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ABSTRACT ARTICLE HISTORY

The dependence of turbulence statistics and wall friction on Reynolds number in fully Received 26 November 2024
developed turbulent pipe flow remains a fundamental subject in fluid mechanics. This ~ Accepted 3 September 2025
paper cross-validates experimental and numerical results, focusing on the scaling of tur- KEYWORDS

bulence statistics at the pipe centerline and across the inner-outer flow region. Pipe flow Pipe flow; turbulence
experiments were reviewed for friction Reynolds numbers 810 < Re; < 55 x 103, where statistics; DNS; experiments
Re; = u;R/v, u, is the wall friction velocity, R the pipe radius, and v the kinematic viscosity.

Complementary DNS data for 180 < Re, < 2880 provide detailed insight into near-wall

turbulence. A novel friction correlation, Re, = 0.048 Re®2 s introduced, predicting pipe-

wall friction across a wide range of Re. with accuracy better than +-2.06%, where Re is the

Reynolds number based on the centerline streamwise mean velocity component Ux. This

correlation enables reliable friction estimates from centerline single-point measurements

or DNS data without requiring near-wall or streamwise pressure-gradient information and

is validated by consistent agreement with both experiments and DNS. The monotonic

decrease in centerline turbulence intensity <u;2>1/2/Uzc with increasing Re. is explained
using the streamwise mean momentum equation. Finally, azimuthal spatial filtering of
DNS data highlights the limitations of hot-wire resolution near the wall. For Re, > 2880,
higher-order experimental statistics agree well with DNS for y* > 30 and into the log-
arithmic region, with both datasets equally well described by logarithmic or power-law
correlations, while near-wall discrepancies remain due to resolution limits.

1. Introduction

Experimental and numerical studies of wall-bounded turbulent shear flows, including boundary layer, pipe
and channel flows, have progressed over several decades [1-23], providing valuable insights into the statistics
of wall turbulence. Gad-el Hak and Bandyopadhyay [4] gave a detailed review of turbulence statistics, high-
lighting important issues related to the effects of Reynolds number on turbulent pipe flow statistics and scaling
in both the logarithmic overlap region and near the wall. In the immediate vicinity of the wall, researchers
often face challenges due to the Reynolds number effect and limited spatial resolution, making it difficult
to obtain reliable experimental and numerical turbulence data, for example, the components of the Reynolds
stress tensor and higher-order statistics, see [5,6,24-26]. Discrepancies in the literature regarding the Reynolds
number dependence of near-wall turbulence statistics are claimed to be due to variations in the spatial res-
olution and the accuracy of both experimental and numerical methods. Recent experiments on near-wall
turbulence in pipe flows, such as those of Hultmark et al. [11], have shown that the near-wall peak of the
streamwise velocity fluctuations (u’ZZ)Jr remains invariant in both location and magnitude with respect to
Reynolds number up to Rep, = 145, 000, where Re, = U,,D/v is defined based on the bulk velocity U, the

pipe diameter D, and the kinematic viscosity v. This finding is consistent with a similar conclusion made by

/2

- )+—peak value; however, they found its

Mochizuki and Nieuwstadt [8] regarding the magnitude of the (u
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location to be slightly dependent on the Reynolds number. This finding, however, contrasts with the results
of [2,9,13,17,22] as well as with the present pipe flow experiments and simulations, which show a significant
dependence of the magnitude of the (u’zz)+—peak value on the Reynolds number. Despite these differences, the
near-wall peak position of (u’22)+ remains fixed at the same wall-normal position identified by many authors,
e..[4,9,11,13,15,17,22]. The spatial resolution of the measurement probe and/or the grid spacing play a crucial
role in accurately capturing the turbulence statistics, and their effects may overlap with the Reynolds number
effect. Furthermore, the lack of accurate higher-order moments, i.e. skewness and flatness, remains a persis-
tent problem, especially from an experimental perspective, and this problem becomes more pronounced at
higher Reynolds numbers, due to the extremely thin viscous sublayer and the near-wall limited spatial resolu-
tion. Therefore, the present authors incorporate turbulence statistical data from direct numerical simulations
[18,27] to complement near-wall experimental studies.

Another area of focus in the fluid mechanics community is the scaling of turbulence statistics, both in
the near-wall region and the pipe core. In the wall layer, the friction velocity, u; = 4/7,,/p, and the vis-
cous length scale, £, = v/u,, are commonly used as the traditional turbulence scales, where 7,, is the wall
shear stress. Accurate scaling in the core region is essential for characterising different turbulent structures
[28,29]. In pipe flow, the centreline mean velocity U,. and the pipe radius R are typically adopted as the
velocity and length scales for core turbulence scaling [9,12,13]. The work of Morrison et al. [9] and Maru-
sic et al. [12] suggested that a unified scaling approach considering both the inner and outer/core regions
would be appropriate to accurately describe the centreline turbulence behaviour under varying flow condi-
tions. Their refined approach via the so-called Karmén/friction number, Re; = R/¢, helps bridge the gap
between near-wall and core flow characteristics. Its definition connects two relevant length scales - viscous
(¢£.) to integral/large (R) scales — as an appropriate similarity parameter. In the present study, therefore, the
friction Reynolds number Re, is adopted as an appropriate similarity parameter. Careful experiments were
conducted using pipe facilities at LSTM-Erlangen (1492 < Re, < 8597) [30,31], BTU Cottbus-Senftenberg
(CoLaPipe) (3441 < Re; < 17,608) [32] and the University of Bologna (CICLoPE) (6566 < Re,; < 38,203)
[33]. These pipe experiments were designed to provide insight into pipe flow statistics and scaling. In addi-
tion, the pipe-flow experimental statistics were supplemented with available DNS data from Bauer et al. [18]
and Bauer [27]. They [18,27] investigated the convergence and scaling of high order statistics in turbulent
pipe flows for friction Reynolds numbers in the range 180 < Re, < 2880.

The wall friction velocity, as discussed above, is a key scaling parameter in wall-bounded shear flows. Var-
ious friction relations have been extensively used and thoroughly discussed by Zanoun et al. [21]. One of the
most established models is the Prandtl-von Karmdn logarithmic law, which has served as a reliable frame-
work for predicting the wall skin friction in turbulent shear flows. However, concerns have arisen about its
accuracy, particularly at high Reynolds numbers [21,34], with experimental data showing deviations from
predicted values. These discrepancies are often attributed to the limitations of the flow similarity assump-
tions inherent in the Prandtl-von Karman model, which in particular fails to account for variations in the
near-wall flow behaviour with the Reynolds number. Recent studies, see e.g.[21,34,35], have focussed on
refining friction relations to address these limitations over a wider range of Reynolds numbers. However,
the present study adopts a robust approach by determining pipe wall friction based on some integral flow
parameters, thus reducing the influence of near-wall effects. In this context, the present study aims at mutual
validation of measurements and DNS data, focussing on three key concerns related to pipe flow: (1) how
turbulence statistics at the pipe centreline scale with the Reynolds number, (2) the measurement of the wall
friction velocity as a critical scaling parameter [21], (3) the effect of the Reynolds number on the scaling
of the mean velocity and higher order statistics [1-23]. To address these concerns, the frequency response
and spatial resolution of measurement techniques such as hot-wire probes as well as their calibrations must
be carefully considered. Uncertainties in probe positioning relative to the wall surface [36], as well as the
locality of the wall friction velocity u, [21], are also critical factors. Through the analysis of complementary
experimental (810 < Re, < 55 x 10°) and numerical (180 < Re, < 2880) data, this work explores the effects
of the Reynolds number on turbulence statistics, particularly at the pipe centreline and in the inner-outer
overlap, while also investigating the scaling laws of higher-order statistical moments. The synergy between
experiments and DNS is particularly valuable, as it covers a wide range of Reynolds numbers and provides
insights into pipe wall friction and turbulence behaviour across the entire flow field, an analysis that can-
not be achieved by experiments or simulations alone. This approach is essential for a better understanding
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of flow characteristics in various engineering applications, such as fluid transport, friction, and process
design.

To outline, the paper is organised into 4 sections. Following the introduction, Section 2 briefly describes
the experimental facilities, measurement techniques, and DNS data sets used. Section 3 discusses the effects of
Reynolds number on wall friction, the scaling of the mean flow, and the higher-order statistics of fully devel-
oped turbulent pipe flow. Finally, Section 3 presents conclusions and final remarks, along with suggestions for
further work.

2. Experimental and numerical facilities

As summarised above, at high Reynolds numbers, experiments may face limitations if the measuring probe
is not small enough and sampling frequency is not sufficiently high. When such constraints arise, correc-
tions must be applied to obtain reliable near-wall statistics. Although decreasing grid spacing and time scales
pose challenges for Direct Numerical Simulations (DNS) at high Reynolds numbers, DNS can still effec-
tively resolve near-wall turbulence if sufficiently high spatial and temporal resolutions are used. Therefore,
the combination of numerical and experimental techniques, supported by analytical methods, enables the
investigation of turbulent shear flows across a wide range of Reynolds numbers. Present measurements have
been performed in the large pipe facility CoLaPipe [32], located at the Department of Aerodynamics and Fluid
Mechanics (LAS), Brandenburg University of Technology (BTU C-S), for friction Reynolds number Re; in
the range 3441 < Re; < 17,608. The CoLaPipe, Figure 1 (top), is a closed return wind tunnel facility. It pro-
vides air with ~ 80 m/s maximum velocity, having a turbulence level less than 0.5% at the pipe inlet section
[23]. It has two pipe sections, both made of high-precision smooth acrylic glass, having inner pipe diameters
0f190 £ 0.23 mm and 342 =+ 0.35 mm, with 136, and 77 length-to-diameter ratio (L/D) for suction and return
sections, respectively. In addition, the CICLoPE pipe facility [33], Figure 1 (bottom), has been used to extend
the CoLaPipe friction Reynolds number working range. The CICLoPE is also a closed return facility, located
at the Interdepartmental Centre for Industrial Aerospace Research-CIRI Aerospace, University of Bologna,
Italy, for a wider range of friction Reynolds number 6566 < Re, < 38,203.

The CICLoPE has a pipe section of 900 £ 0.2 mm inner diameter, and 111.5 m total length,i.e. L/D = 124,
providing air with 60 m/s maximum velocity. Note that both facilities are equipped with water coolers to sta-
bilise the air temperature inside the test sections. In both facilities, the ambient pressure and the temperature
inside the test chamber were measured using an MKS Baratron 120A absolute pressure transducer and a PT
100 thermistor, respectively.

Hot-wire setup

In the CoLaPipe facility, streamwise velocity measurements have been conducted using both the Dantec Mul-
tichannel Constant Temperature Anemometer (CTA) and the Dantec Streamline hot-wire anemometer with
commercial Dantec boundary layer probe, Model 55P53, see Table 1. In the CICLoPE facility, Dantec Stream-
line 90N10 CTA and Dantec 55P11 commercial probes were used in addition to custom-made Platinum
single-wire probe [33], see Table 1. The selection of sampling frequency and time is crucial to ensure accu-
rate measurements when using hot-wire, see [37,38]. According to the Nyquist-Shannon Sampling Theorem,
the sampling frequency was typically chosen. Bruun [38] suggests, for instance, sampling frequencies in the
range of 10kHz to 100kHz for turbulence measurements in turbulent flow. This range allows to capture
high-frequency turbulent fluctuations without aliasing. Thus, in alignment with [37,38] and based on the
viscous length and time scales associated with the Reynolds numbers summarised in Table 1, the sampling
frequencies were set to 30 kHz & 60 kHz with low-pass filters at fip = 15kHz & 30 kHz, for CoLaPipe and
CICLOPE, respectively. Samples were acquired over 60-160 seconds, depending on the Reynolds number, at
each measuring point, ensuring reliable time-averaged turbulence statistics.

Table 1 shows the principal parameters governing the flow conditions as well as details concerning the
spatial and temporal resolution of the data for various pipe facilities. The spatial resolution of hot-wire is
expressed non-dimensionally as [;W = {pyi, /v. Hot-wire had an aspect ratio €, /dp, > 250 sufficiently
large to suggest a negligible influence of the prongs on the velocity measurements. A fourth-degree polynomial
was used for hot-wire calibration with an accuracy better than £1%. To ensure consistency, the calibration
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Figure 1. Pipe experimental facilities: (top) CoLaPipe at LAS, BTU C-S [32], (bottom) CICLoPE at CIRI, University of Bologna [33].

curve was rechecked after each set of measurements to cover the full velocity range in the near-wall region.
The air stream temperature in all pipe facilities was kept constant within +0.2°C during both calibration and
measurements to ensure accurate velocity results. Once the calibration curve and least squares fitting equation
were established, flow field measurements were conducted.

Pressure scanner and mean pressure gradient

It is known that the wall shear stress is directly related to the streamwise mean pressure gradient measured
along the pipe test section. Therefore, the mean pressure gradient was measured, where the flow was con-
firmed to be fully developed in all pipe facilities, and these measurements were used to determine the wall
friction velocity u, [21]. In The CoLaPipe facility, a 16-channel pressure scanner with a 7 kPa piezo-electric
transducer was used for pressure measurements along the pipe test section. The transducer has frequency
response up to 500 Hz/channel with measurement resolution of £0.003% full scale. It was calibrated to com-
pensate for offset, sensitivity, nonlinearity, and thermal effects. The wall pressure along the pipe test section
was measured using wall pinholes and static pressure taps. For accurate mean pressure measurements, the
ratio of the pinhole diameter d to the viscous length scale £, i.e. d/{, is indeed a critical factor, as discussed
in [39]. A small d/{, ratio makes the flow through the hole highly sensitive to local pressure gradients and
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Table 1. Summary of main experimental parameters from LSTM-Erlangen pipe, CoLaPipe
and CICLoPE [33] facilities: Rec=centreline Reynolds number, Re, =friction Reynolds number,
{hw=hot-wire length, dn,=hot-wire diameter, fh+w = CpwU; /v spanwise hot-wire length in
wall units, £, = v/u, viscous length scale, T,,,=sampling time.

Rec Re, Ue Chw dhw Chw /Ahw €h+w e Thw
[-1] [-] [m/s] [wm] [m] [-] [-] [pm] [s]

LSTM-Erlangen
D = 112mm [30,31]

70,271 1492 0.203 1.25 5 250 17 38 60
80,063 1620 0.442 1.25 5 250 36 35 60
94,543 1944 0.530 1.25 5 250 43 29 60
135,928 2668 0.725 1.25 5 250 60 21 60
160,248 3136 0.870 1.25 5 250 70 18 60
198,647 3838 1.075 1.25 5 250 86 15 60
231,504 4362 1.235 1.25 5 250 97 13 60
LSTM-Erlangen

D = 148 mm [30,31]

142,517 2687 0.547 1.25 5 250 45.5 27.3 60
198,918 3685 0.750 1.25 5 250 62 20.1 60
255,748 4722 0.990 1.25 5 250 80 15.7 60
306,957 5612 1.169 1.25 5 250 95 13.2 60
336,490 6134 1.228 1.25 5 250 104 121 60
365,363 6663 1.360 1.25 5 250 112 11.1 60
394,908 7153 1.433 1.25 5 250 121 10.1 60
420,486 7539 1.538 1.25 5 250 127 9.8 60
460,649 8182 1.627 1.25 5 250 138 2.0 60
486,242 8597 1.718 1.25 5 250 145 8.6 60
ColaPipe-Cottbus

D = 190 mm [32]

181,186 3441 0.5406 1.25 5 250 45 28 120
216,827 4130 0.6629 1.25 5 250 54 23 120
261,977 4845 0.7613 1.25 5 250 64 20 120
299,285 5462 0.8651 1.25 5 250 72 17.4 120
376,737 6752 1.0788 1.25 5 250 89 14.1 120
471,098 8287 1.3301 1.25 5 250 109 12 120
597,975 10,321 1.6691 1.25 5 250 136 9.2 120
675,904 11,527 1.8503 1.25 5 250 151 8.2 120
748,632 12,764 2.0911 1.25 5 250 168 75 120
834,484 13,989 2.2454 1.25 5 250 184 6.8 120
917,716 15,407 2.525 1.25 5 250 203 6.2 120
1,068,237 17,608 2.825 1.25 5 250 229 5.5 120
CICLoPE-Bologna

D =900 mm [33]

634,364 10,847 0.3678 0.7 25 280 17 42 160
899,565 15,017 0.5092 0.7 2.5 280 23 30 160
1,162,960 19,085 0.6471 1.1 5 220 47 24 120
1,433,162 23,203 0.7867 1.1 5 220 57 20 120
1,709,693 27,373 0.9281 0.7 2.5 280 43 17 80
1,981,788 31,441 1.0660 0.7 25 280 49 15 80
2,255,750 35,508 1.2039 0.7 25 280 55 13 80
2,438,220 38,203 1.2953 0.7 2.5 280 60 12 80

viscous effects, resulting in a more complex relationship between the measured pressure and the overall pres-
sure drop in the pipe. Conversely, a too large pinhole can reduce sensitivity to local flow variations, potentially
sacrificing resolution for finer variations. Therefore, in turbulent flows, a sufficiently large pinhole provides
a more stable measurement, as it minimises the effect of localised flow disturbances. A pinhole diameter
d of 500 wm was chosen, large enough compared to viscous length scale, see Table 1, with a depth £ of 2
mm, giving an aspect ratio of £/d = 4 [39]. The inner surface of the pipe was smoothed around the pressure
pinholes to ensure accurate measurements. Pressure readings were taken simultaneously at 16 different loca-
tions, 8 meters downstream from the pipe inlet. The measurement points were spaced 0.5 meters apart in the
streamwise direction, where fully-developed flow conditions were confirmed.

Similarly, in the CICLoPE pipe facility, the static pressure along the pipe was measured using 1000 pm
pressure pinholes [33]. The pressure pinholes/taps were located in a 5 m long pipe test section, all 1m apart
from each other. The first pressure location has 4 pinholes/taps azimuthally spaced, while the rest had a single
pressure pinhole/tap at each location. Static pressure along the pipe was acquired with a 32-channel digital
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Table 2. Summary of the turbulent pipe flow simulation cases [18,27]: Re; = u,R/v and
Rep = Uz D/v are the friction and bulk Reynolds numbers, where u, is the friction and Uy,
is the bulk velocity (D = 2R).

Case P180 P360 P720 P1500 P2880
Re, 180 360 720 1500 2880
Rep, 5258 11,664 25,992 60,075 123,260
L/R 42 42 42 42 42
N, 1536 3072 4608 8192 12,288
N, 256 512 1024 2048 4096
Ny 84 160 222 408 646
Azt 49 49 6.6 7.7 9.8
Re; Ap 44 44 44 46 44
Art 0.31 0.39 0.49 0.49 0.32
ARt 4.4 4.4 46 6.8 44
Atu, /D 2x107° 1.5 x 107> 7 x 107 32x107° 1.6 x 1076
AT, 29,396 2838 788 310 31
AT 361,880 63,074 31,450 23,230 4183

Notes: N, N,,, and N; are the number of grid points with respect to the axial, azimuthal, and radial direction,

respectively. AzT, streamwise grid spacing; Re; A azimuthal grid spacing at the wall; Ar,*n'm and Arf.,

minimal and maximal radial grid spacing, respectively, all grid spacings normalised by wall units. At,
simulation time step; AT, averaging interval for statistics; AT, = ATU,/R, in bulk time units; ATT =
ATu;2 /v, in viscous time units; Pipe length for all cases: L /R = 42.

pressure scanner Initium with a 2500 Pa range. Dynamic pressure was measured with MKS Baratron 120AD
differential pressure transducer, with a range of 1333 Pa and an acquisition frequency of 10 Hz. In addition,
the local mean centreline velocity was measured with a fixed L-shaped Prandtl tube.

DNS data sets

The experimental data at the lower end of the accessible Reynolds number range presented in Table 1 are com-
pared to the DNS data sets of Bauer et al. [18] and Bauer [27] presented in Table 2. The DNS calculations were
performed using a well-validated fourth-order finite-volume method suitable for solving the incompressible
Navier-Stokes equations on a staggered grid for the domain of a smooth-walled pipe. As indicated in Table 2,
the grid spacing in wall units was set to values of Az™ < 9.8 in the streamwise direction, Re; Ap < 4.6 in the
azimuthal direction at the wall, ArTmin < 0.49 at the wall, and ArTmax < 7.0 at the centreline, respectively.
The grid refinement towards the wall is based on a hyperbolic tangent function. The one-point statistical quan-
tities presented in this paper were computed using on-the-fly averaging in the axial and azimuthal directions
as well as in time. For more details on the numerical methodology, the reader is referred to Bauer et al. [18].

3. Results and discussion
Streamwise mean momentum equation

For fully developed turbulent pipe flow, the relationship between the streamwise mean velocity, the pressure
gradient, and the Reynolds stresses is governed by the well-known streamwise momentum equation:

0 - o[ aU, - op
I ) U ] _ a1 . 1
= (o + o024 2 w5+ iy | = 2 1)
At the pipe centreline, where wall shear effects vanish as 6U,/dr — 0, the streamwise momentum equation
reduces primarily to a balance between the mean pressure gradient and the streamwise component of
Reynolds stress. This simplified relationship will be central to the analysis of streamwise turbulence statistics,
particularly at the pipe centreline.

Friction factor

For fully developed turbulent pipe flow, all derivatives with respect to the streamwise direction, z, are zero,
except for the mean pressure gradient 8p/dz, which is necessary to drive the flow against the pipe wall friction.
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Figure 2. The pipe friction factor A versus the bulk Reynolds number Rey, from various pipe facilities in fully-developed laminar
and turbulent flow regimes 4 x 10% < Rep < 2 x 108,

Based on the boundary conditions on the pipe wall and centreline [40], the streamwise mean momentum
Equation (1) can be written as:

ou, ROp ROp
= ——— — - — > 2
o 20z 0 T T 20z @

which indicates an exact balance between the wall shear stress 7,, and the mean pressure gradient dp/dz that
drives the flow. Noting that 7,, = udU,/dr, and that u, = /7,,/p the wall friction velocity is regarded an
appropriate scaling velocity for the entire shear layer, including the core region of the pipe [4].

Based on the wall friction velocity u, and the fluid bulk velocity U,, the pipe friction factor 4 is defined
as A = 8(u; /U)>. The evolution of A as a function of the Reynolds number based on bulk Rey, is presented
in Figure 2.

In the laminar flow regime Re, < 2000, good agreement is observed between the experiments carried out
by Peixinho et al. [41] and the generalised Hagen-Poiseuille friction law 4 = 64/Rey, [42]. For fully developed
turbulent pipe flow, both the pipe facilities at BTU C-S [32] and Bologna University [33] have been used to
measure pipe wall friction for a wide range of Reynolds numbers [21]. Precise measurements of U and 0p/dz
along both pipe test sections were carried out, resulting in accurate pipe wall friction data presented in Figure
2, independently of the mean velocity profile. Figure 2 also depicts various sets of pipe friction data, including
DNS data [18,27] in comparison with the friction relations discussed in [21]. The figure illustrates for Rep, <
10° an excellent agreement of the ColaPipe, CICLoPipe, and DNS data with the Blasius friction relation [42]
A = 0.3164 Re, ~%°. For Re, > 10°, the data showed a high degree of correlation with the various logarithmic
friction relations discussed in [21].

Local mean flow properties

At the pipe centreline, the local streamwise mean velocity U, and its velocity fluctuation u/. was measured

and simulated at different Reynolds numbers Re. = U,.D/v based on the centreline velocity U, at a stream-

wise location where the pipe flow was fully developed [18,27,30]. The intensity of the streamwise turbulence
12 —

at the centreline, (u/ZCZ) / /Uy, obtained from the DNS [18,27] and various experiments [1,3,30,31,43] is

compared with recent results from the CoLaPipe [32] and CICLoPE [33] in Figure 3. The figure illustrates a

. . 2,1/2 — . . . .
monotonic decrease in (u,.°) '~ /Uy as the Reynolds number Re. increases. This monotonic decrease in the
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Figure 3. The centreline turbulence level ICZ/UZC for fully-developed turbulent pipe flow from different pipe experiments
[1,3,30-33,43]for 5 x 10% < Rec < 2.44 x 10% and simulations [18,27] for 6886 < Re. < 149,261.

centreline streamwise velocity fluctuations with increasing Reynolds number can be explained by examin-
ing the momentum equation of the streamwise velocity component, i.e. Equation (1), where x0U,/dr is the
viscous shear stress or the momentum transport due to the mean flow, —pu,u, is the turbulent momentum
transport due to the fluctuating velocities, and 0p/dz is the gradient of the mean pressure in the streamwise
direction.

On the one hand, in Equation (1), the velocity fluctuations - either i/, or u,— are proportional to the square
root of the mean pressure gradient in the streamwise direction. On the other hand, in Equation (2), the gradi-
ent of the mean velocity field 9U, /or is directly proportional to the gradient of the mean pressure 6p/0z. Thus,
as the Reynolds number increases, the growth rate of the local mean velocity at the centreline U, surpasses
that of the centreline velocity fluctuation, «/, . This results in a monotonic decrease in the centreline turbulence

12 —
level (u’zcz) / /Uy as a function of the Reynolds number Re. as shown in Figure 3. The figure shows satis-
factory agreement between the experimental results from CoLaPipe for 181,186 < Re. < 1,068,237 versus
data extracted from the literature [3,30,43] for the fully-developed turbulent pipe flow. Using least-squares

12 —
curve fitting, the normalised streamwise centreline velocity fluctuation (u’zcz) / /U, from CoLaPipe with
data, combined with data extracted from [3,30,31] for Re. > 10° yields the following relation:

w)'”
2zl —0.1625Re 78 (3)

zc

Equation (3) reproduces (ufzcz) 12 /U with +1.717% uncertainty for Re. > 10°. By contrast, the experimen-
tal data sets [1,33,43] show less agreement with Equation (3) which may be attributed to low Reynolds number
effects and/or to the accuracy of measuring the local turbulence statistics at the centreline. However, the
experimental data at low Reynolds numbers from [1,43] are in close agreement with the DNS data [18,27].
Furthermore, the mean velocity at the centreline Uy, is normalised with the bulk velocity U, for various
Reynolds numbers and the results are presented in Figure 4. On the one hand, for low friction numbers, Re, <
100 (Rep, < 3 x 10%), the centreline velocity Uy, approaches twice the bulk velocity U, which corresponds
to the case of fully-developed laminar pipe flow. On the other hand, for Re; > 5000 in the fully-developed
turbulent flow regime, U,/ U,;, decreases monotonically with a slight slope as the Reynolds number increases.
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Figure 4. The centreline mean velocity U, non-dimensionalised with the bulk velocity Uy, from different pipe experiments
for a wide range of the Reynolds numbers, (left) full range of data and (right) zoomed y-axis with +1.44% an error bar.

The least-squares fit of the U,./U,;, data measured in the CoLaPipe and CICLoPE facilities yields:

U
—% = 1.33Re, (7001339 (4)
Uzh

Equation (4) reproduces U,/ U, with an uncertainty of 4-1.44% for Re,; > 5000. It can also be expressed in
terms of the centreline Reynolds number Re, as follows:

U
—% = 1.404 Re (700122) (5)
Uzb

reproducing Uzc/Uzb with a deviation of less than £1.19%.

An in-depth analysis of the centreline flow characteristics in terms of the two dimensionless numbers Re.
and Re; reveals a key outcome of this study. It is well known that the wall friction velocity u is a crucial scaling
parameter, requiring accurate and preferably independent measurements of the pipe wall friction [21]. It is
common to express the wall friction, see Figure 2, in the form A = f(Rey), where 4 is the wall friction factor
and Rey, is the bulk Reynolds number. Alternatively, the pipe wall friction data can be represented as a function
of the centreline Reynolds number as illustrated in Figure 5.

The figure shows a unique correlation between the pipe wall friction, expressed in terms of Re;, and the
centreline Reynolds number Re, for a wide range of the Reynolds numbers 180 < Re, < 5.5 x 10* (6889 <
Re. < 3.7 x 10°), which yields the following empirical relation:

Re; = 0.048 Re>*% (6)

predicting the pipe wall friction with an accuracy of better than £2.06%. It is worth re-noting again that in
Figure 5, the DNS data were obtained by Bauer et al. [18] and Bauer [27] in the Reynolds number range 180 <
Re,; < 2880 (6889 < Re. < 149,261), the experimental data obtained using the CoLaPipe 3441 < Re; <
17,608 (83,145 < Re. < 9.185 x 10°) and CICLoPE 10,847 < Re, < 38,203 (634,363 < Re. < 2.438 x 10°)
facilities. In addition, the pipe flow data extracted from Nikuradse [44] 3437 < Re; < 55,500 (244,090 <
Re, < 3.6963 x 10°) are shown. Thus, based on the data presented in Figure 5 and the empirical relation (6),
one can predict the friction of the pipe with an accuracy better than £2.06%, simply, experimentally or
numerically, via an accurate value for the local mean velocity at the pipe centreline U,,.

It is important to note that achieving a fully-developed turbulent state in pipe flow depends on several
factors, including the design of the settling chamber, contraction geometry, inlet conditions (e.g. triggered or
untriggered), flow velocity, pipe roughness and the pipe’s length-to-diameter ratio. Nevertheless, once a fully
developed turbulence state is established, Equation (6) and Figure 5 demonstrate remarkable robustness by
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Figure 5. The development of the wall friction Reynolds number Re, = u,R/v as a function of the centreline-based Reynolds
number Re. for 180 < Re, < 55 x 103 (6886 < Re. < 3.7 x 10°), illustrating the proposed friction correlation, given by
Equation (6).

predicting Re, directly from Re,, regardless of the flow initiation conditions. This robustness is confirmed
by consistent results results across a wide range of datasets, including those from the CICLoPE, CoLaPipe,
and Erlangen pipe facilities, the classical experiments of Nikuradse [44], and recent DNS studies [18,27].
The strong agreement among these diverse sources highlights both the generality and the reliability of the
proposed scaling relation, i.e.Equation (6).

Streamwise mean velocity profile

One of the main objectives of this manuscript is to analyze the streamwise mean velocity profile U, = f(y)
with particular emphasis on the inertial sublayer for friction Reynolds numbers in the range 180 < Re; <
15,407, based on experimental and DNS data. The wall-normal coordinate pointing towards the pipe axis is
denoted as y = (R — r). The scaling of the local mean velocity, U: = U,/u,, and the wall-normal distance,
yT = y/C., was performed using the wall friction velocity u, = /7,,/p and the viscous length scale £, =
v/u,, respectively. The mean value of the wall friction is thus crucial for highlighting the effect of the friction
Reynolds number, Re; = u; - R/v, on the scaling laws. It is therefore not surprising that the friction Reynolds
number significantly influences the mean velocity profile, given the dominance of either the viscous or inertial
forces [4,21,45,46].

Given the significant influence of the friction Reynolds number on the mean velocity profile, it is impor-
tant to examine how the velocity profile behaves in the inertial sublayer, in particular ‘whether it follows a
logarithmic or a power law’ — an ongoing debate that has been explored in detail in several studies, including
the early work of Millikan [47] and more recently Barenblatt [45] and Monkewitz and Nagib [46]. A so-called
diagnostic function E = y*(dU /dy™) is often used as a criterion to differentiate between the two laws, see
e.g. Zanoun et al. [31], Osterlund et al. [48] and Wosnik et al. [49]. Using = = f(y™), Figure 6(a) examines
whether the pipe mean velocity data follow a logarithmic behaviour. A constant behaviour of = at sufficiently
high Reynolds numbers leads to the existence of a logarithmic layer consistent with Millikan’s [47] argument
that a logarithmic law is expected in high Reynolds number turbulent channel and circular pipe flows, with a
constant value of the von Karman constant ¥ = 1/ Z. Along the inertial sublayer in Figure 6(a), the Z-profiles
exhibit a constant behaviour starting at y* = 200 — 300, indicating that ‘the logarithmic law is a good rep-
resentation of the mean velocity in the overlap region for Re; > 4500’. This is consistent with previous pipe
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Figure 6. Inner scaling of the streamwise mean velocity Uj = f(y*) compared with the logarithmic velocity profile [50] in
fully-developed turbulent pipe flow from experiments [21,31,51] and DNS [18,27].

flow studies by Zanoun [30] and Zanoun et al. [31] that further supports the logarithmic nature of the mean
velocity profile.

Monkewitz and Nagib [46] recently concluded that it is not surprising that the inner-outer overlap limits
of the logarithmic velocity profile are not fixed and remain a subject of ongoing debate; see also [9,13]. The
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present authors also emphasise that the overlap parameters, including the inner-outer limits of the logarithmic
range and the slope of the logarithmic line, depend on the resolution of the measurement technique, the
accuracy of the mean velocity and the wall friction data. The present hot-wire results, along with all of the
first author’s previous data, support y* = 200 — 300 as an appropriate inner limit for the logarithmic range,
as shown in Figure 6(a). Figure 6(b) shows the logarithmic mean velocity profile [50]:

— 1
U =—Iny" +B 7)
K

where « is the von Kdrman constant and B is the additive constant. The logarithmic line with x = 0.39 and
B = 4.42 [52] represents accurately the mean velocity profiles for Re; > 4500 along the wall layer, with 200 <
yT < 0.15Re,. Although some recent studies, such as those by Nagib and Chauhan [10] and Monkewitz and
Nagib [46], suggest values of x = 0.41 and B = 5.0, the authors chose to use the log-law constants proposed
by Perry et al. [52], namely ¥ = 0.39 and B = 4.42. This choice is based on the fact that the data presented in
Figures 6(a,b) align well with Perry et al. [52] logarithmic line. The mean velocity profiles plotted in Figure 6(b)
cover two ranges of the Reynolds numbers: experimental data for 810 < Re, < 15,407 and DNS data for
180 < Re, < 2880 [18,27]. The measured velocity profiles for 810 < Re, < 15,407, presented in Figure 6(b),
are based on ensemble-averaged laser-Doppler anemometry (LDA) and hot-wire data. Note that the mean
velocity profile for Re, = 810 is extracted from [51] and was obtained using the LDA. The DNS mean velocity
profiles data were obtained by averaging the streamwise velocity component for 180 < Re, < 2880 [18,27].

The experimental profiles shown in Figure 6(b) for low Reynolds numbers Re; < 2 x 10? collapse near the
wall in alignment with the DNS data. The figure also shows data collapse along the overlap region, following
the logarithmic velocity profile for Re; > 4.5 x 10°. However, only the high Reynolds number DNS case, i.e.
Re, = 2880, exhibits a logarithmic behaviour along the log range y™ = 200 — 432.

To examine how well the current experimental and numerical data align with the logarithmic line proposed
by Perry et al. [52], the so-called normalised velocity fractional difference is used. This is defined as A U
(UZ predicted — U;memd)/UZ predicteq> Calculated and presented in 6(c). In this expression, Ujpredrcted is cal-
culated using the logarithmic velocity profile with Perry’s recommended constants x = 0.39 and B = 4.42.
Figure 6(c) shows that the deviation of the selected experimental velocity data from the logarithmic velocity
profile is minimal for wall-normal distances 200 < y* < 0.15Re,, where the velocity closely matches the loga-
rithmic line. Along the logarithmic range, for sufficiently high Reynolds numbers (Re; > 4500), the measured
velocity closely follows the logarithmic line, indicating the high accuracy of the present data. The deviation of
two selected DNS cases, [18,27], for Re; = 720 and Re,; = 2880, from the logarithmic velocity is also shown
in Figure 6(c). A large deviation is observed for Re; = 720, as this case is far from behaving logarithmically.
In contrast, the deviation for Re; = 2880 lies within +1% along the wall distance y™ = 200 — 432, indicating
reasonable logarithmic behaviour.

Streamwise velocity fluctuations

The wide range of turbulence scales in pipe flow makes spanwise-spatial resolutions of hot-wire probe and
grid spacing critical for accurate measurements and simulations near the wall. Spanwise-spatial resolution is
especially important, where steep velocity gradients and strong shear significantly affect higher-order turbu-
lence statistics [4,6,25,53,54]. To account for finite probe size, Smits et al. [53] proposed a spatial correction
for the streamwise Reynolds stress (1 )% based on the attached eddy hypothesis, which is valid over a wide
range of Reynolds numbers and wire lengths 0< f mw < 150. Notably, this correction has been successfully
applied to the present hot-wire data shown in Figure 7 and Appendix. Figure 7(a) compares the uncorrected
and corrected (u/22)+ profiles for two cases: Re; = 2687 (f;{w = 45.5) and Re; = 15,407 (K;lrw = 203). A clear

dependence of (ug2)+ on probe length is observed in the near-wall region, with a sharp drop near y* ~ 15
due to spanwise spatial averaging along the hot-wire length. This attenuation, caused by insufficient spa-
tial resolution, persists for approximately y* < 0.1Re, where the motion at all turbulence scales is highly
anisotropic, see e.g. [25], and beyond which its effect becomes negligible. One may therefore conclude that
resolution issues are irrelevant in the core region, where the characteristic length scales—governed by the Tay-
lor microscale-are significantly larger than those near the wall. As shown in Figure 7(a), the correction is
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therefore unnecessary beyond the outer edge of the log layer y™ > 0.15Re,. Consequently, the centreline tur-

bulence intensity (u’zz)l/ 2 /Uy, shown in Figure 3, remains unaffected by probe resolution—consistent with
Ligrani and Bradshaw [25], who noted also that attenuation decreases with distance from the wall as eddy
sizes increase.

To demonstrate the effectiveness of the spatial correction adopted, the two experimental cases at Re; =
2687 and Re; = 15,407 were corrected and plotted alongside their uncorrected counterparts in Figure 7(a).
Although the correction technique by Smits et al. [53] is formally limited to wire lengths f:l'w < 150, it was
applied to the case of Re; = 15,407 (¢ h+w = 203) and still showed good performance. The corrected profiles,
in particular, for Re; = 2687, show significantly improved agreement with expected near-wall behaviour,
confirming the impact of the probe resolution. As discussed in Appendix, accurate comparisons between DNS
at Re; = 2880 [18,27] and hot-wire measurements Re, = 2687 in Figure 7(a) validate the effectiveness of the
correction method adopted from Smits et al. (2011), applied even in the range 30 < y* < 100. However,
in the viscous sublayer y* < 30, the corrections become more sensitive due to steep small-scale gradients,
leading to some deviations from the DNS data.

Based on all hot-wire lengths summarised in Table I, the spatial correction method by Smits et al. [53] was
applied to account for spanwise-resolution limitations. The corrected streamwise Reynolds stress data (L/ZZ)Jr
for 1620 < Re; < 15,407 are presented in Figure 7(b) alongside DNS results for 180 < Re, < 2880 [18,27].
Near the wall, the corrected profiles align well with DNS and show a distinct Reynolds-number-dependent
inner peak around y* & 15, consistent with findings in [17]. This observed dependence supports the view
that the inner peak reflects interactions between near-wall and outer-layer motions [13,55], rather than being
an artifact of probe resolution [6]. The present results also agree with the empirical formulation by Hutchins
et al. [54] and experimental data from [9]. Notably, the inner peak consistently occurs near the location of
maximum turbulent kinetic energy production, as reported in [11,56,57].

Beyond the inner limit of the logarithmic region, y* = 200, a plateau in (u’zz)+ is clearly visible along
the overlap region, possibly resulting from a constant behaviour of the Reynolds shear stress (u’zu’,)+ in the
logarithmic region for the high Reynolds number cases 6752 < Re, < 15,407 [57]. The plateau observed
could be a result of structural changes related to the outer flow phenomena postulated in [9]. However, an
outer peak is barely observable in Figure 7(b), which might be due to insufficiently high Reynolds numbers
achieved in the present study in contrast to [17] who obtained it for Re; > 20,000.

At high Reynolds numbers, Townsend [2] claimed a logarithmic decay for the streamwise Reynolds stress

(u’22>+ along the inertial sublayer, expressed as:

(W?)" =B, — Ay In(yt /Re,), 8)

where A, and B, are Reynolds number dependent constants. Hultmark [58] and Hultmark et al. [59]
confirmed Townsend’s logarithmic decay of the streamwise normal stress <u’22)+, as expressed above in
Equation (8). They proposed constants A; = 1.25 [58] or A = 1.24 + 0.1 [59] and B; = 1.61 [59] or B =
1.48 4 0.3 [59] for smooth pipe flow at high Reynolds numbers. In Figure 7(b), the data for Re, = 15,407
exhibit a logarithmic decay in (u’zz)+ within the limited wall-normal range 0.065 < y*/Re; < 0.15, showing
good agreement with Equation (8) when using the constants A; = 1.25 and B; = 1.61 adopted from [58,59].

To explore alternative representations of the streamwise normal stress (u’zz)+ in the region beyond the
inner layer, including the overlap region, Nagib et al. [60] proposed a quarter-power law over the wall-normal

distance 0.3 <Y <0.7 for Re; > 2000, expressed in the form:
pOY) =ay — ¥~ 1%, )

where ¢ (Y) = (u’zz)+ and Y = y*/Re;. This functional form has been observed to capture the general shape
of the stress profile across a broader wall-normal range in high-fidelity datasets.

Two selected cases of ¢ (V) = (ufzz)Jr - DNS at Re; = 2880 and experiment at Re; = 15,407- are shown in
Figure 7(c). A closer examination of these cases in Figure 7(c) reveals that within the wall-layer range 0.3 <Y
< 0.7, as proposed by Nagib et al. [60], the logarithmic and quarter-power laws yield nearly indistinguishable

results. Nevertheless, both formulations, i.e. power versus log laws, provide valuable insights for modelling the
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Figure 8. Present experimental streamwise skewness S, in pipe flow, uncorrected for spanwise-spatial resolution effects, com-
pared to DNS data [18,27] for a relatively wide range of Reynolds numbers. The arrow indicates increasing friction Reynolds
number Re;.

streamwise Reynolds stress, with their effectiveness potentially influenced by factors such as flow configura-
tion, Reynolds number, and the extent of the wall-normal domain considered. While the logarithmic relation
may serve as a local approximation in specific regions, the quarter-power law provides an alternative with
potentially broader applicability. In this context, Equation (8) is retained for comparison purposes. It should
be noted that the slopes of the logarithmic lines in Figure 7(c) differ from those in Figure 7(b). Continued
analysis is underway to determine the conditions under which each formulation most accurately represents
the data.

Skewness and flatness factors

Additional focus is being directed to the third and fourth moments—skewness and flatness factors. Both of
these moments provide valuable insights into the spatio-temporal distribution of the streamwise velocity fluc-
tuations around the mean and are crucial for understanding the structure of pipe flow. While even-numbered
moments are always positive, third and higher odd-numbered moments retain sign information, providing
important statistical details about coherent structures [4]. The skewness and flatness factors of the streamwise
velocity fluctuations are commonly defined as follows:

Su = Wy, (10)
Fu = /), (11)

The distributions of both S,, and F,,, obtained numerically and experimentally, are shown in Figures 8 and 9,
respectively, for friction Reynolds numbers in the range 180 < Re, < 8597. Notably, S, and F,, from measure-
ments were obtained without corrections for the effects of spanwise spatial resolution on the hot-wire data,
particularly near the wall. Thus, the effect of Reynolds number in the viscous sublayer could not be addressed
with the present experimental data due to the insufficient resolution of the hot-wire probe. It is observed that
S, is influenced by probe size for y* < 200, compared to y* < 30 for F,,, consistent with [61]. The DNS results
by Bauer et al. [18] and Bauer [27] were thus used to provide better insights into the physical behaviour of S,
and F, near the wall. A near-wall dependence of the DNS streamwise skewness, visible in Figure 8, is likely
due to the interaction of very large-scale motions in the core region with small-scale motions [18,27].
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Figure 9. Experimental streamwise flatness F in pipe flow, uncorrected for spatial resolution effects, compared to DNS data
[18,27] for a relatively wide range of Reynolds numbers. The arrow indicates increasing friction Reynolds number Re; .

Near-wall turbulence is characterised by small scales, which, along with inhomogeneity and anisotropy,
deviate significantly from a Gaussian distribution. For Gaussian signals, the expected values for the skewness
and flatness factors are S, = 0 and F,, = 3, respectively. The deviation of S, from zero, observed in Figure
8, indicates a degree of temporal asymmetry in the streamwise velocity fluctuations, reflecting phenomena
such as acceleration versus deceleration, or sweep versus ejection events [4]. On the other hand, a deviation
of F, from 3, as shown in Figure 9, indicates a peaky signal, commonly associated with intermittent turbulent
events near the wall [4].

Near the wall, y+ < 5, the DNS data [18,27] in Figures 8 and 9 show a clear Reynolds number-dependence
of both skewness and flatness factors, respectively. The DNS S, data predominantly show positive values
within the wall-normal sublayer y* < 10, reflecting a dominance of sweeping events. In contrast, for y*+ > 10,
negative S, values are observed, consistent with ejection events [4]. A distinct S, Reynolds-dependence is also
seen for y© > 10 with a prominent local minimum at a wall-normal distance around y* ~ 33 across all DNS
Reynolds number cases. A second local minimum of S, appears at the pipe centreline, reaching an asymptotic
value of S, & —0.5 for Reynolds numbers Re, > 1500 in good agreement with the experimental data.

For y* > 200, the S, experimental data for Re; = 2687 show satisfactory agreement with the high
Reynolds number Re, = 2880 DNS data [18,27]. In the overlap region, S, exhibits a logarithmic behaviour
with no dependence on the Reynolds number for Re; > 1500. The DNS data for Re; = 2880, along with
experiments for 2687 < Re, < 8597, show S, to collapse along the logarithmic layer. Considering the DNS
data for Re; = 2880 and all experimental data presented in the wall-normal distance range 200 < y* <
0.15Re;, the streamwise skewness can be fitted either logarithmically or using a power law. The logarithmic
expression, indicated by the gray-dashed line in Figure 8, reads:

S, = —0.126In(y*) +0.647, for 200 < y* < 0.15Re;, (12)
whereas the power law is fitted as:
Sy = —0.438 + 3.74(y") 7%, for 200 < y* < 0.15Re;, (13)

indicated by the blue-dashed line in Figure 8. In the fitted data range, the root mean square error of the
logarithmic relation is 0.023, comparable to an error of 0.022 for the power law.

In Figure 9, the DNS data show a Reynolds-number dependence of F,, with higher values close to the
pipe wall and an asymptotic value of F,, &~ 3.5 at the pipe centreline for Re, > 1500, matching a value for
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isotropic and homogeneous turbulence [4,43]. At y* & 15, F, reaches a minimum and exhibts Reynolds
number-dependence while S, is approximately zero for Re; > 1500. This location, i.e. y* & 15, coincides
with the peak of the streamwise Reynolds stress (u’ZZ)Jr, see Figure 7 and the peak of the turbulent kinetic
energy production [11,56,57]. The Reynolds-number effect on F,, is evident in the core region, similar to the
corresponding Reynolds-number effects on S, illustrated in Figure 8. The Reynolds number dependence of
F,, observed might be attributed to a diminished stretching of the vorticity further away from the wall [6] or
to the large-scale inactive motion [9,62].

Similarly, the flatness factor profile F,, collapses well and shows Reynolds number-independence for Re; >
1500 at the onset of the logarithmic layer. The collapse of the F,-profiles for 50 < y* < 300 and Re, > 1500
depicted in Figure 9 can be fitted with the logarithmic relation:

F, = —0.092In(y™) 4+ 3.14, for 50 < y™ < 300, (14)

or the power law:
F, = 2.547 +2.76(y") %1, for 50 <y < 300, (15)

respectively. For the streamwise flatness, the logarithmic expression estimates the data with a root mean square
error of 0.020, compared to 0.019 for the power law. Consequently, for the present data set, a logarithmic law
and a power law yield comparable results. Note that we estimated the error induced by insufficient resolution of
the HWA probe near the wall using filtered DNS data, see Appendix. For Re, = 2880, we found an error of less
than 2% of the corresponding maximum value at wall distances above y* = 100 for the streamwise skewness
and y™ = 20 for the streamwise flatness. However, since this error might increase for higher Reynolds number
data, particularly near the wall, there remains some uncertainty in the near-wall end of the high-Reynolds
number profiles in Figure 8 and 9.

4. Conclusions and final remarks

High-quality experimental and numerical data for fully developed turbulent pipe flows have been presented
and discussed over a wide range of friction Reynolds numbers 180 < Re, < 55 x 10°. The data addressed
several key open issues in pipe flow pointed out in the introduction, focussing on the effects of Reynolds num-
ber on turbulence statistics, with particular emphasis on the centreline turbulence quantities and pipe wall
friction. A unique friction relation, Re, = 0.048 Re%%?3, is proposed, which predicts the pipe wall friction
with an accuracy of better than £2.06% over a broad Reynolds number range. Let us compare our new fric-
tion relation with some classical friction factor laws. First, the Blasius (1913) relation, A = 0.3164 Re;o.zs’ is
semi-empirical, valid only for Re, < 10°, and does not directly relate to the centreline Reynolds number Re,.
Second, Nikuradse’s [44] historical data remain pivotal but resulted from detailed mean-pressure-gradient
measurements and bulk velocity estimation. Third, the friction relation by McKeon et al. [63], 1/+/4 =
1.930log Rep+/4 — 0.537, covers a wide Reynolds number range, relying on precise streamwise mean-pressure
gradient and bulk velocity data, however, it is implicit, which may limit its applicability in some experimental
contexts. In contrast, our correlation is explicit, which enables accurate wall-friction prediction using only
a single-point measurement at centreline, Uy, obtained experimentally or numerically, without reliance on
near-wall measurements, mean-pressure-gradient data, or facility-specific calibration.

Using the local centreline mean velocity as an appropriate integral velocity scale in the core region, the
paper provides an interpretation for the monotonic decrease in centreline streamwise turbulence intensity

(u’zz)l/2 /U, as the Reynolds number Re. increases based on a thorough analysis of the streamwise mean-
momentum equation. For sufficiently high friction Reynolds number Re, > 4.5 x 10°, the inner scaling of
the present streamwise mean velocity profiles aligns with the logarithmic profile with x = 0.39 and B = 4.42
as proposed by Perry et al. [52].

Significant attenuation in hot-wire signals due to spatial averaging occurs for y* < 0.1, which necessitates
corrections in this region [53]. However, beyond y* = 0.1, the resolution effects become negligible and the
uncorrected data remain reliable. The correction method by Smits et al. [53], even when applied beyond its
applicable limit (£ ;W < 150), improves the agreement of hot-wire data with DNS and reveals a consistent
inner peak near y* & 15, confirming that this peak is a physical feature rather than a measurement artifact.
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Additionally, both Townsend’s logarithmic law and Nagib et al.’s quarter-power law effectively capture the

decay of streamwise Reynolds stress (u’zz)+ at high Reynolds numbers. While they yield similar results in the
range 0.3 <Y <0.7, the quarter-power law may offer broader applicability. The comparison of higher-order
statistics, i.e. skewness and flatness, between experiments and DNS highlights that spatial resolution limits
in the measurements mainly affect the near-wall region, while in the logarithmic layer and core region, both
datasets show excellent agreement for Re; > 2880. In this high-Re, regime, the skewness and flatness collapse
to Reynolds-number-independent profiles that can be described with equal accuracy by either logarithmic
or power-law correlations.

Further analysis of the streamwise mean velocity profiles as well as the streamwise Reynolds stress in light
of the recent work of Monkewitz and Nagib [46] and [60,64,65] is planned for a separate publication. Further
collaboration with the University of Bologna, utilising the CICLoPE facility, is planned, alongside the use
of NSTAP probes at the CoLaPipe in cooperation with Alex Smits from Princeton University. Additionally,
collecting precise near-wall experimental data on skewness and flatness will be crucial for assessing the grid
dependence of near-wall skewness and flatness values, providing valuable insights for improving the accuracy
of numerical simulations in near-wall turbulent flows at high Reynolds numbers.
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direction to the velocity fields obtained from the DNS at Re; = 2880. The filter length was kept constant for all wall
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obtained from unfiltered DNS velocity fields (blue solid line), filtered DNS velocity fields (orange dashed line) and HWA
measurements (green symbols).
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Figure A1. Streamwise velocity variance (u,u.)* (a), skewness (b), and flatness (c), obtained from unfiltered DNS data at
Re,; = 2880 (blue solid line), filtered DNS data at Re, = 2880 (orange dashed line), and HWA measurements at Re, = 2687
(green symbols).

The filtered and unfiltered DNS profiles collapse for y* 2> 200, while the filtering effect is clearly visible near the wall
in all three statistical quantities. In addition, for the streamwise velocity skewness (Figure A1(b)), the HWA data collapse
reasonably well with the unfiltered DNS data for y™ > 80.

In the following, the error induced by the filtering operation is estimated by subtracting the statistical profile of the

filtered velocity ¢ from the corresponding profile of the unfiltered velocity ¢, see Figure A2. Note that error is normalised
by the maximum of the statistical profile of the unfiltered velocity, because using a relative error would induce a singularity
due to the zero crossing in the skewness profile. For the streamwise skewness (red dashed line in Figure A2), the error
induced by filtering at the lower end of the reported collapse of the skewness profiles in Equation (12), i.e. y© = 100 is
approximately two percent of the skewness maximum. Therefore, the reported collapse of the high Reynolds number
DNS skewness profiles (Re; > 1500) and the experimentally-measured skewness profiles at 100 < y* < 0.15Re; - cf.
Equation (12) - is assumed not to be significantly influenced by an artificial filtering effect due to the spatial resolution
of the hot wire. Furthermore, the difference between the filtered and unfiltered streamwise velocity flatness profiles is
less than two percent of the flatness maximum for y* > 20 (green dashed-dotted line in Figure A2), and the HWA data
collapses well with the unfiltered DNS profile for y* > 40 (cf. Figure Al(c)). Consequently, the effect of insufficient
resolution of the HWA probe is assumed to be minor only at the near-wall end of the suggested scaling of the streamwise
velocity flatness for 50 < y* < 300 in Equation (14).
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0.4

0.3 1

Figure A2. Error of the streamwise velocity variance (u,u’)™ (blue solid line), skewness S; (red dashed line), and flatness F,
(green dashed-dotted line) due to filtering of the velocity field with a spanwise filter length of 2+ = 48.2 in wall units. DNS
data, Re, = 2880.
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