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In the presem study we take afresh look at a lamina flow evolving into a large channé through
astep configural in abackward-facig format We condug steag three-dimensiordNavier—Stokes
flow analyss in the channé usirg the stgp geomety ard flow conditiors reportel by Armaly et al.
This allows adired comparisa with the resuls of physicd experimentsthus servirg to validat the
numericé resuls computa in the range of 100<Re<100Q Resuls shav tha there is generally
excellert agreemenbetwea the presenresuls and the experimenthdat for Re=100 ard 389, Fair
agreemenfor Re=1000 is also achieved excep in the streamwig range of 15<x=<25. The main
difference stens from the fact tha the roof eddy is nat extendéd toward the midspan in the channel
with aspan width 35 times of the height of the upstrean channelln the presehstudy we also reveal
that the flow at the plare of symmety develofs into a two-dimensional-like profile only when the
channéwidth isincreasd up to 100 times of the upstrean step height for the cae with Re=800.
The preseih computationkresuls allow the topologica features of the flow to be identified using
critical point theory. The insight thus gainel is usefd in revealirg a mechanim for the development
of an end-wall-inducd three-dimensiorlavorticd flow with increasig Reynold number © 1999
American Institute of Physics [S1070-663(99)00704-7

I. INTRODUCTION

Recirculatirg eddies in a flow hawe long been known to
hawe a markel influen@ on shea stres distributiors and
hed transfe rates As asubjec¢ of fundamenthimportan@in
fluid mechanicswe conside this isste by investigatirg a
lamina flow over a backward-facig step shown schemati-
cally in Fig. 1. This configuration provides a convenient
simple geometrt shape for a detailad examinatio of therich
characte of a vorticd flow. In this study, we conside the
step geomety ard flow conditiors reportel by Armaly et al.®
It is due to the availabk experimenthdat that this problem
has becone a standad numericé teg ard the subjed of an
internation& workshop? Much two-dimensionk numerical
work has been dore to analyz this problem The probable
reasm for the lack of three-dimensiorainvestigatios is
limited compute power. Advances in the lag decaa in par-
allel processig and CFD technigus hawe reache the point
whetre capabilities required to condud realistc simulations
are now available Neverthelessther are relatively few
three-dimensiora studies of this problem®™! Thee is,
therefore a strorg need to carty out flow analyss in orde to

obtan a sufficiert understandig of the three-dimensional

vorticd flow structure.

The experimenth dai of Armaly et al.,! while being
often referral to, have nat been rigorously confirmeal through
computationh studies This has prompteal the current re-
seart into numericé justification of the experimentawork
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by conductirg afull three-dimensioriasimulatian of the Ar-

maly et al. stgp geomety for Reynolds numbes in the range
of 100=<Re<100Q The preseh work is directed toward ex-
amining the span width effed on the three-dimensioriaex-
pansim flow developmenhbehird the stegp configural in the
backward-facig format.

The remainirg sectiors of the pape are organizel as
follows. We first descrile the governirg equatiors and their
associatd bounday conditions which are applicabé to
primitive-variabk incompressit# Navier—Stokes equations.
This is followed by an introductia to the finite volume
methal usal to discretiz differentid equationsthe discreti-
zation schene applied to approximagé advectie fluxes and

FIG. 1. Backward-facig step channé geomety and the definition of sepa-
ration lengh x, ard the reattachmetlengtts x, and Xs.
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the semi-implict iterative solution algorithm implemente to
retan velocity—pressue coupling In the nex sectilm we
provide a foundation for future studies on computel results
to faithfully illuminate the flow structure In this study, we
adopg the mathematicayl rigorous theowy of topology.
Greate insight into the physicd phenomea is therefore
gained In the resuls section we begn by validating the
compute coce throuch an analytc teg and then compae the
computel resuls with the experimenth data of Armaly
et al.! In the presen study, we vary the channé width and
vary the Reynolds numbe to examire their effecs on the
flow developmentFinally, we offer conclusions.

Il. GOVERNING EQUATIONS AND PREDICTION
METHOD

The study of vorticd flows over a backward-facig step
necessitate three-dimensioraanalyss of incompressible
Navier—Stokes equationsin the absene of gravity, the gov-
erning equatiors for Newtonian fluid flows are studiel at the
steag state Thes equatios are cag in the following di-
mensionles form:

d _ap N 1 L
ﬁxm(umui)_ o%;  RE IXmdXm' @
Mo 2
o )

For comparise purposes the Reynold numbe Re* is
evaluaté with a referene velocity equa to the mean veloc-
ity Umean (=1), which is measurd upstrean of the step and
with areferene lengh equa to the upstrean channé height
h (=1). In the aboe elliptic equationsu; (i=1-3) refer to
velocity componerg normalizel by Ue. and p is the iso-
tropic pressurewhich is normalizel by puﬁ1ean Theindepen-
dert variable x, is mace dimensionles by h. It is noted that
Re& shown in Eq. (1) differs from the Reynold number,
Re=Unmea{2h)/v, defined in the work of Armalet al! The
abo\e definitiors lead to Re=2 Re*.

It has been shown tha the primitive-variabk equations
(1)—(2) accommoda closue bounday conditions!? The so-
lution is sough in a doman party boundel by inflow—
outflow bounday surface ard party bounde by solid
walls. Upstream we suppos that fully developée flow pre-
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vails. Therefore we prescrile a fully developé velocity
profile'® to yield a mean velocity U, 1 a the inlet plane:

Uimet:[U(y,Z),0,0], (3)
where

48
u(y,z)=m,3(y,z), (4)
wm1- 28 5 MY 5)

T i=135,. |
Bly= 2 (~1077

cosli(2z—1)¢&]) cos(2y¢§)
1= cod(&) i ©

i
£i)=5g- @)

In the above B denote the channéwidth. Far enoudn down-
stream the flow is agan fully developd at the outlet In this
study, the outlet is se 55h downstrean from the step At this
outflow boundary the condition describirg zero gradiens for
field variables can be assumedThe channéis considerd to
be symmetrc abou the midplane ard this plare is taken as
the solution domain Thus we apply symmetrc boundary
conditiors at the midplane At the roof ard at the floor of the
channel no-slip bounday conditiors are prescribé to close
the problem Herg it is significart to note tha no pressure
bounday conditiors are requirad at the no-slip wall; other-
wise, the differentid systen given by Eqs (1)—(2) would be
overdetermined.

The use of the primitive-variabke formulation while ac-
commodatig closue bounday conditions creats aserious
computationh problem sine ther is no representative
equatio for pressure Severh techniqus hawe been pro-
posel to overcone this difficulty, amorg which we consider
the SIMPLE segregatg formulation which has been de-
tailed elsewhee by Patankat* The algorittm involves solv-

TABLE |. Mesh detaik in the numericd simulation of the backward-facig step flow problem for the B

=35h case.

Grid L, Lg Ny Ny N, Ax(minmax) Ay(min,max) Az(min,max)
Grid-C 0 55 100 85 40 (0.03,1.0 (0.03,0.25 (0.03,0.062
Grid-CU -10 55 125 85 40 (0.03,1.0 (0.03,0.25 (0.03,0.062
Grid-CX 0 55 150 85 40 (0.03,0.8 (0.03,0.25 (0.03,0.062
Grid-CY 0 55 100 120 40 (0.03,1.0 (0.03,0.25 (0.03,0.062
Grid-CZ 0 55 100 85 60 (0.03,1.0 (0.03,0.25 (0.016,0.046
Williams and -1 30 91 24 20 Aymin=0.167 Az,;,=0.044floor)

Bake (Ref. 9)

Az,in=0.023roof)
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FIG. 2. Streamwig velocity profiles at the y=0 symmety plare for the ca® of (a) Re=100; (b) Re=389 (c) Re=1000.
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FIG. 3. A comparisa of the preseth ard the Guerrep and Cotta two-dimensionhstreamwig velocity profiles for the cae of Re=1000.
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ing three momentun equatios and one pressue Poisson
equation by mears of a cyclic prediction and correctin op-

erations In this way, the velocities are first calculatel from

the momentun equatiors for a guessd pressue field, which

is calculated in turn; then the velocities are adjustel such
tha continuity is satisfied.

It is necessar to transfom the partid differentid equa-
tions (1)—(2) into their algebra¢ counterpag so tha they
will be amenald to compute simulation For this study,
discretization equatios are derived by integratirg the gov-
erning equatiors over contrd volume cells The main depen-
dert variables are calculatel on a staggerd grid system to
preven the occurrene of pressue oscillatiors and avoid the
requiremenof pressue bounday conditions When simulat-
ing Navier—Stokes equationsit is importart to provide an
accura¢ approximatio of advectiwe fluxes in amultidimen-
siond domain To this end we adop the second-ordeaccu-
rate QUICK schene of Leonard® to approximag advective
fluxes in the equationsThe red of the spatid derivatives are
approximate by mears of a second-ordeaccura¢ centered
differene scheme.

Ill. A BRIEF DESCRIPTION OF THE TOPOLOGICAL
STUDY ON A THREE-DIMENSIONAL VELOCITY
VECTOR FIELD

Advances in compute hardwae ard computationbfluid
dynamic in the pag deca@ hawe mack three-dimensional
flow simulation feasible We fed that there is a strorg need
to obtan a further understandig of the three-dimensional
flow features that are difficult to resole experimentally To
achiewe this goal we can condud a topologica study of

TABLE Il. A summay of the lengtls x,, X4, ard x5 for the ca® of Re
=800 and S=1.0 (two-dimensionhresults.

limiting streamline¥® or skin-friction lines!’ or visualize the
densiy of helicity.® Our approab is to condud a topologi-
cd study of limiting streamline to provide alucid descrip-
tion of the fluid flow. The insight thus gained may be useful
in rellatirg the resuls of laboratoy investigatios of Armaly
et al.

Limiting streamline are streamlins close to a surface.
The theory behird the topology study employel her is well
establishd (refer to Legendré®). The kinematt aspecs of
limiting streamline are beg describé by singula points,
sud as nodes foci, and sadde points Limiting streamlines
terd to diverge from the line of attachmentThe converg of
aline of attachmenis aline of separationJug as with aline
of attachmentaline of separatia is featurel by neighboring
streamlins tha converg to this critical line. Throuch deter-
mination of the® singula points togethe with the lines of
separatia ard attachmentthe flow structue pertinen to the
flow can be accurate} depicted.

IV. RESULTS AND DISCUSSION

In numericé exploration of engineerig flows, it is im-
portart to provide definite verification of the computational
methal by solving a problem tha has an analytic solution®®
Reades can refer to Ref. 20 for further details This analytic
verification gives us confidene that we hawe demonstrated
the integrity of the compute code employed Next, our at-
tention is directad toward investigatirg the backward-facing
step problan to further confim the integrity of the numerical
analysis.

The presen study is concernd with the stgp geometry
and Reynold numbes reportel by Armaly etall The
backward-facig stgp has an expansio ratio y=H/h

TABLE Ill. A summay of the lengtts x;, X4, ard x5 for the ca® of

2-D, Re=800, S=1 X1 X4 Xs X5— X4 Re=1000 and S=0.9423 (two-dimensionhresults.
Gartllng (Ref. 23 12.2 9.7 20.96 11.26 2-D, Re=100Q S=0.9423 X1 X4 Xs Xs— X4
Gerslo et al. (Ref. 24) 12.2 9.72  20.98 11.26
Grid-C: (Ax,Az)min=0.03 12.33 9.65 21.26 11.61 Grid-C: (Ax,Az)min=0.03 13.01 10.16 23.68 13.52
Ted 1: (Ax=Az=0.025) 12.15 95 21.03 11.53 Ted 1: (Ax=Az=0.025) 12.78 9.95 23.33 13.38
Ted 2: (Ax=Az=0.031) 12.12 942 21.04 11.62 Ted 2: (Ax=Az=0.031) 12.73 9.86 23.32 13.46
Ted 3: (Ax=Az=0.05) 1196 9.14 21.01 11.87 Ted 3: (Ax=Az=0.05) 12.5 9.5 23.2 13.7
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FIG. 5. The streamwig velocity profiles computel on differert grids for the ca® of Re=800 and B=35h. (a) Streamwig velocity profiles computel at the
plare of symmety using the grid Grid-C; (b) solutiors computel on Grid-C, Grid-CX, Grid-CY, ard Grid-CZ at x/S=14.33 (c) convergene histoly plots.

=1.9423 as shown in Fig. 1, over which the flow tha de-
velops in the upstrean channé expand suddery into a
downstrean channel This allows dired comparisa with the
experimenthresuls so as to further validate the numerical
resuls and also to justify the experimenthdata The Rey-
nolds numbes considerd for the verification purpo® are
Re=100, 389, 800, 1000 (or Re* =50, 194.5 400, 500, and
the span B of the channé has avalue of 35h in orde to
mimic the experimens dore by Armaly et al.!

There has been sone debat as to the influene of the
upstrean channé on the flow developmenin the down-
strean channel For a realistc simulation of Armaly’s
experiment, we attah a straigh channé with a lengh of

10h upstrean of the step plane At the inlet, a fully devel-
opal flow is specifi@ accordig to Eqs (3)—(7). In the
analyss tha consides the upstrean channé as patt of the
solution domain we condud analyss in the grid Grid-CU
(L,=-—10) ard in the Grid-C (L,=0). The grids are de-
tailed in Table |. Here L, denote the lengh of the inlet
channel Resuls reved tha at the symmety plare ther is a
3% differene in the x,; lengh betwea the two calculations.
This observatio was alo reportal in the two-dimensional
numeric& work of Barton?! Therefore it is logicd to dis-
peng with the upstrean channé in our subsequent
backward-facig step flow simulations at leag for Reynolds
numbes below 1000.

Copyright ©2001. All Rights Reserved.
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FIG. 6. The computed togethe with two-dimensionkresuls for comparatie purposesvelocity profiles at the y=0 symmety plare for Re=800 with

differert channé widths B. () B=20h; (b) B=35h; (c) B=50h; (d) B=100h.

It isimportan to note that the channé flow unde inves-
tigation remairs lamina for Re<1200? This experimentally
verified lamina flow assumptia avoids complication that
resuls from invoking turbulen@ modeling We cluste grids
nea the verticd erd wall ard in the vicinity of the step
plane Gridding along the roof and floor of the channé is
also crucid to resolvirg the eddy formation For clarity, we
summarie the grids employel in Table | for the B=35h
case Resuls computel by Williams and BakeP are given in
the table for the sake of comparisonThe smalle$ and largest
grid sizes in eat coordinag direction are alo included in
Table | to aid the rationd evaluation of the computel results.
The lengh of the inlet channel L, and the lengh of the
main channel Ly, are alo shown in Table I.

A. A compariso n study of compute d and
experimenta | results

In the channé with a spax width B=35h, we present
resuls for Re=100, 389, and 100Q which were investigated
experimentalf by Armaly et al.! Figures 2(a) ard 2(b) show
the goad agreemen betwe@ the measurd ard predicted
streamwig velocities a the midplare for two case with
smalle investigatel Reynolds numbes (Re=100, 389). For
the ca® with Re=100Q evidene that ther are notabk dif-
ferencs betwee the three set of results shown in Fig. 2(c),
generatd interes in verifying the accurag of the prediction.

As afirst step in the verification of numericé results we
condu¢ a detailed comparisa with othe two-dimensional

Copyright ©2001. All Rights Reserved.
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FIG. 7. Limiting streamlins on the roof of the channé for Re=800 with
differert channé widths B. (a) B=10h; (b) B=35h; (c) B=100.

resuls obtainel by Guerrep ard Cotte? for Re=100 and
Gartling® and Greslo et al.?* for Re=800 is warranted A
comparisa of the streamwig velocity profiles shown in Fig.
3, the streamwig velocity profiles as well as the pressure
distribution shown in Fig. 4, and the lengths X, , X4, and Xs,
tabulatel in Tables Il and I, shov goad agreemenbetween
the solutions The abowe agreemenlends additiond support
to the validity of the presenty employal upwinding finite
volume code.

We then verify our three-dimensiorlasolutiors com-

T. P. Chiang and T. W. H. Sheu

0.5
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FIG. 8. Limiting streamling on the floor of the channé for Re=800 with
differert channé widths B. () B=10h; (b) B=35h; (c) B=10Ch.

puted in Grid-C for the cae with B=35h ard Re=800.
For completenesave also undertale a grid-refinemenstudy
by refining Grid-C to obtan Grid-CX, Grid-CY, ard Grid-
CZ, which are detailal in Table I. As Figs 5(a) ard 5(b)

TABLE IV. Computd reattachmenlengh x, /S at the symmety plane
with different widths B for Re=100, 389, and 80QS=0.9423).

ReB  2h 4h  6h 10h 20h 35h 50h 10Ch «(2—D)
100 248 3.03 3.17 3.25 3.26 3.22
389 7.39 881 9.00 9.13 9.35 8.89 8.53
800 14.3% 16.8% 16.47 16.24 17.47 16.19 15.10 12.88 12.49
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TABLE V. Computel separatia lengh x, /S ard reattachmenlengh x5 /S

a the symmety plare with differert widths B for Re=800 ard S
=0.9423.

B X4 1S X5/S (X5—X4)IS
<=35h None None None
=50h 12.78 19.57 6.79
=10Ch 10.19 20.68 10.49
=w(2-D) 9.78 20.69 10.91

show the grid size we hawe usel in this study does provide
accurag solutions We also provide evidene in Fig. 5(c) that
the field solutiors obtainel are convergeh solutiors since a
drop of seven to eight ordeis of magnitue in the residuas of
the working equatiors is achieved.

T. P. Chiang and T. W. H. Sheu 869

The abowe two- and three-dimensiorastudies enlighten
that in the channé with a span width B=35h, the end wall
effed on the flow at the midplare is negligible for Re=100
ard 389 This is nat the cae for Re=100Q To determine
how wide the channé is sufficiert to yield a two-
dimensional-lile velocity profile at the channé midspan mo-
tivates the subsequenstudy.

B. Span widt h effect on the flow development

We now investigae the effed of the channé width on
the flow evolution in the channel To this end we fixed the
Reynolds numbe at 800 but varied the channé widths from
B=2h to 4h, 6h, 10h, 20h, 35h, 50h, ard 10Ch.

Presentd in Fig. 6 are compute streamwig velocity
profiles at the midplane For purposs of comparisondotted

X axis

FIG. 9. Limiting streamline at the verticd end wall for Re=800 with differert channé widths B. (a) B=2h; (b) B=4h; (c) B=6h; (d) B=10h; (e) B

=35h; (f) B=100Ch.
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velocity profiles obtainel from two-dimensionh analysis,
are alo plotted in ead figure Wha is mog apparen in

thee figures is tha the agreemen betwea the three-
dimensionasolutiors in the plare of symmety ard the two-

dimension& solutiors improves as B increases When B

reache 10(h, the agreemencan be regarde as perfect In

the middle span width range say B=35h, the agreement
betwea the two ses of dat is quite good excep in the

streamwig range 10<x=<20. This implies tha the end wall

effed has anegligible effed on the primaty circulation in the

streamwig range x<<10 as B>35h. For velocity profiles
computel unde widths B=2h, 4h, 6h, ard 10h, readers
can refer to Refs 8 and 1011 for further details.

To obtan a bette understandig of the flow develop-
ment it is beg to determire where the flow separate and
reattachesFor this purpose we plot limiting streamlins on
the channérodf to presemh a detailed descriptio of the eddy
formation Through topologica studies of the velocity vector
field, lines of separatia and reattachmenare reveale from
limiting streamlins plotted in Fig. 7. We obsene from the
compute streamling to find tha ther is evidene of an
increasingy apparehdevelopiry roof eddy with the increase
of the channé span Unlike the rodf eddy, which is only
observe in the range of 0.3B<y=<0.5B for the ca® with
B=35h [Fig. 7(b)], the roof eddy extend all the way to the
midplare when B=50h. As Fig. 6(d) and Fig. 7(c) reveal,
the channé width B= 10 is sufficiert to allow the devel-
opmern of a two-dimensional-lile velocity profile at the
plare of symmetry.

We als presem the limiting streamling on the channel
floor in Fig. 8 as evidene tha the primary reattachment
length has been capturel for the eddy formed behird the step
plane One can see from Fig. 8 that limiting streamlins on
the floor depat from the line of reattachmentAs B increases
up to B=35h, the larges reattachmenlength x;, is not
found on the symmety plane At the intersectiam of the step
plare and the channé floor, a singula poirt is found This
critical point is by definition a separatia saddle from which
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FIG. 10. Pseudostreamlisgplotted on the y=0 symmety plare and limit-
ing streamlins plotted on the step end wall, roof, ard floor of the channel
for the channé with B=35h at Re=800.

streamling repel It is of mud intere¢ to note that for the
case of B=35h, 50h, ard 100h, the distance betwea each
critical point and the end wall are approximateg} the same.
They location whete x,(y), shown in Fig. 8, takes its maxi-
mum, is exacty where the distane betwee X, and Xg
reachs its minimum value on the channé roof (Fig. 7). For
clarity, it is appropria¢ to summarie in Table IV the reat-
tachmehn lengtts for the primaty eddy on the channé floor
ard in Table V the lengths of separatia ard reattachmetnof
the secondar eddy on the channé roof.

We als plot in Fig. 9 limitin g streamling on the vertical
erd wall. In all of thes figures we can clearly obsere the
singula point, as configurel in the foci, behird the
backward-facig step Besides the foci, we can obsere an-
othe type of singula point, namely a saddé point, in the
channéwith B<10h [Figs 9(a)-9(c)]. As B=10h, the end

FIG. 11. Thev-w pseudostreamlirssard velocity vecta plots at differert streamwig locatiors showirg the formation of longitudind seconday flow nea the

end wall for the cae of Re=800 ard B=35h.
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wall topologies kegp changing but they bea a similar na-
ture Consideritg the limitin g streamlins plotted on the step
plane roof, floor, and end wall of the channel it is instruc-
tive to integrae them into one figure This helps give readers
an impressio of the globd picture of the vorticd flow struc-
ture Due to the lack of space we only plot in Fig. 10 the
entire limiting streamlins for the case B=35h.

The presentatin of resuls is followed by plotting sec-
tiond streamling at different x planes The motivation is that
a complee understandig of the inherern physica phenom-
enan canna be achievel without observirg detaik of the
longitudind seconday flow developmehdownstrean of the
step plane In this regard we plot streamling and velocity
vectos at some selectd transvers planes in Fig. 11 for B
=35h. It is found from this figure tha nea the end wall
(y=0.488-0.5B), the flow evolves from asingle cel struc-
ture into atwo-cel structue and acorne vortex The longi-
tudind vortices manifes themselve nea the erd wall. Such
a vortex motion stens from the nonlinea interaction be-
tween the primary circulation and the roof eddy. We believe
tha this seconday flow formation might be the cau® lead-
ing to flow unsteadinesin highe Reynold numbe cases.

The three-dimensioranatue of the flow becoms in-
creasingy apparehas the Reynolds numbe increase up to
800 Figure 12(a) plots the motion of particles originating
from points nea the end wall, y=17.5 As to Fig. 12(b), it
plots the motion of particles originating form the step plane.
As the end wall topologica structue shows in Fig. 12(a),
particles nea the erd wall are entrainel by primary two-
dimensiondmotion ard proceel to the midplare of the chan-
nel. It is also clearly seea from this figure tha the flow has a
propensiy to separat from the channé roof. The three-
dimension&natue of the roof separatia can be more clearly
sea from Fig. 12(b), in the seng tha the roof eddy extends
toward the midplane Longitudind vortices shown in Fig.
12(c), develp amd play a role in destroyimy the two-
dimensiona characte of the flow. This finding was experi-
mentaly supporté by Armaly et al.! ard is consistetwith
the conclusia drawn by Williams ard Baker!

This sectin ends with the illumination of the y-plane
flow structue in order to illustrate the role of the end wall on
the formation of the roof eddy We plot limiting streamlines
close to the erd wall ard othe selecte section& streamlines
in Fig. 13 for the cag with Re=800 in the channé& having a
span width B=35h. An importart featue of this plot is the
comple surfae streakirg pattern Particulary striking in the
limiting streamling is the presene of upwad particle mo-
tion originating from the channé floor. The spiraling vortex
motion has its origin in the erd wall bounday layer. Fluid
particles nea the erd wall hawe been entrainel into the sin-
gular point situatel behird the step plane It is this flow
entrainmentha causs the flow to devel@ in the third di-
mension The globd three-dimensiorianatuee of the flow is
beg illustrated by the vorticd core line shown schematically
in Fig. 13. For particles arourd this line they mowve spirally
toward the plane of symmetry Evidene indicating the prob-
able mechanim leadirg to the roof eddy is also illustrated in
streamling plotted in betwea 0.48B<y=<0.5B.
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(c) % \s%‘;&

FIG. 12. An illustration showirg the end-wall-induce spird motion in the
channéfor the cae of Re=800 and B=35h. (a) End wall flow entrainment;
(b) spiraling motion due to the presene of a secondar eddy on the channel
roof; (c) spiraling motion for the longitudind vortex.

C. Reynold s numbe r effect on the flow development

When modelirng one flow inside a channel it is often
desirabé to change the flow conditiors and then study how
these change affed the flow characteristicsIt was one of
the objectives of the currert study to investigaé the effed of
the Reynold number The resuls presentd were obtained
for 100=<Re<1000 ard B=35h. As noted earlier, the grid
size and uniformity are the sane for all four investigated
Reynolds numbers.

Figure 14 presend the reattachmenlengh x; against
y/B for B=35h and for Re=100, 389 800, and 100Q For
compariso purposesthe primaly reattachmenlengtts x;
for Re=100 389 800, ard 1000 obtainel from the two-
dimensionhanalyss are alo included The dashd line plot-
ted in this figure is physically important in tha the large y,
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FIG. 14. The plot of lengh x, agains y for the Reynold numbes 100, 389, 800, ard 1000 in the channé with B=35h.
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FIG. 15. An illustration showirg the reattachmenlengh x, for the primary separatia eddy on the floor from the limiting streamlire plots in a channé of
width B=35h. (a) Re=100, (b) Re=389, (c) Re=1000.
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FIG. 16. Anillustration showirg the separatia of a seconday eddy on the roof from the limiting streamlire plots in a channé of width B=35h. (a) Re=100;

(b) Re=389, (c) Re=1000.

is, the greate is the extert to which the channé flow is
affected by the end wall. As the Reynold numbe increases,
the ratio of y,/y, decreasg accordingly in the sen that
y1/y, ~7, 2, 3, and ; for Re=100, 389, 800, ard 1000,
respectively Figure 14 provides additiond evidene tha on
the midplare of the channel the flow is prevailingly two
dimensiona for smal Reynold numbe cass (Re=100,
389, in that the x; lengtts take the sane values obtained
basel on two- or three-dimensioracalculationsIn contrast,
the three-dimensioraeffed plays an essentibrole as the
Reynolds numbe increass up to 800 ard 100Q There exists
quite a large discrepang in the x,; value computel within
two-dimensionhk (2D) ard three-dimensiora(3D) frame-
works This finding agres with Armaly et al.! tha as Re
>400 the flow was found to be strongly three dimensional.
We alo determire the lengths x, ard X5 agains y by a
similar mears to showv tha even for highe Reynold num-
bers say Re=800 ard 100Q the roof eddy is neve observed
on the midplane This is in contradictimn to the two-
dimensionhanalysis which shows that a roof eddy appears
a a Reynolds numbe of 450. The dired consequeneof the
separation-fre roof eddy on the symmety plare in our
three-dimensioraanalyss is tha the x; length is greater.

Finally, we plot limitin g streamlins at the floor ard roof
in Fig. 15 ard Fig. 16, respectively When the Reynolds
numbe is as smal as 100 the flow is predominangf two
dimensionalin the seng tha x, isinvariart with y, exceft in
the intermedia¢ vicinity of the end wall, as shown in Fig.
15(a). The seconday separatia bubbk is nat observe at
such alow Reynold numbe cas [Fig. 16(a)]. At Re=389,
the flow nea the erd wall (0.4B<y=<0.5B) has athree-
dimensionacharacte[Fig. 15(b)]. As see in Fig. 16(b), the
roof separatia bubbke becoms clearly visible only in the
limited spanwig range Figure 16(c) shows that the separa
tion bubbk extend into the channé and terminate roughly
at the spatid location wher x; ceass to be uniform as a
function of y [Fig. 15(c)].

V. CONCLUSION

A numericéd investigation of lamina flow over a three-
dimension& backward-facig stgp has been presentd here

for Reynolds numbes in the range of 100<Re<100Q This

allows a dired compariso with detailed experimenthdata
given by Armaly et al.! The sane step geomety ard flow

conditiors were prescribed thus enablirg the validation of

the numericé resuls and justification of the use of our de-

velopal compute code Additionally, we considerd the ef-

fedt of the span width on the flow reversé and hawe investi-
gatel the effed of the end wall on the overal flow structure.
Consideral# effort has been expendd in exploring the flow

structue by mears of a theoreticaly rigorous topology
theory We show tha the computel surfae streakirg pat-

terrs give agodd indication of the extert of the reverse-flow
zore without resortirg to oil streakirg experimenthstudy.
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