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Abstract 
The separation of turbulence parameters such as turbulence intensity and integral length scale of fan rotor wakes from back-
ground flow from unsteady velocity data is a challenge. The two processes are overlapped, and typically, very few samples 
of the data are taken inside the rotor wakes, making it hard to perform any spectral analysis. This work proposes a new time 
domain approach to separate the two processes by using two suitable data tapers. The unsteady velocity cyclic variance 
distribution is used as reference to establish the border between the blade wakes and the background flow. Results indicate 
an increase in wake turbulence levels and a slight increase in background turbulence levels with the increase in fan blade 
loading. The integral length scale of the rotor wakes did not change considerably among the different fan loading analyzed. 
This contrasts with the values observed for the background flow, which decreased with increasing of fan loading. The rotor 
wakes seem to be anisotropic, regardless of the fan operating point.

Graphical abstract

1 Introduction

In the sake of making aircraft environmentally greener, it is 
envisaged not only more efficient aircraft with lower green-
house gas emissions, but they should also be quieter. Aircraft 
noise has received increased attention in the past decades 
due to the high demand for flights combined with the growth 
of towns nearby airports (Envia 2018). The pressure to not 
only reduce aircraft noise emissions, but also make them 
more efficient makes the need to focus on one critical source 
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of aircraft noise during approach and take-off: the engines 
(Astley et al. 2007; Airbus 2003). In modern Ultra-High By-
pass Ratio (UHBR) turbofan engines, the rotor (fan)–stator 
interaction noise is the main contributor to the total engine 
noise emissions.

Fan noise emission is strongly dependent on the turbu-
lence characteristics of the flow. Broadband noise generation 
arises due to the interaction of the flow turbulence with the 
leading edges of both the rotor blades and the stator vanes 
(Kholodov et al. 2021; Lewis et al. 2020). The increase in 
inflow turbulence levels leads to an increase in both the rotor 
self-noise and the rotor–stator interaction broadband noise 
(Preisser and Chestnutt 1984). The rotor–stator interaction 
noise is mainly dependent on the rotor wake turbulence 
properties, such as wake width, velocity deficit, turbulence 
intensity levels, and turbulence integral length scale (ILS). 
However, the assessment of these properties is by no means 
trivial. Both the measurement of the turbulence field down-
stream a rotating fan and the data processing associated with 
these data to extract turbulence information are not straight 
forward. Alongside with that, only a few references are 
found in the literature regarding the assessment and extrac-
tion of turbulence properties of rotor wakes.

The turbulence parameters of the flow are typically sum-
marized in terms of turbulence intensity (or equivalently 
turbulent kinetic energy) and the turbulence integral length 
scale. The first is a measure relating the root mean square 
(RMS) of the velocity fluctuations from a given unsteady 
velocity signal. The second is associated with the size of the 
most energetic eddies in a turbulent field, or the size of the 
most energetic “vortices.”

In order to understand fan noise emission mechanisms, as 
well as to predict fan noise levels, the complete characteriza-
tion of the flow regarding these turbulence parameters shall 
be performed. The flow has to be characterized both in the 
inlet of the engine, upstream the fan, and also downstream 
the fan, the region called interstage (between fan and sta-
tor). The most common way to access the turbulence field 
is by means of hot-wire anemometry (Lengyel-Kampmann 
et al. 2012; Meillard et al. 2013; Meyer et al. 2015, 2019). 
This technique allows the measurement of the turbulent 
flow field at a specific position in space. The turbulence 
captured by the sensors refers to the turbulence properties 
of a tiny volume delimited roughly by the length of the wires 
used, which are typically around 2 mm long.

For hot-wire measurements performed in the interstage 
section, the hot-wire sensors are mounted a fraction of the 
blade chord length downstream of the rotor and traversed in 
the radial direction. The signals acquired are therefore com-
posed of the periodic blade wakes generated by the rotating 
fan and the background flow between them. The problem 
therefore is: how to separate the turbulent information aris-
ing from the rotor wakes and from the background flow. In 

order to shed some light in this gap, a new technique that 
allows such separation is proposed and described in details 
in this article, which is structured as follows: Sect. 2 pro-
vides a literature review on turbulence parameters estima-
tion in the interstage section between rotating fan and stator 
vanes. Section 3 gives an overview of the fan test rig as well 
as the hot-wire anemometry technique. Section 4 describes 
the new proposed technique for the separation of the two 
turbulence processes (rotor wakes and background flow) in 
the time domain. Section 5 shows the experimental results 
obtained with the proposed new technique applied to meas-
ured data. Section 6 ends the paper with conclusions and 
remarks.

2  Literature survey on turbulence scale 
estimation

Evans (1975) analyzed hot-wire data from a compressor 
rig measured downstream the moving blades. A relevant 
observation from this work was that the free-stream turbu-
lence levels are lowest near the compressor design point, and 
increase with decreasing flow coefficient as the compressor 
operation point moves toward stall condition. This study was 
one of the pioneers on removing the periodic component of 
the mean velocity distribution due to the rotor wakes for the 
correct estimation of the turbulence intensity. It was also 
observed that turbulent components from the velocity signal 
become more important than the periodic fluctuations of the 
mean velocity, when the compressor operating point changes 
toward stall.

Camp and Shin (1995) performed a series of measure-
ments in three different multistage compressors. Hot-wire 
measurements were performed downstream of one of the 
rotors of a multi-stage compressor. For more details about 
the measurement procedure, please consult the reference. 
For one compressor configuration, the hot-wire probe was 
traversed both in radial and circumferential directions, 
covering two vane passages. In order to suppress the har-
monic components arising from the periodic rotor wakes, 
they proposed estimating the turbulence intensity by trans-
forming the data into the frequency domain by a discrete 
Fourier transform, setting the BPF tones to zero, and trans-
forming it back to time domain. The integral length scale 
was obtained by the multiplying the Fourier transformed 
series by its complex conjugate, transforming it back to time 
domain, obtaining the auto-correlation function. This func-
tion was then integrated giving the equivalent ILS of the 
signal. This approach allows removing the power due to the 
periodicity of the rotor wakes from the turbulence power 
spectrum, but this gives only the averaged parameters (turbu-
lence intensity and ILS) of the respective measurement data.
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Lewalle and Ashpis (2004) used the wavelet technique to 
assess spatial and frequency resolution from the turbulence 
data measured downstream of a rotating fan. The unsteady 
velocity signals from hot-wire measurements were seg-
mented in data blocks with size equivalent to a blade pas-
sage. The blade passage is defined as the geometric angle 
between two neighboring blades. The data blocks were aver-
aged in the time domain delivering the average velocity pro-
file of a rotor blade wake. The wavelet transform was then 
applied into this smoothed signal. Each element from the 
wavelet spectrum was multiplied by its respective frequency 
in order to obtain the energy spectrum f.E(f), where f stands 
for the frequency and E(f) for the wavelet spectrum. The 
maximum of this energy spectrum is associated with the 
dominant turbulence scale in the flow. The authors high-
lighted that this is not the same as the turbulence integral 
length scale. Formulations for each procedure are different 
from each other. However, they both are correlated. They 
found that under Taylor’s hypothesis (Pope 2000; Hinze 
and Clark 1975) and HIT (homogeneous and isotropic tur-
bulence) assumption, for Re > 300 the ratio of the integral 
scale and dominant scale lies at approx. 0.75.

The wavelet technique is performed into the time-aver-
aged velocity signal, which is equivalent to the coherent 
component resulted from a cyclostationary analysis, as 
described in Sect. 4.1. In this case, the turbulence informa-
tion of the signal is lost by the averaging procedure. What 
remains is the average shape of the rotor blade wake. The 
wavelet spectrum will have a shape dependent on the slope 
of the averaged wake velocity profile, not on the turbulence 
properties themselves. In our opinion, a potentially better 
approach could be done by performing the wavelet technique 
either on the incoherent part of the signal resulted from a 
cyclostationary analysis, or directly in the resampled signal. 
After that, the wavelet spectrum of each data block can be 
averaged for every blade passage. This approach is similar 
to a Welch power spectrum density estimator (Kay 1993; 
Percival and Walden 1993), but instead of using a discrete 
Fourier transform, the Wavelet transform shall be used. In 
this way, the frequency properties of the signal are aver-
aged out over every blade passage, and not the time domain 
properties.

Jurdic et al. (2009) used techniques based on the cyclosta-
tionarity property of the turbulence signals combined with 
the Wigner–Ville (Giannakis et al. 1998; Antoni 2007) spec-
trum to detect cyclic–periodic properties of the turbulence 
spectrum. The authors demonstrated the ability of the tech-
nique on estimating the cyclic turbulence spectrum related 
to the periodic rotor wakes and the turbulence spectrum of 
the background flow. With these two spectra, the turbulence 
parameters of each domain could be successfully retrieved. 
One potential drawback of this approach is due to the cross-
interference that might be experienced in the estimation of 

the Wigner–Ville spectrum (Antoni 2007). Despite the com-
plexity of its implementation, the technique performs prop-
erly with experimental data. One particular issue reported in 
this work regarding the over estimation of the ILS is due to 
high power content in the low-frequency band of the turbu-
lence spectrum. This sort of phenomenon is believed to not 
be turbulence related and can be filtered out from the turbu-
lence spectrum by applying specific techniques as described 
in Mark (1981), Caldas et al. (2021).

Maunus et al. (2013) processed data from the SDT NASA 
test bed (Envia 2002). They observed that the ILS increases 
from hub to tip. Furthermore, these scales are larger for an 
axial position further downstream compared to one closer to 
the fan. They stated that, as previously reported by Podboy 
et al. (2003), this is due to the thickening of the wakes as 
they are convected with the stream. Maunus et al. (2013) 
argued that it is impossible to calculate passagewise dis-
tributions of the integral length scale with only hot-wire 
measurements. Instead, they estimated this length scale as a 
function of the root-mean-square velocity (in the streamwise 
direction), the mean energy dissipation rate per unit mass ε , 
and a Reynolds number dependent constant Cε.

With the help of this formulation, the ILS could be esti-
mated for the entire rotor passage. Results were compared 
with several RANS CFD simulations. The distribution of 
the ILS estimated from hot-wire data compared with several 
CFD was quite disparate and hard to draw any conclusion 
about possible trends.

Odier et al. (2018) analyzed hot-wire data obtained down-
stream of the fan, and the stator vanes of real turbofan engine 
(DGEN380). Results were compared with LES numerical 
computation. A separation of rotor wake and background 
turbulence was not performed in this study. A spatial distri-
bution of turbulence integral time scale as well as turbulence 
intensity is shown from both experimental and simulation 
data.

Another possibility to estimate the turbulence parameters 
of rotor blade wakes is by using empiric methods. One to 
be cited is described by Moreau (2017). The estimation of 
the integral length scale is made based on the shape of the 
wake mean velocity. That means, no turbulence data is nec-
essary; instead, the mean velocity profile of the wakes is 
used with help of some calibration factors to estimate the 
ILS. This method is particularly helpful for estimating tur-
bulence parameters from simulation data, in the case when 
only the average profile of the flow downstream of the fan 
is available.

With that said, to the best of the author’s knowledge, 
the only existing method to separate rotor wakes and back-
ground flow turbulence parameters from hot-wire data meas-
ured downstream of a rotor is the one presented by Jurdic 
et al. (2009). Different from this method, the new method 
proposed in our work is based in the time domain and use 
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data windows to separate the part of the turbulence signal 
corresponding to the rotor wake from the background flow. 
The duration and position in time of these windows are 
determined based on the cyclic variance of the turbulence 
signal, that means, the power of this signal as a function 
of the circumferential position. A threshold separates the 
two regions: low-variance is associated with the background 
flow, whereas high-variance to the rotor wakes. The pro-
posed technique searches automatically the position and 
size of the data windows and separates both domains: rotor 
wakes and background flow. Overall, the proposed method 
can be applied to any signal to separate two superimposed 
processes, where one is cyclostationary and the other sta-
tionary. The requirement is that the processes have to have 
discernible variance.

3  Test rig and measurement setup

The data used in this work were measured by means of hot-
wire anemometry in the fan test rig CRAFT. The CRAFT 
(Co-/ Counter Rotating Acoustic Fan Test rig) is a low-speed 
fan test rig, especially conceived for aeroacoustic and aero-
dynamic studies. The fan stage possesses an 18-bladed rotor 
and a 21-vaned stator, as shown in Figs. 1 and 2. The test 
rig can achieve fan speed up to 4500 RPM, 0.14 inlet Mach 
number with 0.48 blade tip Mach number. The design oper-
ating point of the baseline rotor–stator set is at � = 4500 
RPM and flow coefficient of approx. � = 0.33 . In order to 
establish homogeneous and low-turbulence levels at the 
fan inlet, an inflow control device (Caldas et al. 2022) is 
mounted onto the bellmounth, as shown in Fig. 3. A more 
detailed description of the test rig, the possible instrumen-
tation and analyses capabilities are given by Tapken et al. 
(2021a,b).  

The experiments are performed at corrected fan speeds. 
That means the actual fan speed in the experiment is slightly 
adjusted due to temperature changes to always produce the 

same blade tip Mach number as in a given reference. In this 
work, the reference used is the sea-level standard conditions: 
Tref = 288.15K ( 15◦C ) and pref = 101, 325 Pa . The equation 
to compute the corrected speed �c is given by:

where � is the measured fan speed during the experiment and 
Tt the inlet total temperature in K.

Different flow coefficients for a given fan speed are 
adjusted with the help of a conic throttle placed at the duct 
exhaust. The throttle position alters the open area at the duct 
exhaust, which alters the pressure drop at this location. As 
a consequence, the fan pressure ratio and axial flow speed 

(1)�c = �

√
Tref

Tt
, [min−1]

Fig. 1  Side view of the craft rotor without the outer casing. In this 
picture, the rotor–rotor configuration was photographed

Fig. 2  Front view of the rotor mounted in the duct. The ellipse shaped 
bellmouth is seen in white in the foreground

Inlet bellmouth

Rotor / stator
stage

Inflow control device

Hot-wire
measurement plane

Fig. 3  Sketch of the hot-wire measurement setup. Measurement sec-
tion is indicated downstream of the rotor and upstream of the stator 
vanes
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are changed, allowing different axial flow speeds for a given 
constant fan speed. The flow coefficient is calculated via:

where U is the inlet axial mean flow speed, Utip is the tan-
gential tip speed of the rotor, R the fan radius, and � is the 
fan rotation speed in Hz.

The turbulence field downstream of  the rotor was 
assessed by a hot-wire probe containing two tungsten wires 
(X-probe) of about 2.8 mm length and 9 μ m in diameter 
(Meyer et al. 2019). With this setup, both the axial and cir-
cumferential velocity components are acquired. The probe 
was aligned with the expected exit flow angle in order to 
obtain an alignment of the probe and the flow downstream 
of the fan and avoid too high flow incidence angles with the 
hot-wire elements. With post-processing, these data are con-
verted back to the machine coordinates. A digital low-pass 
filter is applied to the signal with cut-off frequency set to 40 
kHz. A radial traverse was used to travel the probe inside 
the channel. For each measurement position 10 s of data 
were acquired sampled at fs = 192 kHz . A one-pulse-per-rev 
trigger signal was also recorded to allow data resampling.

4  Separation of rotor wake and background 
turbulence parameters

Typically, the outcome data from a hot-wire measurement 
are referred to the machine coordinates. That means the 
velocity signals are referred to the axial U(t), radial V(t), 
and tangential W(t) directions, as depicted in Fig. 4. Due 
to the swirl introduced by the fan in the flow, in the plane 
behind the fan the main stream is not anymore aligned with 
the axial line. As turbulence is modeled in terms of stream-
wise (aligned with the flow) and transverse (orthogonal) 

(2)� =
U

Utip

=
U

2��R
,

velocity components, a coordinate transformation must be 
performed.

The new reference frame for turbulence analysis consid-
ers the main stream-wise velocity component U1(t) and its 
respective transverse component W2(t) , also known as the 
upwash velocity component. This last has by definition zero 
mean, as the stream-wise component U1(t) already consists 
of the vector sum U1 = Umc +Wmc . W2(t) contains only the 
velocity fluctuations components that are transverse to the 
flow direction. The index “1” stands for the stream-wise 
component, whereas the index “2” for the transverse com-
ponent. This is a common nomenclature in turbulence mod-
eling. The exit flow angle in the rotor blade trailing edge � 
is calculated by:

where

with

where the operator �{.} denotes the expectation value. u(t) 
and w(t) refer to the zero mean stochastic component of each 
respective velocity component. Wmc is obtained identically 
as Umc and therefore omitted for simplicity. Organizing the 
variables in a matrix form, and with the help of a coordinate 
transformation matrix, we obtain:

and therefore

As for illustration, Fig. 5 shows the velocity signals meas-
ured downstream of a rotating fan using hot-wire anemom-
etry. More details about this technique will be given in the 
next chapters. The blade wakes are clearly seen in the peri-
odic valleys of each signal. In total, 11 wakes are plotted. 
The black (axial direction) and red (circumferential direc-
tion) velocity components refer to the original machine 

(3)� = arctan

(
Wmc

Umc

)
,

(4)
Umc(t) = Umc + u(t)

Wmc(t) = Wmc + w(t),

(5)Umc = �{Umc(t)} = lim
T→∞

1

T ∫
T

0

Umc(t)dt,

(6)
[
U1(t)

W2(t)

]
=

[
cos � sin �

−sin � cos �

] [
Umc(t)

Wmc(t)

]

(7)

U1(t) = U0 + u1(t)

W2(t) = w2(t)

U1 = U0

W2 = 0

U2
0
= W

2

mc
+ U

2

mc
.

Streamline

Rotor blade

Blade rotational
speed

Exit flow coordinate system
Machine coordinate system

Fig. 4  Coordinate system used in the interstage section
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coordinates system. The flow exit angle for this measure-
ment point can be calculated by the resulting vector using the 
mean velocities displayed in the plot. For this case, with the 
help of Eq. 3, � = 27◦ . The resulting velocity signals after 
the coordinate system change are the longitudinal compo-
nent, in blue, and the transverse component, in green. Note 
that W22 = 0 m∕s , as this is a transverse velocity component 
(perpendicular to the flow), but all the turbulent information 
is still present in the signal, that means, w2

22 > 0 m2∕s2.

4.1  New proposed technique based 
on measurement data

The newly implemented technique in this work is based on 
the separation of the rotor wake turbulence signal from the 
background turbulence signal measured downstream of a 
rotating fan. One way to look at this problem is by assum-
ing that the turbulence data are a superimposition of two 
different processes: the periodic wakes coming from the 
rotor blades superimpose the background flow. Both pro-
cesses when looked separately are assumed to be stationary. 
If a turbulence measurement could be performed inside a 
wake, that means, rotating with the rotor, the analysis of 
this signal would reveal a stationary process, similar to an 
airfoil’s wake. However, as the measurement is performed 
in a static position and not rotating with the fan, the periodic 
incidence of the wakes on the measurement device (in our 
case the hot-wire anemometer) results in a cyclostationary 
signal. That means, a periodic snapshot of a stationary signal 
superimposes another stationary process.

The rotor wake turbulence has the characteristic of high-
turbulence intensity, whereas the background flow discern-
ible lower levels. The technique developed is based on 
separating the two processes by tapering the data (applying 
data windows in the signals). The two processes are divided 
based on a threshold applied to the cyclic variance signal, 
which represents the variance of the signal as function of 
the circumferential position. Figure 6 sketches the presented 
idea. On the left-hand side a synthetic turbulence signal 
similar to one measured downstream of a rotating fan is 
shown. In order to analyze the rotor wake signal, the region 
of the signal between the wakes (blue hatch, in the left-hand 
side plot in Fig. 6), referred to the background turbulence 

Fig. 5  Example of velocity signals measured downstream of the rotor. 
Black and red curves are in machine coordinates. Blue and green 
curves are in the new coordinate system. Mean values of each compo-
nent are shown in the plot

Fig. 6  Sketch of how the rotor 
wake - background turbulence 
separation technique works. 
Signals shown were obtained 
synthetically and represent only 
the turbulent fluctuations of 
each signal. The periodic mean 
fluctuations of the rotor wakes 
are not included in this signal

Background 
turbulence data

Rotor wake
turbulence data

Cyclic turbulence data
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is multiplied by zero. The result is shown on the bottom-
right hand side of this figure. This allows us to analyze the 
statistics of the wakes separately from the background flow. 
On the other hand, in order to investigate the background 
turbulence, the region of the signal corresponding to the 
rotor wakes is similarly multiplied by zero, as in the top-
right-hand side of this figure. Evidently, the addition of these 
zeros implicates in a power loss of the signal. This power 
loss is along with the signal processing chain compensated.

The step by step of the technique is described as follows: 

 1. Performing a cyclostationary analysis The cyclosta-
tionary tool is used to separate the periodic velocity 
signal from the turbulence fluctuations. The signals 
u1(t) and w2(t) are already resampled and have an 
exact number of samples per revolution Nrev . For con-
venience, signals are organized as a 2D matrix with 
dimensions n × k , where n = 0, 1,… ,Nrev − 1 is the 
sample position related to the angular position of the 
fan. k = 0, 1,… ,K − 1 is the kth revolution of the fan. 

 where T is the fan rotation period T = 60∕� in seconds 
and � the fan speed in RPM (revolutions per minute). 
The cyclic mean of the velocity signal, which can also 
be seen as the coherent part of the signal (CyS1—when 
performing a cyclostationary analysis) can be calcu-
lated by 

 On the other hand, the incoherent part of the signal—
CyS2 (turbulent information)—resulting from the 
cyclostationary analysis is obtained by: 

(8)u1(n, k) ≜ u1

(
nk

fs
+ kT

)

(9)u1(n) = CyS1{u1(n, k)} =
1

K

K−1∑

k=0

u1(n, k).

(10)

u�
1
(n, k) = CyS2{u1(n, k)}

= u1(n, k) − u1(n) for k = 0, 1,… ,K − 1.

The best way to see the CyS2 signal is not as a vector in 
time, instead, as a Nrev × k matrix, which corresponds 
to a collection of time series vectors referring to each 
kth revolution of the fan. Figure 7 shows a representa-
tion of each of these velocity constituents. The blue 
curve represents the overall mean flow speed U0 . The 
black curve stands for the cyclic average u1(t) added 
by the total mean speed U0 , where a typical blade wake 
shape is shown. The red curve illustrates U1(t) , which 
is the sum of the stochastic oscillations u�

1
(t) , the cyclic 

mean value u1(t) , and the overall mean U0 . The CyS2 
component of the signal is represented by u�

1
(t) as the 

difference between the black and red curves.
 2. Calculating the cyclic variance of the signal The cyclic 

variance refers to the variance of the turbulence as a 
function of the angular position. It can be easily calcu-
lated from u�

1
(n, k) by: 

 An example of a signal measured in the interstage 
of a fan is shown in Fig. 8. This data set shown was 
measured in the low-speed fan rig CRAFT, where 
the rotor blade count is B = 18 , as shown in Sect. 3. 
The subsequent illustrations are also referred to this 
data set. In this figure, three fan revolutions K = 3 
and three blade passages data � = 60◦ or equivalently 
n = 3Nb are shown. That means, the samples per blade 

(11)

Var{u1(n, k)} = u1
2
(n, k) − u1

2
(n)

=
1

K

K−1∑

k=0

(
u�
1
(n, k)

)2

.

Fig. 7  Sketch of each constituent of an unsteady velocity signal meas-
ured downstream of a rotating fan

Fig. 8  Snapshot of the turbulence fluctuation signal u�
1
(n, k) for k = 3 

fan revolutions in gray in m∕s . Three blade passages are shown. The 
black curve shows the cyclic variance of u1(n, k) in m2∕s2 . The red 
curves show the periodic velocity mean u1(n) in m∕s.
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passage is given by Nb = Nrev∕B = 113.8 samples, 
for Nrev = 2048 . The black curve in the back of this 
plot refers to the cyclic variance of the stream-wise 
velocity component. The gray curves are the instan-
taneous snapshots of the u�

1
(n, k) signal for K = 3 fan 

revolutions.
 3. Finding the center of the rotor wakes Once the cyclic 

variance is calculated, it is necessary to determine 
where the center of the wakes is found. In other words, 
as in Fig. 8, regarding the black curve, how many sam-
ples separates the beginning of the signal n = 0 from 
the first peak of the cyclic variance signal, understood 
as the center of one rotor wake. The algorithm assumes 
that all wakes are equally spaced. Figure 9 top plot 
shows an example of a cyclic variance normalized by 
its maximum value. In order to find the center of the 
wakes, a train containing B = 18 impulses shaped with 
a Hann (see refs. Kay 1993; Percival and Walden 1993) 
window is firstly created. The Hann window is used 
as impulse shape for simplicity. Other impulse shapes 
could also be used. The window width is initially set 
to 30% of the width of a blade passage. The bottom 
plot of Fig. 9 illustrates a train of impulses for the case 
of B = 18 rotor blades. In this example, the first pulse 
is roughly at the first position � = 0◦ or equivalently 
n = 0 . The method works by multiplying the train of 
impulses by the cyclic variance signal, summing up 
the resulting signal and storing the output value. The 
train of impulses is then cyclic-shifted by one sample, 
and the same procedure is repeated. The algorithm per-
forms this search Nb times, corresponding to one blade 
passage. This process can be mathematically described 

as follows. Firstly, one sample passage impulse h(n, L) 
is defined by: 

 where L is the width of the impulse itself initially set 
as L = 0.3Nb . The train of impulses I(n, n� , L) can be 
then defined as: 

 The symbol z−1 used from the Z-transform ( z = j� , 
and j =

√
−1 ) denotes the unit delay operator defined 

by z−1y(n) = y(n − 1) . Finally, a cost function f (n�) is 
defined as a function of the sample shift n� applied 
to the train of impulses and multiplied by the cyclic 
variance signal: 

 and the sample corresponding to the distance from the 
beginning of the signal and the first wake center n�,c 
is obtained by: 

 The cost function has typically a shape similar to a 
Gaussian curve. An example of this curve obtained 
from the signals shown in Fig. 9 is shown in Fig. 10. 
The x-axis refers to the rotor blade passage position, 
whereas the y-axis to the cost function normalized by 
its maximum. The advantage of this technique over, 
for example, searching for the peak in the cyclic vari-
ance signal, is the robustness introduced. This tech-
nique searches the strongest coherent structure with 
B peaks equally spaced in time. Any other structure, 
even with higher amplitude than the rotor wakes itself, 
would not bias the result. The only situation that can 

(12)h(n, L) =

{
Hann(n) for n = 0, 1,… , L − 1

0 for n = L,… ,Nb − 1,

(13)
I(n, n� , L) = h(nb, L)z

−n�

nb = mod(n,Nb).

(14)f (n�) =

Nrev∑

n=0

var{u1(n, k)}I(n, n� , L),

(15)n�,c = argmax
n� ∈ [0,Nb]

f (n�).

Fig. 9  Signals to be compared in order to find the rotor position. Top: 
Normalized cyclic variance as a function of rotor position. Bottom: 
Train of B = 18 equally spaced impulses. Impulses used have the 
Hann window shape

Fig. 10  Example of the cost function f (n�) evaluated for the whole 
blade passage: 0 ≤ n� ≤ N

b
.
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lead to deviation in the results is when a stronger struc-
ture with integer multiple of B peaks stronger than the 
rotor wakes is present in the signal. One example is 
the region close to the rotor blade tip. In this region, 
as shown later, tip vortices are present, which have B 
equally spaced peaks structure with power higher than 
blade wakes themselves. This problem can be over-
comed by a technique discussed in the upcoming items.

 4. Estimating the average wakes amplitude Once the posi-
tion of the maximums in the cyclic variance vector is 
found, the average of these maximums is computed. 
This is done by averaging navg samples around the max-
imum of each blade passage. The default value used in 
this work is navg = 3% of Nb samples around the center 
of each rotor wake. In our case, ( Nrev = 2048 ), this 
gives 3 samples. In other words, the average amplitude 
Āu1 of the peaks in the signal var{u1(n, k)} is obtained 
by: 

 where �(n) is the dirac-delta defined by: 

 In brief, in Eq. 17 the navg samples around each peak 
in the signal var{u1(n, k)} spaced by Nb are averaged.

 5. Estimating the wakes width The width of the wakes Lw 
in samples is estimated by varying the width L of each 
impulse in the train of impulses I(n, n� , L) and compar-
ing it to the cyclic variance signal var{u1(n, k)} . A cost 
function g(L) of the impulse width L is defined as: 

 where ‖ ⋅ ‖ stands for the absolute value operator. In 
other words, the optimal impulse width Lw is found 
when the width of the impulses in Āu1I(n, n𝛼,c, L) gets 
as close as possible to the ones in the variance sig-
nal var{u1(n, k)} , which results in a local minimum in 
this absolute difference. Figure 11 shows how the cost 
function g(L) behaves as a function of L. In this plot, 

(16)Āu1 =

Nrev−1∑

n=0

var{u1(n, k)}I2(n, n𝛼,c, navg),

(17)

Āu1 =
1

navgB

Nrev−1∑

n=0

[
var{u1(n, k)}

n𝛼,c+(navg−1)∕2∑

m=n𝛼,c−(navg−1)∕2

𝛿(mod(n,Nb) − m)

]
,

(18)�(n) =

{
1 for n = 0

0 else.

(19)
g(L) =

Nrev−1�

n=0

‖Āu1I(n, n𝛼,c, L) − var{u1(n, k)}‖

Lw = argmin
L ∈ [0,Nb]

g(L),

L is represented as a percentage of the rotor blade pas-
sage, as a way of normalizing the axis. In this case, the 
minimum value is found by approx. 33% of the blade 
passage. The width of the blade wakes ww,k is finally 
computed based on the train of impulses I(n, n�,c, Lw) 
and a threshold value. ww,k is assumed to be the width 
of h(n, L)2 in samples, when its amplitude drops by 
a specified threshold value relative to its maximum 
amplitude. In this work, this threshold is typically set 
between 90% and 95%.

 6. Generating the data tapers (windows) Once the center 
of the rotor blade wakes and their width are known, 
the data tapers can be created in order to separate rotor 
wake and background turbulence data from u�

1
(n, k) . 

Two types of tapers need to be created: one with a 
smooth window, for example, the Hann window, to 
indeed tape the data and avoid spectral leakage, for 
afterwards estimate the power spectral density, and 
another taper with a rectangular window. This second 
is used to compute the power present in the region 
delimited by the window. This power is used to cor-
rect the power loss introduced by the Hann windowing 
and the zeros between the windows. The Nrev long data 
tapers are defined as follows: The unsteady data is sep-
arated into blade wake signal u1,w(t) and background 
flow signal u1,b(t) , where t = nTs and Ts = 1∕fs is the 
sampling time. The separation is done by applying a 
suitable window in order to set to zero the values cor-
responding to the field outside of the region of interest. 
Similar to step 2 of this series of steps, two windows 
have to be generated in order to separate both signals. 
The window Hw(n) is used to isolate u1,w(t) , whereas 
Hb(n) isolates u1,b(t) . The rotor wakes smooth taper 
Hw(n) is calculated as follows: 

(20)
Hw(n) = hw(nb,ww)z

−n� ,

hw(n,ww) =

{
Hann(n) for n = 0, 1,… ,ww − 1

0 for n = ww,… ,Nb − 1,

Fig. 11  Example of the cost function g(L) evaluated for 40% of a 
blade passage: 0 ≤ L ≤ 0.4N

b
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whereas for the background turbulence taper Hb(n) it 
holds: 

nb = mod(n,Nb) . The rectangle windows Rw(n) and 
Rb(n) are obtained similarly by: 

whereas for the background turbulence it holds: 

 7. Separating background and wake data With the tapers 
available, the separated signals can be obtained by: 

 where k now is obtained by the integer division of n by 
Nrev with the operator ⌊.⌋ . u′

1,w
 stands for the rotor wake 

signal and u′
1,b

 for the background turbulence signal. At 
this stage, the signals do not need to be organized in a 
matrix fashion anymore, instead, as vectors. With the 
signals separated, the only missing step is to correct 
their energy loss, as shown in the next steps.

 8. Computing the original energy of each component The 
power of rotor wake signal �2

w
 and the background tur-

bulence signal �2
b
 are calculated by: 

 and similarly, for the background turbulence: 

 as both are already zero-mean signals.
 9. Computing the power spectral density The biased 

power spectral density (signal power loss not yet cor-
rected) of the rotor wakes is obtained by Ŝ11,w(fn) : 

(21)
Hb(n) = hb(nb,ww)z

−n� ,

hb(n,ww) =

{
0 for n = 0, 1,… ,ww − 1

Hann(n) for n = ww,… ,Nb − 1,

(22)
Rw(n) = rectw(nb,ww)z

−n� ,

rectw(n,ww) =

{
1 for n = 0, 1,… ,ww − 1

0 for n = ww,… ,Nb − 1,

(23)
Rb(n) = rectb(nb,ww)z

−n� ,

rectb(n,ww) =

{
0 for n = 0, 1,… ,ww − 1

1 for n = ww,… ,Nb − 1.

(24)

u�
1,w

(n) = Hw(mod(n,Nrev))u
�
1
(mod(n,Nrev), k),

u�
1,b
(n) = Hb(mod(n,Nrev))u

�
1
(mod(n,Nrev), k),

k = ⌊ n

Nrev

⌋,

(25)�2
w
=

1

wwBK

Nrev−1∑

n=0

K−1∑

k=0

[
Rw(n)u

�
1
(n, k)

]2
,

(26)�2
b
=

1

wwBK

Nrev−1∑

n=0

K−1∑

k=0

[
Rb(n)u

�
1
(n, k)

]2
,

(27)Ŝ11,w(fn) =
[
F{u�

1,w
(n)}

]2
,

 where F{.} stands for the discrete Fourier transform, 
and fn the discrete frequency bin. For simplicity, 
the power spectral density estimation is in this text 
expressed as the squared value of the Fourier transform 
of the signal. However, in practice the Welch method 
should be used to improve estimation performance. 
The bias of the power spectral density can be corrected 
as follows: 

 The dividing term in this equation is essentially the 
power of the spectrum Ŝ11,w(fn) . This division normal-
izes the spectrum so that its power is equal to the unity. 
Δfn stands for the discrete frequency resolution. The 
normalized spectrum is then corrected with the term 
�2
w
 to adjust it to the correct power. The power spec-

tral density of the background turbulence S11,b(fn) is 
obtained in the same way by: 

 For the other transverse velocity components such as 
the w2 , the data tapers used are the same as used for 
the u1 component. Step 1 needs to be repeated in order 
to obtain the cyclostationary components. After that, 
steps from 2 to 6 should be skipped, jumping straight 
to step 7 until step 9.

 10. Estimating turbulence parameters from the PSD After 
the estimation of the PSD of each spatial domain, the 
turbulence parameters of interest: turbulence intensity 
and integral length scale needs to be estimated. The 
turbulence intensity is estimated by 

 where �2
x
 is the variance of signal and U0 the mean 

longitudinal velocity at that measurement position. The 
turbulence integral length scale on the other hand can 
be estimated from the PSD of the velocity signal Sxx 
under the Taylor assumption or “frozen turbulence” 
(Pope 2000) by 

 which holds for both longitudinal and transverse 
velocity components. No isotropy assumption is 

(28)S11,w(fn) = 𝜎2
w

Ŝ11,w(fn)

Δfn
∑

fn
Ŝ11,w(fn)

.

(29)

Ŝ11,b(fn) =
�
F{u�

1,b
(n)}

�2

S11,b(fn) = 𝜎2
b

Ŝ11,b(fn)

Δfn
∑

fn
Ŝ11,b(fn)

.

(30)Tx =

√
�2
x

U0

,

(31)Λ =
Sxx(0)U0

2�2
x

,
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assumed by using this equation. If HIT is assumed, 
however, the estimator for the integral length scale 
gains some degree of robustness by allowing an aver-
age in the low-frequency band of the velocity PSD. 
The equation to compute it from the longitudinal 
velocity PSD is given by 

 where Δf  is the frequency band used to aver-
age the PSD. Values to be used depend on the fre-
quency band of the PSD, where the it starts to roll-
off. Typical values for low-speed aerodynamics lie in 
80 Hz < Δf < 200 Hz . The ILS can also be obtained 
from the transverse velocity component PSD as: 

 The robustness of this estimator is considerably 
higher than the one from Eq. 31, suffering less influ-
ence from the spectral estimation parameters. In this 
work, Eqs. 32 and 33 are used to compute the integral 
length scale of each respective velocity component. 
More details on the performance of each estimator are 
found in Caldas et al. (2021).

 11. Increasing the robustness of the algorithm Turbulence 
data measured downstream of a rotor is not always 
clean from secondary phenomenon taking place. In 
other words, turbulence data may contain additional 
effects other than the rotor wakes. A typical example 
is the blade tip vortex present in measurement points 
performed close to the rotor outer casing. This is due 
to flow leakage in the gap between blade and duct wall. 
The cyclic variance of the turbulence fluctuations at 

(32)Λ1 =
U0

4�2
u
Δf ∫

Δf

0

Suu(f )df ,

(33)Λ2 =
U0

2�2
w
Δf ∫

Δf

0

Sww(f )df .

this region (tip vortex) is often higher than the vari-
ance of the rotor wakes themselves. Figure 12 shows 
an example of a measurement performed at radial posi-
tion respective to 95% of the blade span ( 4 mm away 
from the duct wall). In this figure, the peaks with vari-
ance of about 7.5 m2∕s2 are due to the blade wakes, 
whereas the strong peaks with variance > 30 m2∕s2 are 
due to the blade tip vortex. If the presented algorithm 
is applied to these data, the peaks associated with the 
tip vortex would be detectable as the blade wakes, due 
to their higher power. In this work, all region outside 
the blade wake is classified as background turbulence, 
which includes blade tip vortex. In order to guide the 
algorithm to not detect tip vortex as blade wakes, the 
following can be done: for a set of radial measurement 
positions ranging from blade tip to root, the algorithm 
has to start the wake detection at some radial position 
close to the blade mid-span, where the flow is often 
clean and free of secondary effects. Knowing the posi-
tion and width of the wakes with respect to the trigger 
signal, the algorithm can move to the next radial posi-
tion in the direction to the blade tip (duct wall) and 
afterwards to the blade root (hub). The position and 
width of the wakes with respect to the previous pro-
cessed radial position have to be in a range pre-defined 
by the user, which works as constraints for algorithm. 
For example, if for a given radial position, the first 
blade wake was detected at 20◦ and the angle differ-
ence allowed between radial positions is set by 1.5◦ , 
the wake position of the next radial measurement posi-
tion shall be scanned and found only in the range of 
20 ± 1.5◦ . This procedure is based on the physics of 
the flow itself, as the blade wake position in the data 
from a radial position cannot be found several degrees 
apart from the previous measured radial position. An 
exemplary result that shows the detected wake region 
and the blade tip vortex is depicted in Fig. 13. The 

Fig. 12  Cyclic variance at the radial position respective to 95% of the 
blade span ( 4 mm away from the duct wall). 4.5 blade passages are 
shown. Peaks associated with the blade tip vortices and blade wakes 
are indicated

Fig. 13  Turbulence intensity distribution for the longitudinal velocity 
component. Tip vortices have the highest turbulence grades. Auto-
matic detected wake areas are shown with blade dots. Fan operating 
point: �c = 4500 RPM, � = 0.33
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black dots represent where the borders between what 
is considered rotor wake and background flow lie. This 
figure shows the turbulence intensity distribution of the 
longitudinal velocity component as function of radial 
and circumferential positions.

5  Experimental results

Data were selected for a constant fan speed of 
�c = 4500 RPM and three different flow coefficients: 
� = [0.40, 0.33, 0.28] . This produces an inlet Mach number 
flow velocity of approx. Minlet = [0.12, 0.10, 0.087] , respec-
tively. For � = 0.40 , the fan produces very low total pressure 
rise and works more as a ventilator than as a compressor. 
The design point of this rotor–stator set is, as discussed in 
Sect. 3, at � = 4500 RPM and � = 0.33 (approx.). It was 
observed experimentally that this fan stalls at � ≈ 0.26 with 
the given ambient conditions.

Figure 14 displays the estimated PSD of the longitudinal 
velocity component measured at two radial positions and 
two fan operating points. The top plots refer to a measure-
ment point at 7 mm (92% of blade span) away from the outer 
casing. At this position, the background turbulence (blue 
curve) levels are high due to the blade tip vortex. These 
values are even higher than the blade wake turbulence (red 
curve) itself. The black curve shows the PSD of the unsteady 
velocity signal before the technique has been applied. Tones 

are present in this PSD due to the periodic fluctuations asso-
ciated with the velocity deficit from the rotor wakes, which 
are still present in this signal. These periodic components are 
displayed in red in Fig. 8. Comparing the left-hand top plot 
to the right-hand top plot ( � = 0.40 vs. � = 0.28 , respec-
tively, both at �c = 4500 RPM), virtually no difference is 
observed in the PSD level of the background flow. A higher 
incidence of tones is, however, seen for the higher flow coef-
ficient case (left plot). For the wake turbulence, however, the 
PSD levels shifts slightly up and to the right, which means 
an increase in the turbulence levels and a slight decrease in 
the integral length scale.

The bottom plots in Fig. 14 refer to a measurement posi-
tion at 36 mm away from the outer casing (59% of blade 
span), roughly at mid blade span. At this measurement posi-
tion, the background turbulence levels are much lower com-
pared to the total signal measured and the wake turbulence, 
as most of the variance measured is due to the rotor wakes. 
A noticeable increase in the wake turbulence levels is again 
observed for an increase in blade loading (reduction in flow 
coefficient). The background turbulence levels do not change 
considerably between these two operating points.

Figure 15 shows the average velocity of the longitudinal 
velocity component for the constant fan speed of �c = 4500 
RPM and for the three flow coefficients measured. The 
black dots illustrate where the automaticly detected border 
between blade wakes and background flow lies. A better 
view of this border will be given in the next figures. The 
B = 18 radially distributed velocity deficit pattern associ-
ated with the rotor wakes in light blue color is clear in all 

Fig. 14  PSD of the longitudinal 
velocity component of the raw 
signal (black), separated blade 
wakes (red), and background 
flow (blue). Top and bottom: 
Measurement points at 7 mm 
and 36 mm away from the 
outer casing (92% and 59% of 
blade span), respectively. Left: 
� = 0.40 and right: � = 0.28 . 
All plots refer to the fan speed 
of �c = 4500 RPM
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plots. The green-yellow color between the rotor wakes repre-
sents the background flow, or the free-stream. A higher flow 
speed is observed in the region around the inner casing (fan 
hub). The reason for that is not fully understood. A deficit of 
velocity is also found in the region close to the outer casing, 
associated with its boundary layer and the blade tip vortex. 
Both the wake thickness and the tip vortex thickness are 
proportional to the blade loading, or inversely proportional 
to the flow coefficient.

Figure 16 displays the turbulence intensity distribution 
of the longitudinal velocity component U1 for the same fan 
operating points. In these plots, the low-turbulence level area 
(dark blue) associated with the background flow is clearly 
distinguishable from the rotor wakes turbulence (light blue). 
The blades tip vortex (yellow spots near the outer casing and 
between every blade wake) is responsible for generating the 
highest turbulence levels measured. In this figure, the thick-
ening of the tip vortex and blade wakes with the increase 

Fig. 15  Average speed of the longitudinal velocity component U1 . Fan operating point: �c = 4500 RPM. Left: � = 0.40 , middle: � = 0.33 , and 
right: � = 0.28

Fig. 16  Turbulence intensity of the longitudinal velocity component U1 . Fan operating point: �c = 4500 RPM. Left: � = 0.40 , middle: � = 0.33 , 
and right: � = 0.28.

Fig. 17  Closeup in the top-right 
quarter of each plot of Fig. 16
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in blade loading is more evident. A closer look in the top-
right quarter of each of these plots is shown in Fig. 17. In 
this figure, the black dots representing the detected border 
between blade wake and background flow are more discern-
ible. Furthermore, the progressive change in wake thickness 
as well as the tip vortex are better visualized. Interestingly, 
the turbulence intensity of the tip vortex seems to reach the 
highest values for � = 0.33 , and not for � = 0.28 with the 
highest blade loading. 

Figure 18 shows the turbulence distribution of the trans-
verse velocity component W2 for the same fan operating 
points. The color mapping scale was kept the same (from 
0 to 12%). Slightly lower turbulence levels are observed in 
the wake region. The tip vortex for this velocity component 
also shows lower turbulence intensity values compared to 
the longitudinal component.

The distribution of the turbulence intensity as a function 
of the blade height is shown in Fig. 19. Both the rotor wakes 
and the background flow parameters are shown for the two 
velocity components U1 and W2 . The curves represent an 
average of the turbulence intensity of either all blade wakes, 
or of the background flow for each radial position measured. 
No noticeable difference is observed between the two fan 

operating points � = 0.40 and � = 0.33 in these plots. The 
increase in the tip vortex is, however, observed in the blue 
curves referred to the background flow. Outside this region, 
the background flow has roughly same turbulence intensity 
numbers, which is one requirement (among others) for flow 
isotropy. The same does not hold for the blade wake. Inside 
the rotor blade wakes, the longitudinal velocity component 
seems to have almost double the levels of turbulence inten-
sity than the transverse one. The blade wakes properties did 
not change considerably between these two fan operating 
points.

For � = 0.28 , however, besides the further growth of 
the tip vortex area, an overall increase in the turbulence 
intensity of the blade wakes over the whole blade span is 
observed. This result agrees with the observations from 
Evans (1975). A possible reason for that is that the suction 
side of the blades is near reaching stall, which happens at 
approx. � = 0.26 . The lower the flow coefficient (i.e., higher 
blade loading) is, the closer to the leading edge the bound-
ary layer transition from laminar to turbulent occurs in the 
blade suction side. Along with that, in this condition flow 
separation can also occur at the blade trailing edge. A pro-
nounced increase at 50% of blade height is noticed for the 

Fig. 18  Turbulence intensity of the transverse velocity component W2 . Fan operating point: �c = 4500 RPM. Left: � = 0.40 , middle: � = 0.33 , 
and right: � = 0.28

Fig. 19  Radial distribution of the turbulence intensity of both rotor wakes and background flow. Both velocity components are displayed U1 and 
W2 . Fan operating point: �c = 4500 RPM. Left: � = 0.40 , middle: � = 0.33 , and right: � = 0.28
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longitudinal component. This can be a hint of the first region 
of the blade to enter in stall condition, when the flow coef-
ficient continues to shrink.

The distribution of the turbulence integral length scale 
normalized by the blade chord length C = 62 mm as a func-
tion of blade height is shown in Fig. 20. Again, both the rotor 
wakes and the background flow parameters are shown for 
both velocity components U1 and W2 . The ILS of the rotor 
wakes decreases slightly with the increase in blade loading. 
The values stay in the range of approx. 3–7% of the blade 
chord length. The difference in values for both velocity com-
ponents of the rotor wakes seems to reduce with increase in 
blade loading. The transverse velocity component has higher 
values compared to the longitudinal one. This is opposite as 
observed for the turbulence intensity in Fig. 19, where the 
longitudinal component always showed greater values than 
the transverse one. At this point, the wake turbulence seems 
to have more energy in the longitudinal direction and shorter 
integral length scale compared to the transverse direction.

Two peaks are observed for the radial positions close 
to the hub and the outer casing for the dark blue curves 
of Fig. 20, referring to the transverse velocity component 
of the background flow. This is observed for all three flow 
coefficients. A hypothesis is that these peaks are associated 
with the two wall boundary layers: fan hub and outer cas-
ing. The ILS values of the background flow seem to reduce 

with increasing blade loading, especially for the longitudinal 
velocity component.

In order to get an overview of each parameter as a func-
tion of the flow coefficient, an average over the measured 
span was calculated using:

where r is the measurement radial position and x(r) is either 
the turbulence intensity or the integral length scale as a 
function of the radial position. r1 and r2 stand for the first 
and last evaluated radial positions. The average values for 
each flow coefficient are shown in Fig. 21, in addition to 
the flow coefficients 0.30 and 0.36. In this figure, the trends 
are clearer for both turbulence intensity and integral length 
scale. The increase in blade loading (reduction in flow coef-
ficient) resulted in an increase in the turbulence intensity of 
both velocity components, as well as in both rotor wakes 
and background flow regions. The increase in the turbulence 
intensity of the background flow, less preeminent than for 
the rotor wakes, is likely due to the increase of the rotor tip 
vortex effect.

For the integral length scale, however, different trends are 
observed. The increase in blade loading increased the aver-
age values of the length scales of the rotor wakes, what is 

(34)x = ∫
r2

r1

x(r)dr∕(r2 − r1),

Fig. 20  Radial distribution of the integral length scale of both rotor 
wakes and background flow. Values are normalized by the blade 
chord length C = 62 mm. Both velocity components are displayed U1 

and W2 . Fan operating point: �c = 4500 RPM. Left: � = 0.40 , middle: 
� = 0.33 , and right: � = 0.28

Fig. 21  Average values of the 
turbulence intensity (left plot) 
and of the integral length scale 
(right plot) over the blade span 
for three different flow coef-
ficients. Fan speed: �c = 4500 
RPM
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believed to be due to the widening of the rotor wakes. How-
ever, the opposite was observed for the background flow. 
The reason for this phenomenon is not well understood by 
the authors. One hypothesis is the inverse relationship of the 
length scales with the signal variance as shown in Eq. 31, 
as the variance increases with the increase in blade loading. 
Another hypothesis is its dependence with the average flow 
speed.

6  Conclusions

A new technique for the separation of turbulence param-
eters such as turbulence intensity (or variance, or turbulent 
kinetic energy) and integral length scale from rotor wakes 
and background flow was proposed. The technique works 
in time domain and is suitable for turbulence velocity data 
measured in discrete positions downstream of a rotating 
fan, such as from hot-wire anemometry. The technique uses 
the cyclic variance of the unsteady velocity signal as input 
parameter to determine the two region domains: blade wake 
and background flow. By applying suitable data tapers in the 
signal, the two processes are sorted out: blade wakes and 
background turbulence flow.

Data from a low-speed test rig validated the developed 
algorithm. Its robustness also allowed the separation of 
blade tip vortex from the rotor wakes. Results agree with 
the literature references found. The width of the wakes and 
the tip vortex region increase with the blade loading. For 
the highest fan loading analyzed, a significant increase in 
the rotor wake turbulence intensity was observed. The tur-
bulence intensity of the longitudinal component of the wake 
was always considerably higher than the transverse compo-
nent, suggesting flow anisotropy.

The radial profile of the turbulence integral length scale 
of the rotor wakes did not change considerably among 
the three analyzed flow coefficients. For the background 
flow, however, a consistent decrease of the ILS values was 
observed with the reduction in flow coefficient. Two peaks 
were identified for all flow coefficients in the background 
flow for the transverse velocity component. One hypothesis 
is that they are associated with the hub and outer casing 
boundary layer.
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