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Abstract

The effect of the wall proximity of detached 60° divergent ribs applied on one wall in a square duct on the turbulent flow
field was investigated. Laser Doppler anemometry (LDA) measurements were conducted for different clearance-to-rib-height
ratios in the range of 0.1-1.0 at a Reynolds number (based on the rib height and mean bulk velocity) of 5000. Mean velocities,
Reynolds stresses, triple velocity correlations as well as skewness and kurtosis were determined and yield deep insights into
the turbulent flow field. The results showed that a geometry-induced secondary fluid motion occurred above and below the rib.
The variations in the highly three-dimensional flow field close to the ribs and the geometry-induced secondary flow motion
with the clearance-to-rib-height ratio determined the development of the wall-bounded flows and separating shear layers.
Large recirculation regions on the bottom duct wall were prevented by the fluid exiting the gap below the detached ribs and
separated shear layers pivoted upward in lateral direction. With decreasing wall proximity, lower mean vertical flow velocities
above the ribs and the increasing upward fluid flow originating from the flow in the gap attenuated an intense interaction of
the separated shear layers with the wall-bounded flow within the inter-rib spacing. Since turbulent structures originated in the
shear layers, distributions of high-order statistic moments depend strongly on the shear layer development. Reynolds stresses
and triple velocity correlations increased in the direction of the side walls near the rib due to the lateral flow motion, and their
peak regions moved away from the wall with increasing clearance-to-rib-height ratios.

1 Introduction 2004a,b; Tachie and Shah 2008; Fang et al. 2015; Ruck

and Arbeiter 2018) or rib cross-sectional shape (Ahn et al.

Turbulent flow physics in rib-roughened ducts are of cru-
cial significance for heat engineering, e.g., internal cooling
ducts of solar receivers, gas-cooled nuclear fusion reactor
components or turbine blades (Han 2004; Ruck et al. 2019;
Bhushan and Singh 2010; Tanda 2011) and have been the sub-
jectof intensive research for decades. The turbulent flow field
in rectangular ducts roughened by attached(=wall-mounted)
ribs is highly complex and affected by several geometrical
parameters such as rib-pitch( p)-to-rib-height(k, ) ratio (Liou
et al. 1992; Rau et al. 1998), rib-height-to-duct-height(/)
ratio (Graham et al. 2004; Jia et al. 2005; Mahmoodi-
Jezeh and Wang 2020), rib configuration (Gao and Sundén
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2005; Wang and Sundén 2007b; Sreekesh et al. 2021). The
development of secondary flow and its interaction with the
wall-bounded shear flow at the duct side walls and with the
near-rib flow play a major role in the development of the
turbulent flow field (Hirota et al. 1992; Mahmoodi-Jezeh
and Wang 2020). While transversely oriented ribs cause sec-
ondary flows in rectangular ducts due to the high pressure
gradient along the ribs and the asymmetry of the flow con-
figuration (Lohasz et al. 2006), ribs with elements inclined
to the main flow direction provide a production source for
the streamwise vorticity (Fang et al. 2015) and, thus, cause
strong geometry-induced secondary fluid motion (Olsson and
Sundén 1998; Gao and Sundén 2004b; Satta et al. 2012).

In the last decade turbulent flow in square ducts rib-
roughened by attached divergent ribs (also called ’V-shaped
ribs’ in the literature) at one duct wall was investigated in
great detail (for a rib-pitch-to-rib-height ratio of p/k, = 8.0,
and rib angle of attack in the range from 30° to 60° at a
Reynolds number (based on the duct height and mean bulk
velocity) of 7.0 x 103 < Re, < 1.3 x 104) by Fang et al.
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(2015, 2017) and Mahmoodi-Jezeh and Wang (2022). Here,
it was shown that for attached divergent ribs applied on one
duct wall strong, secondary flow appears as a pair of large-
scale counter-rotating vortices in a streamwise-normal plane.
Fluid moves upward above the ribs in the region close to
the duct side walls and downward around the duct symme-
try plane. Regions of negative mean vertical flow velocity
coincide with regions of high positive mean axial velocity
above the rib and maxima of positive mean vertical veloc-
ity occur near the duct side walls (Fang et al. 2015). Due
to the intense lateral and upward fluid motion by secondary
flow, highly energetic turbulent vortex structures cluster near
the downstream rib end at the smooth duct side walls. The
downward fluid motion above the ribs and around the duct
symmetry plane displaces the shear layer detaching from the
rib crest into the inter-rib spacing and causes an accumula-
tion of high-energy turbulent flow structures in the leeward
rib region. Both the high-energy turbulent flow structures
above the rib and within the inter-rib spacing appear without
a streamwise-elongation in compact form indicating locally
quasi-isotropic turbulence. Their population is consistent
with the occurrence of peak values of Reynolds normal
stresses and turbulence kinetic energy above the rib at the
windward and leeward rib region near the duct side walls and
within the inter-rib spacing (Fang et al. 2017). Above the rib
in the channel central region, turbulence production is weak
and significant changes in the distributions in axial direc-
tion are lacking. The intense three-dimensional secondary
flow above the rib-induced shear layer suppresses the pri-
mary mean shear rate in the main flow direction (d(u)/dy,
(u) time-averaged velocity in the main flow direction, y ver-
tical coordinate). In addition, the absence of an interaction
between near-rib flow and duct core flow by sweep and ejec-
tion events observed for transversely oriented ribs (Cardwell
et al. 2011; Wang et al. 2010) results in very low Reynolds
shear stresses (Mahmoodi-Jezeh and Wang 2022). Below the
shear layer and between the leeward rib surface and the shear
layer reattachment point, a recirculation region develops in
the wake parallel to the rib from the rib tip to the duct side
walls. The position of the mean reattachment point in the
inter-rib spacing as well as the size of the recirculation region
vary with the angle of attack (Fang etal. 2017). After reattach-
ment of the free shear layer, an attached shear layer develops.
The Reynolds stresses decrease further downstream while
spatial and temporal length scales of turbulent flow structures
decay due to the breakdown of vortical streaks caused by an
interaction with the strong secondary flow (Mahmoodi-Jezeh
and Wang 2022).

By detaching a rib from the wall by a small clearance c, a
gap flow develops below the rib generating a wall-bounded
jet at the gap exit. As shown for transversely oriented circu-
lar and square cylinders in single or in array configuration
(Marumo et al. 1985; Yao et al. 1989; Nakagawa et al. 1998,
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1999b; Liou et al. 1995; Ahn and Lee 2010; He et al. 2016),
shear layers separating at the upper and lower rib trailing
edges interact with the wall-bounded jet flow leading to fun-
damentally different turbulent flow fields for attached and
detached ribs. The occurrence of flow stagnation points and
recirculation zones within the inter-rib spacing due to a per-
manent reattachment of the shear layer separated at the upper
rib trailing edge as well as the interaction of vortex structures
shed from the rib with the wall-bounded shear flow depend
on the clearance-to-rib-height ratio ¢/k, (Durdo et al. 1991;
Bosch et al. 1996; Bailey et al. 2002; Martinuzzi et al. 2003;
Wang and Tan 2008). Considering the flow configurations
known for transversely oriented detached ribs with differ-
ent c/k, and for attached divergent ribs, distinctly different
turbulent flow fields strongly affected by geometry-induced
secondary fluid motion are expected to occur for detached
divergent ribs at varying c/k.. However, systematic inves-
tigations as well as detailed studies about the effect of the
rib configuration of detached ribs in rectangular ducts on the
turbulent flow physics are lacking so far. This study investi-
gates the effect of the wall proximity of 60° divergent ribs
applied on one wall in a square duct on the development of the
mean flow field, the rib-induced turbulent transport, and the
rib-induced secondary flow field. LDA measurements were
performed at a Reynolds number of Rey, = upg -k, /v = 5000
(with the bulk flow velocity u p and the kinematic viscosity v)
and varying clearance-to-rib-height ratios in the range from
c¢/kr =0.1to0 1.0.

2 Experimental Facility and Methodology
2.1 Test section

Experiments to study turbulent flow in a square duct rough-
ened by detached divergent ribs were carried out in a closed
gas loop. The air flow was circulated by two side channel
blowers connected in series. Water-cooled heat exchangers
were installed downstream of the side channel blowers to
compensate the temperature increase by air compression. To
reduce velocity and pressure fluctuations as well as swirl
effects due to pipe bends in the piping system, a settling tank
was located upstream of the entrance duct and the test sec-
tion, as sketched in Fig. 1 a. The height H and width W of the
smooth entrance duct and the rib-roughened test section were
100 mm and 100 mm, respectively. Two 50 mm thick honey-
comb meshes with a honeycomb diameter of 6.4 mm (wall
thickness 25 um, porosity @ = 98.6 %) were arranged in
series at the beginning of the 2470 mm long entrance duct to
minimize large-scale flow inhomogeneities and disturbances
due to pipe bends and upstream components. The length of
the test section was 2190 mm.
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Fig.1 Experimental setup: a Piping diagram of the air loop test facility
and b sketch of the test section, nomenclature of the rib configuration.
The origin of the Cartesian coordinate system (x, y, z) refers to the
respective measurement plane (z/H = 0.0; z/H = 0.25) and is located
in the corresponding measuring plane at the rear side of the divergent
rib and the duct bottom wall

The bottom duct wall (measured mean surface roughness
Ra = 0.8 um) was made of black polyamide, while the side
and top duct walls were made of 12.0 mm thick transparent
acrylic. All duct walls were mounted in an aluminum frame.
As depicted in Fig. 1b, divergent ribs oriented transversely
to the axial flow direction with an angle of attack of @ =
60° were installed above the bottom duct wall by mounting
the ribs into the side walls. The rib cross-sectional shape
perpendicular to the lateral rib chord line was squared with
kr x k.. For each investigated clearance-to-rib-height ratio
c/k,, the divergent ribs were mounted to the corresponding
duct side walls. The rib height was k, = 10.0 mm and the rib
length was [, = 11.5 mm. The rib pitch was p = 90.0 mm,
since several studies reported a pitch-to-rib-height ratio in the
range of 9 < p/k, < 10for high heat transfer capability (Rau
et al. 1998; Han 1984). The clearance between the ribs and
the bottom duct wall was ¢ = 1.0 mm, 3.0 mm, 5.0 mm, and
10.0 mm, respectively, leading to a clearance-to-rib-height
ratio of c¢/k, = 0.1, 0.3, 0.5, and 1.0, respectively. The rib
edges pointing upstream and downstream are referred to as
the rib leading edge and rib trailing edge, respectively. It is
noted that the height, width and pitch of the divergent ’ribs’
in the present study are much larger than those of ’riblets’
which are several viscous units in height, commonly closely
spaced and applied in turbulent boundary layer flows for the
purpose of skin-friction drag reduction (Garcia-Mayoral and
Jiménez 2011; Endrikat et al. 2022).

2.2 Instrumentation

The flow field near rib-roughened surfaces was expected to
be three-dimensional and highly unsteady. It is characterized
by flow separation at the rib leading edges, flow reattachment
on the upper and lower rib surfaces, shear layer separation
at the trailing edges, recirculation, and shedding-induced
unsteady wake flow. To prevent disturbances of the turbu-
lent flow field by measurement equipment and to resolve the
flow field within the narrow gap in detail, non-invasive LDA
flow velocity measurements were carried out. The stream-
wise (x) flow velocity u and the vertical (y) flow velocity v
were measured by a Dantec Dynamics Fiber Flow LDA sys-
tem operating in the backscatter mode with a Burst Spectrum
Analyzer Flowmaster P80 for signal processing.

The light provided by a 320 mW Spectra-Physics Ar-lon
laser was transferred to a transmitter unit, where a frequency
shift was induced by a Bragg cell and the light was separated
by a color splitter into two laser beam pairs with wave lengths
0of 488.0 nm and 514.5 nm. A 60 mm 2D optical probe with a
focal length of f = 160 mm was connected by optical cables
to the transmitter unit. The probe was mounted sideways to
the test section on a three-dimensional ISEL traverse sys-
tem with spatial resolution of £10 um in all directions. The
axis of the probe was aligned parallel to the lateral axis z
(normal to the main flow direction and normal to the vertical
direction), resulting in an orientation of the laser beam pairs
with a wavelength of 514.5 nm parallel to the x — z plane
and in an orientation of laser beam pairs with a wavelength
of 488 nm parallel to the y — z plane. The diameters and
lengths of the ellipsoidal measurement volumes were 78 pm
and 658 wm for 514.5 nm and 74 wm and 625 pum for 488 nm,
respectively. Therefore, the measurement point closest to the
bottom wall where burst signals could be recorded by the
laser beam pairs parallel to the x — z plane was assumed
to have a wall distance of y/k, = 0.008. For light scatter-
ing, the flow was seeded by aerosol particles with a particle
size smaller than @ < 1.0 um (Topas GmbH 2019). These
particles were generated from di-ethyl-hexyl-sebacate fluid
by a Topas ATM 210/H aerosol generator. The aerosol was
injected immediately before the smooth entrance duct. By
means of a manual outlet valve, the pressure increase due
to the aerosol injection was controlled to ensure a constant
mass flow rate in the loop. Since the aerosol particles con-
taminated the transparent acrylic windows and reduced the
data rate and the detected burst quality, the test section was
cleaned regularly during a test series.

LDA measurements were carried out for a Reynolds num-
ber of Rey = m - H™' - w(Tin)~! = 5.0 - 10*, which
was determined from the mass flow rate m measured by
an Endress & Hauser 80/F80 Coriolis flow meter and from
the dynamic viscosity of air i which was approximated by
a fourth-order polynomial (VDI 2010) using the inlet fluid
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temperature 7j, measured by an Omega PT100 temperature
probe immediately upstream of the test section. The data rate
varied with wall distance from less than 100 samples s ! in
the immediate vicinity of the wall to 1500 samples s ~! in the
mid-duct region. Higher data rates were avoided due to sta-
tistical error reduction (George 1988). In the present study,
200 000 random samples were recorded at each measurement
point, leading to a sufficiently large number of statistically
independent samples for minimizing the statistical uncertain-
ties, except for the region close to the side walls where only
50000 random samples were obtained due to the low data
rate. The measurement time per measurement point varied
from 130 sec to 2000 sec. Due to the divergent ribs, the wake
region behind the rib was inaccessible for the laser beams.
The measurement setup and the focal length of the 2D LDA
probe enabled measurements of vertical velocity above a cer-
tain vertical distance to the wall and rib only. They depended
on the clearance-to-rib-height ratio and the measurement
plane. The region close to the duct top wall could not be
captured due to the experimental setup. The LDA measuring
process, including the traverse positioning, was controlled by
means of the BSA Flow Software 6.5. At each measurement
point, the inlet pressure pjy, inlet temperature 7j,, and mass
flow rate m were recorded with a measurement frequency of
1 kHz, mean-averaged over 1 sec, and taken into account for
the analysis.

2.2.1 Uncertainty

The stochastic uncertainty and the uncertainties originating
from the experimental setup and the measurement method
make up the measurement uncertainty of the time-averaged
quantities. In general, the stochastic uncertainty was deter-
mined on the basis of the 95% confidence interval 1.96 -
J/var {g} /N, with the variance var {g} of the measured
quantity g and the number of samples N. For the statisti-
cal moments of the flow velocities measured point by point,
the stochastic uncertainty was calculated for each individual
measurement point. Here, the variances were determined by
the estimators for arbitrarily distributed samples (Benedict
and Gould 1996). To reduce the statistical velocity biasing
of the LDA measurements, residence time weighting (Buch-
have et al. 1979) was applied for the averaging process. The
samples N were given by ¢/(2 - T,,) (Tennekes and Lumley
1972), with the acquisition time per measurement point ¢ and
the integral time scale 7;, determined by integrating the auto-
covariance function of the streamwise velocity up to the first
Zero crossing.

The uncertainty of £0.9% for the LDA measurement com-
prised the uncertainties due to positioning and orientation
of the measurement volume, uncertainties due to the flow
tracking capability of the tracer particles (for a mean tracer
particle diameter of @ = 0.2 um), and an estimated rela-
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Fig. 2 Characterization of the incoming flow. Normalized e mean
streamwise velocity and e streamwise Reynolds normal stress measured
at the z/H = 0.0-plane of the smooth test section for Rey = 5.0 - 10*
Rey = % . 2705 . yp o h - v(Tin)~ ! ~ 1270, with the kinematic
viscosity for air (VDI 2010) and the friction factor c s determined from
the Filonenko correlation (Petukhov 1970) for smooth ducts) compared
with —— DNS results from Pirozzoli et al. (2018) for a turbulent flow
in a square duct at the z/H = 0.0-plane at Re; = 1000

tive uncertainty of +0.3% which is typical of commercial
LDA measurement systems. The individual uncertainties of
the statistical moments of flow velocity at each measurement
point are given in bar form in the figures.

For the Reynolds number, the stochastic uncertainty was
calculated by assuming normally distributed samples and the
number of samples N = ¢ - |Hz per measurement point. The
mean uncertainty of the Reynolds number averaged over all
samples was £57.

2.3 Inflow condition and measuring zone

All measurements were taken under nearly steady state con-
ditions. Due to the gradually regulated water-cooled heat
exchanger, the time-averaged air temperature 7j, measured
upstream of the test section varied slowly by a maximum of
AT < £0.6 K during a test series. The averaged inflow tur-

bulenceintensity I = v/1/2 - (u’2) + (v2))//((u)? + (v)?2)
in the center at the end of the smooth entrance duct was
4.2%. The normalized mean streamwise velocity (u)/u(y =
H /2) and the normalized streamwise Reynolds normal stress
w'?) u% of the turbulent inlet flow over the wall distance are
shown in Fig. 2. (In the present study, the time-averaged mean
velocities in streamwise and vertical directions are denoted
by (u) and (v), and the corresponding fluctuations of the
instantaneous quantities around their time-averaged means
are indicated by u’ and v, respectively.)

As shown in previous studies of turbulent flow in ducts
with attached (Sew and Tafti 2004; Ruck and Arbeiter 2021)
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Fig. 3 Normalized mean velocity (u)/up and normalized axial
Reynolds normal stress (" 2y u% measured above the 16thribo x/k, =
—0.58 and above the 17th rib e x/k, = 8.42 in the z/H = 0.0-plane
forc/k, = 0.5

or detached transversely oriented square ribs (Liou et al.
1997) having comparable rib parameters k/H and p/k and
within similar Reynolds number ranges (2.0 - 10* < Re H=<
1.0 - 107 with a Reynolds number based on the duct height
and mean bulk velocity), fully developed statistical flow
quantities and flow field periodicity between the succes-
sive rib-pitch sections can be expected after a developing
length of x/H > 12. Therefore, the measurement region was
between the 15th and 16th ribs with a developing length of
Ax/H = 12.6. Confirmation of fully developed flow quan-
tities and flow field periodicity for the measurement region
is important to exclude effects of inlet and outlet bound-
ary conditions on the measurement region and to ensure
statistical reproducibility of the measurement results. For
the verification, the mean velocities and the corresponding
higher-order statistical moments were determined and com-
pared in two successive measuring ranges at positions axially
offset from each other by a rib spacing p. The distributions
of the normalized mean streamwise velocity (u)/up and
the normalized streamwise Reynolds normal stress (i’ 2y/ u%
measured above the 16th rib (x /k, = —0.58) and above the
17thrib (x /k, = 8.42)inthe z/H = 0.0-plane forc/k = 0.5
are shown in Fig.3. The bulk velocity up corresponds to
the velocity averaged over cross section and over acquisition
time of a measurement series per measurement point. The
distributions of mean velocity and Reynolds stress in Fig. 3
are qualitatively and quantitatively similar. The mean devi-
ations between the distributions measured above the 16th
rib (x/k, = —0.58) and above the 17th rib (x/k, = 8.42)
are < 2% for (u)/up and < 8% for (u/2)/u%, respectively.
Due to the minor deviations of the distributions of statisti-
cal moments, a quasi-spatial periodicity was assumed in the
measurement region between the 15th and 16th ribs. For an
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Fig. 4 Normalized a axial mean velocity (u)/up and b vertical mean
velocity (v)/up measured along lines parallel to the z-axis at x /k, =
4.0,y/k, =13 for A ¢/k =0.1,¢ 0.3 and ¢ 1.0 and at x /k, = 4.0,
y/kr =5.0for A ¢/k, = 0.1, 0.3 and ¢ 1.0

entirely spatial periodicity of the turbulent flow field, larger
entrance lengths are recommended for divergent detached
ribs in square ducts.

To exclude lateral distortion of the flow field, the symme-
try of the flow field relative to the z/H = 0.0-plane(=duct
symmetry plane) in the measuring zone was evaluated by
velocity measurements along the z-axis at x/k, = 4.0,
y/k =13 and x/k, = 4.0, y/k, = 5.0 for c/k, = 0.1, 0.3,
and 1.0. With the exception of the area near the side walls at
z/k, > 4.5and z/k, < —4.5,the mean flow field represented
by the mean streamwise velocity and mean vertical velocity
in Fig. 4 is approximately symmetrical to the duct symmetry
plane. The moderate asymmetry near the side walls may be
explained by a slightly differently developing flow due to the
surface transitions at the duct side walls between the acrylic
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Fig.5 Normalized mean axial velocity (u)/up at different axial posi-
tions a over the duct and b within the gap for ¢ e A ¢/k, = 0.1,
c/ky =0.3,00 Ac/ky =0.5,and ¢ @ A c/k, = 1.0inthez/H = 0.0-

windows and the aluminum frame. Furthermore, only 50 000
random samples per measurement point were recorded in the
regions z/k, > 4.5 and z/k, < —4.5 due to the low particle
density close to the side walls. Additionally, the wall-normal
orientation of the longitudinal axis of the measurement vol-

ume resulted in low-quality signals in the wall-bounded shear
layers in the immediate vicinity of the duct side walls.

3 Results
3.1 Mean velocity field

Distributions of the normalized mean axial and vertical veloc-
ities along the duct height and within the gap at different
axial positions in both measuring planes are depicted in
Fig.5-Fig.7. As shown, the mean flow pattern in the duct
varied with the clearance-to-rib-height ratio. The mean flow
field near the ribs and within the inter-rib region varied
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plane. No measurement data were obtained for the near-wall region
between x /k, = 0.0 and 3.0 for c¢/k, = 0.1

differently with c/k, (Figs.5, 6 and 7). Variations in axial
direction of the (u)- and (v)-distributions in the regions
y/k, > 4.0and y/k, > 5.0, respectively, were small for each
specific clearance-to-rib-height ratio. Considering the mea-
surement uncertainty, it can be assumed that above the range
of 4.0 < y/k, < 5.0 the mean velocity field became almost
independent of the axial position. The differences in the mean
velocity distributions between the measuring planes as well
as their significant changes in lateral direction (Fig.4) were

attributed to geometry-induced secondary flows depending
on c/k;.

3.1.1 Geometry-induced secondary flow motion

The clearance-to-rib-height ratio influenced the formation
of geometry-induced secondary flows. Hence, variations of
c/k, significantly affected the entire flow field. This sub-
section therefore highlights the effect of ¢/k, on the mean
flow field. With the exception of the region close to the rib
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Fig.6 Normalized mean axial velocity (u)/up at different axial positions for ¢ e A ¢/k, = 0.1,

c/k, = 1.0 within the z/H = 0.25-plane

and near the wall, the negative mean vertical velocity in the
duct symmetry plane indicated a downward fluid transport
as shown in Fig.7. The magnitudes of the maximum nega-
tive mean vertical velocities above the ribs were similar to
those of attached divergent ribs and by far exceeded those
of transversely oriented attached ribs (Coletti et al. 2013).
Above the rib-roughened wall, (v) increased in the direction
of the duct side walls and became positive, representing an
upward fluid motion as shown in Fig. 4b. The lateral develop-
ment of (v) indicated a substantial variation in vertical and
lateral momentum transport depending on c/k,. The mean
velocity distributions in Fig. 7 suggested that the secondary
flow field above the detached divergent ribs was similar to
that of attached divergent ribs (Gao and Sundén 2004b; Fang
et al. 2015; Mahmoodi-Jezeh and Wang 2022), whose time-
averaged flow in the axial-normal plane (y —z) was governed
by a pair of counter-rotating large vortices. The rib inclina-
tion relative to the main flow direction caused the fluid to
flow downstream and sideways from the rib tip toward the
duct side walls. Spatial confinement of the duct forced fluid

¢/ky =0.3,00 A c/ky =0.5,and # o &

deflected sideways to flow upward near the duct side walls.
This upward motion was accompanied by a reversed fluid
motion around the duct symmetry plane due to momentum
balancing, thus resulting in the rotational secondary flow. The
mean flow pattern above the rib was found for all ¢/, inves-
tigated, with downward fluid motion in the z/H = 0.0-plane
being strongest for c/k, = 0.3 and weakest for c¢/k, = 1.0.
In each case, the effects of secondary flow motion on the
mean flow field extended over the entire observation region.
According to the zero crossings of (v) in Fig.4b (measuring
line in z-direction at y/k, = 5.0 and x /k, = 4.0) and Fig.7
b, the foci of the two main vortex structures of the secondary
flow field were located near the z/H = 0.25 plane and above
the duct center plane.

Since the fluid was also deflected downward at the wind-
ward rib surface, development of secondary flow structures
in the gap below the ribs was expected. However, flow veloc-
ity in the gap was measured in one dimension only due to the
limitations of the field of view of the measuring system and
the geometry. This hardly allows any conclusions to be drawn
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with respect to a possible three-dimensional secondary flow
below the ribs. Nevertheless, the increase of (v) in the region
below the rib crest (Fig.4 (¢/k, = 0.3), Fig.7) as well as the
lateral variations of (u) in the gap (Figs.5b and 6b) and the
near-wake could be hypothetically attributed to a geometry-
induced secondary flow that develops below the rib crest and
significantly influences the wake, despite the secondary flow
field above.

@ Springer
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3.1.2 Mean velocity field close and above the rib

Rib-induced blocking of the duct cross section accelerated
the fluid at the windward rib surface and increased the mean
velocities as shown in Figs. 5, 6, and 7. In contrast to attached
divergent ribs (Fang et al. 2015; Mahmoodi-Jezeh and Wang
2022), the fluid was displaced upward, sideways, and down-
ward. As depicted in Fig. 7, positive and negative peaks of (v)
occurred in regions close to the upper and lower rib leading
edges, respectively. This happened in both measuring planes
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for all ¢/k,. Of all investigated c/k;,, the (v) maximum was
lowest for ¢/k, = 1.0 in both measuring planes (Fig.7),
while (v) maxima for the remaining clearance-to-rib-height
ratios reached comparable values. The highest mean veloci-
ties at the rib leading edge occurred in the z/H = 0.0-plane
for ¢/k, = 0.5 and in the z/H = 0.25-plane for c/k, = 0.3.
Due to lack of measured values in the near-wall region at
x/k, = —1.155, it can only be assumed that (v) peaks were
highest for c¢/k, = 0.3 or 0.5. The differences between the
magnitudes and maxima of (v) with c/k, were attributed to
the variations in the near flow field and in the formation of
the secondary flow. The downward mean flow above the rib
due to the secondary flow field decreased the positive (v) and
increased the negative (v) of the fluid deflected upward and
downward, respectively, at the windward rib surface. The lat-
ter was also reflected in the slight increase of the local (v)
maxima due to a reduced downward velocity above the rib
(—1.155 < x/kr < 0.0) in the z/H = 0.25-plane compared
to the z/H = 0.0 plane (Fig. 7).

For turbulent flow in a square duct with transversely ori-
ented attached ribs (Coletti et al. 2013; Mahmoodi-Jezeh and
Wang 2020) or detached ribs (Liou et al. 1997) applied on
one duct wall, reduced momentum transport near the rib-
roughened wall leads to a vertical shift of the local maxima
of (u) toward the opposite smooth wall and a considerable
primary mean shear rate (d(u)/0y) across the duct. For the
investigated turbulent flow in the square duct rib-roughened
by detached divergent ribs, by contrast, fluid downwash
due to the secondary flow field caused an intensification
of momentum transport near the ribs. This increased (u)
above the ribs and shifted the local maxima toward the rib-
roughened wall (Figs. 5 and 6). Strong shear layers with high
velocity gradients developed along the rib crest, whereas the
primary mean shear rate was low immediately above the rib.
Here, no recirculation zone was found which might be a
consequence of the coarse streamwise resolution of measure-
ment points or recirculating flow within a very thin region that
was not captured by the measurements. The mean axial veloc-
ity peaks in the upper shear layer were increased compared
to transversely oriented detached ribs in single configuration
(Wang and Tan 2008) or array configuration (Ahn and Lee
2010) and were similar to those of divergent attached ribs
(Fang et al. 2017). For varying c/k,, the global (1) maxima
occurred above the rib (x /k, = —0.58) and in the immediate
rib wake (x /k, = 0.0 and 1.0) in the z/H = 0.0-plane. For
both measuring planes it was found that the closer the (u)
maximum was located to the rib, the higher was its magni-
tude was. Downward mean fluid motion above the rib due to
the secondary flow field caused the development of a very
thin shear layer along the rib crest within the z/H = 0.0-
plane. The vertical distances of global (1) maxima from the
rib crest were 0.1 < Ay < 0.3 for ¢/k, = 0.3 and 0.5 and
increased with decreasing and increasing c/k,. With a reduc-

tion of (v) in lateral direction, the local (#) maxima moved
away from the rib-roughened wall as indicated by the differ-
ent distributions of (u) at each axial position x /k, and shown
in the z/H = 0.0- and z/H = 0.25-planes in Figs.5 and 6.
The maxima of (u) in the z/H = 0.25-plane also occurred
above the rib (x /k, = —0.58) and in the immediate wake of
the ribs (x/k, = 0.0 and 1.0).

3.1.3 Mean velocity field close to and below the rib

The flow field in the gap below the rib determines the develop-
ment of the wake configuration. High fluid acceleration near
the windward rib surface resulted in the formation of strong
shear layers with high velocities at the rib bottom surface and
at the bottom duct wall for c¢/k, > 0.3 (Figs.5 and 6). The
(u) distributions within the gap varied with c/k, and z/H,
as depicted in Figs.5b and 6b. For c/k, = 0.3 and 0.5, the
mean axial velocities and their trends (at x /k, = —0.58 and
0.0) were similar to those of ¢/k, = 1.0 (at x /k, = —0.58),
but at higher axial velocity levels. This was different for the
flow below a transversely oriented detached square cylinder,
where the mass flow in the gap decreased with increasing
proximity of the rib to the wall (Addai et al. 2022; Park
et al. 2001) and was attributed to the strong secondary flow
field. It was assumed that for the detached divergent rib with
c/k; = 0.3 and 0.5, downward fluid transport by secondary
flow extended from the duct core to the near-wall region in
the inter-rib spacing as reflected by the negative mean verti-
cal velocity in Fig.7, which leads to an increase in the mass
flow rate.

For the smallest gap height with ¢/k, = 0.1, the velocity
profile became more convex and the velocity level decreased.
This effect was related to the decrease of the mass flow rate
in the gap due to a reduction of the gap height (the Reynolds
numbers in the gap were Re, = uy. - ¢/v = 450, 1683,
2881, and 3973 for c¢/k, = 0.1,0.3,0.5, and 1.0, respec-
tively, in the z/H = 0.0-plane, where u,,. is the mean axial
velocity averaged over the gap). Convex velocity profiles
were observed for single transversely oriented ribs at higher
clearance-to-rib-height ratios (Park et al. 2001) (c/k, = 0.3).
They were accompanied by a suppression of periodic vortex
shedding from the rib. It can be assumed that enhanced fluid
transport to the inter-rib spacing of divergent ribs caused
the mass flow rate in the gap to persist at a higher level as
wall proximity increased. The inflection point of the mean
velocity profile at x/k, = —0.58 for ¢/k, = 0.1 in Fig.5
b suggested the development of recirculation regions due to
flow separation at the lower bottom duct wall, which was not
found for c¢/k, > 0.3.

The asymmetry of the (u) distributions in the z/H = 0.0-
plane relative to the gap center plane with more pronounced
velocity gradients and velocity maxima close to the lower
rib surface indicated upward fluid motion below the rib in
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the z/H = 0.0-plane as a result of a geometry-induced fluid
motion in the gap. Although the Reynolds numbers in the gap
Re, varied only slightly between the two measuring planes
(Re, = 442, 1802, 2828, and 3211 for ¢/k, = 0.1,0.3,0.5,
and 1.0, respectively, in the z/H = 0.25-plane), the (u)
distributions differed significantly. The velocity profiles were
more convex in the z/H = 0.25-plane. Locations of local
maxima (u) shifted downward and shear rates at x/k, =
—0.58 were less intense. For ¢ /k,, = 1.0, flow detached along
the lower rib surface between the lower rib leading edge and
the rib center without reattaching further downstream (Fig. 6
b). No flow detachments were detected along the lower and
upper rib surfaces for the other clearance-to-rib-height ratios.

3.1.4 Wake configuration in the inter-rib spacing

The flow close to the ribs is of major interest when applying
ribs as a design tool to enhance heat transfer of thermally
highly loaded heat exchanger surfaces, since. As inferred
from Figs.5, 6, 7, 8, and 9, the shear layers forming along
the upper and lower rib surfaces separated at the rib trailing
edges (x/k, = 0.0) and transformed into two free shear lay-
ers behind the upper and lower rib trailing edges. According
to the existing literature on flow of a detached transversely
oriented square cylinder near a wall (Durdo et al. 1991; Bosch
et al. 1996; Bailey et al. 2002; Martinuzzi et al. 2003; Wang
and Tan 2008; Addai et al. 2022; Panigrahi 2009), an inter-
action of the shear layers separating at the rib trailing edges
and the wall-bounded shear flow might be expected as wall
proximity increases. It is assumed that the intensity of the
interaction depends on the geometry-induced fluid motion
above and below the rib, which varies with the clearance-to-
rib-height ratios as indicated by the lateral variations of (v)
in Fig. 4b.

Compared to a detached transversely oriented square
cylinder near a wall with comparable wall clearance-to-rib-
height ratios (Wang and Tan 2008), the upper shear layer
behind the detached divergent rib developed in axial direc-
tion closer to the duct bottom with steeper mean velocity
gradients. This is due to the geometry-induced downwash
of high-momentum flow from the duct core toward the rib-
roughened wall. In addition, the extension of the flow cross
section and the associated adverse axial pressure gradient
caused a further decrease in the negative vertical velocity
immediately behind the rib in the range 1.5 < y/k, < 3.0,
see Fig.7. In contrast to this, vertical spreading of the fluid
leaving the gap due to the change in flow cross section is
expected to result in positive vertical velocities behind the
gap above the lower rib trailing edge for all clearance-to-rib-
height ratios (not resolved immediately downstream of the
gap). As obvious from Fig.7, the occurrence and strength
of positive mean vertical velocity behind the rib correlated
with a clearance-to-rib-height-ratio increase. Upward fluid
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motion behind the rib was lowest for ¢/k, = 0.1 and highest
for ¢/k, = 1.0.

For all c/k, investigated, the large recirculation region
between the leeward rib surface and the bottom duct wall
occurring for attached ribs due to the reattachment of the
shear layer separated from the upper rib trailing edge (Fang
et al. 2017) was not found. Interaction of the upper and lower
free shear layers behind the rib at x /k, = 1.0 was excluded
based on the mean velocity distributions in Figs.5, 6 and 7.

As inferred from the negative mean axial velocities for
c/kr = 0.1 close to the bottom duct wall in both measurement
planes shown in Figs.5b and 6b, a three-dimensional recir-
culation region was formed in the region 1.0 < x/k, < 5.0
within the z/H = 0.0-plane and in the region 1.0 < x/k, <
4.0 at y/k, < 0.5 within the z/H = 0.25-plane. Simi-
lar to a detached transversely oriented square cylinder with
c/k, < 0.25 (Durdo et al. 1991; Shi et al. 2010b) (see Fig. 1
b), the wall-bound shear flow was assumed to detach from
the bottom duct wall with the upward motion (Fig.7) of the
lower free shear layer due to the axial adverse pressure gra-
dient. The momentum flux resulting from the flow exiting
the gap was too weak to overcome the axial pressure gradi-
ent and the vorticity (d(u)/dy — d(v)/dx). The mean shear
rate of the lower free shear layer was assumed to be insuf-
ficient for coupling with the upper free shear layer. Vortical
structures formed in the upper shear layer remained almost
undisturbed further downstream, while the shear layer was
stretched longitudinally and surrounded the thin recirculation
region below. After reattachment, a wall-bounded shear layer
developed against the adverse pressure gradient (which was
indicated by the dips of the velocity profiles downstream the
reattachment points, see Figs.5a and 6a). The smaller verti-
cal extent of the recirculation region compared to a detached
transversely oriented square cylinder (Shi etal. 2010a) results
from secondary flow motion that pushes the upper shear layer
toward the bottom duct wall.

For c¢/k, > 0.3, the high flow velocities in the gap enabled
the exiting fluid to flow against the rising pressure gradi-
ent without detachment from the bottom duct wall. The
mean flow field configurations within the inter-rib spacing
for ¢/k, = 0.1 and for c¢/k, > 0.3 differed fundamen-
tally, while the mean velocity distributions in the rib wake
for c¢/k, = 0.3, 0.5, and 1.0 showed similar trends. Due to
the oppositely directed fluid motion above and below the rib
trailing edges, the separated free shear layers tended to inter-
act further downstream for ¢ /k, > 0.3, if not already diffused
as shown for a detached transversely oriented square cylin-
der with small clearances (Wang and Tan 2008). In general,
the decrease in local mean velocity gradients and local mean
velocity maxima in the vicinity of the bottom duct wall shown
for 1.0 < x/k, < 3.01in Figs.5 and 6 can be attributed to the
mixing of upper and lower free shear layers and their diffu-
sion downstream, respectively. It was concluded that the free



Experiments in Fluids (2025) 66:26

Page 11 of 27 26

Q) k=
)(C) -1.16-0.58 0.0 1.0 2.0 4.0 5.0 6.0 7.0
k E > 3 " o
> " s "
o " " o
3 |§ 3 3 A 3
& 4 1\ A s
N RN \NEN \ W8N |
{.W ?m " N -
A & £
0.0 0.2 wr/up
1.0 2.0 3.0 4.0 5.0 6.0 7.0
4Rl V(B
fnian; ua
§ y
—
0.0 0.2 @i

Fig.8 Normalized axial Reynolds normal stress (1'2)/ u% at different axial positions (a) over the duct and (b) within the gap for ¢ e A ¢/k, = 0.1,
c/kr =0.3,00 A c/k, =0.5,and ¢ e A c/k, = 1.0 in the z/H = 0.0-plane

Q) k=
-1.16 -0.58 0.0 1.0 2.0 3.0 4.0 5.0 6.0
5.0 ¢ & - & Py o A
b 3 E 3 s o o s
; s IS 5 s s
o ° s o ° s
4.0 > a s a > " s
y3'0 4 % A %
K an o fi % 3 2 &
200 g . ”ﬁ @, it ¢ 6
Rl B & [}
3 (3 )
1.0 ‘b i B Y B " %’
° o® e’ AA[ }
N
0.0
202
0.0 0.2 w/ug
b)
1.0 2.0 3.0 4.0 5.0 6.0 7.0
1.0
y ! '
c ; %
05| { ? y
S f )
0.0 —&

2,2
0.0 0.2 w/ug

Fig.9 Normalized axial Reynolds normal stress (1" 2y / u% at different axial positions (a) over the duct and (b) within the gap for ¢ e A ¢/k, = 0.1,
c/ky =0.3,00 A c/k, =0.5,and ¢ e A c/k, = 1.0 in the z/H = 0.25-plane

@ Springer



26 Page12of27

Experiments in Fluids (2025) 66:26

a)  xlk,=
-1.16 -0.

58 0.0
5.0 ; : A

40 50

5
4.0

3.0

SI<

”

2.0

1.0

0.0

=

(9}

= Tyar iy d=)

T I
Py S

SRR

Orsx s

<

%
8
&

O TRIRLOL: W 0 0 O O

0.0 0.1 wdm}

Fig.10 Normalized vertical Reynolds normal stress (v’2)/u§ at different axial positions for ¢ e A ¢/k, = 0.1,

c/ky = 03,00 Ac/k, = 0.5,

and ¢ e A ¢/k, = 1.0in the (a) z/H = 0.0-plane and (b) z/H = 0.25-plane

shear layer that separated from the lower rib trailing edge van-
ished further downstream. The three shear layers (free upper,
free lower, and wall-bounded) initially occurring in the inter-
rib region converged to one wall-bounded shear layer. The
consistently positive mean axial velocity at the bottom duct
wall for ¢/k, > 0.3 indicated no permanent reattachment
of the free shear layers and no further flow detachment in
the inter-rib spacing. However, the inflection point profiles
for (1) in the immediate vicinity of the wall for ¢/k, = 0.3
at x/k, = 2.0 within the z/H = 0.25-plane in Fig. 6 sug-
gested a possible flow detachment between x /k, = 1.0 and
x/k, = 2.0, which was not resolved due to the coarse axial
spatial resolution. Despite the similarities for ¢/k, > 0.3, the
mean velocity distributions revealed significant differences
for varying c/k,. For ¢/k, = 1.0, compared to c/k, = 0.3
and 0.5, the lower mean vertical velocity was assumed to
prevent the upper free shear layers from interacting inten-
sively with the wall and enable a less disturbed development
of both shear layers further downstream. This is consistent
with the dip in the distributions of (u) for c¢/k, = 1.0 that
indicates a longer persistence of the lower free shear layer in
the inter-rib spacing further downstream than for ¢/k, < 1.0.
It is also in agreement with the almost consistent mean axial
velocity distribution close to the wall.

@ Springer

In front of the subsequent rib (x/k, = 7.0), (v) peaks
developed in the z/H = 0.25-plane due to the flow displace-
ment by the rib. The marginal (v) increase for ¢/k, = 1.0
was attributed to the reduced blocking effect upstream of the
rib as a result of the comparatively large clearance.

3.2 Reynolds stress distribution

The distributions of the normalized Reynolds normal stresses
(u/z)/u% and (v/z)/u% as well as of the Reynolds shear stress
—w'v'y/ u% in both measurement planes are shown in Figs. 8,
9, 10, 11 and 12. Figure 12 shows the lateral development of
the Reynolds stresses. The high mean shear rates and vorticity
in the shear layers developing along the rib surfaces and the
unsteady wake led to a significant increase of the Reynolds
stresses near the rib-roughened wall as well as close to the
smooth duct side walls. Considering the results for attached
divergent ribs (Fang et al. 2015, 2017), it was assumed
that secondary fluid motion resulted in a clustering of high-
energy turbulent structures close to the smooth side walls
and within the inter-rib spacing. The absence of high-energy
turbulent structures and primary mean velocity shear within
both measurement planes above the rib resulted in low turbu-
lence kinetic energy and Reynolds normal stress production.
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Reynolds stresses almost vanished between y/k, = 3.0 for
c/kr <0.5o0r y/k, = 3.5 for ¢/k, = 1.0 and the near-wall
region close to the upper smooth duct wall (not shown). Ver-
tical growth of the region with significant Reynolds stress
variations with increasing c/k, was caused by the increas-
ing penetration of the ribs into the flow field with increasing
wall distance and by variations in the three-dimensional flow
field with varying c/k,. In general, the differences in the
mean flow configuration for varying c/k, were reflected by
the distributions of the Reynolds stresses. The distributions
for c¢/k, = 0.3 and 0.5 were similar, but deviated from the
different distributions of ¢/k, = 0.1 and ¢/k, = 1.0.

3.2.1 Reynolds stresses close to the rib

The axial Reynolds normal stress increased near the upper
and lower rib surfaces. Considerable differences were found
in the measuring planes, with («’?) maxima being much
higher (2.8, 6.2, 5.1, and 3.1 times higher for c/k, = 0.1,
0.3, 0.5, and 1.0) within the z/H = 0.25-plane than within
the 0.0-plane. The global maxima of the axial Reynolds nor-
mal stress occurred in the shear layer along the rib crest
(x/ky —0.58 and 0.0) within the z/H = 0.25-plane,

c/k, =0.3,00 A c/k, =0.5, and

while the highest (1’?) peaks occurred in the wake within
the z/H = 0.0-plane.

The higher axial Reynolds normal stress in the upper and
lower shear layers along the rib surfaces in the z/H = 0.25-
plane compared to the z/H = 0.0-plane was attributed to
lateral fluid motion induced by secondary flow. Turbulent
flow structures formed in the vicinity of the upper and lower
rib tip regions and within the shear layer along the rib surface
near the duct symmetry plane were assumed to be deflected
laterally as a result of the geometry-induced lateral flow
velocity and fluid deflection caused by the fluid impinge-
ment onto the rib surfaces, as sketched in Fig. 13. Therefore,
the density of turbulent flow structures contributing substan-
tially to the production of (u'?) was comparatively low in
regions close to the z/H = 0.0-plane at x/k, = 0.0. (u’?)
increased in the shear layer within the z/ H = 0.25-plane due
to high primary mean shear rate and the turbulent flow struc-
tures developing during the shear layer formation process
or advected laterally from the region of the duct symmetry
plane. Axial-lateral motion of the flow structures was sup-
posed to increase the magnitude of the axial-lateral shear
stress {(u’'w’). Combined with the geometry-induced lateral
mean axial velocity gradient (Fig.4), the production term
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—(u'w’)d(u)/dz would contribute significantly to the axial
Reynolds stress within the z/H = 0.25-plane.

Compared to c/k, > 0.3, (u’?) was low for ¢/k, = 0.1in
the gap. This was due to the reduced mass flow for very small
gap heights and the resulting suppression of a strong primary
mean velocity shear rate and decay of velocity fluctuations
by viscosity damping. As the measurement resolution of ver-
tical velocity was limited spatially by the experimental setup,
vertical Reynolds normal stresses and Reynolds shear stress
above the ribs were not resolved in the vicinity of the rib
upper and lower surface.

3.2.2 Reynolds stresses in the inter-rib spacing

High velocity gradients and intense velocity fluctuations
within the shear layers separated at the rib trailing edges
caused high streamwise Reynolds normal stresses in the
wake. The position of the local (/%) maxima found in both
measurement planes coincided with the position of the inflec-
tion points of the primary mean velocity shear rate d(u)/0y
(Figs.5 and 6a) and the local —(u’v’) maxima (Fig.11).
Consequently, the mean position of the free shear layers cor-
responded roughly to that of axial Reynolds stress peaks (Ahn
and Lee 2010; Liou et al. 1997). At x/k, = 1.0, two local
maxima of (u'?) were identified behind the trailing edges for
all clearance-to-rib-height ratios investigated (Figs. 8 and 9).
In contrast to a transversely oriented cylinder detached from
a wall (Addai et al. 2022), the upper (1'?) peak exceeded the
lower (u'?) peak due to the more intense shear layer along the
rib crest and the comparably small vorticity of the lower shear
layer. As inferred from the local (1" 2y maxima for x /k, > 3.0
in Figs.8 and 9, the two free shear layers transformed into
one free shear layer while moving downstream due to the
interaction of their flow structures in the wake or diffusion
of the lower shear layer. Finally, they fused with the attached
shear layer.

Similar to turbulent flow in square ducts rib-roughened by
attached divergent ribs (Fang et al. 2017; Mahmoodi-Jezeh
and Wang 2022), the high negative vertical mean velocity in
the z/H = 0.0-plane displaced the upper shear layer into
the inter-rib spacing. Highest Reynolds stresses in the wake
occurred at the leeward region with their maxima decreasing
downstream. For ¢/k, < 0.5, the downstream shear layer
expanded toward the bottom duct wall, with the local (1'?)
maxima being located below the axial rib center line for
x/k, > 4.0. The higher mean vertical velocity above and
the positive vertical mean velocities below the rib crest for
c¢/k, = 1.0 led to propagation of the free shear layers fur-
ther downstream rather than to the bottom duct wall. With
the (v) increase in the lateral direction, the flow separating
at the upper rib trailing edges was less intensively displaced
downward, as can be seen from the upward shift of the local
(u'*) maxima in Fig.9 compared to Fig.8. The (u'?) distri-
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Fig. 12 Normalized (a) axial Reynolds normal stress (u'?) /u%, (b)
vertical Reynolds normal stress (v?) / uzB , and (c¢) Reynolds shear stress
—(u’v/)/ué measured along lines parallel to the z-axis at x /k, = 4.0,
v/k, = 13 for A c/k = 0.1, ¢ 0.3, and ¢ 1.0 and at x/k, = 4.0,
y/kr =5.0for A c/k, =0.1,¢ 0.3,and ¢ 1.0
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\Shear layers
\

Region with high density of vortical structures
generated near the rib tip

Fig. 13 Sketch of vortical structures generated at the upper rib tip
and transported sideways due to the lateral fluid motion and the fluid
impingement caused by the secondary flow

bution for ¢/k, = 0.1 in the wake differed from that for
c/kr > 0.3. The comparatively high axial Reynolds normal
stress for ¢/k, = 0.1 at x/k, > 4.0 in the z/H = 0.0-plane
and atx /k, > 3.0inthe z/H = 0.25-plane resulted from the
undisturbed longitudinal expansion of the upper shear layer
that enclosed the thin recirculation region.

The Reynolds stresses increased in lateral direction as
shown in Fig. 12. The Reynolds stress peaks behind the rib
(x/k, = 4.0, y/k, = 1.3) for c¢/k, < 0.5 were attributed to
an accumulation of turbulent flow structures generated at the
rib, pushed into the inter-rib spacing behind the trailing edge,
and were convected sideways by lateral fluid motion. Further-
more, the above-mentioned lateral removal of turbulent flow
structures generated at the rib near the duct symmetry plane
(Fig. 13) resulted in comparable low Reynolds stresses. For
c¢/k, = 1.0, the Reynolds stress peaks were located above
the axially oriented rib center line due to (v) increase which
explained the decrease in the Reynolds stresses in lateral
direction at x/k, = 4.0 and y/k, = 1.0 in Fig.12. The
increase in the Reynolds stress close to the smooth side walls
in the duct core pointed to a streamwise-vertical convection
of the high-energy turbulent vortex structures clustering near
the smooth side walls above the rib at the leeward side (Fang
et al. 2017) by secondary flow.

Only one local maximum at each axial position was
found for the vertical Reynolds normal stress (v'?). Tt was
located around the axially oriented rib center line in the
z/H = 0.0-plane and slightly below the rib crest in the
z/H = 0.25-plane. The (v'?) peaks decreased in lateral
direction as shown in Fig. 10a and b, although the Reynolds
stress distribution in lateral direction in Fig. 12 suggested the
contrary as aresult of the highly three-dimensional flow field.
Maxima (v’ 2) were measured in the wake at axial positions
closest to the rib. In general, the (v’ 2} in the wake was lower
than for a detached transversely oriented square cylinder with
c/k, = 0.5, where both free shear layers formed a Karman
vortex street (Durdo et al. 1991; Bosch et al. 1996). (v?)
maxima were comparable to those of attached divergent ribs

(Mahmoodi-Jezeh and Wang 2022). Both axial and vertical
Reynolds normal stresses were of the same order of mag-
nitude as indicated by the Reynolds stress ratios (u'?)/(v'%)
in Fig. 14, but they were far away from unity near the ribs
and in the wake. For ¢/k, > 0.3 in the regions between
x/kr = 4.0 and 6.0 in the z/H = 0.0-plane and between
x/k, = 3.0 and 5.0 in the z/H = 0.25-plane, (v'?) slightly
exceeded (u'?). For c/k, = 0.1, the vertical Reynolds stress
was smaller than the axial Reynolds stress at each measure-
ment position. Here, the intense primary mean velocity shear
rate and the increased Reynolds shear stress-(u’v’) in the
upper shear layer formed the dominate production term for
the axial Reynolds normal stress. The increase in (v'2) was
assumed to predominately result from energy redistribution
by pressure—velocity interaction, since the main production
term (v'2)d(v)/dy for the vertical Reynolds normal stress
was comparably small. Thus, the ratio of both Reynolds nor-
mal stresses was (u'2)/(v'?) > 1.0 for a large part of the
inter-rib spacing.

Similar to the axial Reynolds normal stress, the magni-
tudes of the Reynolds shear stress increased in the shear
layers, while they disappeared in the flow field above the rib.
The —(u’v’) increase was primarily caused by the motion
of turbulent flow structures originating from the shear lay-
ers. The development of —(u'v’) for ¢/k, > 0.3 coincided
with the development of the free shear layers downstream
similar to detached transversely oriented square cylinders
(Wang and Tan 2008). Reynolds shear stress peaks were
located below the rib crest in the inter-rib spacing due to
the downwash of turbulent flow structures by secondary flow
in the z/H = 0.0-plane. With increasing vertical spread-
ing of turbulent flow structures in the lateral direction, the
local —(u’v’) maxima and minima of the Reynolds shear
stress shifted slightly away from the rib-affected wall. Max-
ima and minima of —(u’v’) were measured in the wake at
x/kr = 2.0 and x/k, = 3.0 at the height of the rib trail-
ing edges in the z/H = 0.25-plane for c/k, > 0.3. Values
decreased downstream, similar to the —(u'v’) distributions
for free shear layers in the wake of a rectangular cylinder
(Nakagawa et al. 1999a).

For ¢/k, = 0.1, only one —(u’v’) maximum per axial
position was found, slightly below the rib crest. In con-
trast to detached transversely oriented square cylinders, the
Reynolds shear stress maxima for ¢/k, = 0.1 were higher
than for larger clearance-to-rib-height ratios. Although the
distribution of —(u’v’) was not resolved completely down
to the wall, it was hypothetically deduced from the mea-
sured values that —(u’v’) > 0 for ¢/k, = 0.1 in the wake at
x/k, > 4.0 in the z/H = 0.0-plane and at x/k, > 2.0 in
the z/H = 0.25-plane. This is consistent with the absence of
—(u'v') < 0O for attached ribs (Addai et al. 2022; Fang et al.
2017) where only the shear layer separated from the upper
rib trailing edge dominates the wake.
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Fig. 14 Reynolds stress ratio )/ (v'?) at different axial positions for ¢ e A c/k, = 0.1,

¢/k, = 1.0 within the (a) z/H = 0.0-plane and (b) z/H = 0.25-plane

3.3 Triple velocity correlations

Turbulent transport of Reynolds stresses associated with
the occurrence of fluctuating large-scale flow structures can
be analyzed using triple-velocity correlations as shown for
rough-wall boundary layers (Andreopoulos and Bradshaw
1981) or rib-roughened duct flows (Mahmoodi-Jezeh and
Wang 2020). Their spatial gradients also provide the con-
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tribution of turbulent transport to the distributions of the
Reynolds stress and the turbulence kinetic energy.

In Figs. 15, 16, 17, 18 and 19, the triple velocity correla-
tions (u3), (u>v’), (u'v'?), and (v'?) normalized by “33 are
shown at different axial positions. It is obvious that triple
velocity correlations increased near the ribs and varied sig-
nificantly in a layer close to the wall with a thickness between
2 x k, and 3 x k, depending on c/k, and the measuring plane.
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Fig. 17 Normalized triple correlation (1”2

¢/k, = 1.0 within the (a) z/H = 0.0-plane and (b) z/H = 0.25-plane

At a wall distance similar to that of the Reynolds stresses,
vertical distributions were independent of the axial position.

3.3.1 Triple velocity correlations close to the rib

Above the upper rib leading edge (x/k, = —1.16), (u’?) was
negative and for c/k, = 0.1 and 1.0, small local negative
minima were visible. The coincidence of negative (1) and
positive (v'?) peaks in this region suggested a bursting of
flow structures resulting in an increase in the Reynolds shear
stress —(u’v’) (Fig. 11).

Due to the limitations of the experimental setup, the mea-
surements enabled a valid analysis of the (u’ 3y distributions
in the immediate vicinity of the ribs only. The triple veloc-
ity correlation (1) changed significantly near the detached
divergent rib as shown in Figs. 15 and 16. For all ¢/k,, (u'3)
dropped to a negative minimum with increasing proximity to
the rib crest and then rose again. In the immediate vicinity of
the rib surface, the distributions in the two measuring planes
differed considerably. Within the z/H = 0.25-plane, (1)
reached a global positive maximum (at x/k, = —0.58 for
c/k, < 0.5 and at x/k, = 0.0 for c/k, = 1.0) and subse-
quently decayed. The positive peaks of (1) in the immediate
vicinity of the rib crestin the z/ H = 0.25-plane reflected the
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intensive transport of (1’?) with 1’ due to axially elongated
vortex structures in the shear layers. The S-shaped vertical
distribution of (x'3) with a sign change was measured at the
center of the rib (x/k, = —0.57) and at the rib trailing edge
(x/k, = 0.0). It is typical of reattaching shear layers on rect-
angular cylinders (Kumahor and Tachie 2022) or attached
square ribs (Ruck and Arbeiter 2022). The absence of the sign
change and the positive maximum in the z/H = 0.0-plane
can be attributed to an attenuation of the turbulent transport
of axial elongated flow structures ({u’ 2y transported by u’)
in the thin layer immediately above the wall by downward
fluid movement above the rib due to secondary flow. Since
the main contribution to triple velocity correlations is known
to result from the large turbulent structures, the increase in
the (1’3) minima and maxima at the rib trailing edge in the
z/H = 0.25-plane supports the previous assumption that
vortex structures were transported away in lateral direction
due to rib inclination and fluid displacement by secondary
flow.

The differences in the triple velocity correlations in lateral
direction were also evident in the gap. (u’>) varied only with
¢/k, = 1.0 for increasing wall proximity in the z/H = 0.0-
plane, while (u"3) showed large negative and positive peaks
in the z/H = 0.25-plane for ¢/k, > 0.3. For c/k, = 0.1,
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Fig. 18 Normalized triple correlation (u'v'?y) u% at different axial positions for ¢ e A c/k, = 0.1,

¢/k, = 1.0 within the (a) z/H = 0.0-plane and (b) z/H = 0.25-plane

the variations of (1'3) were negligible within the entire gap.
Similar to the Reynolds stresses, it can be assumed that the
suppression of pronounced mean velocity gradients due to
the low Reynolds number flow in the gap for c/k, = 0.1
prevented the formation of turbulent structures as a result of
the absence of lateral swirling motion. At the duct bottom,
the negligibly small values of (1’3) indicated the absence of
turbulent transport.

3.3.2 Triple velocity correlations in the inter-rib spacing

Separation of vortical flow structures with the shear layers at
the rib trailing edges into the inter-rib spacing was reflected
by an increase in the triple velocity correlations. Compari-
son of the distributions of (1’3) and (u'v'?) (Figs. 15, 16 and
18) with those of a detached transversely oriented square
cylinder (Addai et al. 2022) allows for a distinction of wake
configurations for ¢/k, = 0.1 and c/k, > 0.3. The (u3)
minima behind the rib trailing edges (x/k, = 1.0 and 2.0)
and the (u'v'?) double S-curves with two clear local min-
ima and maxima in the near-wake (x/k, = 2.0 and 3.0 in
the z/H = 0.25-plane) were characteristic of the occurrence
of two shear layers. In contrast to this, the absence of the
(u’3) minimum behind the lower rib trailing edge and the

c/ky =03,00Ac/k, =05,and ¢ e A

(u'v'?) single S-curve with only one minimum and maximum
indicated the predominance of one shear layer. The asymmet-
rically distributed minima and maxima were caused by flow
close to the wall and its impact on downstream propagation
of the flow structures separating at the rib trailing edge. For
c/k, > 0.3, decreasing maxima of the triple velocity corre-
lations from x/k, > 4.0 in the z/H = 0.0-plane and from
x/kr > 3.0inthe z/H = 0.25-plane indicated a decay of tur-
bulent transport due to diffusion of the flow structures moving
downstream. The peak values of (u3) revealed flow regions
with an intense transport of high-energy elongated turbulent
flow structures with u’. Accordingly, local peak values of
(u’®) were found at the height of the rib trailing edges in
the immediate wake. The effect of the wall-bounded shear
flow along the bottom duct wall on the wake disturbed the
axial development of the lower free shear layer and led to a
weaker development and faster decay of the lower peaks of
the triple velocity correlation for decreasing c/k,. The latter
was not limited to the («’3) distribution, but also occurred for
the other triple velocity correlations, resulting in increasingly
similar distributions for different c/k, further downstream.
For c¢/k, = 0.1, the distributions of («’3) were antisym-
metrical across (vertical) the shear layer, reached peak values
on either side, and vanished at the outer ends of the shear
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layer. Their shapes resembled those of reattaching shear
layers found in the wake of a wall-bound square cylinder
(Agelinchaab and Tachie 2008) or a backward facing step
(Chandrsuda and Bradshaw 1981). Maintenance of the com-
paratively high values of (u'?) for ¢ /k, = 0.1 in the wake was
attributed to the formation of a longitudinally stretched shear
layer behind the upper rib trailing edge, providing a steady
source for elongated vortical structure generation. (1’3) and
(v"3) developed similarly (Figs. 15, 16, and 19) with opposite
signs, indicating an unsteady flapping motion of flow struc-
tures that separated from the upper rib trailing edge with the
shear layer (Mahmoodi-Jezeh and Wang 2020).

Turbulent transport of turbulence kinetic energy induced
by the shedding of flow structures at the rib trailing edges
persisted along the entire inter-rib spacing. This is obvi-
ous from the strongly varying triple velocity distributions
of (u?v’) and (v3) in vertical direction (Figs.17 and 19).
The vertical turbulent transport was highest behind the ribs
and decreased with the decreasing gradients of (u’>v’) and
(v’3) further downstream. For ¢ /k, > 0.3, the double S-curve
changed to a single S-curve due to the influence of the wall
that caused the lower peak to vanish. Regions with high tur-
bulent transport moved away from the wall with increasing
c/ky.
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For c/k, = 0.1, the turbulent transport away from and
toward the wall was reduced slightly in axial direction due
to the persistence of the stretched free shear layer and
exceeded the corresponding values for c/k, > 0.3. As can
be seen from the comparison of the transport terms 7 =
—1/28/dy [(u/zv/) - (1/3)], the production terms P, =
— W) d(u)/dx — (u'v')d(u)/dy — (v2)d(v)/dy, and the
mean convection term Cy = —1/2(v) 8/8y([(u’2) + (v’z)]
for the turbulence kinetic energy (here defined as k; =
1/2 - [(u"*) + (v'*)] budget in the z/H = 0.0-plane shown
in Fig. 20, turbulent transport contributed significantly to the
turbulence kinetic energy in the inter-rib spacing. Although,
the lack of the lateral flow component, the instantaneous
spatial derivatives, and the pressure resulted in enormous
simplifications of the turbulence budget equation for the
highly three-dimensional flow field of divergent ribs, the
distributions in Fig. 20 were assumed to be qualitatively rep-
resentative due to the vanishing lateral mean velocity (w) in
the symmetry plane (z/H = 0.0-plane). Nevertheless, even a
small deviation from the condition z/H = 0.0 due to uncer-
tainties in the orientation of the measurement volume would
lead to considerable differences in the distributions shown in
Fig.20 and would invalidate the simplifications made with
respect to symmetry.
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3.4 Skewness and kurtosis detail, e.g., for wall-bounded flows (Gad-el Hak and Bandy-
opadhyay 1994; Andreopoulos et al. 1984) as well as for
separated flows (Simpson et al. 1981) or wakes (Mariotti and
Buresti 2013; Ezadi Yazdi and ak Khoshnevis 2020). Skew-
ness of S, = 0 and excess kurtosis of K, , = K, —3 =0
are characteristic for a Gaussian probability density function
distributed symmetrically around the mean. Nonzero skew-
ness values indicate the degree of temporal asymmetry of
large-amplitude velocity fluctuations, while nonzero excess
kurtosis values reveal information about the peakness of a

The high-order statistics skewness S, W)/ (u'?)3/?
and kurtosis K, = (u’*)/(u’?)? are non-dimensional mea-
sures for the shape of the probability density function of
a corresponding signal. Therefore, both provide temporal
information about flow physics extracted from the probability
density function shape: skewness describes the asymmetry
and kurtosis determines the flatness. Their analyses were
commonly applied to investigate turbulent flow structures in
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temporal signal. The latter is associated with intermittent flow
phenomena (Frisch 1995). Distributions of the skewness and
excess kurtosis of the streamwise velocity fluctuations for the
investigated flow configurations are presented in Figs. 21,22,
23 and 24.

With the exception of c¢/k, = 0.3 above the rib at
x/k, = 0.0, S, and K, . distributions were similar for
y/k, > 4.0 within the z/H = 0.0-plane. In the lateral
direction (z/H = 0.25-plane), the distributions converged
in the upper half of the duct and resembled each other for
y/k, > 8.0 (not shown). The dependency of high-order
statistics on the varying flow configuration with c/k, for
y/k, < 4.0 held also for the skewness and excess kurtosis.
In general, the distributions for c¢/k, = 0.3 and 0.5 differed
only slightly with a small vertical offset, but deviated from
c/k, = 0.1 and ¢/k, = 1.0.

3.4.1 Skewness and kurtosis close to the rib

Immediately above the upper rib tip in the duct symmetry
plane, skewness reached negative peaks and excess kur-
tosis reached positive peaks for c¢/k, < 0.5, while for
c/k, = 1.0, S, and K, . peaks were located Ay/k, ~ 1
above the rib tip. Further downstream, high values of skew-
ness and excess kurtosis occurred above the rib crest for
all ¢/k, in both measuring planes. S, and K, . peaks were
reduced in the z/H = 0.25-plane compared to those in
the z/H = 0.0-plane. According to previous studies about
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turbulent boundary layer flows (Simpson et al. 1981), the
locations of negative S, minima and positive K, , maxima
corresponded to the outer edge of the thin shear layer and can
be attributed to large-amplitude negative (=low-speed com-
pared to the mean) streamwise velocity fluctuations. They
were the result of large vortical structures generated by the
mean shear carrying fluid from the low-streamwise-velocity
region within the shear layer outward. Since S, and K, ,
peaks coincided, the high excess kurtosis suggested an inter-
mittent nature of these velocity fluctuations.

It was interesting to see that below the rib in the gap center
(x/kr = —0.58), skewness was increased only for c¢/k, =
1.0. It was hypothesized that high speed flow structures shed
at the lower rip tip moved into the gap center. For c/k, =
1.0, the comparable low mean streamwise flow velocities
(Figs. 5 and 6) in the gap caused the fluid carried by these flow
structures to appear as large-amplitude positive (=high-speed
compared to the mean) streamwise velocity fluctuations. On
the contrary, for the c/k, < 0.5, the flow acceleration in the
gap caused high mean streamwise flow velocities without
high streamwise velocity fluctuations.

3.4.2 Skewness and kurtosis in the inter-rib spacing

With the separation at the rib trailing edge, the wall-bounded
shear layer transformed into a free shear layer. Similar skew-
ness and excess kurtosis behavior as for the outer edge of the
wall-bounded thin shear layer was found in the region above
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the upper free shear layer in the wake within both measuring
planes, with the exception of c/k, = 1.0 inthe z/H = 0.25-
plane. Vortical structures originated from the shear layer
transported fluid from the low-velocity wake region upward
and increased the skewness and excess kurtosis. Highest val-
ues of S, and K, . occurred for a clearance-to-rib-height
ratio of ¢/k, = 0.1. In accordance with findings for tur-
bulent wake flows (Mariotti and Buresti 2013; Ezadi Yazdi
and ak Khoshnevis 2020), locations of the found negative
skewness peaks were supposed to indicate the outer edge of
the free shear layers. For ¢/k, = 1.0, skewness and excess
kurtosis indicated further upward motion of vortical struc-
tures which were generated in the upper shear layer. The
resulting vertical location offset of Ay/k, = 1.0 for S, and
K. peaks for c¢/k, = 1.0 was attributed to the wider ver-
tical spreading of the upper shear layer for ¢/k, = 1.0 than
for ¢/k, < 0.5. The consistency of S, and K, , peaks over
the complete rib-pitch section highlighted the dominance of
large-amplitude negative streamwise velocity fluctuations in
this region. In the near wake region (0.0 < x/k. < 3.0),
a downward transport of fluid from the low-velocity wake
region with turbulent structures was supposed to cause neg-
ative skewness peaks and positive excess kurtosis below the
lower free shear layer for c/k, > 0.3. They decayed further
downstream with the diffusion of the lower shear layer.
Starting from the outer edge of the upper free shear layer,
skewness increased with increasing proximity to the wall and
changed its sign from negative to positive in the wake. The

c/ky =03, 00 A

sign change of the skewness (Figs. 21 and 22) occurred close
to the region where Reynolds shear stress —(u'v’) (Fig. 11 a
and b) reached its maxima for all ¢ /k,. Further zero-crossings
of the skewness for ¢/k, = 1.0 at x/k, = 3.0 and 4.0
in the z/H = 0.25-plane corresponded to the Reynolds
shear stress minimum. The reduced skewness resulted from
an intense momentum exchange in this region without a
prevailing temporal dominance of high-speed or low-speed
streamwise velocity fluctuations. The slightly flat-top shaped
probability density function indicated by an excess kurto-
sis of K, . < O in this region was a further consequence
of the intense mixing suppressing large-amplitude velocity
fluctuations or intermittent flow nature. Interestingly, posi-
tive skewness peaks occurred in the wake at x /k, > 3.0 for
c/k, = 1.0. Following the analysis of cylinder wake flows
(Fabris 1983), the positive skewness peaks resulted from the
movement of turbulent structures which entrained high-speed
fluid by their rotational motion at the shear layer edges and
carried it toward the wake.

Similar to the near-wall region of turbulent boundary
layers (Andreopoulos et al. 1984; Gad-el Hak and Bandy-
opadhyay 1994), high values of skewness and excess kurtosis
occurred very close to the duct bottom wall at all axial posi-
tions for all clearance-to-rib-height ratios with exception
of the recirculation region for c/k, = 0.1 where nega-
tive skewness was expected (Simpson et al. 1981). The
increase of positive skewness accompanied by the tremen-
dous peak in the positive excess kurtosis very close to the duct
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bottom wall indicated the dominance of large-amplitude pos-
itive streamwise velocity fluctuations. S, and K, ., increases
were attributed to the pushing-in of high-velocity fluid from
the region above the viscous dominated near wall region,
resulting in a more frequently occurrence of large posi-
tive streamwise velocity fluctuations than of large negative
streamwise fluctuations.

4 Conclusion

The turbulent flow field in a square duct with detached 60°
divergent ribs applied to one wall was investigated for dif-
ferent clearance-to-rib-height ratios in the range of 0.1-1.0.
LDA measurements were performed to yield deep insights
into the turbulent flow field. It was shown that for detached
divergent ribs, a geometry-induced secondary fluid motion
occurred above and below the rib with flow velocities depend-
ing on the clearance-to-rib-height ratio. The development
of shear layers separating at the rib trailing edges further
downstream was strongly affected by the formation of the
secondary flow field. For varying clearance-to-rib-height
ratios different flow configurations in the inter-rib spacing
were obtained. In the duct’s symmetry plane, the shear layers
separated at the rib trailing edges. They developed parallel to
the bottom duct wall further downstream. In lateral direction,
the upper shear layer pivoted upward due to the decreasing
downward fluid motion. The formation of a large recircu-

@ Springer

c/ky =03, 00 A

lation region between the leeward rib surface and the duct
bottom wall due to the reattachment of the shear layer from
the upper rib trailing edge in the case of attached ribs was
prevented by the fluid exiting the gap below the detached
divergent ribs. Nevertheless, a recirculation region was found
for the smallest clearance-to-rib-heightratio. For ¢ /k, = 0.1,
the flow exiting the gap was too weak to flow against the
adverse pressure gradient and the wall-bounded flow in the
rib rear detached with an upward motion of the lower free
shear layer. A thin recirculation region developed and ended
further downstream with the reattachment of the upper free
shear layer. For c/k, > 0.3, the high flow velocities at the
gap outlet enabled the fluid to overcome the adverse pressure
gradient without a detachment of the wall-bounded flow and
apermanent reattachment of the separated shear layers, while
secondary flow motion persisted. With decreasing wall prox-
imity, the effect of the wall on the flow field in the inter-rib
spacing reduced. The vertical propagation of shear layers
increased with increasing clearance-to-rib-height ratios. For
¢/k, = 1.0, the lower mean vertical flow velocities above
the ribs attenuated an intense interaction of the separated
free shear layers with the wall-bounded flow, resulting in a
less disturbed development of both shear layers further down-
stream.

Turbulent structures originated from the shear layers.
Peaks of Reynolds stresses and triple velocity correlations
coincided with the three-dimensional development of the
shear layers. The differences found in the mean flow fields
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for varying c/k, were reflected by the Reynolds stress and
triple velocity correlation distributions. Increases of the axial
Reynolds normal stress (1'% and the triple velocity correla-
tion (u’3) in lateral direction in the shear layers along the
rib top and bottom surfaces were attributed to a secondary
flow-induced lateral transport of turbulent flow structures
generated near the duct symmetry plane and deflected toward
the side walls. Within the inter-rib spacing, Reynolds stresses
and triple velocity correlation reached peak values in the
upper shear layer. In general, both Reynolds normal stresses
were of comparable order of magnitude, but far away from
unity in the rib wake. The variation of the negative mean
flow velocity (v) caused the free shear layers to develop
downstream with different vertical extent as indicated by
the skewness distributions, which caused variations in the
Reynolds stresses and triple velocity correlations. Kurtosis
suggested intermittent flow at the outer edges of the free shear
layers where vortical motion of turbulent structures carried
fluid from the low-velocity regions of the shear layer out-
ward. Separated flow structures underwent a flapping motion
while moving downstream as indicated by the triple veloc-
ity correlations. Maximum —(u’v’) and (u%) occurred in a
region below the outer edge of the upper shear layer, where
velocity fluctuations occurred without large amplitudes and
predominate velocity due to the high flow mixing. For
decreasing c/k,, Reynolds stress peak regions and regions
of turbulent transport indicated by triple velocity correlation
distributions shifted toward the bottom duct wall. The local
Reynolds stress maxima and triple velocity correlation max-
ima/minima were located nearest to the bottom duct wall in
the z/H = 0.0-plane. With an increase of (v) in lateral direc-
tion, the upper free shear layer was less deflected toward the
bottom duct wall. The increase in Reynolds stresses near the
duct side walls was attributed to laterally deflected turbu-
lent structured by the secondary flow field. For c¢/k, = 1.0,
the distributions indicated a reduced propagation of the free
shear layers and turbulent flow structures toward the bottom
duct wall due to the reduced negative mean vertical velocity
from the secondary flow field above the rib and the increased
mean vertical velocity of the fluid exiting the gap below the
rib.
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