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This paper describes the measurements with a fast
response probe measurement system in a fully developed
turbulent pipe flow.

The task of this experiment is to compare the fast
response pressure probe resulls to hot wire data of the
well known experiment of LAUFER 1954 and to verify
the ability of the aerodynamic probe system to determing
turbulence quantities.

The results presented cover the time averaged flow data
and the turbulence quantities like inlensities, shear
stresses, probability densities, length scales and wave
number spectra.

“1. Introduction

The fast response probe measurcment sysiem is
designed for measurements in highly turbulent
turbomachine flows. The probe built for the present
measurements has four piezoresistive miniature pressure
ransducers (Figure 1-1) and is of cylindrical shape with
2.5 mm external diameter.
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Figure 1-1  Cylindrical pressure probe (# 2.5 mm)

with four miniature pressure sensors

The probe design, manufacture and calibration are
described in GOSSWEILER / HUMM / KUPFER-
SCHMIED 1990. Afier the manufacture of the probe the
sensors were statically and dynamically calibrated with
Tespect to pressure and temperature. The static calibra-
tion data is used with a "model based reconstruction”
technique to compensate for all systematic static errors
of the sensor. This allows later guantification of the
remaining static, random and the dynamic errors. After
the aerodynamic calibration (KUPFERSCHMIED /
GOSSWEILER 1992) the probe could be applied to
measurements. The elements of the fast response
measurement system are shown in figure 1-2,
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Figure 1-2 Elements of the fast response probe
measurement system

2. Set-up of the pipe flow experiment

Figure 2-1 shows the schematic view of the pipe flow
experiment, consisting of a filter, flow straightener,
nozzle and the pipe with a roughened surface in the first
part. The length L of the precision steel tube is 10.6 m
with an inner diameter D of 200 mm. The maximum
blockage of the probe is less than 2%,

The experiments with the fast response probe were
carried oul at a Mach number of Ma = 0.2 with a
Reynolds number of Rep = 800°000.  ®

The signals of the fast response probe are amplified and

collected with an eight channel 12 bit data acquisition
system with a sampling rate of 100 kHz (figure 2-2).
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Figure 2-1  Set-up of the pipe flow experiment

The cut-off frequency of the antialiasing filters was set
to 22 kHz. To obtain sufficient accuracy for statistical
estimates 262'000 data points were collected at each
traverse position.
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Figure2-2  Fuast response probe set-up

In order to examine the turbulent pipe flow,
conventional wall pressure and Pitot tube measurements
were taken. The wall static pressure shows a linear drop
dp/dx in the test section (33<x/D553) with deviations
from linearity less than 0.15% of the maximum dynamic
head. The wall shear stress Tw = (Rf2) dp/dx then
becomes 7.66 N/m?2 for Rep = 800'000.

By traversing a conventional Pitot tube at the outlet of

the test section the normalized velocity profiles are
obtained for Rep = 415'000 (figure 2-3),
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Figure2-3  Velocity profile (Rep = 415°000)

Compared to the power law of turbulent pipe flow with
an exponent of n = 8.56 (Rep = 415'000) the velocity



profiles show acceptable accuracy and symmetry (figure
2-4).
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Figure 2-4 Deviation from power law of turbulent
pipe flow (n = 8.56, Rep = 415000)

3. Evaluation of the fast response data

To evaluate the large time series of the fast response
probe the interactive data evaluation and signal analysis
environment AW-System is used (HERTER /
CHRISANDER / GOSSWEILER 1992). An overview
of the data evaluation and signal analysis steps needed is
given in figure 3-1 (see next page).

1) Conversion of the sensor signals into indicated
pressures Pi and temperatures "f‘i using the static sensor
calibration data. An exampie of the time history
(AL = 0.01 seconds) of the indicated pressures is given in
figure 3-2. Since the indicated pressures are expressed
with respect to the mean static pressure, sensor 1
indicates approximately the dynamic head. The
indicated pressures of the sensors 2 and 3 are close Lo
the true static pressure.

2) With the indicated pressures the indicated flow
guantities defined in the spherical probe coordinate
system are determined using the (static!) aerodynamic
calibration data (KUPFERSCHMIED / GOSSWEILER
1692); figure 3-3.

3) Looking at the normalized autospectral densities of
the indicated flow quantities an interference peak of the
Kérmdn vortices downstream of the probe is visible in
the yaw angle spectrum (figure 3-4). The signal powers
of the interference peak and the yaw angle fluctuation of
the flow are of the same order, The Strouhal number of
the probe is Str=f Dy /U =10.183 and thus in good
agreement with the measurements of OKAMOTO /
YAGITA 1973. Since the interference of the Kdrm4n
vortices is mainly a systematic phenomenon with only a
smaltl bandwith it can be correcled with a specially
designed inverse digital filter. The filter is designed
according to the algorithm of MCCLELLAN / PARKS /
RABINER 1679. For each traverse position a new set of
filter coefficients has to be calculated.
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Figure 3-3  Indicated flow quantities measured al a

relative wall distance yIR = 0.5

As an example for one radial position the gain factor of
the trangfer function [H(jw)! is given in figure 3-5.

The effect of the correction on the yaw angle spectra is
shown in figure 3-6,
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Figure3-1  Structure of the evaluation of the fast response data from the pipe flow experiment
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4) The corrected flow quantities are transformed into
cartesian main stream coordinate components U(t), V(1),
W(t). The V and W components represent the radial and
tangential components of the pipe flow vector.



4 Results of the fast response measurements

In this section the results of the fast response measure-
ments are discussed and compared 1o the hot wire data
of LAUFER 1954. In a first section the accuracy of the
time averaged flow quantities is shown. In the following
sections turbulence quantities like variance, normal and
shear stresse, probability density, length scales and wave
number spectra are presented.

4.1 Determination of time averaged flow quantities

After the adjustment of the sensors' zero and span the
typical static errors of the pressure measurements are
less than 20 Pa which is excellent for DC measurements
with miniature sensors. Without adjustments the typical
static errors of the temperature measurements
(performed with the same pressure Sensors;
GOSSWEILER / HUMM / KUPFERSCHMIED 1990)
arise to 1°C which is small enough for an accurate
determination of the gas density.

The time averaged velocity with simple aerodynamic
corrections for shaft influence and blockage is shown in
figure 4-1.
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Figure 4-1 Time averaged velocity UMaximal
averaged velocity Umpy = 71.7 mls

In comparison to the power law of turbulent pipe flow
with n = 8.9 (Rep = 800'000) the maximal deviations of
the fast response measurements are = 1.5 my/fs (=% 2% of
Umax). I must be peinted out that the accuracy could be
increased by more carcful aerodynamic corrections.

4.2 Variances, normal and shear stresses

The standard deviations of indicated yaw and pitch
angle fluctuations are shown in figure 4-2. The standard
deviation of the pitch angle fluctuations has a maximum
value of 4.7° and systematically higher than for the yaw
(a fact that will be discussed later).
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Figure 4-2 Standard deviations of yaw and pitch
angle fluctuations

The standard deviation of the static pressure fluctuation
is less than 1 mbar (3.7% of the maximum dynamic
head). The standard deviation of the total pressure
fluctuation increases with decreasing wall distance and
is at maximum 3.1 mbar (12% of max. dyn, head) at a
relative wall distance of y/R = 0.1 {figure 4-3).
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Figure 4-3 Standard deviations of static and total
pressure fluctuations

Using the velocities U(Y), V{t}, W(t) defined in the main

stream coordinate system the Reynolds stresses can be

calculated and the relative turbulence intensities (non

dimensional normal stresses) compared to the hot wire

data of LAUFER 1954 (figure 4-4).

The turbulence intensity of the U compenent is slightly
100 high at the pipe center (at maximum 18%). The
relative intensity of the radial component V is
systematically too high at maximum 45% at y/R = 0.1.
The turbulence intensity of the U component is mainly



influenced by the pitch angle fluctuations (figure 4-2).
We assume that dynamic aerodynamic errors (HUMM /
VERDEGAAL 1992)! of the pitch angle measurement
lead to this systematically too high turbulence intensity
of the V component. The turbulence intensity of the
tangential componernt W is too low compared to
LAUFER's data (at maximum 22% at y/R = 1).
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Figure 4-4 Relative turbulence intensities as a
Sfunction of the relative radius
Rep = 8000060
The normalized shear stress u'v'fu27 is systematically far
too low compared to the theoretical value, This is
probably due to dynamic aerodynamic errors of the pitch
angle measurement which lead to a bad correlation of
the two compenents (figure 4-5). This will require
further attention.

4.3 Probability densities

The probability density distributions (pdd) of the flow
angles are similar 1o Gaussian distributions due to litile
skewness and excess (figure 4-6).

The pdd of UV at y/R = 0.1 is shown in figure 4-7.
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Figured4-5  Normalized shear stresses

The normalized shear stresses u'w'/u2t and v'w'fult are
niear zero as expected.

! Dynamic acrodynamic errors of the flow angle measurements
are described in HUMM / VERDEGAAL 1992. These errors can
seriously affect the accuracy of fast response probe measurements.
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The probability for the flow vector to be in a certain
angular range (denoted as cone angle by BROWNE et



al. 1989) can be calculated by integrating pd(e), pd(y) or
by integrating pa(U,V) over a cenain angular range o
(figure 4-7).
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By assuming Gaussian distributions for u' and v' the
cone angle can also be calculated from the variances of
u' and v
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The comparison of the cone angles thus obtained and
those derived from the angle measurement show a
reasonable agreement {figure 4-9). This indicates that
the angle fluctuations were symmetric and of near
Gaussian type.
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Figure 4-9  Probability for the flow vector to be in a

certain angular range (cone angle)

Note that the angular range of the fast response probe
(unstalled range, see HUMM / VERDEGAAL 1992)

should be large enough to allow measurements in a
turbulent flow. For example in the case of the pipe flow
experiment for the pitch angle 7y at a relative wall
distance of 0.1 with only about 8% turbulence level
(figure 4-4 for u' 2) more than 3% of the measured
points show cone angles higher than 10° (figure 4-9).

4.4 Length scales, turbulent dissipation

Under the Taylor hypothesis d/dt = -U 9/dx the length
scales can be calculated. By integrating the estimate of
the autocorrelation function ryy (1) (figure 4-10) the
integral length scale! L can be determined (figure 4-11):
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Figure 4-10 Estimate of the autocorrelation.
(determined with convolution and not via
FFT to enhance the accuracy)
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Figure 4-11 Normalized integral length scale as a
Sunction of relative wall distance

Comparing the integral length scales with the values
given by HINZE 1975 (L is roughly 0.8 D/2) the results
of the fast response probe show accepiable accuracy.
The Taylor-microscale A can be determined using a
parabola fit of the origin of the autocorrelation which is
an even funciion. A good approximation of the Taylor
scale is2:
A=-L10
ﬁ e

where 1, represents the intersection of the parabola with
the abscissa.

1 Definitions sez HEINIGER 1990; HINZE 1975;
TENNEKES / LUMLEY 1972; BRADSHAW 1971;
REYNOLDS 1974

2 HEINIGER 1990
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Figure 4-12 Taylor-microscale

A comparison with measurements by LAWN 1971
(Rep = 90'000) shows that the fast response microscales
are systematically too large. At y/R = 0.35 LAWN
obtains maximum values of about 2A/d = 0.045 with a
decrease to the wall (y/R = 0).

The turbulent dissipation can be approximated by:
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Figure 4-13 Normalized turbulent dissipation

The dissipation measured with the fast response system
is comparable o the hot wire data of LAUFER
measured at a Reynolds number of 500°000. HINZE
1975 suggests that the LAUFER values are 100 low and
estirnates the correct value from results obtained at a
lower Reynolds number. Thus the values of the fast
response systemn are too low but it must be pointed out
that the measurement of the turbulent dissipation at high
Reynolds nummbers is extremely difficult.

4.5 Wave number spectra

The power spectral densities Sd.; are normalized as
wave number spectra (wave numberk =21 /U

2

SRCLE ;_% f Shu(f) 5 df =1
[+]

The wave number spectra of U, V, W at relative radii of

y/R = 1.0 and y/R = (.1, compared to the measurements

of LAWN 1971 (Rep = 90'000) are given in figures 4-14

and 4-15.
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Figure 4-14 Wave number spectra at ¥R = 1.0 (pipe
center)
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Figure 4-15 Wave number spectra at yIR = 0.1 {near
wail)

The normalized wave number spectra show a fairly good
agreement with the hot wire data of LAWN 1971,

5. Conclusions

Although the Mach number was low (Ma = 0.2), was
quite accurate for a fast response probe system. This
shows that the the static and dynamic signal components
were reliably measured and evaluated.

The turbulence intensities of the U and W component
show maximum deviations of 22% compared to the hot
wire data of LAUFER 1954,

The turbulence intensity of the V component and the u'v'
shear stress show large deviations from the expected
values, probably due to dynamic acredynamic errors of
the pitch angle measurement. This aspect needs further
improvement.

The length scales can be determined with acceptable
accuracy with maximum systematic errors of 30%.

The high signal to noise ratio and the large bandwidth of
the fast response probe measurement system promises to
gain new insight into turbulent flows.
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7. Nomenclature

C velocity (spherical probe coordinates) [m/s]
D tube diameter [m)

Ds diameter of cylindrical probe [m]

f frequency [Hz]

fs sampling frequency [Hz]

IH(jw)l gain of ransfer function [-]

k wave number [1/m]

L length; integral length scale [m]

Ma Mach number [-]

n exponent of power law of pipe flow [-]
Rep  Reynolds number [-]

p pressure [mbar] {Pa]

P probability [-]
pd(x) probability density [1/x]
pd(x.y) joint probability density {1/(xy}]
tube radius [m}

Tyu(T) autocorrelation of u' [-] ¢
S9xx  spectral density (power spectrum) [x2] [dB]
St Strouhal number {-]

T temperature [°] [K]

t time [s]

[8/(3)] axial component of flow velocity [m/s]
Unmax  max. time averaged velocity in pipe flow [m/s]

ug wall friction velocity {m/s]
u'(t)  turbulent fluctuation of U [m/s]
[y mass averaged velacity of pipe flow [my/s]

uv  shear stress of UV (covariance of U, V) [(m/s)2]



V{t) radial component of flow velocity [m/s]
W()  tangential component of flow velocity [m/s]
x'2 variance of x [x2]

x2  standard deviation of x [x]
y wall distance [m]

angle [°]

dissipation per unit mass [m?/s3]

pitch angle [°]

yaw angle []

Tayloer-microscale [m]

3.14159...

expected value of the standard deviation
time lag of autocorrelation [s]
intersection of parabola fit [s]

wall shear stress [N/m?2}

Ll = B Bl < B S L

a4 a
£ @

Superscripts

! turbulent fluctuation

A indicated
time-average
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