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Turbulent flow in a ribbed channel: Flow structures in thenitg of a rib

Lei Wang', Mirko Salewsk?, Bengt Sundéh

@Heat Transfer Division, Lund University, Box 118, SE-22106d, Sweden
bRisg National Laboratory for Sustainable Energy, Techhidaiversity of Denmark, DK-4000 Roskilde, Denmark

Abstract

PIV measurements are performed in a channel with periobiécan one wall. The emphasis of this study is to investigagtdltw
structures in the vicinity of a rib in terms of mean veloati®eynolds stresses, probability density functions (PBRJ two-point
correlations. The PDF distribution of is bimodal in the separated shear layer downstream of theTtie maximum Reynolds
shear stresses occur at the leading edge of the rib. Basedlaginaat analysis, it is found that ejection motions makeraidant
contribution to the Reynolds shear stress in this regiontddeer, topology-based visualization is applied to theasaton bubble
upstream of the rib. Salient critical points and limit cyckre extracted, which gives clues to the physical processesring in
the flow.

Keywords: Ribbed channel, PIV, Flow separation, Topology

1. Introduction Tropea [7] applied a crystal violet technique to study thevflo
field on the front face of a rib in a channel. The flow is char-
Channels roughened with periodic ribs are widely applied inacterized by the appearance of a nearly equally spaced array
enhancing heat transfer in various cooling passages, @g. gof alternating saddle and node points. Based on this observa
turbine blades. The flow past a rib is typically charactetize tion, they conjectured a cellular structure as flow passes ov
by flow separation and reattachment which essentially bupak an obstacle. Recently, Chou and Chao [8] performed flow visu-
the viscous sub-layer and enhance the heat transfer. ltiigifo alizations to investigate the flow structures around regéar
that the heat transfer rates attain a maximum near the timebstacles. In their study, the U-vortices and a series afdbra
mean reattachment line [1]. Unlike the flow over a backward4ing points were well in line with the flow model proposed by
facing step, the flow past a rib is more complicated sincest haMartinuzzi and Tropea [7]. Considering the largéfeiience
separation regions upstream and downstream of the obstacla the Reynolds number between [7] and [8], the agreement is
which constitutes an 'overwhelming perturbation’ to thealo rather interesting.
[2]. Even though numerous studies have been carried out to
study the thermal and flow characteristics in ribbed channel

. . : .~ plex flow patterns, it can be facilitated by using criticaliut
the unQerste}ndlng_of this phenomenonis not complete. m:d!r theory. Critical points are points in the flow field where thee v
numerical simulations (DNS) of turbulent channel flow with

ib L dietal 131 sh d that . locity is zero and the streamline slope is indeterminatéicaf-
square ribs on one wall, Leonardi et al. [3] showed tha ma'rbointtheorywas initially developed to study the flow featuin

flow features, such as the size and strength of the recifenlat vicinity of separation points. Depending on whethesast-
zones, do not change significantly and reoccur along the'Charﬂnes are attracted to or emanate from critical points,jcait

geluag thf. Ca.\é'ty W'tdtlh t(;rougthr;es;f ?elgr(;t ratioIs gremt points are classified into stable and unstable types. Alddtai
. osingliquid crystals, Rau et al. [4] oundasecond maxmu description of critical-point theory can be found in [9]. dd-
Of heat transffar rate'as the rib pitch 'rat|o Is greater tharThe dition, another important topological feature is the steckbi-
distance of this maximum from the rib corresponds to therexte .-+ line towards which other trajectories conversyap-

S'Og I(\)/lftr;_e szpa_lratlo? retglgrlrtjp?trebarr Otf ;tlhe obtsta(tzle. invull totically. Bifurcation lines may be either open or closed. A
an artin [5] investigated the turbulent flow structure ove closed bifurcation line is referred to as a limit cycle.

a rib-roughened surface by laser Doppler velocimetry (LDV)
The main finding was that a small recirculation bubble forms In the present study, PIV measurements are carried out in
along the leading edge of each rib and subsequently coaps@ channel with periodic ribs on one wall. The emphasis of
at irregular intervals. Wang et al. [6] carried out particle  this study is to investigate the flow patterns in the vicirofy
age velocimetry (P1V) measurements in a ribbed channeh wit@ rib. Topology-based visualization is also applied to exam
aid of a Galilean decomposition scheme, they revealechdisti ine the properties of the separation bubble upstream ofithe r

vortices embedded in the separated shear layer. Martiangzi The organization of this paper is as follows. Section 2 deesr
the experimental setup and measurement technique. Wenprese

and discuss results in Section 3 and draw conclusions in Sec-
Email addressilei.wang@energy.lth.se (Lei Wang) tion 4.

Although there is dficulty in conceptually visualizing com-
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2. Experimental Procedures

The experimental setup is sketched in Fig. 1. Air with am-
bient temperature is sucked into the channel by a fan. The tes
section consists of a 1500 mm long channel with a cross sectio
of 50 mmx 50 mm. The first half of the channel is smooth, and
the second half of the channel is roughened with ribs. Only
one wall is fitted with periodic transverse ribs. The height o
the ribs is 10 mm which obstructs the channel by 20% of its -2 ©
height. The rib pitch, defined as the distance from one leadin
edge to the next leading edge, is 10 rib heights, as illuedrit
Fig. 2. The inter-rib spacing is set such that the reattaciiise 1
allowed to take place on the portion between consecutie rib
The rib height is represented ley the rib pitch byP, and the
channel height is denoted by, The Cartesian coordinat&sy,
z are defined in such a way that tRkeaxis is in the streamwise
direction, they-axis is the wall-normal direction, arsaxis is
the spanwise direction. The measurements are made in the mid
span plane which is indicated in Fig. 2. The time-mean compo-
nents of the velocity in thg andy-directions are denoted by
andV, respectively, and the corresponding fluctuating comporigure 5: Top view of mean streamlines just above the walldenotes the
nents are denoted hy andv’. The Reynolds number is 22000 saddle point.
based on the bulk-mean velocltyy = 6.7 nys and the channel
heightH. In the present study, the flow around the seventh ri
is investigated. This position is located»yDy, = 28, where
X is the distance of the seventh rib from the inlet, dxdis
the hydraulic diameter of the channel. According to Leonard
et al. [3], the roughness elements are virtually isolatethas
cavity width to roughness height ratio is greater than 7 Ifer t
pitch ratio is greater than 8). Throughout this paper, exfee
guantities for length and velocity aesandUy, respectively.

4 5

l1ated, a peak-height validation and a moving-average attd

are applied to the raw maps to detect and replace the ’'aaltlier
by vectors estimated from surrounding values. To mininfige t
noise, a top-hat filter with uniform weighting is then imple-
mented. The averaging area of the filter ix 3 pixels. As-
suming that the measured particle displacement is acctgate
0.1 pixels, the error is less than 2% for the displacement of 8

. . ixels. An ensemble of 1000 instantaneous velocity samgles
A commercially available PIV system developed by Dantecp y P

D o din th e tigati An 0il-b (?enerated with an acquisition rate of 4 Hz. It is found that th
ynamics 1S used In the presem investigation. -An olFbaseq, ., jant shear stresses converge well as the number ofsamp
aerosol is generated by a TSI 9306 six-jet atomizer. In ciaer

tah distributi ¢ di dicl is greater than 700 (deviation is less than 3%). Another efro
get a homogeneous distribution ot seeding particies, aupten fecting the Reynolds shear stress is the spatial resolafiBiV.
with two grids is connected to the channel inlet. The meal

"For grid-generated turbulence, Lavoie et al. [10] found the
particle diameter is about/m and the concentration is regu- gna-g y [10]

. third-order structure function is more sensitive to PIV tigda
lated by the compressed air pressure and the number of Lasl%m sy

. ) . esolution than the second-order one, but no ways for cerrec
.nozz_les..A Qua}ntel Q-switched Nd:YAG laser provides .pulse ng the values were proposed. In the present experiment, the
illuminations with a wavelength of 532 nm. The duration of

; ) h ncertainty for the shear stress is estimated to be about 10%
each pulse is 10 ns, and the maximum output energy is 120 m nty ! : ut 0

The light-sheet thickness in the test section is kept&intm. Sr:l;%zlt?ekseoslt:{i\é%.account of the number of samples and PIV
A digital camera containing a CCD chip with 1281024 pix-

els and a Nikon AF Micro 6¢2.8D lens with an optical filter

are used to record the particle images. The size of the mterr 3. Results

gation window is 32< 32 pixels with 50% overlapping. This )

gives rise to the spatial resolutiaye = 0.067 @ is the spac- 3-1. Overview of the flow

ing between vectors). The time interval between laser pulse Prior to presenting detailed flow patterns in the vicinityfoe#

is set such that the particles move at most 8 pixels betwesen ttrib, it is helpful to display some global flow features. Figw

pair of images. In the present study, the time interval i%40 shows the mean streamlines past the rib in the mid-span,plane
which gives the optimum measurement of the velocity. Withinwhere the origin is placed at the leeward corner of the rite Th
each window, the number of seeding particles is greaterihan most striking feature is the formation of a large recirciolat
and the particle image size projected onto the CCD sensor isubble downstream of the rib. A secondary bubble is perdeive
approximately 3 pixels. FlowMap software is used for theadat in the leeward corner as the reverse flow approaches thealerti
processing. FFT-based cross-correlation in conjunctith &  surface. Upstream of the rib, another separation bubblerscc
two-dimensional Gaussian fit is applied to find the correlati as a result of the strong adverse pressure gradient. Figure 4
peak position. When the instantaneous velocity field istzalc shows the mean velocity components afatient streamwise
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locations in the mid-span plane. In Fig. 4a, the reverse flow T B B B e e B I
coupled with the inflectional profiles is clearly demonsthin -

the region downstream of the rib. Above the top of the rib,
there is an intense shear layer and local accelerationglmibi

the maximum outward velocity components are found ahead of
the rib. Downstream of the ritx{e > 1), the negative values

of (V) suggest that the fluid is entrained from the central part
of the flow to the wall as the separated shear layer curves in-
ward. Figure 5 plots the mean streamlines downstream of the
rib in the x — z plane just above the wall. It should be men-
tioned that the exact wall-unit value of this plane iffidult to 2
estimate because the laser sheet itself.8n@m in thickness.

In this figure, the spanwise reverse flow in conjunction with

a curved reattachment line is clearly discerned. At the-reat 1
tachment line, the shear layer bifurcates deflecting aifmact

of fluid upstream and shedding remaining portion downstream

The reattachment point in the centerline exhibits the ahara 0
teristics of a classical saddle point. Turbulence intégssiin -1
the streamwise and wall-normal directions are shown intig.

Downstream of the ribx/e > 0), Fig. 6a shows that the posi-

tion whereurys attains a maximum value is arougige = 1.1. Figure 8: PDF distribution at a representative pdirfi/e = 1.1,y/e = 1.1) in
This position can be interpreted as the center of the shger la the separated shear layer.

because it coincides with the inflectional point in the \ceti
distribution ofU, as shown in Fig. 4. A large value afysis
found at the rib top, which is well in line with the simulate
results by Cui et al. [11]. In Fig. 6b, the largest value/gfs is
found just ahead of the rib. Figure 7 displays the contoutisef X X X X R
Reynolds shear stress. In this figure, only the quantitieatgr relation coeﬂ“iments_, which give an_lnd|_cat|on of how coherent
than 05(—U'V )max are demonstrated in order to highlight the the floyv st'ructu.re is over a cerpam Q|stance. T'he corrafatio
region with large Reynolds shear stresses. It is clear teat t COgficientis defined as (with no implied summation)

— = Ty

s ey

PDF

¢ away from the top of the riby{e > 1.3), there are no apparent
bimodal distributions detected.
Another fundamental test is to compute the two-point cor-

maximum Reynolds shear stresses occur at the leading edge of (ui’(Xl)u’j(Xk))

the rib, which is in good agreement with Cui et al. [11]. In Ryu, = 1)

the separated shear layer, the general trend is that theoRisyn JUZO)XUE(%))

shear stresses increase gradually with increasing desfamim

the rib. whereu/(x) and u](xk) are two instantaneous velocity fluctu-
ations. In this paper, we only consider the autocorrelation

3.2. Separated Shear Flow efficient of theu’ andVv’, denoted byR,, andR,,. Figures 9a

In this section, consideration is given to the separatedrshe @nd 9b show the contours B, andRyy in the mid-span plane.
layer downstream of the rib. The playge = 1.1 is taken The pointA (x/e= 1ly/e= 1.1) is selected as the reference
to represent the shear layer. The first results to be disgussécation. Inorderto highlight the strongly correlated etz the
is the velocity probability density function (PDF) meagiire duantities below the vaIge:ﬂ)are dlsregardgd. In E|g. Qa, the
over a series of spatial positions in this plane behind the ri €longated contour Ry, is nearly aligned in the-direction,
at 0 < x/e < 3. Fluctuating velocity components are usedWhile the contour oR,y is aligned in they-direction. They-
to compute the PDF. The most remarkable features are the lignment ofR,, was also noticed by previous studies in turbu-
modal nature for’ and the sharp distribution fof. Figure 8 lent channel flow [12] and turbulent boundary layer flow over
shows such a PDF distribution at a representative posaion smooth and rough surface [13]. Further inspection of Fig. 9
(x/e = 1.1,y/e = 1.1). The bimodal feature indicates that the shows that the spatial extent®f, is considerably greater than
flow has two distinct modes corresponding to the peaks. Eurth that of Rw. This may be attributed to the large scale flapping
inspection of the PDF distribution shows that the bimodal pa Motion of the separated shear layer.
tern exists in the whole separated shear layer betwgza 0.8 ) .
andy/e = 1.3 behind the rib. The bimodal feature indicates that3-3- Flow at the leading edge of the rib
the flow contains periodicity, which is likely caused by thagfl As stated above, the maximum Reynolds shear stress occurs
ping motions of the shear layer sweeping over the measuttemeat the leading edge of the rib. One of the questions that re-
domain. The PDF distribution on the top of the rib at the planemained unanswered is what kind of flow motions give rise to
y/e = 1.1is also inspected. It is found that the bimodal featurethe Reynolds shear stress occurring in this region. To answe
continues to exist over the rear portion-#t5 < x/e < 0, butit  this question, we first investigate the probability densiiyc-
disappears over the front portion-at < x/e < —0.5. Further tion distribution of the values. Figure 10 shows such a PDF
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Figure 9: Contours of two-point correlation ¢beients centered at poirt

profile at a representative poiBt(x/e = —1.5,y/e = 1.1). This
pointis located within the contour of the largest Reynolukss
stresses shown in Fig. 7. In this figure, th&V’ is normalized
by its time-mean valué-u'v’). The PDF profile shows a sharp,
skewed distribution with a long tail on the positive side.isTh
means that theu'v’ is most often a small value but it bursts oc-
casionally. In other words, theu’'v' is highly intermittent. To 03
investigate the behaviour efu’v’ further, we perform a quad-

rant analysis at poinB. Quadrant analysis has been used in

flat plate boundary layer flows by several investigators ifier 04
stance, Willmarth and Lu [14]; Bogard and Tiederman [15])
for predicting the types of turbulent motion and the scates ¢
tributing to these motions. The turbulent motions which mak
positive contribution to the Reynolds stress are identified
ejection(u’ < 0,V > 0) andsweepu’ > 0,V < 0). The magni- 02
tude of contributing turbulent motions can be represenyatié

value of—u’v’ which is equal to or greater than a given thresh-

old, or,—u'v' > Hx(-u'v'). Figure 11 presents the frequency of 01
occurence of ejection and sweep events as a functibéh afs

H = 1, the number of ejections is roughly equal to the number
of sweeps. With increasing value Hff, the number of sweeps -3
drops steeply. A$1 > 5, it is found that the ejections are the
dominant events in the mechanism maintaining the Reynolds
shear stress.

06 T T T ] T T 1T T T T [ T T 1T

PDF

0.3
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Figure 10: PDF of-u'V at a representative poilt(x/e = —-1.5,y/e = 1.1) at

Figure 12 shows a typical PIV snapshot in which significantthe teadling edge of the rib.

Reynolds shear stresses are produced at the leading edge of t
rib. A pronounced feature is that the fluid is shed towards the
main flow. The magnitude of the normal velocity is so largé tha

7



200 92.6% of the turbulent kinetic energy. For more details of POD,

. cjection the reader. is referred t.o B_erkooz et al. [17]. Figure 14 givgs
—=—— sweep the POD-filtered velocity field based on the PIV snapshot in
Fig. 13. Generally speaking, the main flow structures in the
vicinity of the rib remain unchanged but the separation leibb
on the top of the rib looks more regular. In the following, the
POD-filtered velocity data are used to compute the streasilin

Figure 15 shows the close-up view of the mean streamlines
associated with the separation bubble. Itis clear thatttbam-
lines within the bubble spiral into a focus instead of raoigti
about a center. This implies that the mean flow is not exactly
two-dimensional even at the mid-span plane. In order to gquan
tify how much the flow in the symmetry plane deviates from
the idealized two-dimensional flow, the valuedW/dz is cal-
culated based on the continuity equation. Figure 15 present
the 0W/dz values which are normalized by 10§@,. Out-
side the separation bubble, as expected, the flow is edgentia
two-dimensional due to the vanishing valuedW/dz. How-
ever, the large deviation afW/dz from zero within the sep-
aration bubble indicates the separation bubble is reatiyeth
dimensional. This result shows that the topology gives dix in
cation of whether the flow is two-dimensional or not.
Figure 16 demonstrates the instantaneous flow in the sepa-

it is comparable to the reference velocitly. When the rapid ration bubble, in which various critical points are illied.
upward motion encounters the incident main stream from thé Should be noted that all the bubbles rotate in a clockwise
left, an inclined shear layer is observed. Despite the amed ~ S€nse. Figure 16a illustrates an attracting (or stable)sfoo-
turbulent stresses at the leading edge of the rib, the upward ~Wards which the neighboring streamlines converge in a lspira
tion is of practical significance in the cooling techniquese ~ Manner. However, in Fig. 16b, the striking feature is a e

the hot fluid near the surface is shed towards the main flow, (Or unstable) focus from which all the neighboring streaei
departin a spiral manner. Accompanying the unstable facas i

bifurcation line (denoted b§) towards which other streamlines
converge asymptotically. It should be mentioned that unista
Topology-based visualization of two-dimensional vectorfoci are much outnumbered by the stable ones in our experi-
fields dfers insight into the structure of flow [9]. In order to ment. In Fig. 16c and d, there are twdtdrent types of critical
capture the essential topological structure of the sejparbtib-  points involved: two stable foci and in between a saddletpoin
ble upstream of the rib, two methods are applied in thissecti Further examination of Fig. 16 shows that the vortices cbang
to improve the quality of the velocity data. First, we ingea in number during the experiment. In Fig. 16a and b, there is
the spatial resolution of PIV. Basically, the spacing betwe only a single separation bubble, while in Fig. 16c and d, a pri
vectors in this section is 0.53 mm (e = 0.053) and the in- mary separation bubble together with a secondary vortels-is o
vestigated domain is upstream of the rib which containsZ9  served. However, it should be noted that the two vortex flow
vectors. Figure 13 shows an instantaneous picture by P\ megatterns are rarely observed in our experiments. Sinceusfoc
surement. For the sake of convenience, the origin is plated @annot take place in two-dimensional flows, Fig. 16 revedsds t
the windward corner of the rib. Apart from a primary separa-the separation bubble upstream of the rib is intrinsicdlhgé-
tion bubble upstream of the rib, there is an additional separ dimensional.
tion bubble on the top of the rib. At the leading edge of the In addition to the critical points, it is also found that the
rib, a distinct upward shedding motion is also recognized: F limit cycles characterize the separation bubble. Figurés 1
thermore, we use the proper orthogonal decomposition (POD§ displays close-up views of various limit cycles. In gehera
filter to smooth out random variations occurring in the flow. | the limit cycle is elliptic with a principal axis. It shouldeb
contrast to the top-hat filter, the POD filter is inhomogerseou noted that the streamlines inside the limit cycle are nowdra
in one or more directions, which gives optimal results in thein Figs. 17a-d. This is due to the weak convergence of stream-
wall-bounded flow [16]. In POD, the velocity is expanded as alines, i.e. it takes a large number of rotations to approheh t
linear superposition of the mutually orthogonal eigenfiores,  limit cycle. If the streamlines inside the limit cycle weresd
in which the most energetic components are extracted. In played otherwise, it would be hard to identify a closed orloit
first approximation, the velocity can be represented by a lowFig. 17e, the convergence is relatively fast and a distingt |
order reconstruction whichffectively removes the fine-scale, cycle is observed. Further inspection of Fig. 17 shows that t
random variations from the total velocity field. In this sgud size of the limit cycle varies from time to time, which sugiges
the number of modes for reconstruction is 100 which contairthat the vortex tube undergoes axial stretching or comjmess
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3.4. Topology of the upstream separation bubble
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by 20% of its height and are arranged 10 rib heights apart. ThE-2] J- Kim, F. Hussain, Propagation velocity and spacestim
Reynolds number is 22000 based on the bulk-mean velocity arfeprrelation of perturbations in turbulent channel flow, MAS

channel height. The emphasis of this study is to investitege ™ 102932 (1992). ,
flow structures in the vicinity of a rib. An important featige  [13] P-A. Krogstad, R.A. Antonia, Structure of turbulentioai-

the bimodal PDF distribution af in the separated shear layer & layeronsmooth and rough walls, J. Fluid Mech. 277 (1994)

downstream of the rib. This is probably caused by the Iarge1'21' i

scale flapping motion of the separated shear layer. The maxit4] W-W. Willmarth, S.S. Lu, Structure of the Reynolds ste
mum Reynolds shear stresses occur at the leading edge of tg2" the wall, J. Fluid Mech. 55 (1972) 65-72. N

rib. Based on the quadrant analysis, it is found that theiejec  [+°] D-G- Bogard, W.G. Tiederman, Characteristics of e
motions make a dominant contribution to the Reynolds shedf turbulent channel flow, J. Fluid Mech. 179 (1987) 1-19.
stress in this region. Upstream of the rib, salient critipaints ~ [16] R-J. Adrian, K.T. Christensen, Z.C. Liu, Analysis amd i
and limit cycles are extracted to sketch the topologicalcstr f[erpretanon of instantaneous turbulent velocity fieldgy B-lu-
tures of the separation bubble. The knowledge of their prope ids 29 (2000) 275-290.

ties gives clues to the physical processes occurring indme fl  [17] G- Berkooz, P. Holmes, J.L. Lumley, The proper orthogo-
nal decomposition in the analysis of turbulent flows, Annv.Re
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