C7 ~ 0.5), moderate
(Cr = 0.7), and strong (Ct == 0.9) thrust coefficients to assess
the influence of C7 on the dissipation scaling within the wake.
I" was controlled to be constant throughout the various tests.
The outlet of the contraction nozzle is equipped with an ac-
tive turbulence-generating grid, allowing for the generation of
customised turbulent inflow conditions by using various grid-
excitation protocols. Figure 1 shows the location of the turbine
model with respect to the active grid, and the measurement
stations (using single-component hot-wire sensors) in terms of
the streamwise and cross-stream locations.

The active turbulence-generating grid was used to gen-
erate different “flavours” of freestream turbulence (FST). The
objective was to explore the individual effects of the intensity
of the FST, parameterised in terms of the turbulence intensity
TI = u' /U, where i’ is the rm.s. velocity fluctuation mea-
sured at the location of the rotor plane of the turbine (in a pre-
liminary experiment in which the turbine model is removed),
and the length scale .. In order to try to disentangle the in-
dividual effects of 7T and .Z we selected grid protocols that
generated FST flavours with i) a similar (small) - which are
named SX, where X increases from 1 to 8 in order of increas-
ing T1, ii) a similar (intermediate) 77 with varying ., denoted
SX, MX, LX with S, M, and L denoting small, medium and
large length scale, and iii) FST with a large . and varying T/
denoted LX. These FST flavours are illustrated in figure 2.
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Figure 2: “Flavours” of FST generated by various grid-
excitation protocols, parameterised in terms of intensity
T1 and length scale .Z of the FST.

The integral scale was computed by integrating the auto-
correlation function (of time-lag 7) of the velocity fluctuations
up to the first zero crossing, and subsequently using Taylor’s
frozen flow field hypothesis to convert a time scale into a
length scale through the mean velocity U, i.e.

T

L =U A Puu(T)dT. %)

Computation of C¢ requires an estimate of the dissipa-
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tion rate € = 2Vs;js;j, in which s;; is the fluctuating rate-of-
strain tensor. This in turn requires high spatial (and due to the
way in which the dissipation rate is estimated, temporal) res-
olution. The sensing length for the hot-wire probes was 1.25
mm and the probes coloured in blue in figure 1 were sampled
at 6 kHz whereas those coloured in red were sampled at 20
kHz. It is evidently not possible to measure the fully three-
dimensional s;; using single hot wire probes meaning that an
assumption of local isotropy is required. The measurements
were conducted sufficiently far downstream of the grid to jus-
tify this assumption (e.g. Mora et al., 2019), although it was
not assessed directly due to the measurement constraints. The
dissipation rate was subsequently estimated by integrating the
one-dimensional energy spectrum
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where Ejj(x)) = Eq;(f)U /27 is the one-dimensional power
spectral density, k; = 27f/U is the wavenumber with Ky
being the laregst resolved wavenumber, and f is the Fourier
frequency. Note also that Taylor’s frozen flow field hypoth-
esis has again been used to convert from the frequency do-
main to the wavenumber domain. Taking the worst case sce-
nario (highest turbulent Reynolds number) the sensing length
of the hot-wire probes was ¢ ~ 3.41 and converting the sam-
pling frequency into a spatial offset (using Taylor’s hypoth-
esis, i.e. Ox = U/f) we recover a worst case scenario of
Ox ~ 2.971. This suggests that our measurements, in the worst
case scenario, are slightly under resolved which may result
in a slight underestimate of the dissipation rate €. The hot-
wire probes sampled at 20 kHz, however, always ensured
that kn = 2wfn /U > 1 since it is the temporal velocity gra-
dients, converted into spatial gradients through Taylor’s hy-
pothesis, that are most critical for dissipation rate estimates.
Our spatio-temporal resolution is comparable to similar stud-
ies conducted in similar wind tunnels equipped with active
turbulence-generating grids (e.g. Mora et al., 2019).
Following Mora et al. (2019), the high-wavenumber dis-
sipation range of the spectrum was fitted with a power law
to eliminate the high-frequency noise contamination of the
hot-wire data. It was estimated that the contribution to the
overall dissipation estimate for the power-law fit to the high
wavenumbers was below 7% of the estimated value of &.
The Taylor Reynolds number was subsequently computed as

Rez = Va2 /v with & =/ 15vi/e.

RESULTS AND DISCUSSION

Fields of C¢ for three illustrative FST flavours and C7 ~
0.5 and C7 ~ 0.9 are presented in figure 3a and figure 3b, re-
spectively. The flavours of FST are chosen such that the influ-
ence primarily of turbulence length scale can be deduced by
comparing cases S1 and L3, and turbulence intensity can be
deduced by comparing cases L3 and L8. It is observed that
the dissipation coefficient is large in the vicinity of the shear
layer produced in the tip region of the blades, but the coher-
ence of this region of elevated C¢ is diminished as the inten-
sity of the FST is increased. This corresponds to the well-
known result that the presence of FST tends to erode the co-
herence of the tip-vortex system, with more intense FST in-
tensity leading to a greater degree of erosion (e.g. Chamorro
& Porté-Agel, 2009; Mikkelsen et al., 2015). The figures also
clearly show the discrepancy between the two adjacent streams
of turbulence; that in the freestream (produced by the active

turbulence-generating grid) and that in the wake (generated
by the mean shear). An important observation is that C¢ in
the freestream is typically larger than C¢ in the wake. A sec-
ond important observation is that given that the two different
streams of turbulence have different origins they will decay
with different time scales; in fact given the mean shear within
the wake it is not immediately clear that over the streamwise
extent studied the turbulence is decaying.

The state of the turbulence within the wake can be char-
acterised through the evolution of the turbulent (Taylor-based)
Reynolds number, Re;, which is illustrated in figure 4. Fig-
ure 4a shows the evolution of Re; with streamwise distance,
x, close to the wake centreline, y/D € [0,0.05], whilst fig-
ure 4b shows Rej (x) downstream of the blade-tip region,
y/D €[0.4,0.5]. In both figures the results are presented for all
flavours of FST illustrated in figure 2. The first observation is
that the Taylor Reynolds number is high, exceeding Re; =200
everywhere and attaining a maximum value of Re) ~ 103 in
the near wake with the highest FST intensity. A very large dif-
ference can be observed for Re; when comparing against the
FST flavour with the lowest and highest T'I..; Re) can be ob-
served to vary by as much as a factor of three. The primary
difference between the data from the centreline and the tip-
region is for x/D < 5, where the coherent motions associated
to the tip-vortex system are observed to be the most energetic
(Biswas & Buxton, 2024). At the farthest downstream mea-
surement station, x/D = 20, there is little difference in Re),
downstream of the centreline versus blade-tip region. We also
observed that the Reynolds number stays relatively flat in the
far wake, indicating that the turbulence is decaying only very
slowly within the wake. Assessment of the equilibrium/non-
equilibrium scaling of the dissipation rate naturally follows
from this observation.

Figures 5a and 5b show the scatter plots of the dissipa-
tion coefficient C¢ for the various flavours of FST and mea-
sured at the various streamwise measurement locations plot-
ted as a function of /Rep/Rej in order to illustrate the na-
ture of the dissipation in the wind-turbine wake. Note that
using the non-equilibrium scaling . /A ~ ReIG/ % from Mazel-
lier & Vassilicos (2010) /Rep/Re;, corresponds to Ref:/Re}
with m = n = 1. First, we consider the central portion of the
wake. When Cr = 0.5 and Cr = 0.7, we observe relatively lit-
tle scatter in the C, data for cases S1 to M5 (mild/intermediate
intensity of the FST) and C¢ ~ const. is as reasonable a fit as
any to the data, which is indicative of either classical equilib-
rium dissipation or balanced non-equilibrium (Goto & Vassil-
icos, 2016). We also observe that the magnitudes of C¢ across
the flavours of FST S1 to M5 is relatively insensitive to Cr
(across all three thrust coefficients). However, when the wake
turbulence intensity is amplified, by increasing Cr to ~ 0.9,
we observe a much greater degree of scatter on the Ce data
such that it is not reasonable to state C¢ ~ const., but never-
theless there is no clear trend of C¢ with /Rep/Re;, . Perhaps,
unsurprisingly, because these scenarios involve the interaction
between two, relatively intense streams of turbulence that are
adjacent to one another it is not possible to collapse the dissi-
pation scaling, either in a classical equilibrium sense or in the
non-equilibrium sense with a single turbulent Reynolds num-
ber. For the cases with the most intense FST, i.e. L8, there
is a very large scatter of C¢ but this occurs at almost constant
V/Rep/Re;, throughout the wake’s evolution, commensurate
with the Re, plateaus in figure 4. The dissipation coefficient
can, in some sense, be thought of as the efficiency of the dis-
sipation with respect to the cascade of TKE. This implies that
for flavour L8, whilst the turbulence in the wake does not de-
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Figure 3: Cg¢ fields for three illustrative FST flavours at (a) Cr ~ 0.5 and (b) Cr = 0.9.
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Figure 4: (a) Re), as a function of x close to the centreline of the wake for the various FST flavours illustrated in figure 2
and turbine thrust coefficients. (b) Re, as a function of x in the outer wake.

cay very much, Re; (x) ~ const., the efficiency of the dissi-
pation increases, presumably as a result of the mixing of the
two streams of turbulence. This is illustrated in figure 3. As
the thrust coefficient reduces from C7 ~ 0.9 to Cr ~ 0.5, and
the ratio of the intensities of the wake turbulence to the FST re-
duces, C¢ increases. This result is suggestive of the fact that the
interaction between two similar streams of turbulence some-
how enhances the efficiency of the dissipation, reinforced by
the observation that the smallest values for C¢ are observed for
the smallest intensities of the FST.

The picture is, however, much clearer in the outer portion
of the wake. For flavours of FST with mild/moderate T I, and
for all Cr values, there is a clear trend Ce ~ v/Rep/Re;, . This
yields evidence that the dissipation follows a non-equilibrium
dissipation scaling in the outermost portion of the wake. For
the FST flavours with the highest T'I., there is a non-linear re-
lationship between C¢ and v/Rep/Re;,. The right-hand panel
of the figure shows C¢ plotted as a function of Rep / Ref1 specif-

ically for flavour L8 and Cr =~ 0.5, the scenario exhibiting the
highest Re), in the far wake. The linear trend provides evidence
that under a particular set of circumstances, perhaps relating to
the similarity in intensities between the freestream turbulence
and the wake turbulence, we exhibit a non-equilibrium dissi-
pation scaling with m ~ n ~ 2; the non-equilibrium scenario
that can explain a linear wake spreading rate.

Wind-turbine wakes are typically characterised as hav-
ing a ring of enhanced intermittency surrounding the out-
ermost part of the wake, a result first reported in Schottler
et al. (2018). The intermittency is characterised in terms of
the velocity increments extracted from the velocity time se-
ries, 0u(t) = u(t + 7) — u(r), which can be computed over
a range of time lags 7. 7 can be converted into spatial in-
crements using Taylor’s frozen flow field hypothesis such that
¢ =1U(x,y), where U is the mean velocity, yielding velocity
increments Su(¢). Probability density functions of du for time
lags corresponding to length scales D and . follow Gaus-
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Figure 5: (a) C¢ as a function of x close to the centreline of the wake for the various FST flavours illustrated in figure 2 and
turbine thrust coefficients. (b) Ce as a function of x in the outer wake. In both cases data is extracted from 5 < x/D < 20.

sian distributions, but increments at smaller length scales, i.e.
£ = A (the Taylor length scale in the freestream), are heavy
tailed/intermittent.

A2 is defined from the kurtosis of the velocity increments
F(6u), ie.

N = DU/ ©
~ Su(r)?
F(Bu(r)) = = @

which is a metric that illustrates the intermittency of the veloc-
ity increments over time lag 7 (distance ¢). Figure 6 presents
A? as a function of 7 for two different turbine thrust coeffi-
cients and for the same FST flavours highlighted in figure 3.
Focusing on case S1, we observe that regardless of the thrust
coefficient, a band of elevated intermittency (high A%) exists
in the shear layer in the outermost part of the turbine wake.
This intermittency persists all the way to the farthest down-
stream measurement station, at x/D = 20 and exists at both
small time lags, and large time lags illustrating that intermit-
tency co-exists at both small and large scales. The intermit-
tency is enhanced at higher thrust coefficient. This is a perfect
illustration of the type of intermittency ring discussed in pre-
vious work (e.g. Schottler et al., 2018). This ring of intermit-
tency coincides with the elevated Cg illustrated in figure 3 and
also the non-equilibrium dissipation scaling C¢ ~ \/Rep/Re;,
illustrated in figure 5b. Contrastingly, we observe that in the
central portion of the wake there is little to no intermittency
and this coincides with the Ce ~ const. equilibrium dissipation
scaling illustrated in figure 5a. We thus draw a link between
the presence of intermittency and non-equilibrium dissipation
scaling in wind-turbine wakes.

Case L8 shows a small enhancement of the intermittency,
but only at small time lags. Whilst this enhanced intermit-

tency is centred on the shear layer in the blade-tip region, it is
far more diffuse than the intermittency ring observed for case
S1 penetrating deeper into the wake. This intermittency is also
observed to decay with streamwise distance, such that it only
persists at small time lags in the far wake. Case L3 is in some
sense intermediate between S1 and L8; whilst there is intermit-
tency across all time lags it is particularly elevated at small 7,
and whilst this intermittency is again focused in the outer por-
tion of the wake it does tend to diffuse, and penetrate deeper
into the wake with increased x. The intermittency is particu-
larly enhanced for Cy ~ 0.9 in comparison to the lower thrust
coefficient case. This corresponds to a much clearer scaling of
Ce ~ +/Rep/Rej at Cr ~ 0.9 as opposed to Cy ~ 0.5. This
again draws a link between intermittency and non-equilibrium
dissipation. Contrastingly, for case L8 there is a strong varia-
tion of C¢ but it does not clearly exhibit a non-equilibrium dis-
sipation scaling with m ~ n ~ 1 whilst concurrently exhibiting
only a marginally enhanced intermittency at small scales. Cru-
cially, this small-scale intermittency is diffuse within the flow
reflecting the fact that two different streams of turbulence are
interacting with one another in the outermost part of the wake
that is exposed to intense FST. Given this interaction between
two comparable streams of turbulence it is perhaps unsurpris-
ing that a scaling using a single turbulent Reynolds number is
inadequate for capturing the nature of the cascade/dissipation.
Comparing across all three flavours of FST, and both thrust co-
efficients we observe clear non-equilibrium dissipation scaling
in the outermost portion of the wake only when intermittency
is present at large scales (time lags); the presence of marginally
elevated small-scale intermittency for case L8 yields variable
C¢g, but no clear scaling.

CONCLUSIONS

Wind tunnel experiments were conducted using a 0.58 m
diameter model wind turbine, operating at three different thrust
coefficients and exposed to different “flavours” of freestream
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Figure 6: Intermittency parameter A” (see (6) plotted as a function of time lag 7 for the various FST flavours of FST
illustrated in figure 2 and two different turbine thrust coefficients.

turbulence (FST), produced by an active turbulence-generating
grid. Measurements in the central portion of the wake re-
vealed that for low intensity background turbulence the dis-
sipation coefficient Ce remained roughly constant, a result that
is indicative of either classical equilibrium scaling of the dis-
sipation rate or balanced non-equilibrium (Goto & Vassilicos,
2016). However, in the outer region of the wake there was a
clear scaling C¢ ~ v/Rep/Re; which is indicative of a partic-
ular type of non-equilibrium dissipation scaling correspond-
ing to Ce ~ Ref3/Ref with m = n =1 for mild/moderate in-
tensities of FST. This result is linked to the enhanced large-
scale intermittency that is found in the outer portion of a wind-
turbine wake, the so-called ring of intermittency. For more
intense FST, in which there is less distinction between the
wake-turbulence and the FST, some evidence is presented that
in certain circumstances non-equilibrium dissipation can exist
within the outermost portion of the wake with m =n = 2. In
these circumstances, the intermittency is only elevated at small
scales. At the highest intensities of FST, and particularly at the
highest turbine thrust coefficient, a strong variation was ob-
served in C; in the central portion of the wake but not one that
can be described by the non-equilibrium dissipation scaling.
It is presumed that this arises due to the interaction and mix-
ing between two streams of turbulence meaning that a single
turbulent Reynolds number is insufficient to fully capture the
cascade/dissipation processes.
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