Experiments in Fluids (2021) 62:232
https://doi.org/10.1007/s00348-021-03313-5

RESEARCH ARTICLE t')

Check for
updates

LDA measurements in a one-sided ribbed square channel at Reynolds
numbers of 50,000 and 100,000

Sebastian Ruck'® - Frederik Arbeiter’

Received: 29 June 2021 / Revised: 19 August 2021 / Accepted: 13 September 2021 / Published online: 20 October 2021
©The Author(s) 2021

Abstract

Laser Doppler anemometry (LDA) measurements in the fully developed turbulent flow through a one-sided rib-roughened
square channel with a rib-height-to-channel-height ratio of k/H = 0.0667 and a rib-pitch-to-rib-height ratio of p/k =9
were carried out at Reynolds numbers (based on the channel height H and the mean bulk velocity ug) of Rey; = 5.0 - 10*
and 1.0 - 10°. Mean velocities, Reynolds normal, and shear stresses were determined. The first- and second-order statistical
moments of the velocity differed slightly between both Reynolds numbers when normalized by the bulk velocity and the
channel height. Deviations were attributed to a minor elongation increase in the large recirculation region behind the rib
with increasing Reynolds numbers. The crucial role of turbulent diffusion was reflected in the non-coincidence of the maxi-
mum primary mean shear and the Reynolds normal stress as well as outward drifts of the Reynolds stress peaks along the
rib crest. Turbulent diffusion contributed significantly to the turbulence kinetic energy (TKE) budget near the rib crest and
within the separated shear layer, while mean convection made a remarkable contribution only at the rib leading edge. The
detailed first- and second-order moments provide a basis for the validation of computational methods and turbulence models.

Graphic abstract

1 Introduction

Attached ribs are an appropriate surface structure for
D4 Sebastian Ruck increasing the heat transfer in the cooling ducts of gas tur-
sebastian.ruck @kit.edu bine blades (Han 2004), solar receivers (Hans et al. 2009),
Institute of Neutron Physics and Reactor or thermally highly loaded reactor components (Ruck et al.
Technology, Karlsruhe Institute of Technology, 2019). Fundamental research about turbulent flows over

Hermann-von-Helmholtz-Platz 1, walls roughened by transverse ribs of the height k has been
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carried out for decades. Different rib-pitch-to-rib-height
ratios p/k produce different flow patterns, and the flow field
around the ribs can be divided into an inner roughness layer
where the flow is affected by length scales associated with
the roughness and into an undisturbed outer region (e.g.,
Raupach et al. 1991). The flow field of the k-type rough-
ness (Perry et al. 1969) provides an effective fluid mixing
and is of high importance to thermally highly loaded heat
exchanger components. Therefore, rib configurations repro-
ducing flow characteristics of the k-type roughness are often
applied to rectangular or square cooling channels (Liou et al.
1992; Rau et al. 1998; Casarsa and Arts 2005; Labbé 2013).
In the following section, some literature about turbulent flow
in ribbed rectangular or square channels relevant to the pre-
sent study is reviewed briefly.

Hirota et al. (1992) systematically carried out hotwire
anemometry measurements in one- and two-sided rib-
roughened square channels (p/k = 10, k/H = 0.02) at a
Reynolds number of Re,; = 6.5 - 10*. Their results showed
that the core flow region was dominated by a secondary
flow structure of two large counter-rotating vortices in the
spanwise-wall-normal plane which transported fluid down-
wards at the channel center and upwards near the adjacent
smooth side walls. Liou et al. (1993) analysed the struc-
ture of the turbulent flow field in a two-sided, opposite
rib-roughened rectangular channel with a width W and
height H [p/k =10, k/D,, = 0.133 and H/W = 0.5 with
the hydraulic diameter D, =4 -H-W/(2-(H+ W))] ata
Reynolds number (based on D, and ug) of Re;, =3.3 - 10,
They found that the secondary flow was triggered by
the anisotropy of the flow field which was indicated by
strongly direction-dependent velocity fluctuations, and
thus, the secondary flow was classified as the Prandtl’s
secondary flow of the second kind. The secondary flow
structure found by Hirota et al. (1992) was detected in rib-
roughened channels with higher relative roughness (k/H)
by Rau et al. (1998). They investigated the turbulent flow
and heat transfer in a one- and a two-sided rib-roughened
square channel for varying rib pitches (6 < p/k <12,
k/H =0.1) at a Reynolds number of Re, =3.0-10%.
Within the inter-rib spacing, the location of maximum
heat transfer, vertical mean velocity, and velocity fluctua-
tions coincided with the reattachment zones in inter-rib
spacing center and in front of the rib. The effect of rough-
ness parameters on the turbulent flow in a rib-roughened
square channel with ribs (p/k =10, k/H = 0.1, and
p/k=6,k/H = 0.17) applied on two opposite walls at a
Reynolds number of Rey = 2.0 - 10* was investigated by
Graham et al. (2004). The LDA measurements showed
that the streamwise mean velocity at the channel center
line varied sinusoidally in axial direction, which was
reported earlier for rib-roughened circular pipes by Stukel
et al. (1984). For the ribs with p/k =6 and k/H = 0.17,

@ Springer

the flow field showed characteristics of a intermediate
roughness flow laying between the d- and k-type rough-
ness, which was found for turbulent boundary layer flows
(Okamoto et al. 1993) and two-dimensional channel flows
(Cui et al. 2003; Leonardi et al. 2003). It was shown that
the peak Reynolds normal stresses and the friction fac-
tor increased with increasing relative roughness. A very
extensive experimental study about the turbulent flow
field in a one-sided rib-roughened channel with a high
blockage ratio (p/k = 10, k/H = 0.3) at a Reynolds num-
ber of Rey; = 4.0 - 10* was performed by Casarsa and Arts
(2005). The presented particle image velocimetry (PIV)
results complemented the heat transfer measurements by
Cakan (2000). Overall, turbulence anisotropy dominated
the entire flow field. Streamwise velocity fluctuations were
the highest, and their peak values occurred above the rib
crest and within the separated shear layer at the channel
center plane. The PIV measurements of Wang et al. (2007)
showed also a high degree of anisotropy. They measured
the turbulent flow structures of separated flow in a channel
with square ribs (p/k = 12, k/H = 0.15) applied on one
wall at Rey = 2.2 - 10* by PIV. Results of instantaneous
velocity fields revealed that spanwise vortices laid within
the separated shear layer and the vorticity thickness grew
linearly in streamwise direction. Longitudinal and lateral
Taylor microscales derived from the corresponding auto-
correlation profiles indicated that turbulence was far away
from isotropic, and anisotropy increases with increasing
distance from the wall. In a further PIV study for identi-
cal mean flow conditions, Wang et al. (2010) examined
the flow structures in the vicinity of the rib (p/k = 10,
k/H = 0.2). Their results showed that ejection events were
the main contributor to the Reynolds shear stress at the rib
leading edge, where the maximum Reynolds shear stress
occurred. Cardwell et al. (2011) reported on turbulent
flow structures in a two-sided oppositely rib-roughened
square channel with square ribs (p/k =8, k/H = 0.12) in
a staggered configuration. From time-accurate flow field
visualizations, unsteady burst events in the vicinity of the
rib arguing the fluid mixing were identified. It was shown
that two counter-rotating vortices were formed behind the
rib producing a high-velocity jet in wall-normal direction,
which displaced the shear layer flow toward the core flow,
disrupted it, and caused a rapid fluid ejection into the core
flow. The burst events occurred for all Reynolds numbers
investigated (Rey = 2.5-10%,1.0 - 10%, 2.0 - 10%), but the
burst frequency was Reynolds number dependent. Shear
layer instabilities and the burst process resulted in the gen-
eration and shedding of coherent flow structures which can
travel through the channel core before they diffuse. The
unsteady turbulent flow field in a rib-roughened channel
was also investigated by Coletti et al. (2013). They carried
out PIV measurement in a square channel with square ribs
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(p/k =10, k/H = 0.1) on one wall at a Reynolds number
of Re;; = 1.5+ 10*. It was found that the separated shear
layer flow was dominated by vortices which developed
during the roll-up process of the shear layer formation
around the rib leading and trailing edges. Coherent flow
structures originated from the shear layer separation.
The corresponding flow length scales differed in size and
increased while moving downstream. Vortical as well as
large-scale structures persisted along the entire inter-rib
spacing while moving downstream and, thus, character-
ized the flow impingement on the successive rib where
they participated again in the vortical flow structure gen-
eration and shedding. Fang et al. (2015) and Fang et al.
(2017) investigated the turbulent flow around transverse
and V-shaped ribs (p/k = 8, k/H = 0.1) in a square chan-
nel at Reynolds numbers of 1.08 - 10* < Re;, < 1.36- 10
by means of PIV and large eddy simulation. Their analysis
for the transverse ribs revealed that the anisotropic flow
field at the rib-roughened wall was governed by swirling
flow motion. Above the rib crest, streamwise-elongated
flow structures developed, while none of them appeared
below the rib height within the inter-rib spacing due to the
geometric constraints. The TKE distribution was domi-
nated by the streamwise Reynolds normal stress, and the
streamwise-wall-normal Reynolds shear stress and the
peaks coincided with large primary mean shear above the
rib crest. Mahmoodi-Jezeh and Wang (2020) reported very
interesting results about the unsteady flow physics near
the rib. They investigated the effect of the rib-height-to-
channel-height ratio (k/H = 0.05, 0.1, 0.2) on the turbu-
lent flow field at a Reynolds number of Rey; = 5.6 - 10° by
means of direct numerical simulation (DNS). Similar to
the two-dimensional case reported by Ikeda and Durbin
(2007), the presence of the ribs caused a non-equilibrium
between turbulence production and dissipation to develop
in a layer above the ribs. The dominant source term of the
TKE budget was the production term with a maximum
immediately above the rib crest. In contrast to smooth
channel flows, the turbulent diffusion term and the con-
vection term contributed remarkably to the TKE.
Although turbulent flows in rib-roughened square chan-
nels were frequently investigated, the literature reporting
detailed measured high-order statistical moments for Reyn-
olds number flows relevant for thermally highly loaded heat
exchanger components (Rey 2 5.0 - 10*) is somewhat rare.
Questions regarding turbulent flow physics and transport
mechanisms at different regions of the flow field remain
unanswered. The present study aims at an extensive analysis
of the complex turbulent flow in a one-sided rib-roughened
square channel at Reynolds numbers of Re,; = 5.0 - 10* and
1.0 - 10°. LDA measurements of the velocity in the fully
developed flow regime were carried out to provide one-point
statistics. Mean velocity, second-order statistical moments

as well as TKE contributors were determined. The obtained
results enable the identification of regions with high turbu-
lent mixing, explanation of transport phenomena and the
validation of computational methods and turbulence models.

2 Experimental facility

The experiments were performed in a closed air loop test
facility as schematically depicted in Fig. 1a. It consisted of
the test section with an upstream installed entrance channel,
a 3" piping system, four frequency-controlled side channel
blowers, four water-cooled heat exchangers, exhaust and
safety valves, a cyclone separator, flow conditioning devices,
as well as mass flow and thermal measurement devices.
The air flow was provided by four side channel blowers,
which were PID-controlled by a customized LabView soft-
ware with the Reynolds number Rey; = rin - H™' - u(T,,)™"
the control variable. The mass flow rate 7z was measured by
a Coriolis flow meter, while the dynamic viscosity u for air
was approximated from the measured inlet fluid temperature
T;, by a fourth-order polynomial (VDI 2010). Temperature-
controlled water-cooled heat exchangers downstream the
blowers facilitated nearly constant air temperatures dur-
ing the tests. The inlet pressure p;, and the inlet fluid tem-
perature 7}, were measured upstream the main test section.
The test facﬂlty was operated under isothermal conditions.
The operating pressure (= inlet pressure p;,) was adjusted
manually by a control valve leveling the pressure increase
by the overpressure injection of the Di-Ethyl-Hexyl-Sebacat
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Fig.1 a Piping diagram of the air loop test facility and b sketch of
the test section and nomenclature of the rib configuration
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aerosol seeding particles for the LDA measurements. Two
transition pieces transferred the circular cross section of the
piping system to the 60 - 60 mm? square section cross of the
entrance channel and of the test section. The length of the
entrance channel was 3056 mm, and the length of the test
section was 1180 mm. A flow straightener and two honey
comb meshes for minimizing swirl effects were inserted at
the entrance channel inlet. Immediately behind the down-
stream located honeycomb mesh, the air flow was tripped by
a peripherally installed thin wire with a diameter of 1.2 mm
to speed up the turbulent flow development. The test section
is shown in Fig. 1b. It contained an inlet test zone and the
main test zone. While the inlet test zone was smooth, the
bottom wall of the main test zone was periodically structured
by ribs with a 4.0 - 4.0 mm? square cross section and a pitch
between the ribs of 36 mm. The pitch was large enough to
reproduce the flow pattern of the k-type roughness at the
channel center plane as known for flows in square channels
of Reynolds numbers of O(10*) (Cardwell et al. 2011). The
channel bottom and the ribs were made of black polyamide.
The surface was fine grinded resulting to an arithmetically
averaged surface roughness of Ra = 1.0 pm. Both test zones
contained windows of homogenous silica Spectrosil glass at
the side walls and at the top providing optical accessibility
for the LDA measurements.

3 Instrumentation

Single and two-component velocities were measured with a
Dantec Dynamics fiber optical LDA system operating in the
backscatter mode. Two blue beams of 488 nm wavelength
and two green beams of 514.5 nm wavelength were provided
by a Spectra-Physics air-cooled 320 mW Ar-Ion Laser with a
Bragg cell for the frequency shift. A two-component 60 mm
FiberFlow LDA probe with a 160 mm focal length lens was
used for measuring the velocities in streamwise and wall-
normal direction. The measurement volume diameter and
length of the two-component probe were 78 pm and 658 pm
for the streamwise velocity component (#) and 74 pm and
625 pm for the wall-normal velocity component (v). Signals
were processed by using a Burst Signal Analyser Flowmaster
P80. The flow was seeded by aerosol particles which were
generated from Di-Ethyl-Hexyl-Sebacat fluid by a Topas
ATM 210/H. The particles were injected with overpres-
sure into the test facility upstream the flow conditioner. The
mean particle size ranged from 0.15 to 0.2 pm, so that tur-
bulent fluctuations up to several thousand Hz were expected
to be captured by LDA (Ruck 1990). The two-component
LDA probe was mounted beside the test section on a three-
axis Newport traverse system. The spatial accuracy of the
traverse system was +10 pm. By means of the BSA Flow
Software 6.5, the LDA measuring process and the traverse
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system were controlled, and the recorded velocity data were
transferred. For each velocity measurement run at one meas-
urement location, the inlet pressure p;,, the inlet tempera-
ture T;,, and the mass flow rate 7z were time-averaged over
the LDA acquisition time and additionally recorded. LDA
measurements were carried out for Reynolds numbers of
Re;; = 5.0-10*and 1.0 - 10°. The sample number per meas-
urement point depended on the wall distance. Measurements
contained a minimum of 50,000 samples very close to the
rib-roughened channel wall and 200,000 samples within the
near-wall region and the channel core region for all Reynolds
numbers. The data rate varied with the wall distance and
Reynolds number in the range of hundred samples s~!in the
near-wall region up to 3000 samples s~ ! in the channel core
region. The wall-closest measurement point where burst sig-
nals were detected was set to a wall distance of 0.08 mm due
to the measurement volume configuration. The experimental
setup enabled measurements of the vertical velocity only for
v/k > linthe region 0.1 > x/k > 7.9. Velocities were meas-
ured in the burst acquisition mode. Residence time weight-
ing (George et al. 1978) was applied for the time-averaging
in the calculation of the first absolute and high-order central
moments of the velocity.

All measurements were taken under global steady-
state conditions. The averaged inflow turbulence intensity
I=/1/2-(u?) + (v2))/1/((u)? + (v)2) at the channel
center line in the smooth inlet test zone was 4.8% and 5.0%
for Rey; = 5.0 - 10* and 1.0 - 10°, respectively. The symbol
(') stands for the time-averaged mean and the symbol ’ labels
the fluctuation of the instantaneous value about its mean, €.
g., ' = u — (u). The normalized streamwise mean velocity
(u) and the standard deviation of the streamwise velocity
1/ (u'?) of the turbulent developed inlet flow over the wall-
normal direction at the smooth inlet region of the test sec-
tion are shown in Fig. 2. LDA measurements were made
systematically between the 17th and 18th ribs along the
channel center plane which spanned in streamwise (x) and
wall-normal (y) direction at spanwise location of z/e = 0.
The origin of the Cartesian coordinate system (x, y, z) for the
analysis was located at the leeward surface of the 17th rib
and the channel bottom wall (Fig. 1b). Flow field periodic-
ity and the fully developed flow are crucial requirements to
confirm negligible effects of the inlet and outlet boundary
conditions on the measured flow field. Both conditions were
verified by comparing the mean velocities and Reynolds
stresses which were measured at the same relative position
within two subsequent measurement regions displaced by
a streamwise offset of one rib pitch. Figure 3 shows distri-
butions of the streamwise mean velocity and the standard
deviation of the streamwise velocity normalized by the bulk
velocity ug = (i) - p({T;,» p;,))~" - H~2 over the wall-normal
direction at a streamwise position of x/k = —0.5 or 8.5 and
3.0 or 12.0 for a Reynolds number of Rey = 1.0 - 10°. The
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Fig.2 Normalized “filledcircle” mean streamwise velocity and
“smallfilled circle” standard deviation of the streamwise veloc-
ity measured at the smooth inlet region of the test section for
Rey=10-10° (Re, =0.5-c/*- 2712y,  H- W(T,)™" ~ 1300,
with the kinematic viscosity for air (VDI 2010) and the friction
factor determined from the correlation of Petukhov (1970)) for
smooth channels, compared with the “diamond” 1/7 power-law
and DNS results for a turbulent channel flow at “blacktriangle”
Re, =950 and “opencircle” Re, = 2000 from Hoyas and Jiménez
(2006). Mean uncertainty in (u)/(u)(y = H/2) : £0.0038 and in
VA u'?)/{u)(y = H/2) : +£0.0028
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Fig.3 Normalized mean streamwise velocity and standard devia-
tion of streamwise velocity measured at the same relative streamwise
positions between the 17th and 18th and the 18th and 19th ribs for
Rey, = 1.0 - 10%: “opencircle” x/k = —0.5, “filledcircle” x/k = 8.5,
“diamond” x/k = 3.0 and “blackdiamond” x/k = 12.0. Mean uncer-
tainty in (u)/ug : £0.0240 and in \/{u'2) /ug : +£0.0177

distributions determined at the same relative streamwise
position were almost congruent confirming the flow field
periodicity and the fully developed flow assumption in the
measurement region.

4 Measurement uncertainty estimates

Measurement uncertainties were determined as described
by Kline and Mcclintock (1953). The stochastic uncertainty
estimates based on the 95% confidence levels and were
calculated from +1.96 - v/var{q}/N, with the sampling
variances var{ } of the measured variable g and the num-
ber of samples N (Nobach and Tropea 2007). The variances
were calculated under the assumption of normally distrib-
uted samples. The maximum uncertainty of the reattach-
ment length was +0.125 - k and of the Reynolds number
was +2700, +£3200 and +4200 at Re;; = 5.0 - 10*,1.0 - 10°
and 1.5 - 10°. For evaluating the stochastic uncertainty of
the mean velocity and Reynolds stresses, the sampling
variances were determined by estimators given in Benedict
and Gould (1996), in which the residence time weighting
(George et al. 1978) was applied for calculating the high-
order moments. The variance was estimated at each meas-
urement location for the mean velocities and the Reynolds
stresses. Statistically independent samples were expected to
be recorded after two integral time scales 2 - t;,, (Tennekes
and Lumley 1972) which were calculated from integrating
the normalized temporal autocorrelation function up to the
first zero-crossing. In this case, N = t/2 - t,,, is the number
of statistically independent samples in the confidence level
estimator, with the sampling time at each location ¢. The
mean uncertainty estimates for the statistical moments of
the velocity normalized by the bulk velocity are given in
the figure captions.

5 Results

The results presented Figs. 2 to 13 were normalized with the
bulk velocity uy and the channel height H or the rib height
k. For the sake of clarity, only 40-50% of the measurement
points were plotted, and the presented velocity plots were
smoothed by a moving mean, i.e., each value for a specified
location was averaged over a sliding window of three values
centered at the value itself. The measured and smoothed
values were almost congruent and averaging effects on the
high gradient regions were negligible as shown exemplary
in Fig 4. Features of the mean flow field were sketched addi-
tionally in the plots. The location of the separated shear layer
boundaries (dashed lines) was approximated from the local
maxima of the wall-normal (u'?) gradients. It is mentioned
that the sketched flow patterns are rough estimates of the
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Fig.4 Normalized mean streamwise velocity (u), standard devia-
tion of the wall-normal velocity 1/(v'2) and Reynolds shear stress
—(u' -V') at x/k=3.0 for Rey =5.0-10* “opencircle” smoothed
by moving average and “blackdiamond” measured data set. Mean
uncertainty in (u)/up : £0.0090, in /(v'?)/ug : £0.0011 and in
—(u - v’)/ué : +0.0009

layout and size of the mean flow pattern and should only be
used for a better interpretation of the measurement results.

5.1 Reynolds number dependency

Former studies showed that mean velocities and Reynolds
stresses exhibit a Reynolds number insensitivity in two-
dimensional rough-wall flows. For the turbulent channel
flow with one rib-roughened wall, Hanjali¢ and Launder
(1972) showed that the Reynolds number dependency
of high-order statistical moments in the near rough-wall
region vanished when they were normalized by the rough-
wall friction velocity. Bandyopadhyay (1987) suggested a
Reynolds independency of the roughness function, which
was verified by Leonardi et al. (2003). For turbulent flow
over a rib-roughened plate, Okamoto et al. (1993) found that
the Reynolds number effect on the optimum rib pitch for
maximum turbulence intensity seems to be insignificant. Cui
et al. (2003) compared the mean flow velocities in a periodic
channel with those of the rough-wall boundary layer flow
described by Okamoto et al. (1993) and suggested a slight
Reynolds number effect on the mean velocity profile as well
as a Reynolds number dependency of the location of the
demarcation line between the inner roughness layer and the
outer flow. Although turbulent flow in rib-roughened square
channel was investigated in the past, studies reporting about
the Reynolds number dependency of the flow field are rare.
Cardwell et al. (2011) have shown that the mean velocities
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and TKE distributions of the fully developed flow in a one-
sided rib-roughened channel were almost Reynolds-number-
insensitive for Reynolds numbers of 1.0 - 10* and 2.0 - 10*. In
the present case, the resolved rib-roughened near-wall region
was governed by rib-induced flow structures. Since viscous
effects were almost negligible when compared to the turbu-
lent and convective momentum transport, the bulk velocity
ug and the channel height H or rib height & were used for
the normalization of the velocity distributions instead of the
viscous inner scale and the friction velocity. The normalized
distributions of mean velocity (Figs. 5, 6) and second-order
statistical moments (Figs. 8, 9, 10, 11) showed similar trends
for the Reynolds numbers of Rey; = 5.0 - 10* and 1.0 - 10°.
As shown later in detail (Fig. 13), the same turbulent trans-
port mechanism was identified for both Reynolds numbers.
Nevertheless, a small Reynolds number dependency can be
inferred from the results, especially in the inter-rib spacing
between x/k = 2.0 and 6.0. It was found that the recircula-
tion region elongated with the Reynolds number (Fig. 7).
Differences between the wall-normal distributions of the
first- and high-order statistical moments at different stream-
wise positions were restricted to a layer of nearly the same
height above the ribs. The height of the layer depended on
the statistical moment and was about one rib height narrower
within the inter-rib spacing than in the vicinity of the rib.
Outside the layer, the distributions in wall-normal direction
were independent of the streamwise position and Reynolds
number.

5.2 Time-averaged streamwise and wall-normal
velocity

Distributions of the mean velocities in streamwise and wall-
normal direction along the center plane are displayed in
Figs. 5 and 6. For both Reynolds numbers, the time-averaged
velocity profiles show the same trends. The flow field was
significantly affected by the ribs. Its three-dimensionality
is reflected in the downwards directed wall-normal mean
velocity within the entire upper channel half, which was
attributed to the secondary flow motion of a counter-rotat-
ing pair of large streamwise-elongated vortices (Hirota et al.
1992; Rau et al. 1998). The increased wall flow resistance at
the rib-roughened wall shifted the fluid toward the opposite
smooth channel wall which was consistent with the findings
by Fang et al. (2017) who reported for the turbulent flow
at Rey; = 1.0 - 10* that high levels of streamwise momen-
tum were concentrated at the upper channel half. Above
y/k =5, the mean streamwise velocity distributions and
above y/k = 6, the mean wall-normal velocity distributions
were independent of the streamwise position.

The velocity distributions of the three-dimensional flow
field reflected well-known flow field characteristics of
the k-type roughness near the rib-roughened channel wall
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region. The flow was accelerated near the windward rib
surface due to the upward flow deflection by rib blockage,
causing a steep rise of the mean velocities above the rib. The
maximum mean wall-normal velocity in upward direction
at the rib leading edge was 0.71 - u for Re;; = 5.0 - 10* and
0.79 - ug for Rey; = 1.0 - 10°. A very small region of negative
mean streamwise velocity close to the rib crest at x/k = —0.5
indicated the tail end of the small recirculation bubble which
was formed by flow detachment at the rib leading edge due
to the large pressure gradient between the windward rib sur-
face and the rib crest (Leonardi et al. 2003). The strong flow

Vup

acceleration caused an intense attached shear layer down-
stream the recirculation bubble that separates at the rib trail-
ing edge. The sudden cross-section expansion of the channel
behind the rib deflected the fluid toward the channel bottom
wall. The negative mean streamwise velocity at x/k = 1.0,
2.0, and 3.0 close to the channel bottom wall referred to
the reversed fluid motion of the clockwise rotating spacious
recirculation vortex which was entrapped between the lee-
ward rib surface, channel bottom wall, and the separated
shear layer as reported by Labbé (2013) who investigated
the turbulent flow field in a one-sided rib-roughened square
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Fig.7 Normalized reattachment length x; k versus Reynolds num-
bers Rey;. LDV measurements at “filledcircle” y/k = 0.02 and “open-
circle” y/k = 0.04 and linearly extrapolated to “square” y/k = 0.00.
“triangle” Rau et al. (1998), 6 < p/k <16, k/H = 0.1. ® Cui et al.
(2003), p/k = 10, k/H = 0.1. “blacksquare” Sewall and Tafti (2004),
p/k=10, k/H =0.1. “Diamond” Ahn et al. (2005); p/k =10,
k/H = 0.3. “blackdiamond” Casarsa and Arts (2005), p/k = 10,
k/H =0.3. “cross” Wang et al. (2007), p/k =10, k/H = 0.15.
“blacktriangle” Labbé (2013), p/k = 10, k/H = 0.3

rib surface, the reverse flow was directed upwards to the rib
trailing edge yielding a local peak of positive mean vertical
velocity between y/k = 1.0and y/k = 1.17at x/k = 0.1. The
adverse pressure gradient caused a downward flow motion
behind the rib, and thus, the positive mean wall-normal
velocities reduced further downstream. Minimum mean
wall-normal velocities occurred beneath y/k = 1.0 between
x/k =2.0 and 4.0. Due to the downwash, the separated
shear layer reattached at the channel bottom wall within the
inter-rib spacing. The reattachment was already completed
at x/k = 4.0 for Rey; = 5.0 - 10*, whereas a negative mean
streamwise velocity immediately above the channel bottom
wall at x/k = 4.0 for Rey; = 1.0 - 10° suggested the reattach-
ment to occur a bit further downstream. The accompanied
increasing elongation of the large recirculation region in
streamwise direction with the Reynolds number region was
reflected in deviations of the mean wall-normal velocity
profiles between x/k = 3.0 and 6.0. A new boundary layer
developed in the post-reattachment region (x/k = 5.0, 6.0)
against an adverse pressure gradient which was indicated
by the dips of the velocity profiles downstream of the reat-
tachment and was consistent with the PIV results found
by Wang et al. (2007). The flow detached in front of the
subsequent rib forming vortical structures with reversed
flow which were indicated by the small amount of negative
mean streamwise velocities close to the channel bottom at

Fig.8 Normalized standard
deviation of the streamwise
velocity v/(u'?) distributed in
the wall-normal direction at
different streamwise positions:
“Diamond” Re;; = 5.0 - 10*
and “smallfilled circle”

Rey = 1.0 - 10°. Mean uncer-
tainty in\/(u’?)/ug : £0.0115
and +0.0134 for Re,, = 5.0 - 10*
and 1.0 - 10°
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channel with a 450% higher relative roughness (compared to
the present case) at a Reynolds number of Rey, = 4.0 - 10,
The maximum negative mean streamwise velocity was about
—0.12 to —0.13 - uy at x/k = 1.0 and —0.06 to —0.1 - uy at
x/k = 3.0 for both Reynolds numbers. Close to the leeward
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x/k = 7.0. The increase in the mean wall-normal velocities
reflected the proximity to the subsequent rib. The rib block-
age caused an upward flow motion at x/k = 6.0, 7.0 and 7.9,
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Fig. 9 Normalized standard
deviation of the wall-normal
velocity 1/(v'2) distributed in
the wall-normal direction at
different streamwise positions:
“Diamond” Rey; = 5.0 - 10*
and “smallfilled circle”

Rey; = 1.0 - 10°. Mean uncer-
tainty in \/(v'2) /ug : +£0.0019
and +0.0018 for Re,, = 5.0 - 10*
and 1.0 - 10°

T N e
ST

Fig. 10 Normalized Reyn-
olds shear stress —(u’ - V')
distributed in the wall-normal
direction at different stream-
wise positions: “Diamond”
Rey; = 5.0 - 10* and “small-
filled circle” Rey; = 1.0 - 10°.
Mean uncertainty in

—(u' V') /ug? 1 +£0.0017 and
+0.0016 for Re;; = 5.0 - 10* and
1.0-10°

0608

which streamed against the downwards directed mean flow
driven by the secondary flow motion (Hirota et al. 1992).

5.3 Reattachment length

The distinction of the mean streamwise velocities close to
the channel bottom at x/k = 4.0 (Fig. 5) and of the mean
wall-normal velocities around y/k = 1.0 at x/k = 4.0,5.0
and 6.0 (Fig. 6) for Re;; = 5.0 - 10* and 1.0 - 10° suggested
a Reynolds number dependency of the mean flow pattern.

0.02  -<u“vu

The time-averaged streamwise length of the large recircu-
lation region behind the rib is indicated by the time-aver-
aged location of the shear layer reattachment-issued sad-
dle point (Wang et al. 2010). The reattachment length x,,
namely the distance from the leeward rib surface to the
reattachment point, corresponds to the location where the
mean streamwise velocity immediately above the chan-
nel wall switched its sign from negative to positive (and
so would the wall shear stress do). It depends on the rib
pitch for boundary layer flows (Okamoto et al. 1993) and
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Fig. 11 Normalized turbulence

kinetic energy TKE distributed
in the wall-normal direction at
different streamwise positions:
“Diamond” Rey; = 5.0 - 10*
and “smallfilled circle”

Rey = 1.0 - 10°. Mean uncer-
tainty in TKE /ug? : +0.0190
and +0.0168 for Rey; = 5.0 - 10*
and 1.0 - 10°
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internal duct flows (Rau et al. 1998). Figure 7 shows the
reattachment length, determined from velocity measure-
ments very close to the channel bottom wall at y/k = 0.02
and 0.04, as a function of the Reynolds number. The deter-
mined lengths were within ranges typically known from
turbulent flow in rib-roughened square channels at lower
Reynolds numbers. The determination method was found
to be sensitive to the wall-normal location of the stream-
wise velocity measurement: the larger the wall distance
of the measurement location, the smaller the reattachment
length. As expected from the mean streamwise velocity dis-
tributions, the reattachment length decreased with increas-
ing wall distance of the streamwise velocity measurement
location due to the wall-normal reduction of the tail end
of the recirculation region. Depending on the measurement
location at y/k = 0.02 and 0.04, the reattachment length
increased from xz/k = 3.9 at Rey; = 5.0 - 10* to xz /k = 4.6
at Rey; = 1.5+ 10° and from x,/k = 3.8 at Rey, = 5.0 - 10*
to xgx/k = 4.6 at Rey,; = 1.5 - 10°, respectively. By means
of a linear extrapolation, the reattachment length on the
channel bottom wall was determined. As shown in Fig. 7, it
increased from xg/k = 4.1 at Re;; = 5.0 - 10* to xz/k = 4.9
at Re;; = 1.5 - 10°. In contrast to lower Reynolds number
flows (Islam et al. 2002), the reattachment length was sen-
sitive to the Reynolds number. Considering the reduced
upward velocity at x/k = 5.0 and 6.0 in Fig. 6, it was appar-
ent that an increased elongation of the recirculation region
caused the increase in the reattachment length for increas-
ing Reynolds numbers. It is supposed that the deviations of
the statistical moments in the investigated Reynolds number
range based possibly on the minor elongation increase in the
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recirculation region. On the assumption that the elongation
grows continuously for increasing Reynolds numbers, it can
be speculated that the recirculation region covers the entire
inter-rib spacing for very high Reynolds numbers and, thus,
an intermediate or d-type roughness (Perry et al. 1969) like
flow field along the channel center plane would occur for
relatively large rib-height-to-rib-pitch ratios.

5.4 Reynolds normal and shear stresses

Distributions of the normalized standard deviation of the
streamwise velocity 1/(u’2) and of the wall-normal veloc-
ity 4/(v'2) along the center plane at Reynolds numbers of
Rey,; =5.0-10* and 1.0 - 10° are displayed in Figs. 8 and
9. The corresponding Reynolds shear stress distributions
—(u’ - V') are shown in Fig. 10. For both Reynolds num-
bers, the respective distributions are nearly congruent. The
slight Reynolds number dependency can be inferred from
the Reynolds shear stress distributions around y/k = 1.0
in the post-reattachment region where the mean wall-nor-
mal velocities showed the largest deviation. The Reynolds
stresses were significantly enhanced by the ribs throughout
the resolved channel region reflecting the intensified mix-
ing between the near-wall flow and the channel core flow,
which has been also noted previously for flow of lower
Reynolds numbers in rib-roughened two-dimensional and
squared channels. The streamwise Reynolds normal stress
was the highest, which was consistent with the PIV results
by Casarsa and Arts (2005). The Reynolds shear stress
converged to zero at y/k =9. Since —(u’ - V') originates
in ejection and sweep events (e.g., Wallace 2016), a deep
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penetration of rib-induced turbulent transport into the core
flow can be supposed from the present results.

The strong shear layer above the rib resulted in a high Reyn-
olds stress production. In accordance with the DNS results
found by Mahmoodi-Jezeh and Wang (2020), the maximum
streamwise Reynolds normal stress (u'?) occurred at the rib
crest as shown in Fig. 8. Close to the rib crest at x/k = —0.5
and y/k = 1.1, the maximum streamwise velocity fluctua-
tion was \/(u'2) /uz = 0.34 and 0.32 for Rey; = 5.0 - 10* and
1.0 - 10°, respectively. Peaks of 4/(u’2) /up varied between 0.25
and 0.27 in the inter-rib spacing. Between x/k = 1.0 and 3.0,
the wall-normal location of 1/{u/?) peaks increased slightly
from y/k = 1.16 to 1.25. The peak locations laid above the
location of the inflection points of the mean streamwise veloc-
ity distribution (0?(u)/dy* = 0). The different wall-normal
locations of 1/{u'?) peaks and 0>(u)/dy*> = 0 were assumed
to be caused by diffusional transport. The wall-bounded shear
layer of the reversed flow close to the channel bottom wall in
the recirculation region at x/k = 1.0 caused a local v/{u'?)
maximum. For Re; = 1.0 - 102, the local maximum persisted
in the recirculation region further downstream and decreased
from \/(u'?) fuy = 0.12 at x/k = 1.0 and y/k = 0.11 toward
the shear layer reattachment point. In the post-reattachment
region (x/k > 4), v/(u'?) peaks drifted away from the wall
in streamwise direction with an inclination angle of ~ 20 deg
as shown in Fig. 8. It correlated with the linear shear layer
thickness growth in streamwise direction reported by Wang
et al. (2007) and the height increase in the shear layer reported
by Cardwell et al. (2011). The fluid acceleration in the prox-
imity of the windward rib surface caused high mean shear
rates in the velocity field which resulted in a Reynolds stress
enhancement as depicted for all measured Reynolds stresses
at x/k = —1.0 and 7.9. The distributions of 4/{«’?) in Fig. 8
and —(u’ - V') in Fig. 10 showed similar trends within the
separated shear layer behind the rib. In accordance with Fang
et al. (2017), the coincidence of v/{(u’2) and —(u’ - V') peaks
can be explained by an energy transfer from the mean flow
to the streamwise Reynolds normal stress (u'?) via the TKE
production which is predominately caused by the interaction
of the primary mean shear rate d(u)/dy and the Reynolds
shear stress —(u’ - v'). Figures 9 and 10 suggested that local
maxima of —(u’ - V') were slightly below y/k = 1.0 between
x/k =2.0 and 4.0 and 1/(v'2) peaks were in the region of
v/k < 1.0 between x/k = 1.0 and 5.0. These findings were
consistent with former studies in rib-roughened channels.
Coletti et al. (2013) showed that 1/(1'2) peaks occurred in
the border region between the separated shear layer and the
recirculation region and at the rib leading edge. Liou et al.
(1993) and Wang et al. (2007) reported that the maximum
Reynolds shear stress occurred within the separated shear
layer near y/k = 1.0. The closeness between the locations
of v/(u'?) and 4/{v'?) peaks within the inter-rib spacing can
be explained by the energy redistribution from (u'?) toward

(v'?). Similarly to the results presented by Cui et al. (2003),
high4/(v'2) and — (i’ - V") values were found near the rib lead-
ing edge. The enhanced Reynolds shear stress above the rib
leading edge (x/k = 7.9) can be associated with diffusional
transport which was triggered by bursts (Wang et al. (2010)),
while the maximum of standard deviation of the wall-normal
velocity originated in the enhanced mean shear rate of (v). An
upward shift of 1/(v'2) and —(«’ - V') peaks occurred along
the rib crest (between x/k = 7.9 and 0.1), while local maxima
were additionally generated within the developing shear layer
immediately above the rib surface. The upward drift was not
found for/(u’?). As shown for turbulent boundary layer flows
over rough walls by Krogstadt and Antonia (1999), (v'?) is
more sensitive to turbulent diffusion than («/?) and, thus, it is
assumed that diffusional transport contributes substantially to
Reynolds stresses in the region above the rib crest.

5.5 Turbulence kinetic energy

The turbulence kinetic energy TKE = ({(u'?) + (v'*))/2 fol-
lowed the Reynolds normal stresses. TKE distributions nor-
malized by the squared bulk velocity u,? are shown in Fig. 11.
They increased toward the rib-roughened wall. Consistent with
the PIV results found by Cardwell et al. (2011) for Reynolds
numbers of Re;; = 1.0 - 10*and 2.0 - 10%, TKE peaks occurred
within the separated shear layer and varied only a little with
the Reynolds number. The highest levels were found slightly
above the rib trailing edge at x/k = 0.1, while local TKE
maxima were located below y/k = 1.0 at x/k = 2.0 and 3.0
and above y/k = 1.0 further downstream. According to the
Reynolds normal stress distributions, the distance of the TKE
maxima from the channel bottom wall increased within the
post-reattachment region (x/k > 4). Above y/k > 3, TKE was
similarly distributed in the wall-normal direction and inde-
pendent of the streamwise position.

To analyze the TKE transport mechanism in the rib-rough-
ened channel, the simplified governing equation of 7KE

0TKE _ ’ a<u> ’ a(")
(v)-a—y——<u2)-g—(v2)-a—y
/ / a<u> 1 a / / /3
- (u 'V>'a—y—§'5[<“2'v>+<vz>]
0°TKE _
0y>

was considered, with the dissipation rate . In Fig. 12,
the contributions to TKE from the wall-normal mean
convection C = (v) - dTKE/dy, the turbulent diffusion
T=-1/2-0/dy[{u'*- V') + ('*)], and the production
P=—(u) - ou)/ox = (v'?) - o{v)/dy = (u' - V') - 9(u)/dy
for Rey; = 5.0 - 10* are shown (similar distributions were
obtained for Re;; = 1.0 - 10°; not presented). The streamwise
gradient of the mean streamwise velocity of the production
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term was approximated by the wall-normal gradient of the
mean wall-normal velocity (v). Yokosawa et al. (1989)
and Hirota et al. (1992) showed that the mean pattern of
first- and second-order statistical moments of the velocity
in a plane perpendicular to the channel axis (here the z-
y plane) was symmetrically distributed with reference to
the channel center plane (here the x-y plane at z/k = 0).
Fang et al. (2015) reported that the spanwise gradient of
the mean spanwise velocity in a one-sided rib-roughened
channel was relatively small along the channel center plane.
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Since the LDA measurements were carried out within the
channel center plane, spanwise mean flow was assumed to be
negligibly small, and thus, —d(v)/dy was used for d{u)/dx
in the production term due to continuity. The viscous dif-
fusion v - 02TKE /dy* of TKE in wall-normal direction was
very small for both Reynolds numbers when compared with
the contributions from turbulent diffusion, convection, and
production, and thus, it is not presented in Fig. 12. The dis-
sipation rate and pressure diffusion can not be measured
with the applied technique. The pressure diffusion for the
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TKE transport was assumed to be comparable small, which
is consistent with the three-dimensional DNS results for low
Reynolds number turbulent flow in regions above the ribs in
one-sided rib-roughened two-dimensional or square chan-
nels (Ikeda and Durbin (2007), Mahmoodi-Jezeh and Wang
(2020)).

From the leeward rib surface to x/k = 7.0, the contribu-
tion from mean convection to TKE was negligibly small
which is similar to the findings by Hirota et al. (1992) for
rib-roughened channels with 60% lower relative rough-
ness. The upward flow motion in front of the rib resulted
in an enhancement of the mean convectional transport of
TKE. Above the rib leading edge, the magnitudes of mean
convectional and diffusional transport were comparable
and larger than the contribution from the TKE production.

The high mean shear rates above and behind the rib
drove the TKE production. TKE production peaks were
generated within the separated shear layer close to the
peak wall-normal gradients of the mean streamwise veloc-
ity. Immediately behind the rib, a local maximum occurred
slightly above y/k = 1.0, while in the range from x/k = 1.0
to 3.0, local production maxima were expected to be below
the rib height at the location of 0%(u)/dy* = 0 (Fig. 5).
In the post-reattachment region, TKE production peaks
decreased. In accordance with the PIV results presented
by Fang et al. (2015) and Wang et al. (2007), who investi-
gated the flow in a one-sided rib-roughened square chan-
nel at Reynolds numbers of Rey; = 1.15 - 10* and 2.2 - 10%,
respectively, the TKE production was governed by the
primary mean shear rate in the separated shear layer. The
contribution to TKE was almost always positive. Within
the inter-rib spacing, the term —(u’ - V') - d(u)/dy was up
to two orders of magnitude higher than —(v'?) - 3(v)/dy
or (u'?) - a(v)/dy. Here, (u'*) made larger contributions
than (v/?) which was consistent with the Reynolds normal
stress distributions in Figs. 8 and 9. At the rib leading and
trailing edges, the abrupt change in the mean wall-normal
velocity caused a large negative production by the Reyn-
olds normal stress with the gradient of mean wall-normal
velocity which reduced the positive contribution from
the Reynolds shear stress with the primary mean shear
rate and resulted into a TKE production decrease. Due to
the results of Hirota et al. (1992), it can be assumed that
the non-resolved spanwise contribution from the produc-
tion to the TKE was small for the presented rib and flow
configurations.

Turbulent diffusion plays an important role for the tur-
bulent transport in rough-wall turbulent boundary layers
(Andreopoulos and Bradshaw (1981), Krogstadt and Anto-
nia (1999), Keirsbulck et al. (2002)) and in rib-roughened
channel flows (Hanjali¢ and Launder (1972), Mahmoodi-
Jezeh and Wang (2020)). Despite the non-resolved span-
wise contributions for the present case, it can be certainly

supposed that turbulent diffusion contributed significantly
to TKE budget in the region y/k < 2.0. The contributions
of (u'? - v') and (v/3) to turbulent diffusion were nearly of
the same orders of magnitude. The amount of 9(v'3)/dy
was only considerably larger than d(u’? - v')/dy at the rib
leading edge. Local maxima of wall-normal turbulent dif-
fusion and production of TKE at x/k = 0.1 and 1.0 showed
the same orders of magnitude. The high level of turbulent
diffusion at x/k = 1.0 reduced further downstream and
was almost vanished before it started to increase again
in the proximity of the subsequent rib. At the rib lead-
ing edge, turbulent diffusion exceeded production and
increased along the rib crest. It can be assumed that TKE
produced just above the rib crest is substantially diffused
outwards, which is consistent with the findings from the
measured Reynolds stresses (Figs. 8, 9, 10) and with the
DNS results described by Ikeda and Durbin (2007) who
investigated the turbulent flow in a rib-roughened two-
dimensional channel with comparable relative roughness
at lower Reynolds numbers. From the presented results, it
is obvious that turbulent diffusion in addition to mean ver-
tical convection caused the outward drift of 1/{1/2) peaks
between rib leading and trailing edges (Fig. 9).

The primary mean shear governed the (u'’?) and TKE
production (Fang et al. (2015)). Therefore, the non-coinci-
dence of the TKE peaks (Fig. 11) or v/{u’?) (Fig. 8) peaks
and the local maxima of d{u)/dy (Fig. 5) in the region
between x/k = 1.0 and x/k = 3.0 was attributed to diffu-
sional transport of TKE which was generated during the
streamwise development of the shear layer. As shown later
by quadrant analysis, this behavior corresponds to the tur-
bulent transport of Reynolds stresses induced by ejection
and sweep events.

On the assumption of negligible pressure diffusion for the
TKE transport and negligibly small 7KE transport in span-
wise direction, an equilibrium between the TKE production
and dissipation was supposed to be established above the
location where turbulent diffusion and mean convection van-
ished. Therefore, the vanishing diffusion as well as convec-
tion defined the demarcation line between the inner rough-
ness layer and the outer equilibrium flow. For all streamwise
positions, the turbulent diffusion of TKE settled down to zero
in the range of 1.5 < y/k < 2.0, while the significant TKE
production vanished between y/k = 5.0 and 6.0.

5.6 Conditional averaged Reynolds shear stress

The intermittent eruption of decelerated fluid away from the
wall (ejection event) and the following downward high-
speed fluid motion (sweep event) play a crucial role for the
Reynolds shear stress development and turbulent transport
near rough and ribbed walls (Keirsbulck et al. (2002),
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Krogstad et al. (2005), Fang et al. (2015)). By means of the
quadrant analysis introduced by Wallace et al. (1972), both
events can be quantified. Here, the instantaneous Reynolds
shear stress u’ - V' specifies ejection events for ' < 0,V > 0
and sweep events for u’ > 0, v/ < 0. The second quadrant
(Q,) and fourth quadrant (Q,) of the corresponding histo-
gram plot represent each event graphically. In the present
analysis, the contribution to {(«’ - v') from the j-th quadrant
W -V >Q/) were determined by the conditional averaged

Reynolds shear stress as proposed by Lu and Willmarth
(1973). Similar to two-dimensional rib-roughened channel
flow (Krogstad et al. (2005)) and rough-wall turbulent
boundary layer flow (Keirsbulck et al. (2002)), the ejection
events (Q,) and sweep events (Q,) were the main contribu-
tors to the Reynolds shear stress. To highlight the role of
sweep and ejection events for the Reynolds shear stress gen-
eration and the associated turbulent transport, the distribu-
tions of the Sweep-Burst-Factor SBF = (u’ - V'), /(u' -V')o,
along the channel center plane are depicted in Fig. 13. The
wall-normal distributions show the same trends for both
Reynolds numbers and are almost independent of the stream-
wise position for y/k > 4.0 near the rib and for y/k > 2.0
between x/k = 1.0 and 6.0. Above the rib leading and trail-
ing edges (x/k = 7.9 and 0.1) the dominate contribution
from the Q2 quadrant (SBF < 1.0) indicated enhanced tur-
bulent transport of energy from the wall toward the channel
core. Local minima of SBF coincided with Reynolds shear
stress peaks (Fig. 10). For both Reynolds numbers, the
Reynolds shear stress increase at this region was mainly
driven by the turbulence transport of the intermittent bursts
as shown for lower Reynolds number flows by Wang et al.
(2010) and Cardwell et al. (2011). Since the occurrence of
intense ejection events near the rib corresponded to the
regions where turbulent diffusion of TKE peaked, ejection
events can be considered as the major contributor to the
turbulent diffusion (Fig. 11) and as the driver for the revealed
outward shift of Reynolds stresses. Behind the rib, ejection
and sweep events originated in the shear layer flapping. Flow
structures generated with the shear layer were ejected out-
wards and the following fluid extracted from the downward
directed fluid of the core flow swept toward the wall within
the inter-rib spacing. Considerable sweep events were
reflected in the increased SBF > 1.0 slight above the rib
height between x/k = 1.0 and x/k = 7.0. Both events devel-
oped with the shear layer within the inter-rip spacing. In
accordance with the distribution of turbulent diffusion of
TKE, they became weaker further downstream before the
reduction in the SBF indicated the increase in ejection events
near the subsequent rib.
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6 Conclusion

LDA measurements in the fully developed turbulent flow
regime of a one-sided rib-roughened square channel were
carried out to investigate the turbulent flow at Reynolds
numbers of Rey =5.0 - 10* and 1.0 - 10°. Mean velocities,
Reynolds normal, and shear stresses as well as TKE showed
some similarities to flows in a two-dimensional or square
channel with k-type roughness at lower Reynolds num-
bers and higher or lower relative roughness. The statisti-
cal moments exhibited a slight Reynolds number depend-
ency when normalized by the bulk velocity and the channel
height. The Reynolds number dependency was mainly
restricted to a layer above the ribs, while outside the layer,
the distributions of statistical moments in wall-normal direc-
tion were independent of the streamwise position and Reyn-
olds number. Deviations with increasing Reynolds numbers
were based on the minor elongation increase in the recircula-
tion region, which was found from the derived reattachment
length. Effects of the Reynolds number on the velocity field
as well as on turbulence transport phenomena seem to be
less significant for the analysed Reynolds numbers range of
5.0 - 10* < Re; < 1.0 - 10° when compared with the influ-
ence of rib pitch or rib roughness variations. However, from
the results, it can be assumed that the elongation increase
in the large recirculation region behind the rib displaces the
boundary between the k-type and intermediate roughnesses
to higher rib pitches at very high Reynolds numbers which
would result in a completely different flow field.

Reynolds stresses were enhanced by the ribs. Maximum
Reynolds stresses occurred at the rib crest or were located
within the inter-rib spacing beneath the rib height. Ejec-
tion events contribute pivotally the Reynolds shear stress
slight above the rib leading and trailing edges. Despite the
primary mean shear governed by the (u/?) production and
TKE production, locations of 4/(u/?) peaks and the inflec-
tion points of the mean streamwise velocity behind the rib
did not match. The non-coincidence was attributed to diffu-
sional transport driven by ejections and sweep events. The
upward shift of the 4/(v/2) peak between the rib leading and
trailing edges along the rib crest was apparently caused by
diffusional and mean convectional transport. Here, strong
ejection events indicated enhanced diffusional transport
of TKE away from the wall toward the channel core. From
a simplified governing equation of TKE, it was found that
turbulent diffusion contributed significantly to TKE budget
near the rib and within the separated shear layer in the pre-
reattachment region. An equilibrium between TKE produc-
tion and dissipation was assumed to be absent within a layer
of 1 to 2 k height above the rib. Immediately behind the
rib, TKE production was balanced by turbulent diffusion,
while above the rib leading edge, the mean convection and
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turbulent diffusion of TKE balanced each other and their
magnitudes exceeded the TKE production.

The large contribution of turbulent diffusion to the TKE
budget highlights its importance for computations of tur-
bulent flow in similarly structured rib-roughened channels.
The time-averaged data reported here provide an appropriate
basis for a thorough validation of calculation methods and
model approaches. It should be noted that the flow field of
the presented data is inhomogeneous in all directions. Vis-
cous effects from the wall-bounded shear layers of the lateral
sidewalls as well as strong secondary flows of the first and
second kind in the spanwise-wall-normal direction affect the
complete flow field and can lead to substantial difference
compared to two-dimensional flow configurations. The pre-
pared data can be obtained for validation studies from the
corresponding author and from the KITopen repository at
https://doi.org/10.5445/IR/1000137380.
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