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Abstract

The spatial and temporal resolution of a fast-response aerodynamic pressure probe (FRAP) is investigated in a benchmark
flow of grid-generated turbulence. A grid with a mesh size of M = 6.4 mm is tested for two different free-stream velocities,
hence, resulting in Reynolds numbers of Re,, = {4300, 12800}. A thorough analysis of the applicability of the underlying
assumptions with regard to turbulence isotropy and homogeneity is carried out. Taylor’s frozen turbulence hypothesis is
assumed for the calculation of deducible flow quantities, like the turbulent kinetic energy or the dissipation rate. Further-
more, besides the examination of statistical quantities, velocity spectra of measurements downstream of the grid are quanti-
fied. Results of a small fast-response five-hole pressure probe equipped with piezo-resistive differential pressure sensors
are compared to single-wire hot-wire constant temperature anemometry data for two different wire lengths. Estimates of
temporal and spatial turbulent scales (e.g., Taylor micro scale and Kolmogorov length scale) show good agreement to data
in the literature but are affected by filtering effects. Especially in the energy spectra, very high bandwidth content cannot be
resolved by the FRAP, which is mainly due to bandwidth limits in the temporal calibration of the FRAP and the minimal
resolution of the integrated sensors.
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1 Introduction

The unsteady flow field in the wake of objects is of great
interest in experimental aerodynamics. Therefore, measure-
ment techniques that are capable of acquiring this unsteadi-
ness can help to understand highly fluctuating phenomena.
Beside optical techniques, e.g., particle image velocimetry,
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of Mechanical Engineering, Technical University of Munich, in the past decades. The best known method is hot-wire
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constant temperature anemometry (CTA). In order to over-
come the downsides of hot-wire probes (e.g., fragility and
high calibration effort), fast-response multi-hole aerody-
namic probes (FRAP) have been investigated in several
research groups worldwide (see, e.g., Johansen (2001) and
Kupferschmied et al. (2000)). Compared to steady pressure
probes, a temporal calibration of the acoustic behavior of the
line-cavity system inside the probe is determined in addition
to the spatial calibration (Heckmeier et al. (2019)). Due to
resonance and damping effects in the acoustic system and
due to the outer dimensions of the probe, both spatial and
temporal filtering effects of the velocity fluctuations are
expected. The measurement of turbulent flows with tur-
bulence length and time scales (e.g., Kolmogorov length
scale 77) smaller than the corresponding probe sensing length
and bandwidth is challenging. In order to quantify hot-wire
probe resolution, Ashok et al. (2012) and Bailey et al. (2010)
examined various hot-wire CTA probes with different wire
lengths in grid-generated turbulence. Hence, in this paper, a
similar wind-tunnel setup is used to characterize and validate
the FRAP spatial and temporal measurement behavior. A
comparison to hot-wire data and to data from the literature
is conducted, since no validation with pressure probes has
been carried out so far for grid-generated turbulence meas-
urements in the literature.

In the first part of this paper, a theoretical introduction on
grid-generated turbulence is given. Thereafter, general infor-
mation on the calibration, the specification and assembly of
the FRAP and the used hot-wire probes are discussed. The
experimental setup in the wind tunnel of the Chair of Aero-
dynamics and Fluid Mechanics (TUM-AER) is described.
In the last part, the results regarding spatial and temporal
resolution of the probe are discussed and an outlook is given.

2 Grid-generated turbulence theory

As mentioned, grid-generated turbulence is well docu-
mented in the literature. Therefore, a theoretical introduc-
tion is given, before discussing the experimental results. A
statistical analysis of grid-generated turbulence can be per-
formed by evaluating higher-order moments (like second and
third central statistical moment) (see Reynolds (1895); and
Taylor (1935)). The nomenclature for the velocity vector is
(1, Uy, u3), and the velocity can be expressed by its mean
value and the fluctuation around the mean u; = (u;) + u. The
magnitude of the velocity vector is denoted as U. In grid-
generated flows, the mean velocity component in stream-
wise direction is approximately the mean velocity magni-
tude (u,) = (U). The degree of anisotropy DA measures if
isotropy is given and relates the variances of the velocity
component fluctuations (u;2 ¥
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For an isotropic flow, the velocity component variances are
. . 2 _ 2 _ 2 .
similar (u*) = (u}) = (u£’) and DA approaches 1. For grid-
generated turbulence, values DA > 1 are stated in the litera-
ture (see Ting (2016)). As a measure for the homogeneity,
the third central moment of the velocity fluctuation can be
used. When both isotropy and homogeneity can be assumed,
the turbulent kinetic energy (TKE) K is approximated by the

following equation:
P R R R G

~ (P o)
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Furthermore, the decay of turbulent kinetic energy can be
expressed as a function of the normalized distance x/M
downstream of the grid:

wr A5 ®

Here, x,, describes the virtual origin of the turbulent kinetic
energy decay. The coefficients A and n can be fitted with
measurement data. The coefficient A depends on the grid
dimensions and the applied Reynolds number. According
to the literature, the exponent lies between 1.15 < n < 1.45
(see Pope (2011)).

By using Taylor’s hypothesis of “frozen turbulence,” the
dissipation rate £ for homogeneous, isotropic turbulence
can be calculated and the spatial development of the flow
can be inferred from the temporal properties. Furthermore,
the dissipation rate can be approximated by assuming a
homogeneous isotropic turbulent (HIT) flow. The dissipa-
tion rate € corresponds to the decay of the TKE over time:

3 d W)+ Ul + () N d 3, n
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Hereby, turbulent length scales can be defined, which
describe the size of eddies in the turbulent energy cascade.
The Taylor micro scale A indicates the size of the largest vor-
tex structures in the dissipative range and can be expressed
as a function of the dissipation rate € and the kinematic vis-
cosity v (Kolmogorov (1991)):

12
A= 15v<u1 ) &)
E

Furthermore, a turbulence Reynolds number Re, that is cal-
culated with the Taylor micro scale can be used as a figure
of similarity for turbulent flows and is given by:
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As a measure for the lower size limit of the dissipation
range, the Kolmogorov length scale # is defined. Here, the
turbulent kinetic energy is dissipated into heat due to domi-
nating viscous effects.

1/4

v\ Y
n=\—
£

Further turbulence measures, the Kolmogorov velocity u,

and time scales 7, as functions of € and v can be deduced
by dimensional analysis:
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For the spectral examination of the grid-generated turbu-
lence, the normalized kinetic energy is calculated and shown
as a function of the non-dimensional variable k. Hereby,
the wave number k is defined as k=2 -z -f/(U). For

de-noising the measured signals, the following procedure
is applied on all hot-wire and FRAP signals ensuring an

®

analogous post-processing workflow: The velocity signal is
split in evenly distributed parts of Az = 1 s and averaged in
the time domain. With a sampling rate of f; = 50 kHz, this
step results in f, /At = 50k averaged samples. Moreover, fur-
ther filtering in the frequency domain is applied. Figure 1
shows the filtering procedure exemplary for a measurement
downstream of the grid. The noisy initial signal is averaged
and filtered after transformation into the frequency domain.
A 1-D median filter of 20th order and a Savitzky—Golay
finite impulse filter (FIR) of 1st order and a frame length of
999 Hz are further applied on the signal, using MATLAB’s
inbuilt functions medfilt] and sgolayfilt, respectively (Math-
Works (2020)).

3 Experimental setup

In the first part of this section, the measurement equipment
for the grid-generated turbulence investigations is explained.
The focus lies on the multi-hole pressure probe. Moreover,
since the pressure probe data are compared to hot-wire CTA
probe measurements, the basic characteristics of the used
CTA equipment are given. In the second part, the wind tun-
nel setup with the grid is documented. A fast-response five-
hole probe, as depicted in Fig 2a, is assembled to measure
the flow field downstream of the grid. The probe head of

Fig.1 Application of averaging 1073
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Fig.2 a Fast-response five-hole
probe equipped with piezo-
resistive sensors and b single-
wire probe

(a) FrAP

the FRAP is additive manufactured. The hemispheric probe
head and the cavities for the placement of the pressure sen-
sors are post-manufactured in a cutting step. The probe is
equipped with five differential piezo-resistive pressure sen-
sors (Meggitt Endevco 8507C-2), which are pressurized with
the ambient pressure outside of the wind tunnel as reference
pressure. The sensors are surrounded with a silicone tub-
ing and pressed into the cavities in order to avoid leakage
(Heckmeier et al. (2019)). The reference pressure lines of
the differential transducer are merged in a manifold, so only
one pressure tubing is connected to the reference pressure.
The sensors are connected to NI 9237 data acquisition cards,
which transmit the data to the Labview-controlled computer.
The 24-bit A/D-conversion of the typical input voltage range
of £25 mV /V for 3.3 V excitation voltage yields a least sig-
nificant bit (LSB) of E; 5 = 9.8 nV, resulting in a minimal
detectable pressure of around p; ¢z ~ 5 - 10~ Pa depending
on the linear calibration coefficient (in [Pa/V]) of the respec-
tive pressure sensor. A sketch of the measurement setup for
the FRAP is shown in Fig. 3.

Before the usage of the FRAP, it has to be calibrated for
(a) its spatial/aerodynamic and (b) its temporal/transient
characteristic, when exposed into unknown flow fields. In

Fig.3 Fast-response five-hole
probe measurement setup

: 'l“

(b) Dantec 55P11 with I, = 1.25 mm

the following, some details on the respective calibration
process is given. Nevertheless, a more detailed descrip-
tion can be found in Heckmeier et al. (2019) and Heck-
meier and Breitsamter (2020). When measuring the five
pressures and setting them into relation in the reconstruc-
tion process, the flow properties at the probe tip can be
deduced. During the spatial/aerodynamic calibration, pres-
sure data sets for different angle combinations at various
flow velocities are gathered in a free-jet calibration wind
tunnel. Several hundred angle combinations are set and
calibrated, resulting in a maximum reconstruction range
for the FRAP of up to +60°. The acquired pressures are
processed in form of four non-dimensional calibration
coefficients b, b,, A,, and A, which form the basis of
a local interpolation approach based on Johansen et al.
(2001). Here, the calibration data are divided in a low-
angle and high-angle regime. The pressure port with the
highest measured pressure determines the set of cali-
bration coefficients that are used for the reconstruction.
Exemplary, the definition of the high-angle regime coef-
ficients, where one of the circumferential ports p; measures
the highest pressure, is given:

DAQ
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3-axis traversing system
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Pping 9 Controller
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+2z 1
SR || iy
+T / l Deo
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Thereby, p* and p~ denote the pressures at the circumferen-
tial pressure ports in clockwise and counter-clockwise direc-
tion. g denotes the pseudo-dynamic pressure, which is used
to non-dimensionalize the coefficients. p, and p, denote the
total and static pressure of the free-stream flow, respectively.

In the reconstruction procedure, the acquired data
of the five pressure ports py r,pyr, ..., Ps are post-pro-
cessed. Here, the subscript 7 denominates the values at the
unknown test point 7. The non-dimensional coefficients
b, r and b, y are calculated, respectively. In the follow-
ing step, a local-least square interpolation determines the
quantities A, 7, A 7 and ay, fr as functions of f(b, 1, b, 7).
Here, a and g denote the two flow angles. The deduced
Mach number Ma can be calculated as follows (shown for
the high-angle regime):

Pt =Di _At,T “qr (13)

Ps=Pi—Asrqr (14)

Ma 2 -<<’i>7—1> (15)
Kk—1 Ds

U=Ma-c=Ma-\Vx-R-T (16)

Here, c is the speed of sound, k the specific heat ratio and R
the specific gas constant. Lastly, the velocity components u,
v and w can be calculated depending on the reconstructed
quantities:

u= U - cos(a) - cos(f) (17)
v="U -sin(f) (18)
w = U - sin(a) - cos(f) (19)

For the interpolation process in MATLAB, the built-in
Delaunay triangulation function delaunayTriangulation is
applied. Using its object function pointLocation, the trian-
gle enclosing a test point and the barycentric coordinates of
the test point can be determined. Thus, a fast and efficient
interpolation can be ensured.

Furthermore, a temporal/transient calibration of the
line-cavity system inside the probe is performed in a fre-
quency test rig. The acoustic system is mainly dominated
by resonance and attenuation. Bergh and Tijdeman (1965)
analytically formulated a recursive solution for small
disturbances in such systems and for tubes with small
diameters compared to the tube length L/D > 1 (lami-
nar flow and ideal gas law is assumed). The attenuation
and phase shift for the acoustic wave propagation inside
a single-tube system is formulated as the complex ratio
H(®) = P50, (@) /P(w) and is denoted as transfer func-
tion (TF). Richards shows a different approach to describ-
ing the line-cavity system by using an analogy to electrical
transmission lines (Richards (1986)). However, experi-
ments have shown that due to imperfections in the probe
manufacturing or due to a more complex probe assembly,
analytic solutions can solely serve as a first guess (see
Englund and Richards (1984); Wyer et al. (2012); Fiora-
vanti et al. (2016)). Hence, the transfer function is deter-
mined experimentally in a frequency test-rig, where the
investigated object (e.g., the FRAP) and a reference sensor
are mounted in close proximity to each other. Furthermore,
the rig contains a speaker placed directly facing the test
object and the reference sensor in a distance of approxi-
mately 40 mm. It is connected to an amplifier. Acoustic
modes could develop or resonate in the cavity between
the loudspeaker and the test object, and thus, distort the
pressure signal. For this reason, damping material is used
on the one hand and the test object and reference sensor
mount is rotated in several calibration runs to compensate
for the modes. Sinusoidal waves are emitted and recorded
at specified frequency steps (Af = 20 Hz), and hence, the
amplitude ratio and the phase shift are obtained. For this
study, the temporal calibration was performed for frequen-
cies up to 10 kHz in order to compensate for resonance
and attenuation effects (Heckmeier et al. (2019)). Figure 4
depicts the attenuation of the five line-cavity systems of
the FRAP. It is clearly visible that for some higher fre-
quency ranges, the amplitude is attenuated to < 25% of
the initial pressure signal magnitude at the probe tip, high-
lighted by the red, transparent rectangle.

In the temporal reconstruction process, the time series
pressure data are transformed into frequency domain with
a fast Fourier-transformation (FFT) and the TF is applied
on the measured data:

Psensor(a)) = H(CO)Pnp(CD) (20)

By applying an inverse FFT, the reconstructed pressure data
at the probe tip are available and can be further processed
with the spatial reconstruction as described above. Summing
up, Table 1 shows the pressure probe properties including
some geometric dimensions.
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Fig.4 Attenuation of the probe
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Table 1 Five-hole probe properties Table 2 Single-wire probe properties P11
Tip diameter d, 3 mm Wire diameter d,, 5 um
Channel diameter <1mm Wire length /,, Shortened 0.7 mm
Sensor type Differential, Standard 1.25 mm
Pie.ZO_' l,/d, ratio Shortened 140
resistive Standard 250
Sensor gauge pressure range 2 psig Sensor temperature coefficient a, 0.0036 K~
Sensor diameter 2.3 mm .
Overheat ratio 1.8
Voltage LSB E; ¢ [V] ~9.8nV
Pressure LSB p; ¢ [Pa] ~5-107* Pa
Spatial/angular calibration +60°
Temporal calibration 10 kHz As a counterpart to pressure measurement systems, hot-

For the reconstruction of the flow-field properties, the
measured pressures are post-processed taking the calibra-
tion data of both, temporal and spatial, calibrations into
account. A high reconstruction accuracy below 0.2° in
both flow angles and 0.1 m/s in the reconstructed velocity
can be achieved, as shown in Heckmeier and Breitsamter
(2020). Pretests have shown that the temporal characteris-
tics of the probe are limited due to bandwidth restrictions
of the transfer function in the temporal calibration. The
speakers in the frequency test-rig ensured good quality
sound emission only up to 10 kHz. Furthermore, as dis-
cussed before, the minimal resolution of the sensor and
the DAQ-card p; ¢z must be taken into account, since the
expected pressure fluctuations attenuated in the line-cavity
system in the higher kHz-range could be lower than the
minimal resolvable pressure fluctuation. For this case, an
additional digital low pass filter is applied on the pres-
sure data before reconstruction of the flow field properties.
For example, if the pressure fluctuation of sensor 1 lies
in the range of 103 Pa, the signal is further attenuated in
the frequency range around 7 kHz of almost one order of
magnitude, and thus, cannot be resolved due to the LSB-
restriction mentioned before. Hence, the temporal resolu-
tion restriction comes either from the bandwidth of the
temporal calibration or the minimal resolvable pressure
fluctuation.

@ Springer

wire probes are used to validate the FRAP results. A Dan-
tec 55P11 single-wire probe with a standard wire length of
l,, = 1.25 mm (see Fig. 2b) and a retrofitted, shortened probe
with a wire length /|, = 0.7 mm are compared (see Table 2).

The CTA hot-wire probe is operated with a Dantec Stream-
Line Pro constant temperature anemometer. The signal is dig-
itized by a Data-Translation DT9836 16-bit A/D-converter.
After bridge-balancing of the CTA-bridges, the probes are
calibrated in the desired velocity range. The cutoff frequency
inferred from a square-wave test lies above the set low-pass
frequency of the CTA. In order to compensate for temperature
changes during the calibration and the wind tunnel measure-
ments, the voltages are corrected as described in Bearman
(1971):

EcorrZC'EHW_(l_C).O'G 21
where:
C= (22)

The experiments on the grid-generated turbulence are con-
ducted in the “Wind Tunnel B” (W/T-B) of TUM-AER. The
low-speed wind tunnel, which is of Gottingen type (closed-
loop), has a cross section of 4 - b = 1.20 m - 1.55 m. Turbu-
lence intensity without the grid lies below Tu = 1%. At the
nozzle section, a weaved grid with a mesh size M = 6.4 mm
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and a wire diameter of d = 1.6 mm is installed (see Fig. 5).
Hence, the solidity of the mesh s o = (%) (2 - %) = 0.438.

The free-stream velocity is monitored with a Prandtl probe
that is installed upstream of the grid near the nozzle. The
free-stream velocities are set to match the Reynolds numbers
Re,,; = {4300, 12800}. For all types of probes, measurements
are acquired along an x-traverse downstream of the grid. The
x-positions are normalized by the mesh size M and lie
between x/M = (20, 100). Both hot-wire and FRAP data are
sampled with a sampling frequency of f, = 50 kHz. In order
to account for aliasing problems, a low-pass filter below the
Nyquist frequency (f), < f;/2) is set for both acquisition
setups. The measurement time was set to £, = 15 s.

4 Results and discussion
of the grid-generated turbulence

In a first evaluation step, the assumptions made regarding
homogeneous, isotropic turbulence are evaluated as a pre-
requisite for the application of Taylor’s frozen turbulence
hypothesis. The stated equations in sect. 2 are only valid,
if both homogeneity and isotropy are present in the flow
field. In comparison with the literature, where Ashok et al.
(2012) and Bailey et al. (2010) solely stated a homogene-
ous, isotropic flow without any validation, the usage of a
fast-response five-hole probe giving the 3D velocity vector
enables a closer look on the evaluation of the stated prereq-
uisites for further grid-generated turbulence observations in
this paper:

The first assumption is the homogeneity of the flow field.
Hence, three measurement planes with a very fine measure-
ment grid resolution (Ay = Az = M /8 = 0.8 mm) are meas-
ured in the near wake of the grid at x/M = {2, 10,20}. Con-
tour plots of the turbulence intensity 7u at the measurement
planes at Re,, = 4300 are shown in Fig. 6. The turbulence
intensity Tu is defined as:

Fig.5 a Wind tunnel setup
with the FRAP being installed
downstream of the grid in the
nozzle section and b sketch of
the mesh

Fig.6 Homogeneity of the flow downstream of the grid at
x/M = {2,10,20} indicated by the turbulence intensity Tu

VA (R) + ) + @)
)

In the near field of the grid, the flow field is very inhomoge-
neous due to the separation and acceleration of the flow at
the grid. At x/M = 10, the flow field is still strongly influ-
enced by the grid, resulting in a more homogeneous flow
field at x/M = 20. In the backmost measurement plane in
Fig. 6 at x/M = 20, repeat measurements indicated that
turbulence intensities lie between Tu = 0.05 and Tu = 0.1,
which is approximately one order of magnitude higher than
the undisturbed flow at the nozzle in W/T-B at TUM-AER.

In order to investigate the assumption of isotropy, the
degree of anisotropy is observed with the FRAP down-
stream of the grid. In Fig. 7, the degree of anisotropy and
the variances of the three velocity fluctuation components
are depicted. As described in the literature, the component
in streamwise direction is higher compared to the lateral
and vertical components. The difference is decreasing with
a larger distance from the grid. From x/M > 40, the flow
gets more and more isotropic. Moreover, since the vari-
ance of the velocity component in streamwise direction
(u’lz) matches the variance of the velocity magnitude (U'?)
to a very high extent (see Fig. 7b), further evaluations on
grid-generated turbulence are based on the velocity mag-
nitude and its variance, since (u/?) ~ (U'?). However, a

(23)

La
JM
0
U Ha
(b)
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Fig. 8 Normalized 3rd-order statistical moment for Re,, = 4300 (red)
and Re), = 12800 (blue)

certain degree of anisotropy is still present in the wake
of the grid: The degree of anisotropy never falls below
DA = 1.3. In the literature, similar values for DA have
been noted for grid-generated turbulence by Ting (2016).
Nevertheless, for further evaluations steps, the degree
of anisotropy is seen as acceptable. For higher Reynolds
numbers, the degree of anisotropy decreases as expected.

Another indication justifying the assumption of homoge-
neity at distances x/M > 40 is the investigation of higher-
order statistical moments of the velocity magnitude, like
the non-dimensional 3rd-order moment in Fig. 8 for both
Reynolds numbers. The 3rd-order statistical moment is very

@ Springer
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Fig. 9 Decay of the turbulent kinetic energy K as a function of the
normalized streamwise distance (x — x,)/M

low and almost constant for farther downstream measure-
ment points.

The lack of full isotropy, as seen in the discussion before,
leads to the investigation of the error made when applying
the HIT approximation when calculating the TKE and all
deduced quantities, which is being discussed in more detail
in the following: Figure 9 shows the decay of the turbu-
lent kinetic energy K as a function of the normalized dis-
tance x/M downstream the mesh with and without the HIT
approximation. Furthermore, the fit parameters when fitting
the measurement data to the power law in Eq. 3 are investi-
gated. The fitted exponent n = 1.26 fulfills the assumptions
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as mentioned in Pope (2011). Using the aforementioned
approximation, the TKE is overestimated. The relative error
for the TKE is more than 40% in the near wake of the mesh
and decreases with increasing distance. Since Ashok et al.
(2012) solely use data from a single wire CTA probe, it is
assumed that they make a similar error when calculating
deduced quantities in grid-generated turbulence, approxi-
mating U with u,.

As described in Eq. 4, the dissipation rate of the flow
can be deduced from the spatial derivative of the velocity
components variances, when assuming homogeneous, iso-
tropic turbulence and Taylor’s frozen turbulence hypothesis.
In Fig. 10a, the dissipation rate for both Reynolds number
cases is displayed for a) the dissipation rate calculated with
the present 3D variances, viz. without the homogeneous iso-
topic turbulence (HIT), and b) with the HIT approximation.
Due to the described higher degree of anisotropy in the near

wake, the approximation overestimates the dissipation rate
throughout the full traverse in downstream direction, but still
follows the estimated trend. The error made in the calcula-
tion of the Kolmogorov length scale # is shown in Fig. 10b.
The relative error is lower compared to the dissipation rate
plot, due to the fact that # ~ £'/*. The Kolmogorov scale
is underestimated when applying the HIT-approximation.
This is also important with regard to single-wire CTA-probe
measurements since there this assumption also holds, as
stated before by assuming U = u,.

In the literature, values for the Reynolds number based
on the Taylor micro scale lie in the range Re,; = (30, 80)
(see Ashok et al. (2012)). The measurements from the
FRAP Re; = (20,70) match the reference data. Further-
more, the Kolmogorov length scale #, calculated as defined
in Eq. 7, is shown in Fig. 11a for both Reynolds numbers.
For Re); = 12800, the data for both measurement techniques
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match very well in the entire x/M range downstream of the
grid. For the lower Reynolds number, deviations between
the hot-wire measurements and the FRAP occur in the far
wake at distances x/M > 80. This is mainly due to the low
velocity fluctuation magnitudes. Small velocity fluctuations
around a low mean velocity correspond to even smaller pres-
sure changes and therefore cannot be resolved appropriately.
It can be seen that the Kolmogorov length scale increases
with increase in distance from the grid. Furthermore, it
increases with decrease in Reynolds numbers. The same
trend is shown in the literature with Kolmogorov length
scales of # = (0.04,0.275) mm for an equivalent Re,, (see
Ashok et al. (2012)). The same trend can be observed for the
Taylor micro scale A in Fig. 11b. For measurements farther
away from the grid, larger deviations between the various
probes are present for Re,, = 4300. Here, the absolute veloc-
ity and the respective velocity component fluctuations are
very small. Hence, the fluctuations of the measured total
pressure lie below Ap < 1 Pa and the probe reconstruction
accuracy is influenced, which can lead to inaccurate results.
For the higher Reynolds number case Re), = 12800 this mis-
match is less pronounced.

Figure 12 shows the local, normalized velocity variance
for all probes under investigation and validation data from
the literature (see Ashok et al. (2012)). The trend that the
smaller the spatial filtering due to the probe size, the higher
the measured variance, can be observed in both the literature
and the measurement data at TUM-AER. Interestingly, the
five-hole probe with a head diameter of 3 mm lies between
the two single-wire probes used for validation purposes.
The reason why the TUM-AER single-wire probe with a
wire length of 0.7 mm lies below the 1 mm probe in the
literature is due to the lack of comparability in the length to
diameter ratio of the various probes. Ashok et al. used wires
with smaller diameters to compensate for 3D flow effects
around the hot-wire. The ratio of the wire length to the wire

107 —
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| Y% Ashok: HW 0.5mm
i v Ashok: HW Imm
! % & Ashok: HW 4mm
Boowx O TUMAER: FRAP
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Fig. 12 Local normalized velocity variance at Re,, = 12800
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diameter /,,/d,, is larger by a factor of at least 2 for all meas-
urements of Ashok et al. Ligrani and Bradshaw showed that
at ratios [/d > 200 3D effects are negligible and, hence, the
influence of the hot-wire prongs is less prominent (Ligrani
and Bradshaw (1987)). The TUM-AER hot-wire probe [, /d,,
-ratios, [,,/d,, = 250 and [,,/d,, = 140 for the standard and
shortened probe, respectively, are in the same range as this
lower limit. An additional reason for the deviation of the
measurements from the literature to the measurements at
TUM-AER is related to the differences in the flow in the
wind tunnel, i.e., wind tunnel effects.

In the spectral analyses, the acquired signals are post-
processed (averaging and filtering) as described in Fig. 1.
Figure 13a shows kinetic energy spectra as a function of the
frequency. The influence of the digital low-pass filter is vis-
ible for the FRAP data. Furthermore, the spectra approach
a non-physical near constant value near the low-pass fre-
quency of the DAQ system at f ~ 25 kHz, which shows the
minimal resolution restrictions of the FRAP sensors and
measurement cards. In Fig. 13b, normalized kinetic energy
spectra E,; /(ev®)!/* for the FRAP at various downstream
positions as a function of k# at Re,, = 12800 are depicted.
As areference, the energy spectra for the single-wire meas-
urement at x/M = {40, 60, 80} are given, as well. In addi-
tion, the k=>/3 slope in the inertial range of the energy cas-
cade, which applies for flows with Re,;— oo, is included.
After the near constant trend in the low bandwidth region,
the inertial subrange is clearly visible. For flows with small
Reynolds numbers Re;, the exponent p of the k™7 depend-
ency deviates from the ideal value of p = 5/3 (Pope (2011)).
Due to the minimal resolution of the sensor-DAQ-system,
the FRAP signals have been additionally low-pass filtered.
Therefore, the inertial subrange cannot be fully resolved by
the FRAP. Since the abscissa is non-dimensionalized with
the Kolmogorov length scale, which increases with the dis-
tance from the grid, the cutoff value k# for the FRAP meas-
urements is shifted for measurements farther downstream. In
comparison, the single-wire measurement with a wire length
of [, = 1.25 mm additionally resolves even smaller scales in
the dissipative range of the energy cascade. A linear fit in
the log—log scale between kn = [0.04,0.1] results in fitted
exponents p for the measurements that were carried out at
Re, ~ 50: Following the proposed experimentally derived
dependency for p(Re,;) by Mydlarski and Warhaft (1998)
p(Re;)=5/3 — 5.25Re;2/ ? the exponent for FRAP and for
the HW measurements are pppap = 1.3 and pyy = 1.47,
respectively. The discrepancy between the two measurement
techniques can be attributed to effects due to the filtering
process and the assumptions made concerning homogene-
ous, isotropic flows.

In Fig. 14, the pre-multiplied energy spectra kE,;, /(ev>)'/*
are shown for all measured distances downstream the grid.
It can be seen that the energy decreases with the distance
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Fig. 13 a Kinetic energy spectra and b normalized kinetic energy spectra at downstream positions x/M = {40, 60, 80} for Re,, = 12800 for both,
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Fig. 14 Pre-multiplied normalized kinetic energy spectra as a func-
tion of k# for Re), = 4300

from the grid. For all measurements, the FRAP cannot fully
resolve the decay in the high bandwidth region kx > 10~
In the last step of the grid-generated turbulence evaluation,
an equivalent wire length is calculated for the FRAP in order
to make the pressure probe dimensions comparable to single-
wire probes. The flow around the bluff FRAP body leads to a
spatial filtering effect and, hence, can be made comparable to
the spatial filtering due to the wire length of the single-wire

CTA probe. Ashok et al. investigate the ratio between the wire
length and the Kolmogorov length scale /,,/n (Ashok et al.
(2012)). As a reference, Ashok et al. use a miniature hot-wire
probe with a wire length [, = 0.06 mm. This miniature wire
size is in the same order of magnitude as the Kolmogorov scale
l,, ~ n and spatial filtering hardly occurs. Hence, they postulate
an exponential trend of the spatial filtering as a function of the
ratiol,, /n:
)
—— =exp

2
thO.06>

—0.0175 1, /n 24)

Here, U,, denotes the measured velocity and U, ¢ the ref-
erence value measured with a miniature hot-wire probe.
Consistent to the findings in Fig. 12, where the FRAP data
lie nearer to the 1 mm HW than the 4 mm one from the
literature, an equivalent wire length /,, ., can be found for
the FRAP, when fitting the measured data to the exponential
trend. Figure 15 shows the variance normalized by hot-wire
variance values with a wire-length of /,, = 0.06 mm (Ashok
et al. (2012)) as a function of /,,/#. For the depicted values
of the FRAP, an equivalent wire length of [, ,.,; = 2.0 mm
is assumed and lies below the outer dimension of the probe

tip, which reads d,;,, = 3 mm.
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Fig. 15 Variance normalized by hot-wire variance values with a wire-
length of [, = 0.06 mm (Ashok et al. (2012)) as a function of [, /n

5 Concluding remarks

In this study, grid-generated turbulence has been investi-
gated experimentally in a low-speed wind tunnel. Data from
a fast-response multi-hole pressure probe are compared to
data from single-wire CTA probes and data from the lit-
erature. The underlying assumptions of homogeneity and
isotropy have been studied thoroughly. The evaluation of
higher-order statistics shows a good agreement between
the different measurement methods. Solely, minor devia-
tions in regions with small velocity fluctuations around a
low wind speed can be observed in the FRAP data. In the
spectral investigations, the limits of the FRAP have been
shown. These are mainly due to the minimal resolution of
the FRAP sensors/DAQ system and the bandwidth limit of
the experimentally acquired temporal calibration. Future
developments concerning those issues should overcome the
problems: Smaller probe dimensions could further reduce
spatial and temporal filtering. Moreover, the limits of the
piezo-resistive sensor should be avoided by the application
of newly developed fiber-optic pressure sensors in the future.
Nevertheless, the measurements have shown that the FRAP
can be used for turbulence measurements. In comparison
with state-of-the-arts hot wire CTA probes, FRAP offers a
reduced setup time (no recurring calibration needed), the full
3D velocity vector and a more robust probe design, which
can also be used in harsh environments.
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