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Abstract

To explore pipe flow structures in fully developed turbulent flow regime, the present study
characterises velocity statistics over a relatively wide range of Reynolds numbers 510* < Re
< 2°10°. New sets of experiments were performed in the CoSma-Pipe facility available at the
Department of Aerodynamics and Fluid Mechanics, BTU C-S, utilizing hot-wire anemometry.
The turbulence statistics were investigated from the pipe near-wall to the pipe centreline. Re-
cent direct numerical simulations have been used for direct comparison of the detailed exper-
imental results such as the mean velocity profile, variance, skewness and flatness factors, as
well as peak value and location of the streamwise normal Reynolds stress component.

Introduction

Wall-bounded shear flows are characterized by a wide range of turbulence interacting length
scales. Small-scale structures, for instance, control the overall behavior of such turbulent shear
flows. Small scales of turbulent flows dissipate the turbulent kinetic energy into heat in large
parts of the flow. On the other hand, the inner peak of the large scale, i.e., energy-containing,
structures are formed due to the dynamics of turbulent fluctuations within the viscous sublayer.
Thus, intensive research work has been devoted towards turbulent flow structures within the
wall layer over decades in ducted, i.e. pipe and channel, as well as flat plate boundary layer
flows, see e.g. Cantwell 1983. It is, however, of crucial importance in such wall-bounded shear
flows studies to consider the spatial resolution of the velocity measuring probe size to investi-
gate turbulent flow statistics. It is also common to express its influence on measured velocity
data in wall units, i.e. in terms of £* where £'= £ uJ/v, {is the length of the measuring probe, u-
is the wall friction velocity, and v is the kinematic viscosity, see Tab. 1. When it is not into
account it results in measurements inaccuracies, in particular, at high Reynolds numbers in
the wall vicinity, see e.g. Ligrani and Bradshaw 1987, Wei and Willmarth 1989, Gad-el-Hak
and Bandyopadahyay 1993. Thus, we intend in this short piece of work to highlight turbulent
pipe flow statistics over a Reynolds Number range of 5:10* to 2:10° using commercial thermal
probes, however, we are indeed still progressing aiming at NSTAB probes to better resolve
the inner as well as the outer peaks of the pipe large-scale structures at LAS, BTU C-S.
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Experimental Setup

The measurements presented were conducted at the chair of Aerodynamics & Fluid Mechan-
ics at BTU Cottbus-Senftenberg using the so-called Cottbuser Small Pipe (CoSma Pipe) de-
picted in Fig. 1. The CoSma Pipe is an open-loop, subsonic pipe test facility covering a Reyn-
olds Number Range of 10* < Re, < 2x10° which has been built to provide experimental data,
complementing the on-going investigations of the Cottbuser Large Pipe (ColLa Pipe) turbu-
lence characteristics at high Reynolds numbers. The facility consists of a 1.2 m long settling
chamber with a contraction ratio of 12.25, a 9.5 m long pipe section made of acrylic and boro-
silicate glass respectively depending on the type of experiments conducted inside the facility.
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Figure 1. Schematic of the open-loop test facility CoSma-Pipe

The flow properties of five Reynolds number cases examined are shown in Tab. 1. The meas-
urements were conducted in a reasonable distance from the settling chamber with a length-to-
diameter ratio (L/D) of 130 to ensure a fully developed turbulent flow. The experimental data
sets were obtained by the use of a Dantec 55P15 1D boundary layer hot-wire probe connected
to a constant temperature anemometer (CTA) Dantec Stream-Line system. Due to the pipe’s
small diameter of 6 cm and its corresponding curvature compared to the relatively long length
of the used hot wire, for most measurements it was not possible to resolve the viscous sub
layer, parts of the buffer layer and its corresponding inner peak. Tab. 1 addresses the minimum
distance to the wall (y,’;,,) that could be resolved. As an exception serves the case of Re; =
2,316 which was done in the beginning of this campaign which gave the impression that also
the subsequent experiments could be resolved in the same manner. Afterwards, it turned out
that this hot wire possessed slightly tilted prongs but, unfortunately, was destroyed in the pro-
cess of another measurement campaign and could not be repaired to the same ability. This
problem will be solved by the use of a miniaturized hot wire system which is planned to be
purchased soon and, therefore, it is the author’s objective to complete the here presented
experiments shortly after. Furthermore, the presented measurements are compared to two
DNS data sets of Re; = 1,500, see Bauer et al. 2017, and Re,= 3008, see Ahn et al. 2015.

Table 1: Examined Reynolds numbers and flow properties

No. Ubuk [M/s] | Ren[] | u.[] Req [] e [um] [ Ymin []
1 12.5 50,000 | 0.645 1260 23.87 52.15 35

2 14.8 60,000 | 0.748 1450 20.68 60.46 47

3 25.66 100,000 | 1.19 2316 12.95 95.31 6

4 36.9 150,000 | 1.67 3205 9.36 133.56 32

5 50.21 200,000 | 2.2 4190 7.23 172.86 46

tc =vlu.viscous length scale, and ¢* is the hot-wire length in wall units.
24.2
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Flow quality

Before the measurement’s analysis is addressed, a short overview of the flow quality of the
pipe facility shall be given. Fig. 2 and Fig 3. show the characteristics of the pipe’s contraction
nozzle and its laminarisation capability. In the following the terms contraction exit and pipe inlet
can be regarded as a synonym to each other as they represent the same location within the
pipe. Fig. 2 shows the turbulence intensity at the contraction exit and pipe inlet respectively.

2
The streamwise turbulence intensity defined as T1 = g , based on the velocity fluctuation u'
and the mean velocity U, was measured by the use of a hot wire anemometry system having
the hotwire positioned at the centre of the contraction outlet with increasing velocities ranging
from 2.2 m/s up to 22.5 m/s. The result shows a reasonable behaviour keeping the turbulence

intensity lower than 1% for a Reynolds number region ranging from 1,500 up to 85,000 with
the Reynolds number defined as Re = UT'd, with d as the pipe’s diameter and v as the kinematic

viscosity. The deviation of the velocity profile defined as % , given in per cent, is presented

in Fig. 3 showing a uniform pattern by keeping the deviation from U below 1% with y repre-
senting the wall-normal distance. The underlying data acquisition was conducted by the use
of a static Pitot tube that was moved in spatial direction along the whole diameter of the pipe
inlet from one wall to the opposite one.
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Figure 2: Turbulence intensity at the contraction
exit / pipe inlet

Figure 3: Deviation of the mean velocity profile at
contraction exit / pipe inlet

Results and analysis

Streamwise mean velocity profile

In the present study, the streamwise velocity component in pipe flow was measured using hot-
wire anemometry with commercial probes from Dantec Dynamics. The streamwise mean ve-
locity profile given in Fig. 4 shows a satisfactory agreement for all five cases presented with

the logarithmic law of the wall, U+ = %ln y* + B, where k = 0.39 and B = 4.42, see Perry et al.

2001, representing the behaviour of the mean velocity profile within the logarithmic region. It
presents the normalized local streamwise mean velocity component Ut = U/u, versus the
normalized wall-normal distance y* = yu,/v , herey is the wall-normal distance, v the fluid
kinematic viscosity and u, the wall friction velocity defined as u, = /t,,/p , with t,, as the wall
shear stress and p the fluid density.
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Figure 4: The normalized streamwise mean velocity profile compared to the logarithmic law of the wall
U= iln y* + B, where k = 0.39 and B = 4.42, see Perry et al. 2001

Streamwise normal stress

The distribution of the streamwise normal Reynolds stress component, u'?, in pipe flow at dif-
ferent Reynolds numbers is presented in Fig. 5. It is worth noting here that the present results
of streamwise velocity fluctuations presented obtained without tripping the flow at the pipe inlet,
however, corrected for spatial resolution effect of the wire length, see Smits et al. 2011.
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Figure 5: The normalized streamwise normal Reynolds stress component compared with DNS data.
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The data in Fig. 5 are normalized with the shear velocity, u,, to give u=(u'/u,)?, and the wall
distance normalized with the viscous length scale to yield y*=y u/v. The normalized data using
wall variables indicate that there is a Reynolds number dependence in both the wall layer and
also in the core region. Fisher et al. [2001] concluded that a sink term in the dissipation rate
equation is responsible for such Reynolds number dependence in the wall region and away
from the wall the Reynolds number dependence originates from the streamwise pressure gra-
dient. The figure also clearly indicates the maximum inner peak in the neighbourhood of y*'=15
with a maximum value between 8 and 10, depending on the Reynolds humber, being in good
agreement with Direct Numerical Simulation (DNS) data sets for Re, = 1,500 and Re, = 3,008.
One might also observe that the velocity fluctuations are decaying as the distance from the
wall increases; however, the rate of decaying is decreasing with increasing Reynolds number
which might be attributed to intermittency effect which increases with increasing Reynolds
number. A lack of data in the viscous region is recognisable and will be addressed in a new
measuring campaign using the NSTAB probes. Nonetheless, the agreement between experi-
mental and DNS data is observed.

The centreline velocity fluctuations for fully developed pipe flow regime were measured for
different Reynolds numbers showing the CoSma Pipe’s experimental data being in good
agreement with the compared data presented in Fig. 6. The figure presents the turbulence
intensity level at the pipe centreline compared to data extracted from the literature, showing a
monotonic decrease as the centreline-based Reynolds number, Re., increases. It was docu-
mented by Zanoun 2003 that in pipe core region, particularly, at the centreline the streamwise
velocity fluctuations are proportional to the wall friction velocity. On the other hand, the wall
friction velocity is directly proportional to the square root of the streamwise mean pressure
gradient, dp/dx, and the centreline velocity is directly proportional to the streamwise mean
pressure gradient. As a result, with increasing Reynolds number the rate of increase of the
centreline mean velocity is greater than the rate of increase in the centreline velocity fluctua-
tions resulting in a decrease in the centreline turbulence intensity level with increasing Reyn-
olds number.
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Figure 6: The centerline normalized streamwise turbulence intensity versus centerline-based Reynolds
number for fully developed pipe flow regime. Comparison with other authors.
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Higher order statistics

In order to meet the requirements of acquiring enough data to obtain reliable skewness and
flatness factors, 4x10° data samples with a frequency of about 32 kHz have been implemented.
The skewness S,, and F, flatness factors are defined as S, (u") = u/2/u/?)3/?, and

E,(u") = ul*/(u/?)? respectively. The comparison between experimental and the DNS data
has been made only for Re, = 3,008.
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Figure 7: Skewness of experimental and DNS data, see Ahn et al. 2015.

Figure 7 shows a qualitative agreement with DNS data, except in the wall vicinity where the
resolution of the hot wire probe was not high enough to resolve the inner layer of present
measurements. However, surprisingly, the experimental data for the two lowest cases follow
the DNS data illustrated better agreement with regard to the typical decrease of the skewness
factor within the region of y* ~ 20 to 100 whereas the three higher experimental cases seem
not to indicate this behaviour and remain right skewed at y* ~ 100. Due to the closer proximity
of the latter cases to the DNS data, both data sets collapse very well close to the pipe’s cen-

treline.
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Figure 8: Kurtosis of experimental and DNS data, see Ahn et al. 2015.

Figure 8 shows better agreement between the DNS and experimental data, especially, for the
higher cases which do not come by surprise due to the above mentioned proximity reason. In
agreement with DNS, the experimental data remains platykurtic (negative excess kurtosis)
within the log and buffer layer and gets leptokurtic (positive excess kurtosis) with increasing
proximity to the centreline and within the viscous sublayer. One might observe from both Figs.
8 and 9 that both skewness and Kurtosis factors reach asymptotic values similar to value for
isotropic and homogeneous turbulence, see Hinze 1975.

Conclusions and final remarks

An experimental study is progressing using the CoSma-Pipe facility at LAS, BTU C-S, to char-
acterize pipe flow structures in fully developed turbulent flow regime over a relatively wide
range of Reynolds numbers 510* < Re < 2:10°. A couple of conclusions have been drawn as
follows.

The mean velocity profile indicated good agreement with the logarithmic velocity profile with
constants adopted from Perry et al. 2001 as well as with recent DNS data. An inner peak for
the streamwise velocity fluctuations u*2 was observed in the neighborhood of y*=15 with a
maximum value between 8 and 10 depending on Reynolds number. The turbulence intensity
level at the pipe centerline showed a monotonic decrease with increasing the Reynolds num-
ber. Skewness and Kurtosis factors indicated asymptotic values similar to value for isotropic
and homogeneous turbulence.

Further work, no doubt, is still under progress using NSTAB, in particular, having high enough
spatial resolution to remedy the unsatisfactory situation found in the literature in connection
with the outer peak of the streamwise velocity fluctuations as well as the their spectral analysis.

This research work is funded within the DFG Priority Programme 1881 "Turbulent Super-
structures,” grant no. EG100/24-2.
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