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Abstract
The wakes of a uniform and a non-uniform porous disk exposed to two different turbulent flows are investigated experimen-
tally. The disks are representative of static wind turbine models found in literature. Six wake profiles were collected through 
hot-wire anemometry between three and 30 diameters downstream of the disks. Both one-point and two-point statistics are 
studied. The results show that higher freestream turbulence affects the wake of the uniform disk more than that of the non-
uniform disk, also changing the wake’s shape and recovery rate. Furthermore, we confirm earlier findings that the turbulence 
at the centerline in the developed part of the wake is independent of both the design of the wake-generating object and the 
inflow. Similar to findings in the wake of a wind turbine, a ring of high intermittency is found at the very edge of the wakes 
of both disks and in both inflow conditions. We identify the existence of this ring over a range of scales. The results show 
that, even for higher-order two-point statistics, the developed wake of different porous disks qualitatively agrees well with 
the wake of wind turbine models.

Graphical abstract

1 Introduction

The description of the axisymmetric turbulent far wake is a 
canonical problem in fluid mechanics that has been studied 
extensively over the past decades (e.g., Townsend (1976) 
and George (1989)). An analytical solution exists for the 
evolution of an axisymmetric turbulent far wake of a bluff 
body in laminar inflow (Pope 2000). Experimentally (and 
numerically), wakes have classically been investigated using 
bluff bodies like disks exposed to laminar inflow (Hwang 
and Baldwin 1966; Johansson et al. 2003; Tutkun et al. 
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2008). In recent years, however, studies have also started to 
look into the impact that turbulent inflow or different types 
of disks have on the evolution of the wake. While some 
of these studies are motivated from a turbulence perspec-
tive, others have a practical motivation and build a bridge 
between applied problems and the initial turbulence prob-
lem. Both perspectives are discussed below.

Typically, at least two (and up to four (Brown and Roshko 
2012)) different regions are distinguished in the wake, i.e., 
the near wake and the far wake. In the near wake, the direct 
interaction between the wake-generating object and the flow 
is visible, shear layers expand between the faster ambient 
flow and the slower wake, and structures such as vortices 
shedding from the wake-generating object are identifiable. 
The far wake starts where the shear layers have met, the tur-
bulence in the wake is fully developed and the wake exhib-
its approximately self-similar behavior. The most prominent 
aspect of wake studies are the evolution of the mean velocity 
deficit and the wake width. Particularly, the investigation of 
universal self-similarity of turbulence quantities in the far 
wake is a question of interest (Rind and Castro 2012b).

Wake investigations have been performed downstream 
of different types of disks. Generally, two types of disks 
can be distinguished: solid disks and porous disks (PDs). 
Among solid disks are the classical circular disks that have 
been studied intensively (e.g., Hwang and Baldwin (1966)). 
Another example of solid disks are fractal disks that have 
been used to study self-similarity and the decay rate of the 
mean velocity deficit (e.g., Dairay et al. (2015) and Obli-
gado et al. (2016)). For porous disks, two major types have 
been used for wake investigations: mesh disks and disks with 
varying degrees of blockage that can also change radially. 
Porous disks are interesting to study for their practical use 
to replicate the flow past, for example, parachutes (Higuchi 
et al. 1998) or more often wind turbines (España et al. 2011, 
2012; Aubrun et al. 2013; Theunissen et al. 2015; Lign-
arolo et al. 2016; Howland et al. 2016; Camp and Cal 2016; 
Bossuyt et al. 2017; Yu et al. 2017, 2019; Camp and Cal 
2019; Abdulrahim et al. 2021; Helvig et al. 2021; Neunaber 
et al. 2021; Vinnes et al. 2022). To replicate the flow past a 
wind turbine, PDs are often mounted to towers which breaks 
the axisymmetry of the wake by shifting it in the direction 
of the tower (Pierella and Sætran 2017).

Classically, wake studies were carried out in laminar 
inflow to investigate the entrainment of flow into the wake 
without external disturbance. However, in the past years, 
the interest of the impact of turbulence in the inflow on the 
evolution of the wake has increased due to, among others, a 
number of applied problems particularly in the field of wind 
energy, where the flow a wind turbine experiences is typi-
cally turbulent. For turbulent inflow, it can be distinguished 
between homogeneous inflow turbulence and sheared inflow 
turbulence like, for example, boundary layer turbulence.

Rind and Castro (2012b) investigated the axisymmetric 
far wake of a solid disk in homogeneous turbulent flows with 
different turbulence intensities (TIs). They measured veloc-
ities for downstream positions 65 ≤ x∕D ≤ 115 , where D 
denotes the diameter of the disk and x the distance from the 
disk. For the control case with a laminar incoming flow, they 
confirmed the self-similar behavior described by Tennekes 
and Lumley (1972). However, they showed that an increased 
incoming TI and length scale in the flow increases the wake 
momentum deficit and the far wake’s velocity decay rate, in 
addition to delaying or preventing the appearance of self-
similarity. Rind and Castro (2012a) also performed a direct 
numerical simulation (DNS) of a time developing axisym-
metric wake. The DNS largely corroborated their experi-
mental findings (Rind and Castro 2012b).

Cannon et al. (1993) performed flow visualizations with 
porous disks and solid disks in laminar inflow. They used 
mesh disks with different solidity, and found that vortex 
shedding could not be observed for disks with solidity 
below 60%. Higuchi et al. (1998) performed particle image 
velocimetry (PIV) experiments in laminar inflow in the 
near wake of PDs with annular slots intended to simulate 
ribbon parachutes. They found that the flow through the 
slots created jets that would, depending on the spacing 
between slots, merge and form high-momentum regions 
that displaced the reverse-flow region typically found 
behind solid disks. This resulted in the near-field of the 
wake being more axisymmetric instantaneously than at 
the same position for a solid disk. Similar results were 
obtained by Theunissen and Worboys (2019) for disks with 
4-6 annular holes with varying hole diameter in laminar 
inflow. It has further been shown that an increase in the 
solidity of a PD increases the rate of the velocity deficit 
decay and decreases the rate of the wake width expansion 
(Cannon et al. 1993; Higuchi et al. 1998; Myers and Bahaj 
2010; Blackmore et al. 2014; Theunissen and Worboys 
2019).

While the aforementioned studies where performed in 
low freestream TI, a few studies have included the effect of 
freestream turbulence. Blackmore et al. (2014) placed disks 
perforated with circular holes in varying incoming turbulent 
flows. They varied the freestream TI and the integral length 
scale L , and found that the disks experienced a significant 
increase in drag with higher turbulence intensity up to a 
turbulence intensity of around 13%. For higher TI the results 
became approximately independent of the TI. Aubrun et al. 
(2013) and Abdulrahim et al. (2021) studied the impact of an 
atmospheric boundary layer on the evolution of the wake of 
a disk. Later, Neunaber et al. (2021) experimentally studied 
the evolution of the turbulence in the wake center of a PD 
and a wind turbine exposed to different turbulent inflow con-
ditions, also investigating higher-order two-point statistics.
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The studies above focused on the impact of the turbulence 
and the disk shape on the evolution of the mean velocity 
deficit, sometimes also looking at the turbulence or the mix-
ing and energy entrainment to the wake. However, to fully 
understand the nature of a turbulent flow, it is necessary to 
include not only mean quantities but also include a meas-
ure of the order in which events occur. For example, energy 
spectra can be used to investigate the type of turbulence or 
structures in the wake, as the vortex shedding. Also, two-
point statistical quantities can be used to identify intermit-
tency, i.e., the “gustiness,” of a flow. Schottler et al. (2018) 
and Neunaber et al. (2020) demonstrated that there is a ring 
of highly intermittent flow at scales corresponding to the 
rotor diameter at the outermost part of a wind turbine wake. 
No such study exists for PDs.

The aforementioned studies investigate either the dif-
ference of wakes generated by different porous disks (e.g., 
Aubrun et al. (2019)) or the impact different degrees of 
turbulence have on the wake. Typically, the differences are 
looked at in terms of mean velocity or energy transport. 
However, a study that combines the investigation of differ-
ent types of disks with similar solidity and drag exposed to 
different inflow turbulence intensities with an analysis by 
means of higher-order two-point statistics is still missing. 
From this, two research questions arise for this study, namely 

1. How do the disk design and the inflow turbulence influ-
ence the wake evolution?

2. How does the intermittency evolve in the wake of a 
porous disk with respect to different time scales?

We will address these research questions with the following 
research objectives (also illustrated in Fig. 1):

• Use two PDs (one of each design type, i.e., mesh design 
and radially varying design)

• Generate two different turbulent inflows

• Perform measurements between 3 ≤ x∕D ≤ 30 to cover 
the transition from near wake to far wake

• Investigate the results by evaluation of the mean velocity 
and turbulence intensity, time series, energy spectra, and 
intermittency

In this paper, we will give an overview of one-point and 
two-point statistical quantities in Sect. 2. The experimental 
setup is presented in Sect. 3 and the results are discussed 
in Sect. 4. Finally, the main findings are summarized in the 
conclusion in Sect. 5.

2  Theory

In the following, the analysis methods used to characterize 
the measured flow fields are introduced. To properly moti-
vate the characterization of the intermittency by means of 
the shape parameter, this section details both the common 
analysis using one-point statistical quantities and the analy-
sis using two-point statistical quantities. The structure of this 
section is taken up in the results section. We will summarize 
the descriptions given in Morales et al. (2011) and Neunaber 
et al. (2021).

2.1  One‑point statistics

Often, the time series of flow velocities u(t) measured at 
times t is decomposed into the mean flow velocity U and the 
fluctuations around the mean u�(t)1,

The variance u�2 = 1

N

∑tN
t1
u�2(t) characterizes the strength of 

the fluctuations, which are also often quantified with respect 
to the mean velocity as the turbulence intensity, u�∕U . As 
the calculation of the quantities U and u′2 does not depend 
on the order the values of u(t) occur in, they are called one-
point statistical quantities or, rather, “one-time” statistical 
quantities.

We would like to point out that the nth moment of a 
quantity q(t) is denoted as Qn . If the probability density of 
this quantity, p(q(t)), follows a Gaussian distribution, the 
complete one-point statistical behavior of q(t) is described 
by Q and Q2 . Therefore, the mean flow velocity U and the 
variance u′2 are the first and second moment of the flow 
velocity, also referred to as first- and second-order one-point 
statistical quantities, and their one-point statistical behavior 
is completely characterized by U and u′2 if p(u(t)) follows a 

(1)u(t) = U + u�(t).

Fig. 1  Experimental overview: the wakes of two porous disks are 
exposed to two turbulent inflows

1 Note that here, a quantity depending on the time is denoted as q(t) 
while the time average of this quantity is denoted as Q.
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Gaussian distribution. The sequence of the events does not 
play a role for this description, i.e., the characterization of 
a signal in random and sorted sequence give the same one-
point statistical information (e.g., figure 3 in Morales et al. 
(2011)).

2.2  Two‑point statistics

One-point statistical quantities give a good overview of 
mean quantities such as the mean velocity or turbulence 
intensity of a turbulent flow. However, the sequence in which 
events occur is neglected by this type of characterization, but 
for the description of turbulence, this information is relevant 
(e.g., Morales et al. (2011)). Therefore, to also include the 
impact of the sequence in which events occur, two-point, or 
two-time, statistical quantities are needed as they character-
ize a quantity with respect to two times t and t + � that are 
separated by a fixed step �.

The autocorrelation function

where ⟨⋅⟩ denotes averaging in time, is one choice to include 
the order of events. Ruu(�) is, via the Fourier transform F  , 
directly related to the energy spectral density Euu(f ) by 
means of the Wiener–Khintchine theorem,

Therefore, Euu(f ) is a second-order two-point statistical 
quantity and it indicates the energy present at a certain fre-
quency of the signal. Further, u�2 = ∫ Euu(f )df  denotes the 
energy in the signal.

A lot of information about a flow can be drawn from the 
data using Euu(f ) in combination with U and u′2 . However, 
some features such as the turbulence intermittency can only 
be identified using higher-order two-point statistics. Note 
that, while the term intermittency is also used for a flow that 
varies between turbulent and laminar states, here, we use it 
to describe the occurrence of extreme events, or gusts, in a 
fully developed turbulent flow. In Pope (2000), this type of 
intermittency is referred to as internal intermittency, and 
when discussing intermittency in this work, we always refer 
to internal intermittency. Therefore, it is not sufficient to 
investigate the flatness of the velocity to characterize inter-
mittency. For this, we introduce the central velocity incre-
ment �u�(t) = u(t − �∕2) − u(t + �∕2) that represents the dif-
ference of two velocities at times t − �∕2 and t + �∕2 with 
respect to a time scale � . The investigation of intermittency 
is often done by looking at the structure functions, defined 
as the moments of the velocity increments �un

�
 (e.g., Kol-

mogorov (1962); Toschi et al. (1999); Pope (2000)). Similar 
to Morales et al. (2011) and Neunaber et al. (2021), we will, 

(2)Ruu(�) =
1

u�2

⟨
u�(t + �)u�(t)

⟩
,

Euu(f )
F

��������→ Ruu(�).

however, focus here on a different way of investigating inter-
mittency: the probability density function of velocity incre-
ments p(�u�(t)) that also includes the complete information 
of �un

�
 . If p(�u�(t)) follows a Gaussian distribution, then 

only the first two moments ( �un
�
 with n = 1, 2 ) are needed 

to describe the complete two-point statistics of the flow. 
However, it has been shown that in some turbulent flows, 
the probability of large velocity fluctuations (i.e., extreme 
events) is significantly higher than predicted by a Gaussian 
distribution. This is typical of turbulence intermittency. To 
quantify the deviation of p(�u�(t)) from a Gaussian distribu-
tion, we use the shape parameter

as introduced by Chillà et al. (1996) where

is the flatness of �u�(t) . As discussed in further detail in 
Appendix A, the advantage of this approach is that an 
explicit expression for the statistics of p(�u�(t)) exists 
(Castaing et al. 1990).

Analyzing the velocity fluctuations by means of the 
energy spectral density that supplies the variance of p(�u�(t)) 
in combination with the shape parameter �2 of p(�u�(t)) 
provides a complete statistical two-point characterization. 
If �2 ≈ 0 , p(�u�(t)) follows a Gaussian distribution and the 
flow is non-intermittent. If 𝜆2 > 0 , p(�u�(t)) deviates from 
a Gaussian distribution and the flow is intermittent at the 
respective time scale �.

3  Experimental procedure

The experiments were performed in the large closed-loop 
wind tunnel at the Norwegian University of Science and 
Technology (NTNU), where the test section has dimensions 
of 11.15 m × 2.71 m × 1.80 m (length × width × height). 
The roof was adjusted so that the height gradually increases 
to 1.85 m at the outlet. This compensates for the growing 
boundary layers and ensures that the pressure gradient in the 
streamwise direction is approximately zero. A schematic of 
the experimental setup can be seen in Fig. 2.

Two different inflow turbulence levels were generated 
for this study, a high TI case and a low TI case. For the 
high TI cases, a bi-planar wooden grid was installed at the 
entrance of the test section (marked as grid position 1 in 
Fig. 2). The wooden grid has a mesh length M1 = 242 mm 
and a solidity of 35%, and is the same as the uniform grid 
used by Bartl and Saetran (2017) and Bartl et al. (2018). A 
wire mesh screen was used to homogenize the flow, mounted 

(3)�2(�) =
ln
(
F
(
�u�(t)

)
∕3

)

4

(4)F(�u�(t)) =
⟨(�u�(t))4⟩
⟨(�u�(t))2⟩2
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1.3 m downstream of the bi-planar grid at grid position 2. 
The wire mesh has a mesh length of M2 = 2.49 mm and a 
solidity of 34%. The TI and integral length scale with this 
setup were measured to be 4.1% and 0.3–0.4 m, respectively, 
at the position of the disks. As this is a turbulent flow, we 
find small intermittency values for small scales of � but for 
scales corresponding to 80 mm ( 0.4D ) or larger, the flow is 
non-intermittent

For the low TI measurements, the wooden grid was taken 
out and the wire mesh was moved to grid position 1, result-
ing in an average TI over the wind tunnel span of 0.4% at 
the disk location. As this is a very low turbulent flow, no 
intermittency is present.

The two PDs both have a diameter of D = 200 mm, yield-
ing a Reynolds number of Re = U∞D

�
≈ 1.1 × 105 for the 

experiments, where U∞ = 8.1ms−1 is the freestream veloc-
ity and � is the kinematic viscosity. The disks are the same 
as the ones used by Vinnes et al. (2022). The schematics of 
them are shown in Fig. 3. The uniform disk (UD) was also 
used by Aubrun et al. (2019), while the non-uniform disk 
(ND) is inspired by the disk of Camp and Cal (2016, 2019) 
that was also the second disk of Aubrun et al. (2019). Both 
disks have a solidity of 57% and a drag coefficient CD ≈ 0.8 . 
The UD is made out of a wire mesh with uniform block-
age, while the ND is cut from a 5 mm acrylic sheet, and the 
blockage is reduced with increasing distance from the center. 
The disks were mounted on a tower and positioned in the 

center of the tunnel. More details on the disks and mounting 
can be found in Vinnes et al. (2022).

The data acquisition and post-processing were done in the 
same manner as by Vinnes et al. (2022), and the methodol-
ogy is described in detail there. Therefore, only a summary 
will be presented here. The data was collected through 1d 
hot-wire anemometry (HWA) at six downstream positions 
(see Fig. 2). For each downstream position, a full wake scan 
was performed. Half the wake was scanned with a meas-
urement spacing of 10 mm and a sampling time of 360 s. 
The other half was measured with a sampling time of 200 s 
to check for symmetry. The spacing between measurement 
points was larger on this side, which will be visible in the 
wake profiles. The sampling frequency was set to 30 kHz. 
This was sufficient to capture the full velocity spectra down 
to the advection frequency of the Kolmogorov length scale, 
which was estimated to have a maximum of f� = 8.5 kHz. 
An analog low-pass filter was applied at 10 kHz, and the 
iterative digital low-pass filtering methodology of Mi et al. 
(2005, 2011) was used for each individual measurement to 
reduce remaining high frequency noise. The length of the 
wires (1.25 mm) is on the order of the longest Kolmogorov 
length scale of �max = 1.1 mm.

Two or three wires were used for simultaneous acqui-
sition and the temperature was measured simultaneously. 
The voltage signal was converted to velocity through using 
a fourth-order polynomial, and the temperature correction 
methodology of Hultmark and Smits (2010) was used; this 
technique was demonstrated to compensate for temperature 
variations up to 15K. The calibration coefficients were calcu-
lated at the beginning and end of each day of the campaign, 
and a weighted average was used for the measurements taken 
in between; the calibration curves typically collapsed after 
applying temperature correction and data that did not meet 
this criteria were discarded and re-measured. For each wake 
scan, the measurements outside the wake region on each 
side were used to correct for both individual wire drift and 
inter-wire drift.

Fig. 2  Schematics of the experi-
mental set-up. The streamwise 
measurement positions are 
marked by ×. For the low TI 
measurements, the wire mesh 
was located at the start of the 
test-section at grid position 1. 
For the high TI measurements 
it was moved to grid position 2, 
while a wooden bi-planar grid 
was positioned at grid position 1

Fig. 3  Illustration of the UD (left) and ND (right)
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4  Results and discussion

Vinnes et al. (2022) performed an analysis on the wakes 
of the PDs in low turbulent flow. This paper expands that 
work by investigating the wakes in turbulent incoming flow. 
Furthermore, two-point statistical quantities are described 
in greater detail. In the following, the velocity deficit and 
TI will be presented as one-point statistical quantities in the 
wakes, followed by a discussion of the two-point statistics 
with focus on �2.

4.1  One‑point statistics

The normalized mean velocity deficit in the wakes of both 
disks is shown in Fig. 4, for both high and low incoming 
turbulence. The wakes drift slightly to positive y-values as 
they propagate downstream. The shift is less than 2% of the 
distance from the disks. This is due to a small velocity gra-
dient in the background flow, less than 1% across the wind 
tunnel. For the purpose of this paper, this drift was deemed 
acceptable, and no corrections for it have been made. Fig. 4 
is designed to give an overview of the evolution of the wake. 
To get a better impression of the quantitative values, the 
profiles are plotted on a larger scale in Appendix B.

For the ND, the increased turbulence intensity reduces the 
velocity deficit. Close to the disk, for x∕D ≤ 5 , the largest 
difference between the low and high turbulent cases is in the 
center of the wake, while farther downstream, the difference 
in the velocity deficit is largest around the edges, i.e., the 
wake width is smaller for the high turbulent case. The shape 
of the wake is similar to a Gaussian curve for all positions 
for both the high and low TI case, and is not altered much 
by the freestream turbulence.

In contrast to the ND wake, the incoming turbulence 
changes not only the wake recovery, but also the shape of 
the UD wake. At x∕D = 3 , where the low TI case displays a 
top hat profile, the incoming turbulence enhances the devel-
opment of the shear layers, such that they almost meet. 5D 
downstream of the UD in high TI, the shear layers meet, 
forming a profile with a pointed shape, before it turns Gauss-
ian-shaped farther downstream. For the low TI case, the 
pointed profile appears at x∕D = 10 , showing how the UD 
wake develops faster in high freestream turbulence. At all 
positions, except x∕D = 3 , the maximum velocity deficit is 
substantially reduced by the high freestream turbulence. The 
maximum reduction in velocity deficit is more pronounced 
as compared to the ND case. It is as such evident that the 
UD wake is more significantly influenced by the freestream 
turbulence levels.

Fig. 4  Normalized velocity deficit in the ND wake (top) and UD wake (bottom) for the different incoming turbulence intensities
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Figure 5 shows a more quantitative approach to evaluat-
ing the wakes, displaying the streamwise evolution of the 
maximum velocity deficit (top panel) and the wake half-
width (bottom panel). As observed in Fig. 4, the freestream 
turbulence reduces the maximum velocity deficit for the 
wakes. Generally, the reduction is higher for the UD. The 
only exception is for the UD at x∕D = 3 , but the UD wake 
in low TI inflow is still developing at this point; there is 
still significant turbulence production in the shear lay-
ers. From x∕D = 3 and x∕D = 5 , for the ND and the UD, 
respectively, and farther downstream, the evolution of the 
maximum velocity deficit approximately follows a power 
law. A qualitative comparison with the analytical predic-
tion of the decay of the mean velocity deficit for a turbu-
lent axisymmetric far wake of a bluff body, x−2∕3 (George 
1989), indicated by the dashed line in Fig. 5, reveals the 
present flows do not necessarily agree with these predic-
tions. This occurs for numerous reasons, including that 
the measurements include the transition from near to 
far wake, the bodies are porous rather than the canoni-
cal bluff body, and that the downward shift in the wake 
caused by the tower (Pierella and Sætran 2017; Aubrun 
et al. 2019), moving the wake centreline away from the 

geometric centreline. Therefore, we forego a quantitative 
comparison with analytical expectations (Pope 2000) that 
are essentially for a different flow.

The wake half-width, Δ�0.5 , is here defined in the same 
manner as Rind and Castro (2012a, 2012b), i.e., the dis-
tance between the two locations where the velocity defi-
cit is half the maximum velocity deficit. As expected for 
an axisymmetric turbulent far wake, the expansion follows 
a power law from x∕D = 10 for the ND and high TI UD 
cases and x∕D = 15 for the low TI UD case. For all cases, 
from x∕D = 10 the wake width grows slower for the high TI 
inflow than for the low TI inflow. The turbulent–turbulent 
interface work of Kankanwadi and Buxton (2020) suggests 
this is related to a reduction in entrainment caused by the 
presence of turbulence in the surrounding flow. A qualitative 
comparison with the analytical prediction of the decay of 
the wake width for the turbulent axisymmetric far wake of a 
bluff body, x1∕3 (George 1989), indicated by the dashed line 
in Fig. 5, reveals deviations from canonical expectations. 
However, these are related to the aforementioned differences 
between the present flow and the canonical one used in the 
analytical derivations.

The TI profiles of the different wakes are shown in Fig. 6. 
As for the velocity deficit, the profiles are shown on a larger 
scale in Appendix B. The TI decay in the freestream down-
stream of the grid is visible, and at x∕D = 30 the high TI 
flow barely displays higher turbulence than the low TI flow. 
For the ND at the nearest measurement positions, x∕D = 3 
and x∕D = 5 , the maximum TI in the wake is lower for the 
high TI inflow, but the levels equalize farther downstream. 
At the first measurement position, the profiles are Gaussian-
like, while they have a profile with a plateau in the center for 
the farther downstream positions. The UD wake develops 
more slowly to this plateau shape, and for the low TI inflow, 
it does not reach such a state before x∕D = 15 . Closer to the 
disk the profiles display two peaks in the shear layers. The 
shear layers have not yet met, and there is thus no turbulence 
production in the center of the wake. The turbulence levels 
in the UD wake remain higher for the low TI case from 
x∕D = 10 throughout the measurement domain because of 
the slower wake evolution where turbulence takes longer to 
build up.

The described observations show that the ND wake, 
both in low and high freestream TI, has reached a devel-
oped state at x∕D = 10 , and perhaps already at x∕D = 5 . 
This indicates that the turbulence evolution is enhanced 
in the wake of the ND as compared to the UD wake, likely 
due to high turbulence production fueled by jets in the 
near wake as a result of the disk design. From this point, 
both the maximum velocity deficit and the wake half-
width follow a power law, and the shape of the velocity 
deficit and TI profiles are not changed significantly. As 
indicated above, the turbulence changes the exponents 

Fig. 5  Evolution of the maximum velocity deficit (top) and the 
wake half-width (bottom) with increasing downstream distance. The 
dashed lines represent the theoretical evolution of an axisymetric 
wake,  x−2/3 for the velocity deficit and x1/3 for the half-width (George 
1989)
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of the power laws, i.e., it reduces the wake expansion 
and velocity recovery rate. However, this might, at least 
partly, be due to the effect of the tower. Furthermore, the 
freestream turbulence changes the velocity and TI magni-
tudes, i.e., they are reduced.

The UD wake in low freestream TI reaches a developed 
state at x∕D = 15 . From this position, both the recovery 
rate of the centerline velocity and expansion rate of the 
wake are more rapid than for the high TI case. The devel-
opment of the wake from two thin shear layers to the point 
where they meet is enhanced by the higher freestream tur-
bulence. This effect might also exist for the ND, but closer 
to the disk and upstream of the measurements in the present 
work. The change in the magnitudes of the velocity deficit 
and TI are also more prominent for the UD wake compared 
to the ND case. A reason for this may be that, similar to 
screens used in a wind tunnel to homogenize the flow, the 
UD acts as a “flow homogenizer” due to the fine grid. As 
a consequence, turbulent mixing is not fueled from turbu-
lence within the wake but only driven by turbulence from 
the inflow (in high TI inflow) and the shear layers. Low 
turbulent flow in the center of the UD’s near wake illus-
trates the low turbulence production in this region where 
the shear layers, indicated by peaks of high TI, have not 
yet met. Once the shear layers have met, around x∕D = 10 
downstream, the turbulence production is fueled which is 

indicated by the increasing TI levels at x∕D = 15 , and then 
the turbulence decays. The inflow turbulence does accel-
erate and dampen this behavior (indicated by the lower 
TI levels in the wake from x∕D = 10 ). The ND generates 
turbulence due to the strong jets in the near wake that are 
more persistent and enhance turbulent mixing, which accel-
erates the wake evolution, and the additional impact of the 
ambient turbulence is reduced.

4.2  Two‑point statistics

To have a better understanding of the turbulence evolution 
in the wakes, we will complement the discussion of the 
mean velocity deficit and turbulence intensity by looking 
into structures present in the flow using two-point statistical 
quantities. To visualize the importance of an analysis that 
includes also the order of events, snippets of the velocity 
time series are shown in Fig. 7 for the ND and Fig. 8 for the 
UD. The time series are taken at three different spanwise 
positions at x∕D = 10 . We chose this downstream position 
for two main reasons: first, this distance is of interest for 
the wind energy community as it approximately represents 
typical spacing within a wind farm; second, the turbulence 
of the wakes is well developed but does not expand too far 
allowing for investigation both inside and outside the wake. 
The top panel of each of the figures display the velocity at 

Fig. 6  Turbulence intensity in the ND wake (top) and UD wake (bottom) for the different incoming turbulence intensities



Experiments in Fluids           (2023) 64:25  

1 3

Page 9 of 16    25 

the centerline of the wakes, while the center panels show 
time series at the position where the velocity deficit is half 
the maximum velocity deficit. Schottler et al. (2018) showed 
that there is a region of highly intermittent flow surrounding 
the low velocity region of the wake, that is, there is inter-
mittent flow outside of what would be defined as the wake 
based on the velocity deficit alone. Therefore, the bottom 
panels display the velocity time series at a position just out-
side the wake where the velocity deficit is approximately 
zero. Due to the different width of the wakes, the two latter 
positions differ between the disks and ambient TIs, but the 
physical positions are shown in the legends. For example, 
the shear layer position plotted in the center panel of Fig. 7 
is y∕D = 0.95 for the low TI case and y∕D = 0.90 for the 
high TI case as the position where the velocity deficit is half 
the maximum velocity deficit is different for the two cases.

At the centerline (top panel) for the ND (Fig. 7), there 
are no visible periodic structures. However, the turbulent 
fluctuations of the flow are evident. The same is observed 
for the UD in Fig. 8, where the flow is clearly turbulent, but 
still without any visible periodicity. The low TI case has 
larger fluctuations, and thus higher TI, which agrees with 
the TI profiles in Fig. 6.

There are more prominent differences between the disks 
in the time series obtained in the shear layer. For the UD, 
the flow is still turbulent, with no distinguishable pattern 
in the fluctuations. In contrast, the flow in the ND wake 
seems to alternate between two states; one turbulent state 
with reduced mean velocities and strong fluctuations and 
one less turbulent state with higher time-averaged velocities 
but smaller fluctuations. In the low TI case, the flow appears 
to be close to laminar between the turbulent, low velocity 

Fig. 7  Time series at x/D = 10 for the ND. The panels show the cen-
terline (top), shear layer (center), and outermost (bottom) spanwise 
positions

Fig. 8  Time series at x/D = 10 for the UD. The panels show the cen-
terline (top), shear layer (center), and outermost (bottom) spanwise 
positions

Fig. 9  Streamwise velocity spectra for chosen spanwise positions at 
x/D = 10 for the ND. The dashed line indicates the Kolmogorov −5/3 
law

Fig. 10  Streamwise velocity spectra for chosen spanwise positions at 
x/D = 10 for the UD. The dashed line indicates the Kolmogorov −5/3 
law
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events. The freestream turbulence reduces the distinction 
between the two states. It is, however, still present.

At the outermost position, the flow is mostly uniform, 
either close to laminar for the low TI cases or with some tur-
bulence for the high TI case. The velocity is either reduced 
or increased in some short bursts, clearly indicating that the 
flow is intermittent, suggesting that the ring of highly inter-
mittent flow around the wind turbine wake (Schottler et al. 
2018) is also present for PD wakes. The time snippet used in 
Figs. 7 and  8 is not sufficiently long to say anything about 
how often these bursts occur or if there is any periodicity.

To analyze the periodicity of events in the flow, it is use-
ful to investigate the energy spectral density, or, simply, the 
velocity spectra, at different transverse positions in the wake. 
They are shown in Figs. 9 (ND) and  10 (UD) with respect 
to the reduced frequency fD/U. In case of the ND, a distinct 
peak with a reduced frequency of fD∕U = 0.15 (low TI) and 

fD∕U = 0.16 (high TI) is visible particularly at outer radial 
positions. Vinnes et al. (2022) showed that the frequency in 
the low TI case is the shedding frequency of the ND. With 
only a minor change of frequency, the peak for the high TI 
case is ascribed to the same phenomenon. The strength of 
the shedding is independent of the inflow TI in the shear 
layer. In contrast, the shedding peak is barely visible in the 
high TI case at the outermost position, whereas it is clearly 
visible in the low TI case.

In the spectra in the wake of the UD in Fig. 10, no vortex 
shedding peak is visible. This was also shown by Vinnes 
et al. (2022). Although there is no distinct peak, a broad-
band range of more pronounced frequencies appear around 
fD∕U = 0.2 − 0.4 as a “bump,” identified by Vinnes et al. 
(2022) as structures arising from the strong shear gradients. 
The energy content of this bump is reduced slightly for the 
high TI case. This is consistent with the velocity deficit pro-
files in Fig. 4, which show that the shear gradient is reduced 
with higher ambient turbulence, and thus the structures 
stemming from the shear have less energy.

For both disks, it can be observed that more energy is pre-
sent for all frequencies in the wake than outside of the wake. 
In the center, the spectra in high and low TI inflow collapse 
which means that the turbulence at the wake centerline is 
independent of the inflow turbulence, which has also been 
shown by Neunaber et al. (2021). A direct comparison of the 
spectra at the centerline for all disks and inflow conditions 
reveals that, as the spectra are similar for small frequencies 
and collapse for the inertial sub-range, the turbulence also 
becomes independent of the disk, which is in accordance 
with the findings of Neunaber et al. (2021) for the wakes of 
a PD and a wind turbine.

To include the intermittency in the flow, Figs. 11 and  12 
show the shape parameter �2 over a range of scales � for 
the ND and the UD, respectively. For consistency, the 
same spanwise positions used in Figs. 7, 8,  9 and 10 are 
investigated.

For all measurement cases, the centerline behavior agrees 
with the measurements by Neunaber et al. (2021), showing 
some intermittency at small time scales, before converging 
to zero for larger time lags. Considering that their meas-
urements were taken closer to the disk, the agreement with 
Neunaber et al. (2021) is good. At the outermost positions, 
the values are higher for small � and converge to 𝜆2 > 0 for 
large time lags � . Note that the high values of �2 for very 
small � in the shear layers originate from an application of 
the phenomenology to a flow that is not fully turbulent and 
has small standard deviations ⟨

�
�u�

�2⟩ . While the calcula-
tion of �2 will still give an indication of the existence of 
intermittency (both internal intermittency and “classical” 
intermittency), the Castaing distributions may not approxi-
mate the probability density function of �u� satisfactorily 
(see Appendix A). For the current profiles, this only happens 

Fig. 11  Shape parameter λ2 for chosen spanwise positions at x/D = 10 
for the ND

Fig. 12  Shape parameter λ2 for chosen spanwise positions at x/D = 10 
for the UD
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for the very small � . In the shear layer, �2 follows the cen-
terline values for the UD. In contrast, in the ND wake, the 
values are higher in the shear layer than at the centerline. At 
all measurement positions, for all cases, the values converge 
for high � . This is not surprising. In fact, when the time lag 
is longer than the longest correlation scales in the flow, �2 
should become independent of �.

The most striking observation in Fig. 11 is perhaps the 
periodic lines in the shear layers and for the outermost posi-
tion in the low TI case for the ND, which are not present for 
the UD in Fig. 12. The explanations for the periodic lines 
can be found in the velocity spectra in Fig. 9. The posi-
tions that have periodic lines also have a peak in the veloc-
ity spectra. If this reduced frequency is translated into time 
scale, the first peak in the �2 profiles has approximately the 
corresponding time lag, namely �U∞∕D = 6.3 (low TI) and 
�U∞∕D = 5.7 (high TI). Thus, the flow at these positions 
is more intermittent at the shedding frequency and the har-
monics of it compared to frequencies in between. With a 
time lag corresponding to the vortex shedding, the veloci-
ties u(t + �∕2) and u(t − �∕2) used to calculate the velocity 
increment �u� will be taken at roughly the same position in 

two following vortices. As such, the velocity increment will 
typically be small. Due to small deviations in the time (or 
distance) between two vortices, some of the increments at 
this time lag will be larger, reaching extreme values. This 
leads to a distribution of �u� that has a low standard devia-
tion, but with extreme events, yielding high flatness and �2 ; 
this is because of the definition of the flatness where the 
standard deviation is used for normalization. The same is 
true for the harmonics, but with more than one vortex in 
between the u(t ± �∕2) . In contrast, the local minima rep-
resent a time lag of half a vortex (or one and a half and so 
on). Then u(t + �∕2) and u(t − �∕2) will always be taken 
in opposite positions, yielding high values of �u� of both 
positive and negative sign. Thus, the standard deviation is 
high and the flatness and �2 becomes low. In the flow, this 
means that the extremes seen at the � with higher �2 are not 
necessarily larger than the fluctuations at � with lower �2 , 
but the large standard deviation still makes it less intermit-
tent. �2 can therefore be an indicator of periodic structures 
present in the wake.

At the outermost positions for both disks, the high TI 
case reduces the intermittency significantly, in particular for 

Fig. 13  The shape parameter �2 plotted for all y-positions over time 
lags τ for x/D = 3, 10, and 30, from left to right, respectively. Top 
row: ND, bottom row: UD. In each figure, the low TI measurements 

are  mirrored and plotted on the negative y-axis, although the pre-
sented results are from the side with high density measurement posi-
tions
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small � , but �2 also converges to values larger than zero. This 
is a direct consequence of the way �2 is calculated (Eq. 3). 
The flatness of �u� is, by definition, normalized by the stand-
ard deviation of the velocity increment, �u′

�
 . At the outer-

most position the time series (see Figs. 7 and 8) show that 
the measurements are mostly taken in the freestream, with 
occasional extreme events reaching the measurement posi-
tion. As such, the standard deviation of the velocity at this 
position is low as can be seen in Fig. 6. The same holds for 
the standard deviation of the increment time series �u′

�
 . In 

turn, �2 reaches high values. The added TI in the freestream 
increases �u′

�
 , and, thus, reduces �2 . This is the definition of 

an intermittent flow, with rare extreme events having much 
larger magnitude than most of the fluctuations. As a note, 
this effect is also to some extent present for the shear layer 
position in the ND wake. The time series (cf. Fig. 7) reveal 
high turbulence events in between the low velocity, thus, the 
flow has a comparable TI to the freestream, which, in the 
manner described, affects �2.

Expanding the analysis to the entire wake at different posi-
tions, Fig. 13 shows the shape parameter �2 at x∕D = 3, 10, 
and 30, for all y-positions and a range of � . In the center 
of the wake, �2 ≈ 0 except for very small scales � . A small 
region of high values of �2 is visible in all of the plots. This 
marks the edge of the wake, as we have seen before. This is 
in agreement with the ring of highly intermittent flow around 
the edge of a wind turbine wake, as described by Schottler 
et al. (2018), but their result are expanded here to a large 
range of scales � . The current results show that the region 
of highly intermittent flow is more pronounced for the low 
TI case, both in magnitude, as was discussed earlier, and for 
the spatial extent in spanwise direction. Furthermore, the 
width of the intermittent region grows with downstream dis-
tance. It is also wider for the ND wake compared to the UD 
wake. Only for the UD at x∕D = 3 , the described behavior 
differs. Here, intermittent flow is also present in the center 
of the wake. However, the TI levels are low at this position 
due to low turbulence production as the shear layers have 
not yet met. As discussed earlier, the low TI levels enhance 
intermittency, as single extreme events are more prominent 
compared to the background turbulence.

5  Conclusions

A study of the impact of freestream turbulence on the wakes 
of a uniform and a non-uniform porous disk has been pre-
sented. In particular, the evolution of the wakes has been 
described through one-point turbulence statistics, and struc-
tures in and intermittency of the wakes have been investi-
gated by two-point statistics.

At six downstream positions spanning a decade of the evo-
lution between 3D and 30D, the mean velocity and TI profiles 

have been presented. The results show that higher TI inflow 
accelerates the wake recovery for both disks when looking at 
the global evolution of the centerline mean velocity deficit, 
however, it is increased more for the uniform disk than for the 
non-uniform disk. This could be due to the enhanced turbu-
lence evolution in the non-uniform disk near wake, where the 
strong jets cause high turbulence production and, thus, higher 
turbulence intensity. In contrast to the non-uniform disk, low 
turbulent flow in the center of the uniform disk’s near wake 
illustrates the low turbulence production in this region where 
the shear layers, indicated by peaks of high TI, have not yet 
met. In addition, we observe that the wake width increases 
more slowly for the high TI inflow in the power-law regime 
than for the low TI inflow, which we interpret as a reduction 
of turbulent momentum transport from the ambient flow to 
the wake due to smaller differences between the TI of the 
background flow and the TI of the wake.

The vortex shedding observed in some velocity spectra of 
the non-uniform disk can also be identified in correspond-
ing plots of the shape parameter �2(�) . At time lags � cor-
responding to the shedding frequency and its harmonics, the 
intermittency displayed is higher than for � in between these 
harmonics, leaving a wavy pattern in the �2-plots.

By means of the energy spectra and the shape parameter, 
we show that sufficiently far downstream, where the shear lay-
ers of the wake have met, the centerline turbulence is inde-
pendent both of the incoming turbulence and the disk design. 
This confirms theoretical expectations and earlier findings in 
(Neunaber et al. 2021), who found that the turbulence in the 
developed regions of wakes downstream of a porous disk and 
a wind turbine is independent of the wake-generating object 
and the incoming flow. Furthermore, in the same regions, we 
show that the intermittency ring found in the outermost parts of 
the wake of a wind turbine (Schottler et al. 2018) also exists in 
porous disk wakes, and we confirm its existence for an extended 
range of scales � . As such, these features and phenomena are 
more general than perhaps originally suspected as they were 
previously documented in detail solely for wind turbine wakes.

At the centerline, intermittency is only present at small 
scales � and not for most of the tested range of � , which 
is typical for a fully developed turbulent flow. The width 
and strength of the intermittency ring depend on incoming 
turbulence and the design of the porous disk, showing that 
the turbulence’s characteristics at the edge of the wake 
depend on the wake-generating object and the ambient 
turbulence.

In summary, we find that the wakes of the two differ-
ent disks are affected differently by the inflow TI, as the 
wake generated by the UD is more sensitive to it than that 
of the ND. We have described new features of the turbu-
lence, particularly the intermittency, in the shear layer and 
the outermost regions of porous disk wakes. For practical 
applications, i.e., wind turbine representation, the existence 
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of the intermittency ring shows that even some of the higher-
order two-point statistical turbulence characteristics of the 
wake can be replicated by porous disks, justifying their use 
as static wind turbine models.

Appendix A

Validity of calculating the shape parameter 
for highly intermittent flows

The shape parameter �2 is originally a fitting parameter used 
to fit the probability density functions to a Castaing distribu-
tion (Castaing et al. 1990), given by

with

However, with the high number of measurement positions 
used in this work, and for a range of � , the time consumption 
and computational costs are high, so �2 must be calculated 
by other means.

The simplified calculation of �2 by Eq. 3 rests on several 
assumptions (Chillà et al. 1996). Of these, the turbulence is 

(A1)
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(
�u�

)
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�
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assumed to be fully developed. Many of the measurement posi-
tions in this work are in shear layers, that is, in regions where 
the turbulence cannot be assumed to be fully developed. It is 
therefore necessary to check whether the calculation of �2 by 
Eq. 3 gives a good description of the probability density func-
tion of the velocity increments at time scale � . In particular, 
this should be investigated for the high intermittency regions.

One way to evaluate the accuracy of Eq. 3 is by compar-
ing the probability density function of �u� with Eq. A1 using 
the �2 obtained by Eq. 3. Figure 14 shows the probability 
density functions for the ND, low TI case, at x∕D = 10 and 
y∕D = 1.90 . Except for very small � , the fit is good. For very 
small � , Eq. 3 underestimates the calculated probability density 
function for large increments. However, for lower values, Eq. 3 
performs satisfactorily for the small scales when �2 values are 
lower. This is shown for the centerline at x∕D = 10 for the 
low TI ND case shown in Fig. 15. As such, the values of �2 
should be interpreted carefully for low values of � at the high 
intermittency positions in the outermost measurement regions.

Appendix B

Scaled velocity and turbulence intensity profiles

An alternative plotting comparison of profiles of the velocity 
deficit and TI in the wakes of both disks in both incoming 
flows are shown in Figs. 16 and 17, respectively.Fig. 14  Probability density function of the velocity increments at x/D 

= 10, y/D = 1.90 for the low TI, ND case

Fig. 15  Probability density function of the velocity increments at x/D 
= 10, y/D = 0.00 for the low TI, ND case
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Fig. 16  Profiles of the velocity deficit for all experimental cases, sorted by the streamwise position. Note the different scales between the two 
rows of figures

Fig. 17  Profiles of the turbulence intensity for all experimental cases, sorted by the streamwise position. Note the different scales between the 
two rows of figures
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