


ribbed square channel (p=k ¼ 10 and k=h ¼ 0:2) at a Reynolds
number of Reh ¼ 2:2� 104. Their results showed that the Reyn-
olds shear stress increase at the rib leading edge is mainly driven
by ejection events.

The intense attached shear layer above the rib crest grows along
the rib crest and separates at the rib trailing edge. The adverse
pressure gradient due to the sudden cross section expansion
deflects the fluid toward the ribbed channel wall. The shear layer
reattaches on the channel wall within the inter-rib spacing, and a
spacious recirculation region develops beneath the separated shear
layer. The mean reattachment length of the shear layer depends on
the height and width of square ribs and the Reynolds number as
shown by experimental studies of turbulent flow in ribbed rectan-
gular ducts and square channels by Rau et al. [6], Ruck and
Arbeiter [15], and Islam et al. [24]. Maximum Reynolds shear
stress occurs within the separated shear layer [25,26], and peaks
of Reynolds normal stress in wall normal direction occur in the
border region between the separated shear layer and the recircula-
tion region and at the rib leading edge [13,15]. The intense pri-
mary mean velocity shear in the streamwise flow direction and the
elevated Reynolds shear stresses within the separated shear layer
form the dominant production term for the Reynolds normal
stresses, which is reflected in a developed anisotropy of the turbulent
fluctuation field in the rib wake flow. Wang et al. [26] measured the
turbulent flow structures of separated flow in a channel with square ribs
(p=k ¼ 12 and k=h ¼ 0:15) applied to one wall at a Reynolds number
of Reh ¼ 2:2� 104 by PIV. The results showed that the separated
shear layer is dominated by vortices which develop during the roll-up
process of the shear layer formation. Longitudinal and lateral Taylor
microscales, derived from the corresponding autocorrelation profiles,
indicate anisotropy of the turbulence field which increases with increas-
ing wall distance. The strongly anisotropic distribution of Reynolds
stresses occurs for rib roughnesses of different relative roughness [9,27]
and was discussed to be one of the driving forces for the formation and
intensification of secondary flows in ribbed channels [21,25].

The wake is highly unsteady and is governed by flapping of the
shear layer and the intermittent motion of vortex structures of the
recirculation region, as reflected in the sharp and bimodal fre-
quency diagrams of its velocity fluctuations [10]. Large-scale flow
structures, which are generated from the shear layer formation and
separation, persist along the entire inter-rib spacing while moving
downstream and characterize the flow impingement on the succes-
sive rib where they participate again in the flow structure genera-
tion and shedding. This is shown by Coletti et al. [13], who
carried out PIV measurements in a square channel with square
ribs (p=k ¼ 10 and k=h ¼ 0:1) on one wall at a Reynolds number
of Reh ¼ 1:5� 104. By means of time-accurate flow visualization
in a two-sided oppositely ribbed square channel with square ribs
(p=k ¼ 8 and k=h ¼ 0:12), Cardwell et al. [11] identified burst
events behind the rib trailing edge, which originate in the recircu-
lation region causing a rapid fluid ejection into the core flow. The
ejected flow structures can travel through the channel core before
they diffuse. Shear layer thickness and height as well as the size

of the large-scale flow structures grow in streamwise direction
[26]. In the postreattachment region, a new attached shear layer
develops which detaches in front of the subsequent rib forming a
small recirculation region. Similarly to rough turbulent boundary
layer flows [28–31] and flows in channels with two-dimensional
roughnesses [32,33], the channel roughness significantly affects
the turbulent transport mechanism. As shown for turbulent flow in
rib-roughened square channels [8,15], turbulent diffusion and
mean convection contribute significantly to the turbulence kinetic
energy (TKE) budget near the rib causing the occurrence of a non-
equilibrium TKE layer above the ribs. A production–dissipation
equilibrium establishes above the location where turbulent diffu-
sion and mean convection vanished.

1.1 Objective. Even though turbulent flows over walls rough-
ened by transverse ribs have been investigated intensively, only a
very limited number of experimental studies reporting high-order
statistical moments in ribbed square channels at Reynolds num-
bers relevant to high-temperature cooling applications have been
performed. Therefore, flow physics and turbulent transport mecha-
nisms remain still unclear in some points, and detailed data ena-
bling a validation of computations and turbulence models for
calculating turbulent flow in ribbed square or rectangular channels
at high Reynolds numbers are lacking. This study investigates the
turbulent transport in a one-sided ribbed square channel at Reyn-
olds numbers of Reh ¼ 5:0� 104 and 1:0� 105 by means of
high-order statistical moments which were determined from laser
Doppler anemometry (LDA) velocity measurements in the fully
developed flow regime. Turbulent transport mechanisms are dis-
cussed by distributions of triple velocity correlations and quadrant
analysis. The corresponding first- and second-order moments of
the velocity have been examined in detail in a companion study
[15]. Furthermore, the results provide a basis for computational
method and turbulence model validation.

2 Experimental Facility and Methodology

Measurements were conducted in a closed air loop test facility.
It contained a test section, an entrance channel, a Coriolis mass
flowmeter as well as pressure and thermal measurement devices,
as illustrated in Fig. 2(a). The constant mass flow rate _m was pro-
vided by four side channel blowers. The height and width of the
square test section and the entrance channel were 60 mm. The
length of the entrance channel was 3056 mm. A flow straightener
and two honeycomb grids for reducing vortical and large-scale
flow structures were installed at the entrance channel inlet. The air
flow was tripped by a thin wire immediately downstream the hon-
eycomb grid to accelerate the turbulent flow development. The
test section contained a smooth inlet zone and the ribbed test
zone. The length of the test section was 1180 mm. The channel
bottom wall of the test zone was roughened by 27 square ribs with
a rib height and width of k ¼ b ¼ 4 mm and a pitch of
p ¼ 36 mm. The blockage ratio was k=h ¼ 0:0667. The

Fig. 2 Sketch of (a) the experimental setup and of (b) the rib configuration and measurement plane (channel
center plane). The origin of the Cartesian coordinate system (x, y, z) was located at the leeward surface of the
17th rib and the channel bottom wall.



rib-roughened channel bottom was made of black polyamide with
a surface roughness of Ra ¼ 1:0lm. The optical access for the
LDA measurements was provided by windows of homogeneous
silica Spectrosil glass at the sidewalls of the test section.

The velocity in streamwise (x�) direction (u) and in vertical
(y�) direction (v) were measured with a Dantec Dynamics fiber
optical LDA system operating in the backscatter mode. A Spectra-
Physics air-cooled 320 mW Ar-ion laser provided beams of
488 nm and 514:5 nm wavelength. It contained a Bragg cell for
the frequency shift. Both beams were routed through optical
cables to a two-component 60 mm FiberFlow LDA probe with a
160 mm focal length lens. The measurement volume diameter and
length were 78lm and 658lm (u) and 74lm and 625lm (v),
respectively. The LDA probe was mounted sideways the test sec-
tion on a movable three-axis Newport traverse system with a
610lm resolution. The flow was seeded by di-ethyl-hexyl-seba-
cat aerosol, which was generated by a Topas ATM 210/H particle
generator and injected into the test facility upstream the entrance
channel. The increase in the mass flow rate and in the operating
pressure by the overpressure injection of the di-ethyl-hexyl-seba-
cat aerosol seeding particles was controlled by the manual valve.

As shown by Graham et al. [7] and Sewall et al. [16], turbu-
lence quantities in rib-roughened square channels are fully devel-
oped after a development length x=H � 10. Therefore, velocities
were measured between the 17th and 18th ribs within the channel
center plane (z=k ¼ 0:0) as depicted in Fig. 2(b). A comparison
with mean velocities and Reynolds stresses measured between the
18th and 19th ribs revealed deviations less than the measurement
uncertainty indicating the flow field periodicity and the fully
developed flow conditions within the measurement region.

Velocities were measured in the burst acquisition mode. Since
the sample rate decreased with decreasing wall distance, the sam-
ple number per measurement point was varied with the wall dis-
tance to keep the measuring time per measurement point within
reasonable limits: The minimum was 5:0� 104 samples very
close to the ribbed wall and 2:0� 105 samples within the channel
core region, respectively. Due to the measurement volume config-
uration, the wall-closest measurement point where burst signals
were detected was set to a wall distance of 0:08 mm. A Dantec
Dynamics BSA Flowmaster P80 was used for the signal process-
ing. The LDA measuring process, the data transfer, and the tra-
verse system were controlled with the BSA FLOW SOFTWARE 6.5. For
each LDA measurement run at one measurement location, the
inlet temperature (Tin) and inlet pressure (pin) upstream the ribbed
test zone and the mass flow rate ( _m) downstream the test section
were time-averaged over the LDA acquisition time and addition-
ally recorded. Due to geometrical and measurement technical con-
straints, the simultaneous measurement of two-dimensional
velocity profiles by LDA was restricted to a region of
1 � y=k � 9.

3 Results

The results presented in Figs. 3–7 were normalized with the

distributed samples. The mean uncertainty of the Reynolds num-
ber was 61200 at Reh ¼ 5:0� 104 and 62200 at
Reh ¼ 1:0� 105. The sampling variances for the triple velocity
correlations were determined by estimators given in Ref. [35] at
each measurement location. Here, the residence time weighting
was applied for calculating the high-order moments, and statisti-
cally independent samples were expected to occur after two times
the integral time scale [36], which corresponds to two times the
area under the normalized temporal autocorrelation function up to
the first zero-crossing. The mean uncertainties for the triple veloc-
ity correlations are given in the figure captions.

3.1 Triple Velocity Correlations. In Figs. 3 and 4, the triple
velocity correlation hu03i; hv03i; hu02v0i, and hu0v02i profiles in the
vertical direction are depicted. Similarly to the flow in a one-sided
ribbed two-dimensional channel at lower Reynolds numbers [37],
the normalized distributions showed the same trends for both
Reynolds numbers. Local deviations were certainly attributable to
the sensitivity of triple correlations to measurement uncertainties
and statistical convergence. The triple velocity correlations altered
enormously in streamwise and vertical direction within a layer of
1:0 � k to 2:0 � k height above the rib indicating a large rate of dif-
fusional transport in vertical direction. These findings were in
accordance with the occurrence of a nonequilibrium TKE layer in
the region y=k < 3:0 reported for two-dimensional and three-
dimensional ribbed channel configurations [8,15,33]. Under con-
sideration of the measurement uncertainty of the triple velocity
correlations, it can be assumed that above the range
3:0 < y=k < 4:0, the presented distributions became nearly inde-
pendent of the streamwise position. The triple velocity correla-
tions decreased with increasing wall distance until they had
vanished at around y=k ¼ 9:0.

The spatial gradients of the triple velocity correlations corre-
spond to the turbulent diffusion of Reynolds stresses and TKE.
The large positive hu03i values in the vicinity of y=k ¼ 1:0
reflected the intense transport of hu02i by u fluctuations and were
attributed to the vortical motion of streamwise-elongated flow
structures which shed from the rib as described by Fang et al.
[27]. As reported by Keirsbulck et al. [30] for rough-wall turbu-
lent boundary layers, hu03i > 0 indicated the distinct occurrence
of sweep events conveying high-momentum fluid wallwards into
the cavity. This is consistent with the direct numerical simulation
results by Mahmoodi-Jezeh and Wang [8] who referred the oppo-
sitely signed values of hu03i and hv03i behind the rib to a shear
layer flapping that results in intense sweeps. The turbulent trans-
port that originated in vortex shedding from the rib trailing edge
persisted along the entire inter-rib spacing and decreased toward
the subsequent rib where the vortical flow structures diffused or
impinged as it can be inferred from the decreasing hu03i values in
streamwise direction. The local minima of hu03i at x=k ¼ 0:1 and
1.0 slightly above the separated shear layer were referred to vorti-
cal structures formed by the shear layer roll-up process and
ejected outwards, while the shear layer broke up intermittently as
reported by Cardwell et al. [11]. The positive values of hu03i and
hv03i immediately above the rib leading edge indicated an
enhanced outward interaction of the Reynolds stresses. The triple
correlation hv03i crosses zero within the inter-rib spacing below
the rib height, and above y=k ¼ 1:0, an outwards transport of hv02i
by vertical fluctuations with the flapping shear layer occurred.
Considering Figs. 3(b) and 4(a), it is obvious that the contribution
from diffusional transport to TKE at the rib leading edge was
large from both hv03i and hu02v0i. Both contributed to the term of
the TKE diffusion which is associated with the vertical velocity
fluctuation. The positive deviations of hv03i and hu02v0i within a
small layer with a height of 0:5 � k above the rib indicate the direc-
tion of turbulent diffusion away from the wall causing a loss in
the TKE budget. Outside the close range above the rib, the vertical
gradients of hv03i and hu02v0i decreased, and thus the contribution
to TKE decreased. The hu02v0i and hu0v02i curves in Fig. 4

bulk velocity uB and the rib height k. A residence time-weighted 
average [34] is indicated by the symbol hi and a fluctuation of an 
instantaneous value about its mean is labeled by the symbol 0, e.g., 
u0 ¼ u � hui. For the sake of clarity, only 40–50% of the measure-
ment points were shown, and therefore each value for a specified 
location in the presented plots was averaged over a sliding win-
dow of three values centered at the value itself. For a better inter-
pretation of the measurement results, a sketch of the mean flow 
field features was inserted to the plots. It is based on the distribu-
tion of first- and second-order moments (for more details, see Ref.
[15]) and must be considered as a rough estimate of the mean 
flow.

Uncertainty: Stochastic and measuring system errors deter-
mined the uncertainty of the time-averaged quantities. The sto-
chastic errors based on the 95% confidence levels with sampling 
variances determined under the assumption of Gaussian
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The presented method of a relative hole size enables a qualitative
analysis of the occurrence of intense events that contribute to the
Reynolds shear stress. The fractional contributions from each
quadrant to the Reynolds shear stress for an increasing relative
hole size at different locations are shown in Fig. 7. The relative
hole size was normalized by the value when the contribution from
the hole region reached 1. The distributions of each contribution
showed no particular Reynolds number dependence regardless of
the measuring point in the entire measuring range. In accordance
with Figs. 5 and 6, Q2 and Q4 were the main contributors, while
the contributions from Q1 and Q3 were comparatively small.
Above the rib leading and trailing edges close to the peaks of Q2

(Figs. 7(a), 7(b), 7(e), and 7(f)), the predominance of ejection
events for generating large Reynolds shear stress remained with
increasing relative hole size. Except for the regions where bursts
dominated the flow motion, the intensity of sweep events contrib-
uting to the Reynolds shear stress increased toward the ribbed
channel wall. Nevertheless, within the inter-rib spacing from
x=k ¼ 0:0 to 7.0 and around y=k ¼ 1:0 (Figs. 7(c) and 7(d)), it
was found that sweep events contributed with lower intensity than
ejection events. For a relative hole size larger than 0.3 at ReH ¼
5:0� 104 and 0.5 at ReH ¼ 5:0� 104, the only contributions
came from Q2 and from the hole region. Therefore, ejection
events contributed with high intensity to the Reynolds shear stress
above y=k ¼ 1:0, while sweep events produced less turbulent
shear. This finding is in contrast to rough-wall turbulent boundary
layer flows [28,30,31] or the flows in a two-dimensional channel
with ribbed surfaces [32] of lower relative roughness, where the
Q2 contribution for strong events was found to be comparably
small. It could be assumed that the difference compared to rough-
wall turbulent boundary layer or two-dimensional channel flows
in the significance of high-intense sweep events for the Reynolds
shear stress generation originates in the three-dimensionality of
the main secondary flow structures which develop in the square
ribbed channel. The secondary flow in square ribbed channels
induces a steady downward directed fluid motion above the ribs
near the channel center plane which limits the vertical growth of
the separated shear layer leading to a flat downstream propagation
of its flow structures. High-intense sweep events originating in the
shear layer flapping are less pronounced in the environment of the
steady downward directed flow above y=k ¼ 1:0 within the inter-
rib spacing. Their occurrence is restricted to a region below the
rib height where the secondary flow motion is weakened. This
assumption is supported by the small increase in Q4 (Figs. 5 and
6) near the ribbed channel wall and the zero-crossing of hv3i
below and of hu0v02i close to y=k ¼ 1:0.

Fig. 6 Contributions (without a hyperbolic hole region) to the 
Reynolds shear stress in front of the rib to the j-th quadrants at
(a) x /k 5 6:0, (b) x /k 5 7:0, and (c) x /k 5 7:9. Reh 5 5:0 3 104 : � 
Q1,�Q2, � Q3, � Q4; Reh 5 1:0 3 105: � Q1, � Q2, � Q3, • Q4.

edge and strengthens before it bursts away. In this case, the inten-
sity of the ejection events would be significantly affected by the 
development of the recirculation region on the rib crest and would 
therefore depend on the rib height and width as well as the relative 
roughness. Bimodal probability distributions of the velocities 
found immediately above the rib crest in the vicinity of the rib 
leading edge by Mullin and Martin [23] support the assumption 
that the fluid in recirculation region at the rib crest contributes to 
the burst process.

3.2.2 Contributions from Intense Fluctuations. By applying 
the concept of Willmarth and Lu [42] for a hyperbolic hole with 
the hole size parameter H ¼ ju0 � v0j=jhu0v0ij to the quadrant analy-
sis, the contribution to hu0v0i from intense fluctuations u0 � v0 can 
be extracted. For considering the residence time weighting of the 
LDA measurement data, the concept was extended. Therefore, the 
contributions to hu0v0i from the different events at one measure-
ment point were determined from





shear stress and are of great importance to the turbulent transport
in the flow field of square ribbed channels. The strong ejection
events at the rib leading edge were attributed to bursting flow
structures that originated in the inclined shear layer and the
beneath located small recirculation region in front of the rib and
interacted with the recirculating fluid at the rib crest. The pre-
sented results highlighted the importance of turbulent transport for
the computations used in the design of rib-roughened cooling
channels. Since the streamwise-vertical Reynolds shear stress cor-
relates strongly with the local heat transfer in ribbed channels [9],
it is apparent that turbulent transport is significant for thermal con-
siderations of ribbed cooling channels and relevant for computa-
tions of thermal turbulent flow in similarly structured ducts.

In general, ejection and sweep events were the main contribu-
tors to the Reynolds shear stress. Although sweep events predomi-
nated near the ribbed channel wall, it was found that ejection
events contributed with higher intensity to the Reynolds shear
stress. The absence of the high-intense ejection events for the
Reynolds shear stress generation of turbulent flows in two-
dimensional channel configurations highlighted the effect of the
secondary flow motion shaped three-dimensional flow field on the
turbulent transport mechanism in square ribbed channels. It is sup-
posed that the downwards directed steady fluid motion from the
secondary flow above the ribbed wall suppresses a well pro-
nounced occurrence of high-intense sweep events and restricts
them spatially to a region below the rib height.

The turbulent transport phenomena revealed by triple velocity
correlations and quadrant analysis were almost Reynolds number-
insensitive and, thus, exhibit some similarities to flows in square
channel at lower Reynolds numbers and higher or lower relative
roughness [8,11,13,23,27,40]. Therefore, it can be concluded that
the turbulent transport indicated by the triple velocity correlations
in ribbed channels with similar geometrical parameters like in this
study shows comparable mechanisms for Reynolds numbers of up
to ReH ¼ 1:0� 105. The Reynolds number-insensitivity of the
turbulent transport can support the use of scale-resolving simula-
tion methods in the design process of rib roughnesses for structur-
ing the fluid–solid interfaces of heat exchange applications. Due
to the enormously high computational demand of scale-resolving
simulation methods, their application in geometric parameter
studies for the thermal-hydraulic design of rib structures at Reyn-
olds numbers relevant to high-temperature cooling applications is
currently limited. According to the Reynolds number-
insensitivity, it would be suggested to examine to what extent a
transfer of the results obtained at the lowest possible Reynolds
number to higher Reynolds number ranges is possible. Within the
given Reynolds number range, geometry modifications of rib
structures could be investigated first for small Reynolds numbers
at reduced computational cost. Subsequently, the results would be
confirmed at higher, application-relevant Reynolds numbers.

Nomenclature

b ¼ rib width
h ¼ channel height
H ¼ hole size parameter
hj ¼ indicator function

HDt ¼ range of the relative hole size
k ¼ rib height
_m ¼ mass flow rate
N ¼ sample number at each measurement location
nj ¼ indicator function
p ¼ pitch

pin ¼ inlet pressure
quvi
¼ residence time-weighted relative contribution

Q1 ¼ quadrant analysis: outward interaction
Q2 ¼ quadrant analysis: ejection event
Q3 ¼ quadrant analysis: inward interaction
Q4 ¼ quadrant analysis: sweep event

Reh ¼ Reynolds number, uB � h=� ¼ _m � lðTinÞ 1 � h 1

Tin ¼ inlet temperature
TKE ¼ turbulence kinetic energy

u0 ¼ instantaneous streamwise velocity fluctuation
hui ¼ mean streamwise velocity
hu0v0i ¼ Reynolds shear stress

uB ¼ bulk velocity
hu03i ¼ triple velocity correlation
hu02v0i ¼ triple velocity correlation
hu0v02i ¼ triple velocity correlation

v0 ¼ instantaneous vertical velocity fluctuation
hvi ¼ mean vertical velocity
hv03i ¼ triple velocity correlation

w ¼ channel width
x ¼ streamwise direction
y ¼ vertical direction
z ¼ spanwise direction

Dti ¼ residence time of the ith particle
l ¼ dynamic viscosity
� ¼ kinematic viscosity
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