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Abstract Wall-mounted roughness features, such as ribs,

are often placed along the walls of a channel to increase the

convective surface area and to augment heat transfer and

mixing by increasing turbulence. Depending on the relative

roughness size and orientation, the ribs also have varying

degrees of increased pressure losses. Designs that use ribs

to promote heat transfer encompass the full range of having

only a few streamwise ribs, which do not allow fully

developed flow conditions, to multiple streamwise ribs,

which do allow the flow to become fully developed. The

majority of previous studies have focused on perturbing the

geometry of the rib with little attention to the spatially and

temporally varying flow characteristics and their depen-

dence on the Reynolds number. A staggered rib-roughened

channel study was performed using time-resolved digital

particle image velocimetry (TRDPIV). Both the developing

(entry region) and a fully developed region were interro-

gated for three Reynolds numbers of 2,500, 10,000, and

20,000. The results indicate that the flow was more sensi-

tive to Reynolds number at the inlet than within the fully

developed region. Despite having a similar mean-averaged

flowfield structure over the full Reynolds number range

investigated, the population and distribution of coherent

structures and turbulent dissipation within the fully devel-

oped region were also found to be Reynolds number

dependent. Exploring the time-accurate flow characteristics

revealed that in addition to vortices shed from the rib shear

layer, the region of the rib wake was governed by a peri-

odic process of bursting of the wake vortices resulting in

the intermittent ejection of the inter-rib recirculation region

into the core flow. This periodic process was the driving

mechanism resulting in mixing and heat transfer augmen-

tation. A quadrant-splitting burst analysis was also per-

formed to determine the characteristic frequency and

duration of inter-rib bursting as well as the wake shedding

frequency, both of which were determined to be Reynolds

number dependent.

List of symbols

BFR Back-flow region

C Vortex circulation

CL Channel centerline

CS Coherent structure

Dh Hydraulic diameter

DEV Fully developed channel region

e Rib height

h Channel height

IN Inlet channel region

ML Mixing layer

nID Number of identified burst events per bin

ntotal Total number of burst events for the test case

p Rib pitch

Q1 - Q4 Quadrant number

Re Flow Reynolds number, Re ¼ U � Dh=m
RMS Quadratic mean, root mean square

RR# Recirculating region

t Time

Dt Burst duration

t* Nondimensionalized time, t� ¼ t
�
sf
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DT Inter-burst time

DT* Nondimensionalized time, DT� ¼ DT � U=e

TKE Turbulent kinetic energy, TKE ¼ u02 þ m02

u Streamwise velocity component

u0 Fluctuating streamwise velocity, u0 ¼ u� U

U Bulk streamwise velocity

v Wall-normal (spanwise) velocity component

v0 Fluctuating wall-normal velocity, v0 ¼ v� U

w Channel width

x Channel streamwise direction

y Channel wall-normal (spanwise) direction

Greek

r Population standard deviation

e Turbulent dissipation rate

x Vorticity

m Kinematic viscosity

sf Characteristic fluid scale, sf ¼ Dh=U

W Stream function

1 Introduction

Turbulent channel flows containing rib-roughened walls

have been extensively studied for many years, owing to a

broad applicability across numerous engineering applica-

tions. The effect of the ribs on the flow is often a primary

design consideration whereby the presence of the rib

geometry induces a desired augmentation of heat transfer

along with providing additional convective surface area.

Although similar to a combined backward-facing step

(Armaly et al. 1983; Le et al. 1997; Neto et al. 1993) and

forward-facing step flow (Bowen and Lindley 1977; Sherry

et al. 2009), the turbulent flowfield generated from a rib is

more complex resulting from the separation off both the rib

edges. In addition, the presence of successive ribs provides

another layer of complexity resulting from interactions

between the rib-induced wakes.

An early study on the effect of rib roughness on turbu-

lent boundary layer flow was performed by Perry et al.

(1969) comparing different pitch-to-height ratios of square

roughness elements. They identified two primary types of

square roughness elements that were classified as either

d-type or k-type. The d-type roughness elements, where the

rib pitch was less than three times the rib height, were

characterized by fully separated flow over the inter-rib

regions, which led to a sustained inter-rib vortex. The

k-type roughness elements, illustrated in Fig. 1, were

described by a sufficiently large rib pitch, such that the

separated flow over the initial rib became partially reat-

tached before encountering the upstream face of the next

rib. Over the years, significant effort has been employed to

further clarify the effect of rib elements on the turbulent

boundary layer and friction coefficient. The review by

Jimenez (2004) discusses the body of research for both d-

type and k-type roughness studies.

A computational study by Cui et al. (2003), using a large

eddy simulation (LES), further explored the effect of rib

spacing for turbulent channel flow having either d-type,

k-type, or an intermediate spacing of roughness elements

along a single wall. For a relatively small rib height-to-

channel-height ratio of 0.1, the presence of the intermediate

and k-type roughness elements had a significant effect on

the core channel flow, shifting the maximum streamwise

velocity away from the geometric center of the channel and

closer to the adjacent smooth wall. For d-type roughness

having a pitch-to-roughness height ratio of 1 (p/e = 1), the

mean outer flow was observed ‘‘riding’’ over the roughness

elements with a separated recirculating region contained

between each rib pair. With the k-type roughness having a

pitch-to-roughness height ratio of nine (p/e = 9), reat-

tachment occurred between subsequent ribs, and the pres-

ence of vortical structures was observed within the near-rib

region through qualitative observations of the instanta-

neous velocity fields. For an intermediate roughness type of

p/e = 4, the extent of the mean separation cavity was

roughly equivalent to the rib pitch. The experimental

studies by Wang and Wen-Ruey (2006) and Wang et al.

(2007) for k-type roughness elements supported the results

of Cui et al. (2003). It has been shown that, for relatively

high rib height-to-channel-height ratio of h/e = 0.3, the

presence of the ribs along a single wall causes the flow to

have a strong three-dimensional velocity component near

Fig. 1 Illustration of the rib-roughened channel showing the inlet

(1st rib) and fully developed (12th rib) measurement planes
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the side walls (Casarsa and Arts 2002; Lohász et al. 2006).

The rib presence has also been shown to significantly

augment the wall heat transfer. Researchers have reported a

250% increase in local heat transfer at the inter-rib reat-

tachment location when compared to the smooth-wall

value (Arts et al. 2007; Casarsa and Arts 2005; Casarsa

et al. 2002; Rau et al. 1998).

Channel flows having rib roughness elements on two

parallel walls are often referred to as ‘‘fully roughened’’.

As with comparing the step flow and roughened turbulent

boundary layer studies, the results observed for a single-

wall roughened channel cannot be readily applied to fully

roughened channel flows. The most commonly studied

fully roughened channel configuration consists of square

rib arrays that are oriented 90� to the flow and vertically

aligned along the two adjacent walls (Chandra et al. 2003;

Graham et al. 2004; Han 1988; Han and Park 1988; Liou

et al. 1990, 1993; Sewall et al. 2006). Numerous compu-

tational studies have sought to further investigate fully

roughened channel flows with in-line ribs (Abdel-Wahab

and Tafti 2004; Kim and Kim 2004; Sewall and Tafti

2006). Recent numerical studies often utilize large eddy

simulations (LES) and Direct Numerical Simulations

(DNS) to resolve the flowfield when compared to previous

works, which often utilized the Reynolds-averaged-Na-

vier–Stokes equations (RANS). However, considerable

computational requirements often limit LES and DNS to

periodic boundary approximations and low Reynolds

numbers. The reader is referred to the text by Bernard and

Wallace (Bernard and Wallace 2003) and the review by

Patel (1998) for an assessment of the difficulties in simu-

lating turbulent separating flows.

Only a limited number of experimental studies have

been performed to resolve the flowfield of a fully rough-

ened channel with staggered ribs (Huang et al. 2007; Rivir

et al. 1996). Of these studies, few have investigated the

flowfield dynamics of the channel across a range of Rey-

nolds numbers. The current study investigates a Reynolds

number range of 2,500–20,000 at two channel locations

corresponding to the entrance and a region with fully

developed flow. The strength and distribution of coherent

structures within the flowfield were also examined. Addi-

tionally, the rate of turbulent dissipation was estimated to

provide a basis of comparison for computational simula-

tions that typically require the modeling of both the tur-

bulent dissipation and kinetic energy.

2 Experimental facilities and methodology

For this study, experiments were performed in a fully

roughened channel having staggered rib arrays. Flowfield

measurements were achieved using an in-house developed

time-resolved digital particle image velocimetry (TRDPIV)

system and processing algorithm. This section describes

the testing facility and rib-roughened channel geometry

as well as the TRDPIV system and data processing

methodologies.

2.1 Test facility

An illustration of the experimental test facility is shown in

Fig. 2. Compressed, room temperature air was supplied to

a plenum. The flowrate was regulated using a control valve

located far upstream of the plenum inlet and was measured

using a laminar flow element (LFE) with an uncertainty of

±0.5% of the 1.13 m3/min full scale. The required flowrate

for the channel ranged from 0.09 to 0.7 m3/min. Given the

measured flowrate, the channel Reynolds number was

computed using the hydraulic diameter and bulk channel

velocity for the length and velocity scaling. It is important

to note that for a square duct, the hydraulic diameter (Dh) is

equal to the channel height. A differential pressure trans-

ducer was used to measure the pressure drop across the

LFE. The measured range of pressure drop was

150–1,200 Pa with a transducer measurement accuracy of

±0.25% of the 2,200 Pa full scale.

Prior to entering the channel, the flow passed through a

40:1 area-ratio plenum, when compared to the channel

cross-sectional area. Within the plenum, the flow also

passed through a round-hole diffusion plate having a closed

to open area ratio of 4:1 before entering the channel section

Fig. 2 Flow facility and

TRDPIV system used for rib-

roughened channel study
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through a bell-mouth inlet to assure spatially uniform and

undisturbed inlet flow. Two narrow strips of 80-grit sand-

paper, running the width of the channel, were utilized to

trip to boundary layer at the channel inlet for both rib walls.

2.2 Staggered rib channel geometry

The rib-roughened channel used for this study, as shown in

Figs. 1 and 2, consisted of smooth and rib-roughened

sections. A length of twelve hydraulic diameters, Dh, was

chosen for the smooth-wall inlet section for the purpose of

generating a fully developed mean flow upstream of the

rib-roughened channel section. This entrance length is less

than the theoretically development lengths of 16Dh and

23Dh for Re = 2.5k and 20k, respectively. A summary of

relevant channel dimensions is given in Fig. 1 and Table 1.

The rib pitch-to-channel-height ratio of eight (p/e = 8)

corresponded to a k-type roughness. Transverse square ribs

were placed 90� to the main channel flow along two

adjacent walls and were symmetrically staggered with

respect to one another. The two regions of interest, shown

in Fig. 1, were centered on the first and twelfth ribs. Based

on previous studies of roughened channel flows with

aligned ribs (Graham et al. 2004; Sewall et al. 2006), the

flow was assumed to be fully developed by the twelfth rib.

The local coordinate system for each measurement region

was defined based on the channel centerline and upstream

face of the first and twelfth ribs.

Both the smooth and roughened channel sections were

constructed of acrylic. Each rib was also manufactured

from acrylic, so that the entire channel would be trans-

parent, thus allowing for complete optical and laser access.

2.3 Time-resolved digital particle image velocimetry

system

Time-resolved digital particle image velocimetry (TRD-

PIV) was used to provide spatio-temporally resolved,

noninvasive measurements of the velocity field. A 20W

New Wave dual-head Pegasus laser, having a maximum

double pulse frequency of 10 kHz, was used to illuminate

the flow as shown in Fig. 2. The laser pulse energy at a

sampling frequency of 1.5 kHz was 10 mJ for each laser

cavity. Through the use of optics, the laser beam was

manipulated into a very thin (\1 mm) two-dimensional

plane and passed through the channel wall. For each region

of interest, the desired area was illuminated by manually

traversing the laser sheet.

Imaging normal to the laser sheet, a Photron Ultima

APX-RS high-speed digital camera recorded images of the

fluid tracers with an interframe separation of 450, 120, and

60 ls for Re = 2.5k, 10k, and 20k. The interframe mea-

surement delays were chosen to assure that the bulk cen-

terline particle displacement was between 4 and 6 pixels

for all flow conditions. With an 8 GB buffer, the camera

was able to capture *12,000 total frames at 3,000 fps

operating in double pulsed mode. This camera frame rate

corresponded to a 1.5-kHz sampling rate for the flowfield

and a total sampling period of approximately 2-s. As

illustrated in Table 2, the sampling frequency was suffi-

cient to resolve the estimated large-scale shedding behind

the ribs. A Strouhal number of 0.2 was utilized for this

estimation with the characteristic length and velocity scales

equal to the rib height and bulk channel velocity, respec-

tively. It is important to note that the sampling frequency

would provide time-resolved measurements with respect to

the large-scale structures but cannot resolve the full spec-

trum of all turbulent scales present in the flow. The camera

resolution was set to 1,024 9 464 pixels resulting in a

spatial resolution of 84.7 lm/pixel. Accordingly, the

measurement size of the two regions of interest was 2.1Dh

by 1Dh. A data acquisition card and computer-controlled

timing hub were used to control and synchronize the laser

and camera sampling frequencies. Signal monitoring

equipment was used to check the synchronization of the

camera and laser timing, thus ensuring that the system was

performing as intended. All time-averaged results and

statistics for each test were generated using 5,000 inde-

pendent flow samples, which was sufficient to satisfy sta-

tistical convergence.

An alcohol-based liquid atomizer produced approxi-

mately 1-lm-diameter droplets that were used as flow

tracers. The flow tracers were injected upstream of the

LFE, as shown in Fig. 2, to ensure a homogenous distri-

bution of particles within the channel. The imaged particle

size was calculated from Mie scattering theory to be

approximately 2 pixels in diameter. This imaged diameter

of the droplets was also verified through qualitative

Table 1 Rib and channel

geometric parameters
Rib

characteristics

h/w 1

e/Dh 0.12

p/e 8

p/Dh 1

Rib angle (a) 90�

Table 2 Estimation of the rib shedding frequency

Re U (m/s) Shedding Freq. (Hz)

2,500 0.9 38

10,000 3.7 154

20,000 7.5 312

1360 Exp Fluids (2011) 50:1357–1371

123



observations. Because of the small imaged particle size,

special attention was therefore paid to the selection of a

processing algorithm that would reduce or eliminate the

expected peak-locking effects.

2.4 DPIV analysis methodology: robust phase

correlation

The most common method of analyzing digital particle

image velocimetry (DPIV) images employs a standard

cross-correlation technique (SCC). The SCC utilizes a fast

Fourier transform (FFT)-based correlation to measure the

particle displacement between image pairs (Adrian 1997,

2005; Westerweel 1997). Herein, we utilized a new tech-

nique termed robust phase correlation (RPC) (Eckstein

et al. 2008; Eckstein and Vlachos 2009a, b), which

improves upon the SCC by employing optimum spectral

filtering based on a generalized cross-correlation. The

method has been shown to increase measurement accuracy

while reducing peak-locking, which is a common problem

related to having a small imaged flow tracer diameter.

Supporting the results of Eckstein et al. (2008), significant

improvements in valid vector detection and measurement

accuracy were observed for the present rib channel

experiment when using the RPC technique versus the SCC

technique. All data processing was performed with the

RPC using the parameters listed in Table 3.

2.5 Identification of coherent structures

Significant research has been performed on the identifica-

tion and classification of coherent structures (CS) within a

turbulent flowfield (Chong et al. 1990; Hunt et al. 1988;

Jeong and Hussain 1995). The method chosen for the

current study was the critical point method, often referred

to as the delta-criterion, proposed by Chong et al. (1990).

In short, this method defines a CS as one that has a closed

streamline, which is identified from the velocity gradient

tensor, D ¼ rU~, as a region of only complex eigenvalues

as evidenced when the discriminant (D) is strictly positive:

D � ~R
�

2
� �2þ ~Q

�
3

� �3 ð1Þ

where ~R � Rþ 2P3
�

27� PQ=3 and ~Q � Q� P2
�

3 are

calculated from the invariants of the velocity gradient

tensor: P = -trace(D), Q ¼ P2 � trðD2Þð Þ
�

2; R ¼ � Aj j:
As with all vortex identification methods, the delta-cri-

terion requires some validation and tuning to minimize the

possibility of false identifications. For the current work, a

simple Galilean decomposition (Adrian et al. 2000) of the

flowfield aided in the adjustment of two thresholding

parameters: the magnitude of D and the computed area of

each individual region of complex eigenvalues. For all

case, it was found that ignoring points with \0.1% of the

maximum value and all identified regions with \36 (grid

units)2 surface area provided the best balance between

reducing the number of misidentifications and preserving

correctly identified structures.

Once calibrated, the delta-criterion method was applied

on the full flowfield for 5,000 flow samples. After pro-

cessing and validation, each connected region of positive D
was taken as an identified CS. The center of the CS was

taken as the weighted centroid of the connected region,

which was observed to be accurate within several grid units

of the observed core location. The circulation direction and

magnitude were also computed for each identified CS. This

was accomplished by computing a line integral over the

simple, closed-path perimeter of the CS as previously

defined by the delta-criterion method. It should be noted

that coherent structures with circulation strength of less than

1% of the maximum measured circulation were discarded.

2.6 Dissipation rate estimation

The rate of turbulent energy dissipation was also estimated

from the time-resolved velocity measurements. Single

point measurement techniques, such as hotwire or LDV,

must rely on assumptions of local isotropic behavior and

Taylor’s hypothesis of frozen turbulence to estimate the

turbulent dissipation. By spatio-temporally resolving a

slice of the flowfield, TRDPIV has the advantage of

directly measuring spatial derivatives needed to calculate

the dissipation rate. However, direct estimation of the

dissipation rate from TRDPIV is often deficient, given that

the spatial resolution is typically much larger than the

Kolmogorov length scale.

To address this deficiency, the large eddy PIV method

by Sheng et al. (2000) was used to estimate the rate of

turbulent dissipation within the rib-roughened channel.

Sheng et al., proposed using a subgrid-scale model to

estimate the turbulence dissipation rate, given that the

spatial resolution of TRDPIV is typically somewhere

between the integral length scale and the Kolmogorov

Table 3 DPIV processing parameters (robust phase correlation)

Two-pass discrete window offset

1st pass correlation window 64 9 32 (pixels)

2nd pass correlation window 32 9 16 (pixels)

Grid spacing 4 9 4 (pixels)

Number of vectors 241 9 111

Flow samples per test 5,000

Flow sampling frequency 1,500 Hz

Windowing function 50% Gaussian (with zeropadding)
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length scale of the flow. This methodology was adapted

from computational fluid dynamics, specifically from large

eddy simulations (LES), that seek to resolve only the larger

turbulent scales of the flow and model the smaller scales.

This partial modeling is possible, given that the smaller

scales are generally considered to be more Reynolds

number dependent and less flowfield dependent than the

larger-scale structures that are more flowfield dependent.

For a more thorough review on the estimation of dissipa-

tion rate from DPIV, the reader is referred to the works by

Sheng et al. (2000) and Sharp and Adrian (2001).

For the current study, the Smagorinsky model (1963) was

used to estimate the subgrid-scale stress tensor. The Sma-

gorinsky constant was set to 0.17, which is within the range

of commonly used values for turbulent flow. The grid

spacing for the interrogation window, given in Table 3, was

chosen as an estimate of the filter width used to separate the

large-scale and small-scale structures. Since only two-

dimensional slice of data was measured, local isotropic

assumptions were made for the out of plane stresses, which

is commonly accepted for this type of analysis (de Jong

et al. 2009; Sheng et al. 2000). For each flow sample, the

spatial derivatives of velocity were computed using a sec-

ond-order finite difference scheme. Based on our previous

work this approach provides a good compromise between

the propagation of error and computational simplicity of the

method (Etebari and Vlachos 2005; Karri et al. 2009).

2.7 Uncertainty analysis of measured and computed

parameters

The uncertainty associated with each reported parameter

was calculated for all test conditions to assure the signifi-

cance of the results. These reported values include the

channel Reynolds number, flowfield velocities, turbulent

kinetic energy (TKE), turbulence dissipation rate, as well

as the location and circulation strength of the identified

coherent structures.

The uncertainty in Reynolds number, as calculated using

the sequential perturbation method (Figliola and Beasley

2006), was approximately ±4.5% and ±0.8% of the mea-

sured value at Re = 2.5k and 20k, respectively. Regarding

the measurement of the mean-averaged flowfield, it is

known from statistical theory that the sample mean

approaches the population mean as the sample size

approaches infinity. If we assume that each individual

measurement of velocity is unbiased, then the uncertainty

in the mean is approximately equal to the standard devia-

tion of the sample population, r, divided by the square root

of the number of samples. This is commonly referred to as

the standard error of the mean, SEM. The mean uncer-

tainties in velocity, TKE, and turbulent dissipation for

5,000 flow samples are shown in Table 4 as well as the

95% confidence values. For the measurement of mean

velocity and TKE, the uncertainties were low (\0.5%)

owing to the large sample size as well as the improved

accuracy of the RPC method. Negligible variation in

uncertainty for mean velocity and TKE was observed for

different Reynolds numbers.

The relative uncertainty in turbulence dissipation was

found to be approximately one order of magnitude greater

than that for the velocities. This increase resulted from ele-

vated uncertainty in the estimation of the spatial gradients,

especially in regions of high shear. Overall, the reported

relative uncertainty in turbulence dissipation was less than

5%, which was considered acceptable. It is important to note

that this uncertainty does not account for any bias error

resulting from the use of the Smagorinsky model. This issue

of uncertainty in the large eddy PIV method was recently

evaluated for zero-mean isotropic turbulence (de Jong et al.

2009) showing that the bias error may be as large as 100%

when compared with other methods for estimating turbu-

lence dissipation. The majority of the bias was attributed to

uncertainty in the value of the Smagorinsky constant, which

may be adjusted to correct for this bias error.

The uncertainty in the core location and circulation

strength of identified coherent structures was based on

the measurement and computation methodologies. Given

the discrete measurement of velocity, the uncertainty in the

core location was estimated to be on the order of the grid

spacing, which was approximately ±7% of the rib height.

A similar value of uncertainty was also attributed to the

estimated radius of the coherent structure, which was used

for computing the circulation strength. The typical error in

the RPC PIV velocity measurements, based on the analysis

by Eckstein and Vlachos (2009b), was estimated to be

±1.4% of the mean velocity. Given the error in the radius

and velocity estimate, we estimate that the cumulative error

in circulation strength was about ±7.1% of the mean cir-

culation strength.

3 Time-averaged flowfield results

The velocity distribution was measured at the roughened

channel inlet to verify flow uniformity entering the ribbed

section. Plotted in Fig. 3 are ensemble-averaged profiles of

Table 4 SEM uncertainties (and 95% CI)

Re—20k IN Re—20k DEV

�u=U ±0.14%||(±0.40%) ±0.34%||(±0.62%)

�v=U ±0.09%| (±0.24%) ±0.20%||(±0.34%)

TKE
�

U2 ±0.18%||(±0.48%) ±0.39%||(±0.71%)

�e � e
�

U3 ±1.45%||(±3.87%) ±2.47%||(±4.55%)
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the u-component of velocity as well as the turbulent fluc-

tuations measured upstream of the first rib (x/e = -7)

within the smooth channel section. All velocities and wall

distances were nondimensionalized by the appropriate

friction velocity, us, and are plotted for one-half the

channel height. The friction velocity was determined by

minimizing the root mean squared deviation (RMSD) of

the ten points closet to the centerline and the well-estab-

lished logarithmic region correlation, as shown in Fig. 3.

RMSD for Re of 2.5k, 10k, and 20k were 0.003, 0.004, and

0.024 m/s, respectively.

Overall, the results matched well with published data for

a smooth-wall turbulent channel flow (Harder and Tieder-

man 1989, 1991; Moser et al. 1999; Spalding 1961). For all

Reynolds numbers, the observed peak in u0? & 2.7 at

y? = 15 matched well with trends reported in the litera-

tures for both channel and boundary layer flows (Bogard

and Thole 1998), as did the decay to a value of u0? & 1

at the channel centerline. However, differences were

observed in the wake region when compared to the pub-

lished data, most notably the lack of a well-defined

shoulder-region. This dissimilarity is attributed to the 12Dh

smooth channel development length, which was previously

mentioned as being shorter than is required for the mean

and fluctuating velocities to become fully developed,

especially with respect to the channel centerline. Further

investigation into the spectral content of the u0 turbulent

fluctuations (not shown) confirmed, however, that the flow

entering the roughened channel section was indeed turbu-

lent for all cases.

Regarding the flowfield development across multiple rib

pitches, comparisons of u-component velocity and turbu-

lence intensity profiles in Fig. 4 confirm that the channel

flow was fully developed by the twelfth rib, or x/e = 96

from the channel inlet. As discussed earlier, the study by

Graham et al. (2004) reported a required development

length of ten rib pitches for a channel with inline ribs at a

Reynolds number of 20,000. The velocity profiles in

Fig. 4a, b confirm that this is satisfied for a staggered rib

configuration across the evaluated Reynolds number range.

As a result of the rib presence, the flow is subject

to boundary layer separation, regions of recirculation,

Fig. 3 Ensemble-averaged

velocity profile for a u and b u0,
plotted in wall units at x/e = -7

and spanning y/e = 0 to 4

Fig. 4 Spanwise slices of

a mean b and RMS

u-component velocities within

the inlet and developed region
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reattachment of separated flow, and a strong mixing layer.

To further elucidate the characteristics of these flow fea-

tures to the channel Reynolds number, a physical descrip-

tion is presented for each test condition in Figs. 5 and 6.

The white lines in Figs. 5 and 6 corresponded to the

shear layers emanating from the corners of the rib, which

were identified from the local maxima of the spanwise

TKE gradient, oTKE=oy: The shear layers were easily

identified this way, given that the interaction between rib-

deflected flow (high velocity) and the separated flow (low

velocity) resulted in abrupt increase in TKE. The same

abrupt increase in TKE was also observed for the shear

layer between the mixing layer and the separated inter-rib

flow, which was used to identify the lower extent of the

mixing layer. Also computed was the stream function that

led to the identification of the separating and reattaching

streamline as illustrated by the black line in Figs. 5 and 6.

Recirculating regions, shown as gray lines with white

directional arrows, were based on visual observations of

the flowfield.

At the inlet (Fig. 5), the velocity gradient in the

approaching boundary layer generates a clockwise recir-

culation area upstream of the rib face (RR1) for all Rey-

nolds numbers. At Re = 2.5k, the maximum velocity in

this region is relatively high at 21% of the bulk channel

velocity, which displaced the incoming boundary layer by

impartation of flow momentum in the wall-normal direc-

tion. Nondimensional turbulent kinetic energy (TKE) lev-

els in the region of RR1 were low (*0.02 at x/e = -0.5 &

y/e = 3.5). As Reynolds number was increased, a decrease

in the size of RR1 was observed due to inertial effects as

well as an increase in TKE upstream of the rib, signifying

an increase in turbulence upstream of the rib at higher

Reynolds numbers.

Separation off the sharp corners of the rib generated a

strong mixing layer (ML), evidenced by high values of

TKE as shown in Fig. 5. The upstream separation resulted

from the impingement of the separated boundary layer on

the upstream corner of the rib. As Reynolds number was

increased from Re = 2.5k to Re = 10k, higher TKE was

observed on top of the rib which was attributed to an

upstream shift of the shear layer’s separation point.

Increasing Reynolds number from 10k to 20k did not sig-

nificantly affect the separation point of the upstream shear

layer, which appeared to be at a maximum. Separation of

the flow off the downstream rib corner resulted from the

adverse pressure gradient which was caused by the sudden

area expansion of the channel behind the rib. These two

separated shear layers provided the upper and lower bounds

of the ML.

The separated ML governed the overall flow structure of

the inter-rib region. At Re = 2.5k, the ML remained fully

detached resulting in a large back flow region (BFR). For

the higher Reynolds numbers, the separated ML reattached

between ribs at x/e = 5.75, which in turn generated a large

recirculating region behind the rib (RR4). Two small,

corner recirculating zones (RR2 and RR3) were also

observed downstream of the first rib and upstream of the

second rib. As with RR1, the spatial extent of these

Fig. 5 Contours of TKE overlaid with velocity vectors, with a

streamwise vector skip = 7, for a Re = 2.5k-IN, b Re = 10k-IN,

c Re = 20k-IN

Fig. 6 Contours of TKE overlaid with velocity vectors, with a

streamwise vector skip = 7, for a Re = 2.5k-DEV, b Re = 10k,

c Re = 20k-DEV
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structures decreased with increasing Reynolds number,

such that they were not well resolved at Re = 20k.

Within the developed region (Fig. 6), the sensitivity of

the flowfield to the Reynolds number was less pronounced

than at the inlet. The corner recirculating regions (RR1,

RR2, and RR3) were present for all Reynolds numbers,

although a decrease in the spatial extent of these structures

was observed as Re was increased from 2.5k to 10k. High

levels of TKE were observed on top of the rib for all

Reynolds numbers, indicating that the flow separation on

top of the rib was similar for all Reynolds numbers. This

was attributed to locally high values of TKE upstream of

the rib resulting from the presence of the ML from the

previous rib. Interestingly, a 10% higher value of peak

TKE was observed within the ML for Re = 2.5k when

compared to Re = 10k and 20k. Higher values of TKE

were also observed above the mixing layer at Re = 2.5k.

4 Turbulence dissipation rate

Provided in Fig. 7 are the contours of turbulent dissipation

as estimated by the large eddy PIV method (Sheng et al.

2000). At the inlet, elevated levels of dissipation were

observed in the ML region, as previously defined in Figs. 5

and 6. For Re = 2.5k, the delayed separation of the

upstream shear layer was further evidenced by lower

values of dissipation on the top of the rib (x/e = 0 to 1)

when compared with Re = 10k and 20k. An additional

area of increased dissipation was also observed upstream of

the second rib (x/e = 6.5 to 8) at Re = 10k and 20k, which

was attributed to the impingement of the mixing layer on

the upstream rib face. Increasing Reynolds number from

10k to 20k resulted in an increase in the spatial extent and

magnitude of this region, which was the only significant

difference in ensemble-averaged dissipation between the

two Reynolds numbers.

A 249 increase in turbulent dissipation was observed

along the channel centerline between the inlet and devel-

oped regions. The CS identification results, which are

presented in the following section, showed a larger pres-

ence of CS within the core flow of the developed region.

This suggests that the higher dissipation levels were a

result of the interaction between the CS and the bulk

channel flow, which likely is also the cause of increased

TKE within the core flow.

As with the inlet, elevated dissipation was measured

within the rib ML in the developed region. Increasing

Reynolds number from 2.5k to 10k resulted in an 8%

increase in the peak dissipation observed within the ML. In

addition to an increase in the downstream length of this

elevated region, higher dissipation was also observed

upstream of the rib. Recall that this region of increased

dissipation was also observed at the inlet. However, the

Fig. 7 Contours of turbulence

dissipation for a Re = 2.5k-IN,

b Re = 10k-IN, c Re = 20k-IN,

d Re = 2.5k-DEV, e Re = 10k-

DEV, f Re = 20k-DEV
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increase in the dissipation within the developed region was

much closer to the upstream rib face than at the inlet.

Further increasing Reynolds number from 10k to 20k

expanded the extent of this region and increased the peak

dissipation by *6%.

5 Time-accurate flow characteristics and analysis

of coherent structures

The shear layer between the high-momentum central flow

and the low-momentum recirculation region (RR4), as

well as the ejection of the recirculating regions during

unsteady ‘‘bursting events’’ at the walls, resulted in the

generation and shedding of CS off the ribs. Several

instantaneous snapshots of the flowfield, shown in Fig. 8,

illustrate a typical disruption and the subsequent ejection

of the inter-rib recirculation region into the core channel

flow. The nondimensionalized time, t*, was defined as the

measurement time over the characteristic fluid scale, sf,

which was equal to the ratio of hydraulic diameter to

channel bulk velocity. The rib wake was at the reference

state at t* = 0, which was chosen by observation of the

velocity field. After a period of time, turbulent instabili-

ties in the ML result in the formation of two counter

rotating vortices, as shown in t* = 0.37, which produces

a relatively high velocity jet in the wall-normal direction

as illustrated by the black arrow. This spanwise fluid

displaces the ML into the core flow, disrupting it and

causing a rapid ejection of the separated inter-rib region

into the core flow, as shown in t* = 1.85. Once the

ejection mechanism has completed, the shear layers

Fig. 8 Five instantaneous

flowfield snapshots illustrating

the bursting and ejection of the

inter-rib recirculating region,

Re = 2.5k-DEV
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reorganize resulting in a new formation of RR4, as

illustrated in t* = 2.22 and 2.39. This process was

observed at all Reynolds numbers and channel locations.

Burst events within the channel flowfield were quanti-

fied through quadrant-splitting of the Reynolds stress

temporal history. This type of analysis has been shown to

accurately identify both bursting and sweeping motions in

turbulent boundary layers (Bogard and Tiederman 1986,

1987; Robinson 1991; Wallace et al. 1972; Wallace and Lu

1972). Shown in Fig. 9a, the Reynolds stresses at each

measurement location were arranged into four quadrants

corresponding to the sign of u0 and v0. A burst was iden-

tified by a shift of the flow into the second quadrant (Q2),

which is associated with ejection motions (u0\ 0, v0[ 0).

The burst was deemed complete once the Reynolds stresses

no longer resided in the second quadrant. From this

information the inter-burst time, DT, and burst duration, Dt,

were quantified for the entire flowfield, as illustrated in

Fig. 9c. The burst analysis was chosen over a spectral

analysis given the high level of flow intermittency, as

indicated by the broad range of inter-burst times in Fig. 9b

within the fully developed inter-rib region.

The inter-burst separation and burst duration are shown

in Figs. 10 and 11 as Strouhal numbers nondimensional-

ized by the bulk channel velocity, U, and the rib height, e.

StDT ¼
e � 1=DT

U
; StDt ¼

e � 1=Dt

U
ð1Þ

Within the inlet and fully developed regions, the bursting of

RR1 and RR4 (see Figs. 5 and 6) were visible at all Reynolds

numbers as well as the corner vortex RR2 at Re = 2.5k.

Bursts were also observed within the rib-induced mixing

Fig. 9 a Illustration of the u0/v0

quadrant analysis,

b nondimensional inter-burst

time for x/e = 99 and

y/e = -3, and c the definition

of inter-burst time and burst

duration

Fig. 10 Ensemble-averaged

inter-burst frequency and

duration centered on the 1st rib

within the inlet section for

a Re—2.5k, b Re—10k, and

c Re—20k
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layer (ML), which were attributed to the bursting of coherent

structures generated by Kelvin–Helmholtz instabilities.

The frequency of RR4 bursting, as illustrated in Fig. 8,

was found to be strongly dependent on flow Reynolds

number and only slightly affected by channel location.

Shown in Table 5, the burst frequency was inversely pro-

portional to Reynolds number and decreased by 57% at the

inlet and 33% within the fully developed region between

Re = 2.5k and 20k. In addition, the nondimensional burst

duration increased with Reynolds number, as shown by the

57% decrease in StDt at the inlet and 39% within the fully

developed region between Re = 2.5k and 20k. Overall, the

results indicate that inter-rib bursts occur less frequently at

higher Reynolds numbers but have a longer disruption

period.

The rib wake shedding frequency was also determined

using the quadrant-splitting analysis, as indicated by the

burst frequency and duration downstream of the rib corner

within the rib wake (Table 5). The burst frequencies were

inversely proportional to Reynolds number, with a stronger

sensitivity observed within the fully developed region

when compared to the inlet. It is important to note that the

Strouhal frequencies observed were less that the commonly

accepted value of approximately 0.2 for all cases sans

Re = 2.5k within the developed region.

Figure 12 illustrates the total population of coherent

structures (CS) as identified by the delta-criterion method.

At the inlet, a band of high strength CS was observed

emanating off the upstream corner of the first rib for all

Reynolds numbers. At Re = 2.5k, the spatial extend of this

band matched closely with the location of the ML as

identified in the mean-averaged flowfield (Figs. 5, 6).

Additionally, a region of CS was also observed upstream of

the rib face corresponding to the location of RR1. As

Reynolds number was increased to 10k, a large plume of

high strength CS was observed downstream of the first rib,

which spanned a larger region than the identified ML.

Additionally, a greater number of low-strength CS were

identified in the approaching boundary layer as well as

within the core channel flow. Only marginal differences in

the distribution of CS were observed between Re = 10k

and 20k.

Within the developed region, the population of CS was

more uniformly spatially distributed due to the vortices

being shed from upstream ribs. A large number of high

strength CS were identified within the regions bounded by

the ML of each rib. The most interesting observation was

the presence of high strength CS within the core flow and

across the channel centerline for all Reynolds numbers.

Plotting the spanwise location of the CS versus circulation

strength (Fig. 13) illustrated that a significant number of CS

with positive circulation values were observed in the lower

section of the channel along with negative circulation CS in

the upper section, which was not observed in the inlet. This

suggests that the CS shed from the ML ‘‘survive’’ long

enough to convect across the channel centerline, especially

Fig. 11 Ensemble-averaged

inter-burst frequency and

duration centered on the 12th rib

within the fully developed

section for a Re—2.5k, b Re—

10k, and c Re—20k

Table 5 Average burst frequencies and durations in the wake and

recirculating regions

Re Wake region

(x/e = 6.0;

y/e = -3.3)

Recirculating

region (x/e = 6.0;

y/e = -3.7)

Wake region

(x/e = 94.0;

y/e = -3.3)

Recirculating

region

(x/e = 94.0;

y/e = -3.7)

StDT StDt StDT StDt StDT StDt StDT StDt

2.5k 0.14 0.28 0.14 0.28 0.21 0.72 0.12 0.23

10k 0.12 0.23 0.09 0.17 0.16 0.43 0.10 0.19

20k 0.08 0.14 0.06 0.12 0.09 0.23 0.08 0.14
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at Re = 2.5k where the relative inertia of the bulk channel

flow was lower than at higher Reynolds numbers.

At the inlet, approximately five times as many CS were

identified at Re = 10k and 20k when compared to

Re = 2.5k. However, this difference was not as pro-

nounced in the fully developed section with Re = 10k and

Re = 20k having approximately 1.7 times the number of

identified CS at Re = 2.5k.

6 Conclusions

A study on fully roughened and staggered rib channel flow

was performed using TRDPIV for investigating the effects of

Reynolds number on the flowfield structure. In addition to the

time-averaged and time-accurate flowfield results, analysis of

the spatial distribution of the turbulent dissipation rate and the

coherent structures populating the flow field are presented.

Fig. 12 Identified coherent

structures for the inlet

a Re = 2.5k-IN, b Re = 10k-

IN, c Re = 20k-IN and fully

developed region, d Re = 2.5k-

DEV, e Re = 10k-DEV,

f Re = 20k-DEV

Fig. 13 Scatter plots of vortex

strength spanwise location,

contoured with normalized

TKE, for a Re = 2.5k-IN,

b Re = 10k-IN, c Re = 20k-IN,

d Re = 2.5k-DEV, e Re = 10k-

DEV, f Re = 20k-DEV
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Observations of the mean-averaged flowfield provided

information about the general character of the flow, which

was dominated by the separated flow over the ribs. Several

fundamental phenomena were observed as a result of the

rib presence: shear layer and wake formation, regions of

recirculation and reattachment of separated flow, and a

strong mixing layer. At the channel inlet, a strong depen-

dence to Reynolds number was observed in the inter-rib

region, especially with regard to the separated shear layer

and recirculating regions located near the first and second

ribs. Within the developed region, the structure of the inter-

rib region was somewhat less sensitive to changes in the

Reynolds number. However, higher levels of turbulence

were observed within the core flow at Re = 2.5k when

compared to Re = 10k and 20k. The highest levels of

turbulent dissipation, as estimated by the large eddy PIV

method, were observed within the rib-generated mixing

layer. Dissipation levels within the inter-rib region were

shown to be sensitive to Reynolds number across the entire

range tested.

The spatial distribution of coherent structures at the inlet

region showed a preferential concentration within the

separated mixing layer generated by the ribs. Within the

fully developed region, the distribution of coherent struc-

tures was more homogeneous than at the inlet. Addition-

ally, high strength coherent structures were observed

within the bulk channel and across the channel centerline,

indicating that they had been shed by successive upstream

ribs and that the life of these structures was greater than

their convection time across a single rib pitch.

The time-accurate flow characteristics revealed that

vortices shed from the rib shear layer interact with the

region of the rib wake resulting in a periodic process where

the wake vortex bursts and is ejected from the inter-rib

recirculation region into the core flow. This process aug-

ments the mixing and transport phenomena within the

channel.
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