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ABSTRACT
The effect of the dynamic response of
CTHWAs on the measurement of turbulence is
evaluated using a non-linear dynamic response
model with synthetic turbulence signals as inputs.
The errors in the measurement of the root mean
square of the turbulence fluctuations, the integral
length scale and the skewness are examined as a
function of the input turbulence level and length
scale and the anemometer’s cut-off frequency. The
first two errors mainly occur due to the limited
bandwidth of the instrument and are a function of
the ratio 𝑓𝐿 ⁄𝑓𝑐𝑢𝑡 , where 𝑓𝐿 is a characteristic
frequency of the turbulence spectrum and 𝑓𝑐𝑢𝑡 the
cut-off frequency of the anemometer. The last error
is affected both by 𝑓𝐿 ⁄𝑓𝑐𝑢𝑡 and the turbulence level
and stems from the non-linearity of the system.
NOMENCLATURE
Symbols
temperature coefficient of resistance of
𝑎𝑤
wire material
heat capacity of wire material
𝑐𝑤
wire diameter
𝑑𝑤
CTHWA output voltage
𝐸
offset voltage
𝐸𝑏
1d turbulence energy spectrum
𝐸11
3d turbulence energy spectrum
𝐸33
anemometer’s cut-off frequency
𝑓𝑐𝑢𝑡
amplifier gain
𝐺
integral length scale
𝐿
wire length
𝑙𝑤
turbulent kinetic energy
𝑘
thermal conductivity of air
𝑘𝑎
wire time constant
𝑀
bridge time constant
𝑀𝑏
wire mass
𝑚𝑤
amplifier first order time constant
𝑀′
amplifier second order time constant
𝑀′′
Nusselt number
𝑁𝑢
Prandtl number
𝑃𝑟
Reynolds number
𝑅𝑒
decade resistance
𝑅𝑑𝑒𝑐
prongs, stem and cable resistance
𝑟𝐿

𝑅𝑟𝑒𝑓
𝑅𝑤
𝑅0
𝑅1
𝑅2
𝑅∗
𝑠𝑘𝑒𝑤
𝑇
𝑇𝑢
̅
𝑈
𝑢̅′

wire resistance at reference temperature
instantaneous wire resistance
wire resistance at flow temperature
bridge top left resistance
bridge top right resistance
wire resistance for a balanced bridge
velocity signal skewness
integral time scale
turbulence intensity
mean velocity
root mean square of velocity
fluctuations

Greek letters
voltage difference at bridge diagonal
𝛿
turbulent kinetic energy dissipation
𝜀
kolmogorov length scale
𝜂
wavenumber
𝜅
wavenumber 1d
𝜅1
autocorrelation coefficient
𝜌
Abbreviations
CTHWA Constant temperature hot wire
anemometry
FFT
Fast Fourier Transform
OHR
Overheat ratio
INTRODUCTION
A detailed characterization of turbulence in
turbomachinery flows is essential to improve our
understanding of the complex flow phenomena
taking place, like heat transfer, mixing and loss
generation. This characterization should extend
beyond measuring just the intensity of the turbulent
fluctuations, as the structure of the turbulent
flowfield is known to have a significant effect [1].
Moreover, with the increasing use of high-fidelity
CFD, like LES and DNS, the turbulent flowfield
can be simulated, and therefore experimentally
obtained higher-order turbulence statistics should
be available for validation [2].
Constant Temperature Hot Wire Anemometry
(CTHWA) is one of the most popular measurement
tools for turbulence research thanks to its high
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frequency response, high spatial resolution and
good signal to noise ratio [3]. As every
measurement technique, CTHWA is subject to
different sources of errors including, but not limited
to, calibration errors, errors due to mean fluid
temperature variations and spatial resolution errors.
The first two sources of errors have been
extensively investigated. The filtering effect on the
measured fluctuations due to the limited spatial
resolution of the hot wire sensor has been
extensively treated as well, and a review of
different studies considering both isotropic and
anisotropic turbulence can be found in [4].
Another source of errors is the dynamic
response of CTHWAs. A CTHWA is composed of
a hot wire probe and an electronic control unit,
which consists of a Wheatstone bridge (the hot
wire is part of the active leg of the bridge) and a
feedback loop which adjusts the current to keep the
temperature of the wire constant. The dynamic
response of the system is, therefore, defined by the
properties of the wire and the electronics. The
common way to use CTHWA is to optimize the
dynamic response for one operating point using the
well-known square wave test and use static
calibration laws to retrieve the instantaneous
velocity, assuming a flat frequency response up to
the cut-off frequency. This practice neglects the
following sources of potential errors:
 The attenuation of fluctuations due to the heat
conduction to the wire supports.
 The fact that the square wave test doesn’t
guarantee a flat frequency response up to the
cut-off frequency and can result in
amplification or damping of fluctuations.
 The non-linear nature of the governing
equations.
The first point has been the subject of many
investigations. As the conduction depends strongly
on the wires’ length to diameter ratio (lw/dw),
different design criteria have been proposed for
negligible attenuation. In their well-known study,
Ligrani & Bradshaw [5] suggested that the length
to diameter ratio should be higher than 200 for
measurements in the viscous sublayer of a turbulent
boundary layer, while, more recently, Hultmark et
al. [6] proposed a new criterion that considers also
the flow conditions and the wire material. Li [7], on
the other hand, proposed a correction scheme using
a digital filter to correct the effect of the attenuation
a posteriori. The second point can be addressed by
using a transfer function obtained by the squarewave test to correct the amplitude of the turbulence
spectra, as suggested by Weiss et al. [8].
The third point is probably the most
overlooked and it is the focus of the present
investigation. Freymuth [9] developed the nonlinear theory for CTHWA and demonstrated that
for a well-tuned system and small fluctuations,
their behavior can be sufficiently described by a
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third order linear equation. Thereafter, most
investigations have focused on the linear theory
and most experimental investigations neglect nonlinear effects even for large fluctuations (see for
example [10]). Freymuth [11] demonstrated that
non-linear effects become important when the
amplitude or the frequency of the fluctuations
increase. Fluctuations as large as 50% of the mean
velocity fall in the linear regime when their
frequency is lower than 10% of the cut-off
frequency of the anemometer. The non-linearity
has a small effect on the intensity of the fluctuation
but affects significantly odd moments like the
skewness. Weiss et al. [12] verified Freymuth’s
[11] analytical results by solving numerically the
system of non-linear equations and comparing with
experimental results by electronic testing for three
different anemometers. This non-linear behavior
has been investigated for Constant Current
Anemometry (CCA) by Comte-Bellot & Schon
[13] and for Constant Voltage Anemometry (CVA)
by Berson et al. [14]. Berson et al. [14] applied a
post-processing algorithm to correct for
nonlinearities by inversely solving the differential
equations characterizing the CVA’s response. No
similar method is available for CCA or CTA in the
author’s knowledge.
In the present work, the non-linear model of
Freymuth [9] and Weiss et al. [12] is employed to
investigate the effects of the dynamic response on
turbulence measurements, in flow conditions that
are of interest for turbomachinery applications.
Indeed, turbomachinery flows are characterized by
large fluctuations and high turbulence levels. Even
in laboratory testing with grid-generated
turbulence, the trend is to increase the inlet
turbulence intensity to more realistic levels,
reaching values between 10% and 20%. Therefore,
it is probable that the small-fluctuations assumption
is not valid for many turbomachinery applications
and that errors can occur to turbulence
measurements due to the non-linearity of the
CTHWA dynamic response. Unlike the previous
works for CTA, where the effects of non-linearity
were evaluated using sinusoidal fluctuations as
input signal, synthetic turbulent flow fluctuations
with varying levels of turbulence intensity and
length scales are used in the present work.
CTHWA DYNAMIC RESPONSE MODEL
Governing equations
A CTHWA system is composed by a hot-wire
probe and an electronic unit. A schematic of a
simplified circuit is presented in Figure 1. The hot
wire probe is connected at the bottom left leg of the
Wheatstone bridge, with 𝑅𝑤 the resistance of the
wire and 𝑟𝐿 the resistance of the prongs, stem and
cable. The resistance 𝑅𝑑𝑒𝑐 is adjustable and it is
used to set the desired overheat ratio. The
resistance 𝑅𝑤 is maintained constant by the
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feedback amplifier, which adjusts the current to
compensate for resistance fluctuations.
As mentioned before, the model of Freymuth
[2] and Weiss et al. [8] is used to simulate the
dynamic behavior of a CTHWA system. Three
equations are needed: an equation for the
Wheatstone bridge, one for the feedback amplifier
and one for the wire.

𝑅𝑟𝑒𝑓 is the wire resistance at a reference
temperature of 𝑇𝑟𝑒𝑓 = 20 °𝐶
and 𝑅0 is the
resistance of the wire when it is placed unheated in
the flow. It is defined as: 𝑅0 = 𝑅𝑟𝑒𝑓 (1 +
𝑎𝑤 (𝑇0 − 𝑇𝑟𝑒𝑓 )) where 𝑇0 is the total temperature of
the flow and 𝑎𝑤 is the wire material’s temperature
coefficient of resistance.
Equations (1) – (3) form a system of non-linear
ODEs which is solved with a 4th order Runge-Kutta
method. The forcing function is the Nusselt number
Nu(t) which is related to the flow conditions using
the following correlation [3]:
𝑁𝑢(𝑡) = 0.42Pr0.2 + 0.57𝑃𝑟 0.33 𝑅𝑒(𝑡)0.5

(4)

For a constant Prandtl number (given fluid and
small temperature variations), 𝑁𝑢(𝑡) = 𝑓(𝑅𝑒(𝑡)).
The Reynolds number is based on the wire
diameter.
Figure 1: Simplified circuit of a CTHWA

The equation representing the behavior of the
Wheatstone bridge is the following:
𝛿=

(𝑅1

𝑅1 (𝑅∗ − 𝑅𝑤 )
𝑑𝐸
𝐸 + 𝑀𝐵
+ 𝑟𝐿 )(𝑅1 + 𝑅𝑤 + 𝑟𝐿 )
𝑑𝑡

+ 𝑅∗

(1)

where 𝛿 is the voltage difference at the bridge
diagonal (𝛿 = 𝑉𝐵 − 𝑉𝐴 ), see Figure (1)), 𝑅 ∗ is the
value of the operating wire resistance for a
balanced bridge (the set value), E is the bridge
output voltage and 𝑀𝐵 a time constant used to take
into account the high frequency effects due to
reactive elements in the bridge.
The equation simulating the behavior of the
amplifier is a second order linear equation:
𝑑2 𝐸
𝑑𝐸
(2)
′′
′
𝑀

′′

𝑑𝑡 2

+𝑀
′

𝑑𝑡

+ 𝐸 = 𝐺𝛿 + 𝐸𝑏

where 𝑀 and 𝑀 are the first and second order
time
constants of the amplifier and 𝐺 is the gain. 𝐸𝑏 is
the
offset voltage of the amplifier which can be
adjusted
to ensure a stable operation.
The wire equation has been modified to
consider a nondimensional calibration law for the
convective heat transfer (𝑁𝑢 = 𝑓 (𝑅𝑒) instead of
𝐸 = 𝑓 (𝑈)). The equation can be expressed as
follows:
𝑚𝑤 𝑐𝑤 𝑑𝑅𝑤
=
𝑎𝑅𝑟𝑒𝑓 𝑑𝑡

𝐸2

𝑅𝑤
(𝑅1 + 𝑟𝐿 + 𝑅𝑤 )2

(3)

−𝜋𝑙𝑤 𝑘𝑁𝑢𝑎𝑤 𝑅𝑟𝑒𝑓 (𝑅𝑤 − 𝑅0 )

The LHS expresses the heat accumulation in the
wire, while at the RHS the first term expresses the
Joule heating and the second term the convection
losses. 𝑅𝑤 is the instantaneous wire resistance,

Model parameters
The model parameters are defined by the wire
properties and the circuit adjustment. A tungsten
wire with a diameter of 𝑑𝑤 = 5 µ𝑚 and length of
𝑙𝑤 = 1 𝑚𝑚 is considered. The corresponding mass,
temperature coefficient of resistance, heat capacity
and reference resistance are as follows: 𝑚𝑤 =
3.78 ∙ 10−10 𝑘𝑔/𝑚3 , 𝑎𝑤 = 0.0036 𝐾 −1 ,
𝑐𝑤 =
133.9 𝐽/𝑘𝑔 ∙ 𝐾, 𝑅𝑟𝑒𝑓 = 3 𝑂ℎ𝑚. The resistances 𝑅1
and 𝑅2 depend on the anemometer. In this case, a
top resistance of 𝑅1 = 20 𝑂ℎ𝑚 is used and a bridge
ratio of 20, which leads to 𝑅2 = 400 𝑂ℎ𝑚. The
overheat ratio OHR (𝑂𝐻𝑅 =

𝑅 ∗ −𝑅𝑟𝑒𝑓
𝑅𝑟𝑒𝑓

) is set to 0.58

which corresponds to an operating wire resistance
of 𝑅 ∗ = 4.748 𝑂ℎ𝑚 and an operating temperature
of 𝑇𝑤 = 455 𝐾. The resistance of the prongs, stem
and cable is set to 𝑟𝐿 = 1.63 𝑂ℎ𝑚 and the decade
resistance is set as: 𝑅𝑑𝑒𝑐 = 20 ∙ (𝑟𝐿 + 𝑅∗ ) =
127.56 𝑂ℎ𝑚.
The parameters 𝐺, 𝑀′′ , 𝑀′ , 𝑀𝑏 and 𝐸𝑏
determine the dynamic behavior of the system for
fixed wire properties. According to Freymuth [11]
and Weiss et al. [12], the cut-off frequency of the
anemometer is determined by the time constant
(𝑀𝑀′′ ⁄𝐺 )1/3 . M is the wire time constant defined
as:
𝛭=

1 (𝑅1 + 𝑅∗ + 𝑟𝐿 )2
𝑚𝑤 𝑐𝑤
2
𝑅1
𝑓(𝑅𝑒)𝜋𝑙𝑤 𝑘(𝑅∗ − 𝑅0 )

(5)

and 𝑀′′ and 𝐺 are characteristics of the
anemometer’s amplifier. In our case, since 𝑀 is
fixed, 𝑀′′ and 𝐺 are varied to change the cut-off
frequency of the system. Assuming that the
amplifier consists of two identical stages, the first
order time constant is computed as 𝑀′ = 0.5√𝑀′′ .
𝑀𝑏 and 𝐸𝑏 can be adjusted to optimize the dynamic
response. For a maximally flat frequency response,
𝑀𝑏 and 𝐸𝑏 are computed as can be seen in
Freymuth [11] and Weiss et al. [12].
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In the present case, the anemometer is
optimized for flow conditions of 𝑀𝑎𝑐ℎ = 0.2 and
𝑇0 = 300 𝐾 which correspond to a Reynolds
number of 𝑅𝑒 = 22. Three different anemometer
circuits are considered to evaluate the effect of the
system’s cut-off frequency to the results. Their
parameters are given in Table 1.
Table 1: Parameters of CTA systems
CTA no
1
2
3
34
44
57
𝒇𝒄𝒖𝒕 [𝒌𝑯𝒛]
755
1100
1820
𝑮
𝑴′′ [𝒔]
5.2 10−12 2.9 10−12
1.9 10−12
𝑴′ [𝒔]
4.5 10−6
3.5 10−6
2.8 10−6
−10
−10
𝑴𝒃 [𝒔]
5.9 10
2.1 10
−5.3 10−11
𝑬𝒃 [V]
3.7
3.97
4.87

The cut-off frequency is the frequency
corresponding to a signal attenuation of -3 dB. The
system’s transfer function is evaluated by its
response to a Reynolds impulse. The corresponding
transfer functions are presented in Figure 2.

Figure 2: CTAs amplitude transfer function

SYNTHETIC TURBULENCE SIGNAL
In order to create a realistic turbulent velocity
signal as input to the dynamic response model, a
theoretical model for the turbulence energy
spectrum is used. Pope’s [15] model is employed,
which expresses the 3D turbulent kinetic energy as
a function of wave number:
2

length scale L and the kinematic viscosity ν, which
is defined by the mean flow properties. These
properties can be linked to the turbulent kinetic
energy k, the dissipation ε and the Kolmogorov
length scale η, assuming isotropic turbulence and
using scaling laws:
√2𝑘/3
(9)
𝑇𝑢 =
̅
𝑈
𝑘 2/3
(10)
𝐿=
𝜀
𝜂
(11)
= 𝑅𝑒𝐿 −3/4
𝐿
where 𝑅𝑒𝐿 is the Reynolds number based on the
integral length scale. The 3D turbulence spectrum
can now be computed by eq. (6), where 𝐶 = 1.5,
𝛽 = 5.2 and 𝑝0 = 2 are empirically defined
constants and 𝑐𝜂 ≈ 0.4, 𝑐𝐿 = 6.78 for high
Reynolds number.
For isotropic turbulence, the 1d turbulence
spectrum can be computed as:
∞
𝐸33 (𝜅)
𝜅12
(12)
𝐸11 (𝜅1 ) = ∫
(1 − 2 )𝑑𝜅
𝜅
𝜅
𝜅1
Using Taylor’s [16] frozen vortex hypothesis,
𝜅 ∙𝑈
(𝑓 = 1 ) the spectrum can be expressed in terms
2𝜋
of frequency. The velocity time signal can then be
retrieved by the inverse FFT of the complex signal
𝑧 = 𝑟(𝑐𝑜𝑠(𝜑) + 𝑖 ∙ 𝑠𝑖𝑛(𝜑)) The amplitude 𝑟 is
retrieved by the energy spectrum and random phase
values are generated, uniformly distributed
between 0 and 2𝜋.
Examples of the resulting 1d turbulence
spectrum and velocity signal for different values of
turbulence intensity and length scales are presented
in Figure 3 and Figure 4. It can be seen that for the
same turbulence intensity and smaller length scale,
the high energy region of the spectrum has a lower
energy content but extends to higher frequencies.
In other words, for small integral length scales the
large-amplitude fluctuations are faster.

5

𝐸33 (𝜅) = 𝐶𝜀 3 𝑘 −3 𝑓𝐿 (𝜅𝐿)𝑓𝜂 (𝜅𝜂)

(6)

where 𝑓𝐿 and 𝑓𝜂 are functions defining the shape of
the energy-containing and dissipation range
respectively and are defined as:
5

+𝑝
3 0
𝜅𝐿
𝑓𝐿 (𝜅𝐿) = (
)
[(𝜅𝐿)2 + 𝑐𝐿 ]1/2

(7)

1

𝑓𝜂 (𝜅𝜂) = exp(−𝛽([(𝜅𝜂)4 + 𝑐𝜂 4 ]4 − 𝑐𝜂 ))

(8)

The inputs that define the shape of the 1d
turbulence spectrum are the turbulence intensity Tu
(based on the longitudinal velocity), the integral
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Figure 3: 1d spectrum for different values of
turbulence intensity and integral length scale

XXIV Biennial Symposium on Measuring Techniques in Turbomachinery
Prague, Czech Republic, 29 - 31 August 2018
_____________________________________________________________________________________________________
first three turbulence levels are presented in
Figure 6. The amplitude transfer function for CTA
1 is given as well. The input and output spectra
match well, until the frequency for which
attenuation starts, as indicated by the transfer
function. The underestimation of 𝑢̅′ is therefore
due to the limited bandwidth of the CTA system
which leads to attenuation of the output signal at
high frequencies.

Figure 4: Turbulent velocity time series for
different values of turbulence intensity and length
scales

RESULTS AND DISCUSSION
Synthetic turbulence fluctuations generated
with the method previously explained are
superimposed to a uniform mean flow of 𝑀𝑎𝑐ℎ =
0.2 and 𝑇0 = 300 𝐾. The turbulence intensity
varies between 0.5% and 22%, while the integral
length scale between 0.78 mm and 2.3 cm. The
synthetic velocity signal is used to create a
synthetic Reynolds number 𝑅𝑒(𝑡), and using Eq.
(4), the forcing function 𝑁𝑢(𝑡). The system of
equations (1) - (3) is then solved for all 3
anemometers and the output signal is compared to
the input. The errors on the measured fluctuations’
rms, integral length scale and skewness due to the
CTHWA dynamic response are evaluated.

Figure 5: Relative error on the rms of the
fluctuations for CTA 1 (𝑓𝑐𝑢𝑡 = 34 𝑘𝐻𝑧) as a
function of input Tu and L.

Errors as a function of input Tu and L
In this section, the errors on the measured
turbulence quantities are evaluated as a function of
the input turbulence level and length scale for a
given anemometer. CTA 1 is selected as it features
the lowest cut-off frequency (34 𝑘𝐻𝑧) and thus
represents the most critical case.
The root mean square of the velocity
fluctuations, 𝑢̅′ , is defined as:
1/2
1 𝑡0+𝛥𝑇
̅̅̅2 𝑑𝑡]
(13)
𝑢̅′ = [ ∫
(𝑈(𝑡) − ̅𝑈)
𝛥𝑇 𝑡0
The relative error on 𝑢̅′ 𝑜𝑢𝑡 is presented in Figure 5
for CTA 1, where the relative error for a parameter
x is defined as:
𝑎𝑏𝑠(𝑥𝑖𝑛 − 𝑥𝑜𝑢𝑡 )
(14)
𝑒𝑟𝑟𝑜𝑟𝑥,𝑜𝑢𝑡 = 100%
𝑥𝑖𝑛
It can be seen that the error increases for
smaller length scales. As previously observed, this
is explained by the extension of the high energy
region of the spectrum to higher frequencies. The
error is also a function of the turbulence intensity
for small values but reaches a plateau for 𝑇𝑢𝑖𝑛 >
2.5%. To better understand this behavior, the input
and output energy spectrum for L=1.8 mm and the

Figure 6: Input and output turbulence energy
spectrum for L=1.8 mm and three turbulence
levels.

In temporal measurements, the integral length
scale can be computed using Taylor’s frozen vortex
hypothesis [16], by multiplying the integral time
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scale by a convective velocity, which is usually
considered equal to the local mean velocity. The
integral time scale 𝑇 expresses the time interval for
which the velocity signal is correlated and can be
computed as:
∞

𝑇 = ∫ 𝜌(𝜏)𝑑𝜏

(15)

0

where 𝜌(𝜏) is the autocorrelation coefficient:
𝜌(𝜏) =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
𝑢(𝑡)𝑢(𝑡 + 𝜏)
̅̅̅̅̅̅̅
𝑢2 (𝑡)

(16)

Figure 8: Absolute error on the output skewness
for CTA 2 , as a function of input Tu and L

Figure 7: Relative error on the output length
scale for CTA 1 , as a function of input Tu and L

The relative error on the output length scale as
a function of turbulence level and input length
scale is presented in Figure 7 for CTA 1. It features
a similar behavior to the error in 𝑢̅′ . This is due to
small differences between the input and output
autocorrelation functions at short time lags.
The third order central moment, or skewness,
is a measure of the lack of symmetry of the
distribution and is zero for a symmetric
distribution. It is computed as:
1 1 𝑡0+𝛥𝑇
̅̅̅̅3 𝑑𝑡
(17)
𝑠𝑘𝑒𝑤 = 3
∫
(𝑈(𝑡) − 𝑈)
′
𝛥𝑇
̅
𝑢
𝑡0
The absolute error for the output skewness is
presented in Figure 8. The absolute error is
presented instead of the relative one, as the relative
does not show a clear trend with respect to the
input parameters. Moreover, this allows to compare
with the results of Weiss et al. [12]. It is verified
that the skewness is increased by the presence of
large fluctuations at high frequencies, as a clear
dependency on Tu and L can be seen.
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Errors as a function of the anemometer’s
cut-off
In this section, the results of all the
anemometers are considered. As expected, the
anemometers with higher cut-off frequency
perform better and feature reduced errors. The
critical parameters are the position of the cut-off
relative to the shape of the turbulence spectrum and
the turbulence level. Therefore, the errors are
plotted as a function of 𝑇𝑢 and 𝑓𝐿 ⁄𝑓𝑐𝑢𝑡 , where
̅⁄𝐿 is a characteristic frequency of the
𝑓𝐿 = 𝑈
spectrum which corresponds approximately to the
middle of the inertial range.

Figure 9: Relative error on the rms of the
fluctuations for all anemometers as a function of
input Tu and 𝑓𝐿 ⁄𝑓𝑐𝑢𝑡 .

The relative errors on 𝑢̅′ and L and the
absolute error on the skewness are presented in
Figures 9 – 11. The same trend is observed overall
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as in the previous section for CTA 1. Therefore, we
can use these results to evaluate the magnitude of
errors for turbulence measurements with optimally
adjusted anemometers (for maximally flat
frequency response). Two turbomachinery related
examples are presented in the next subsection.

velocities, the high energy content is restricted to
the low frequency range and the errors due to the
dynamic response are minimized.

Figure 11: Absolute error on the output skewness
for all anemometers, as a function of input Tu
and 𝑓𝐿 ⁄𝑓𝑐𝑢𝑡 .
Figure 10: Relative error on the integral length
scale for all anemometers as a function of input
Tu and 𝑓𝐿 ⁄𝑓𝑐𝑢𝑡 .

Application examples
The results of the previous analysis can be
used to define the instrument’s bandwidth
requirements for a specific application or they can
be employed in the framework of an uncertainty
analysis after measurements have been performed.
This will be demonstrated for two typical examples
of laboratory flows.
The first case is high-intensity, large-scale inlet
turbulence for wind tunnel testing of high pressure
turbine blades. For representative heat transfer
measurements, the turbulence field at the
combustor exit must be simulated, which is
characterized by high turbulence intensity and large
length scales. Many works exist in the literature,
for example Ames & Plesniak [17] and van Fossen
et al. [18]. The turbulent field characteristics for
these works are 𝑇𝑢 = 28.5% − 𝐿 = 3.3 𝑐𝑚 and
𝑇𝑢 = 12 % − 𝐿 = 3.3 𝑐𝑚 respectively. Assuming
three different inlet Mach numbers of 0.1, 0.15 and
0.2 and ambient temperature, the characteristic
frequency 𝑓𝐿 can be computed for each condition as
1 kHz, 1.5 kHz and 2 kHz respectively. In this
case, even for a CTHWA with a low cut-off
frequency of 15 kHz, the parameter 𝑓𝐿 ⁄𝑓𝑐𝑢𝑡 ranges
from 0.067 – 0.13. As can be seen from Figures 9
and 10, the error is negligible for both 𝑢̅′ and L, for
both turbulence levels considered. From Figure 11
we can see that the error in the skewness is less
than 0.002 for Tu=12% and less than 0.01 by
extrapolating to Tu=28%.
Despite the high
turbulence levels, this case is rather favorable.
Thanks to the large length scales and the low mean

The second case is turbulence measurements
inside a blade wake. This case is characterized by
high turbulence intensity (in the range of 10-15%,
e.g. in [19]) but small length scales, of the order of
magnitude of the trailing edge thickness. The Mach
number can vary significantly depending on lowspeed or high-speed testing. For a turbulence
intensity level of 10%, a length scale of 2 mm and
a Mach number of 0.3, the characteristic frequency
𝑓𝐿 is equal to 51.5 kHz. From Figures 9 and 10 it
can be seen that to keep the error on 𝑢̅′ less than
1%, 𝑓𝐿 ⁄𝑓𝑐𝑢𝑡 must be lower than 1 and 𝑓𝑐𝑢𝑡 must be
at least 51.5 kHz. For the same 𝑓𝑐𝑢𝑡 , the error on L
is around 3-4%. Finally, the absolute error on the
skewness is around 0.01 from Figure 11. This case
is more problematic due to the small length scales,
as a significant part of the spectrum extends in the
high frequency range. Anemometers with high
frequency response should be used and the
magnitude of possible errors should be evaluated.
In this section, two turbomachinery flow
examples have been used to illustrate how the
results of the previous analysis could be exploited.
Before being universally used, it must be
remembered that the analysis is based on a
simplified anemometer circuit and optimally
adjusted anemometers for maximally flat frequency
response. Nevertheless, it is believed that a good
estimate of the errors can be provided in any case.
CONCLUSIONS
Synthetic turbulence signals of varying
turbulence levels and length scales are used
together with a non-linear dynamic response model
to evaluate the effects of the dynamic response of
CTHWA on the measurement of turbulence

189

CTHWA
Dynamic Response Effects on Turbulence Measurements in Turbomachinery Flows
_____________________________________________________________________________________________________
parameters. Errors due to limited bandwidth and
non-linearity are considered. The latter has been
shown to be important for large-amplitude and high
frequency fluctuations as the ones encountered in
turbomachinery flows.
The results show that the errors in the
measurement of the rms of the turbulence
fluctuations and the integral length scale, mainly
occur due to the limited bandwidth of the
instrument and are a function of the ratio 𝑓𝐿 ⁄𝑓𝑐𝑢𝑡 ,
where 𝑓𝐿 is a characteristic frequency of the
turbulence spectrum and 𝑓𝑐𝑢𝑡 the cut-off frequency
of the anemometer. The error on the skewness is
affected both by 𝑓𝐿 ⁄𝑓𝑐𝑢𝑡 and the turbulence level,
and stems from the non-linearity of the system. The
effect of the cut-off frequency of the anemometer is
examined by considering three anemometers with
the same wire but different amplifier
characteristics. All three are optimally adjusted for
maximally flat response following Freymuth [11]
and Weiss et al. [12].
Two turbomachinery flow examples are used
to illustrate the importance of this analysis: highintensity, large-scale turbulence typical of the inlet
flow for high pressure turbine wind tunnel testing,
and blade wake turbulence, characterized by high
intensity and small length scales. The second case
is more critical for errors stemming from the
dynamic response, due to the small-scale
turbulence where the high energy range extends to
higher frequencies.
This analysis can be used to evaluate the errors
stemming from the dynamic response of CTHWAs
or used to select appropriate instruments in order to
minimize such errors. The continuation of this
work will include rotor flows with different
turbulence contents, to evaluate the dynamic
response errors at the more challenging conditions
of rotating wake flow.
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