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Abstract. Fluid flows over a backward-facing step with or without heat transfer are often used as benchmark problem
for computational fluid dynamic (CFD) codes. Some features of this flow, such as: recirculation zone extensions,
spanwise swirling vortex and Nusselt number distributions on the heated stepped wall present several challenges to
CFD solutions. In this work, 3D heat and fluid flow in a backward-facing step with aspect ratio of 8 and expansion
ratio of 2 are numerically solved by finite volume technique. A segregated coupling of pressure-velocity is employed
and a mesh sensitivity study is performed. The results presented good agreement compared with numerical and
experimental data from literature.
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1. INTRODUCTION

Convective heat transfer in separated-reattactmed dlue to a sudden expansion such as backwardyfatep play
an important role in the design of a wide varietyggineering applications, such as cooling systiEmslectronic and
power generating equipment electronic, high perforoe heat exchangers, cooling passages in turléwnked) and
dump combustors. In the separated flow region agpeedluid mixing with low and high energy, whicfiexts the heat
transfer performance of these devices.

The heat transfer and fluid flow problem in chasnelith a backward-facing step has been heavily istiid
considering forced and/or mixed laminar convectimide vertical, inclined and horizontal retangudacts. Buoyancy
effects also has been analysed. Blackwell (19983qnted a set of eleven papers, showing a largberunf interesting
experimental and numerical results concerning eadst-state two-dimensional mixed convection flowaralsteristics
of a laminar fluid in vertical backward-facing stefReattachment length and Nusselt number resulteated stepped
wall were analyzed considering buoyancy effectsallnstudies was imposed a difference of constantperature
between the stepped and opposite wall while therotfalls were treated as adiabatic surfaces. Ablawek (2003)
also reported data two-dimensionals for laminaredironvection flow, however flowing over verticabrizontal and
inclined backward- and forward-facing steps.

Iwai et al (2000) provided three-dimensional numerisimulations for flow over a backward-facing psteith
constant properties, analyzing four aspect rathd&4, 8, 16, 24). They presented results varyirgRleynolds number
between 125 and 375, showing the effects of the asjpect ratio on the distributions of Nusselt namdnd the skin
friction coefficient at the bottom wall. It was mped that the maximum Nusselt number did not appeathe
centerline but near the two side walls in everytdspect ratio analyzed.

The three-dimensional case of the incompressibteniar forced convection flow over a horizontal baekd-facing
step was also studied by Nie and Armaly (2002, 2@084). In these three works, the authors usettt@amgular duct
with expasion ratio ER=2 and aspect ratio AR=8thia first two studies, a constant heat flux on drotistepped wall
and adiabatic boundary conditions on the remaimialis were imposed; in the last cited work, a cansheat flux on
walls downstream from the step was imposed andiistream walls were treated as adiabatic. A hydradycally
steady and fully developed flow with a distributifum the streamwise velocity component equal toaihe described by

Shah and London (1978) for rectangular ducts wé&entaaccount in all studies. Analyzes of geometdatire



influences as aspect and expansion ratio and doxemstduct length on reattachment length and onéltussmber for
different Reynolds numbers are shown. The reattechrfength results were compared with experimedsdh of
Li (2001) for Reynolds number 343.

Chen et al (2006) used an inclined three-dimensitaakward-facing step in a rectangular duct torycaut
numerical studies on laminar forced convection witimstant properties and to examine effects of stelpation on
flow and heat transfer distributions. They also dusthe streamwise velocity component equal to the on
described by Shah and London (1978). Results shdhegdthe location of the maximum Nusselt numbeclasely
associated with the location where the negativesirarse velocity component is maximum and theidmctoefficient
inside the primary recirculation region increasé$whe increase of the step inclination angle.

In the present work, the laminar forced convecflow in a three-dimensional horizontal channel wattbackward-
facing step is numerically solved. The objectiveto$ paper is twofold. First, to analyze the iefigce of the upstream
channel length on recirculation zone extension dirgam of the step, already that the majority ef studies cited
above used a approximation of the fully developetoaity profile described by Shah and London (197@&)
rectangular ducts; and second goal is to analyzedtirculation zone development and Nusselt nurdisgribution as
Reynolds number increases. Thus, in the next seciwe presented: problem description, mathematicaleling,

results and final comments.

2. PROBLEM DESCRIPTION

Three-dimensional laminar convection flow over akveard-facing step is numerically simulated. Thefiguration
of the computational domain and boundary conditargsschematized in Fig. 1. The geometry has alstight (s) of
0.01 m and a width (z) of 0.08 m. The duct heigthstream (h) and downstream (H) of the step are&=p.01 m and
0.02 m, respectively. This provides an expansidtio (&R=H/h=1+s/h) of two and an aspect ratio (ARgf eight.
Due to symmetry hypothesis of the flow and tempeegafields in the spanwise direction, the widthtef computation
domain was taken equal to half of the actual duictttw(L=0.04 m). The computational domain lengthOi% m

downstream (Xo) and upstream (Xe) of the step gatgtween 0.02 m and 0.5 m.
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Figure 1. Three-dimensional sketch of the backwacihg step with heated bottom wall
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The longer calculation domain as upstream as doeanst from the step are necessary to reach a felsldped
laminar flow conditions and thus ensure no infllep€ the outflow boundary on the recirculation zariehe origin of
the coordinate system is centered at the shargecaoifithe step; where X, y and z coordinates detimestreamwise,
transverse and spanwise directions, respectively.

The Reynolds number for all calculations is giverthe following expression:
Re=—— (1)

where U is the average velocity at the upstream duct, Fhés hydraulic diameter of the inlet channel whish

equivalent to twice its height, D=2h, ands the fluid kinematic viscosity.

3. MATHEMATICAL MODELING

The laminar steady flow three-dimensional Navieok8s and energy equations under constant propergéesolved

numerically in conjunction with the continuity ediaa using the finite volume method.

Continuity equation:

aix(pU)+aiy(pV)+aiX(pW)=0 )

Momentum equations:

i 2 i i __@ azu aZu 02u

I u )+ay(puv)+az(puw)— 5X+u[6x2+ay2+522 -
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0X 6y 0z ay aXZ ayz 622
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Energy equation:
i(pc uT)+i(pC VT)"'i(pC WT)= K 62-'- + azT + 02T (6)
aX P ay p az p aXZ ayz 622

where T is temperature, p represents the pressuveand w are the velocity components in coor@irtitections of X,
y, and z, respectively. The physical propertiesesauated for air at the inlet temperatureg) @ 20°C, that is, density
(p) is 1.205 kg/My specific heat (9 is 1005 J/(kg°C), dynamic viscosityt)( is 1.81x10 kg/(ms), and thermal
conductivity (k) is 0.0259 W/(m°C). Flow at the étlsection upstream of the step (x/s=-2, -10, -80; Ky/s<1;



0<z/s<4) is considered to be isothermal,£20°C) and uniform velocity (u) is imposed. The erth two velocity
components, v and w, are set to be equal to zdt@ainlet section. Non-slip boundary conditiomerp velocities) and
thermally adiabatics are applied to all wall suefaavith exception of the bottom wall downstreamnfrthe step
(0<x/s<50; y/s=-1; &z/s<4), in which a uniform heat flux,,g50W/nf, is imposed. The boundary conditions above
described are mathematically represented in TabThe Nusselt number for all calculations is given the

following expression:

_ AQwS
4 T - Tk .

where T, is the temperature along the heated bottom wall.

Table 1. Surfaces, coordinates and boundary conditi

Surfaces Boundary conditions
Inlet u=uniform, v=w=0; F=20°C
Outlet p:();ﬂ:ﬂ:a_wzo
ox o0x 0Xx
ou _ov _ow
Symmetry —=—=—"=
0z 0z o0z
Heated bottom wall FE50W/nt
Non-Slip Walls % 0; u=v=w=0; =0

on

4. RESULTS

The numerical simulations have been performed usif@FD commercial code based on finite volume nuetho
(FVM), Fluent (2007). Mathematical modeling for lenar flow over a heated three-dimensional backwaoig step
was solved using segregated approach with SIMPg&rishm as a strategy for the velocity-pressureptiog. Pressure
field and advective terms were discretized usirapsd order approaches.

In this work, two problems were studied: 1) thduahce of inlet duct length on flow developmentidesupstream
channel and recirculation zone extensions; andh)irifluence of Reynolds number on recirculationezextensions
and on Nusselt number distributions.

Firstly, it was performed a mesh refinement stulguccessive hexahedral grid refinement proceda® achieved
using structured meshes with uniform element sgafin each different generated mesh. The preseetadts are for
longest inlet channel Xe/s=50. Tab. 2 shows thehe®sised in this way, the coarser and finer mesked in the
simulations amount 600,000 and 1,791,567 cellpess/ely. The third, fourth and fifth columns shte hexahedral
element x, y, z-dimensions. All simulations wererieal out until the normalized maximum residualgha continuity,

momentum and energy reach a value lower thah 10
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Table 2. Mesh characteristics used in the refingrsiemly for Xe/s=50.

Meshes Cells X y z

1 600,000 0.0009961 0.0010036 0.0009922
2 1,218,750 0.0007975 0.000783387 0.00079524
3 1,791,567 0.00070128 0.0007142  0.000701754

The presented reattachment lines on stepped wadl vadidated with experimental results of Li (200d) Reynolds
number 343. Thus, the no influence of the mesheefient using the cell meshes presented in Tab.s2stvawn in
Fig. 2. In this figure, a comparison of the redttaent line on stepped wall along the spanwise timeds illustrated.
The results for last two meshes (2 and 3 in TalweXonstrated no influence of grid size. So, tleeneht spacing of

the mesh 2 was chosen for remaining simulations.
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Figure 2. Reattachment line on stepped wall albegspanwise direction for Xe/s=50 upstream channel

Following the report, the influence of inlet duength (Xe) on both flow development inside upstredm@nnel and
on recirculation zone extensions downstream ofthp will be presented. Table 3 shows the meshexs insthis way.
Note that the last line (mesh 7) corresponds tartheh 2 (Xe/s=50 in Tab. 2) because its resultisbeitested against
others Xe/s. In addition, it was verified that therease of mesh amount is only due to higher Xalses. Constant

hexahedral element x,y,z-dimensions are used lmsédna et al (2008).

Table 3. Mesh characteristics used in the inlehnbhlength study.

Meshes Xels Cells X y z
4 2 797,500
5 10 862,500
0.0007975 0.000783387 0.00079524
6 20 975,000
7 50 1,218,750

Figure 3 shows the dimensionless centerline stresgnvelocity profile (u/uo) along the inlet channgistream of

the step. It is observed that only for Xe/s=50ftbe is fully developed just before the step.
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Figure 3. Streamwise velocities along the centerlipstream channel for Re=343

The influence of upstream channel length on reatmn zone size is shown in Fig. 4. The linesaxfavering flows
were evaluated by the x-wall shear stress signggham the stepped bottom wall. The obtained numlesiclutions
with shorter channel (Xe/s=2) present a recircofatzone extension approximately constant near tidplame,
showing a very poor agreement with experimentaleslof Li (2001). The increase of inlet channebtenmproves
the agreement with these experimental values. Higerbresults were obtained for Xe/s=50 corrobogatvith the

information presented in Fig. 2-3.

11

Xe/s=2
Xe/s=10
10
Xels=20
Xels=50
9 1 X Experimental, Li (2001)
% 8
7 4
6 ]
5
0.00 0.25 0.50 0.75 1.00

z/L

Figure 4. Effects of inlet duct length on reattaemtiength on stepped wall for Re=343

Reattachment length over entire stepped span wetkases with Reynolds number as expected, Figt fow
Reynolds number, the recirculation zone extensemgsapproximately constant close to midplane wfakehigher

Reynolds number the flow reattachment occurs maweydrom the step near the centerline.
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Figure 5. Reattachment length extension on stepjadid/arying Reynolds number
A comparison between present work and numerica{iaximum and minimum) results of Nie and Armaly @2p
is presented in Tab. 4. These values were obtaimedheated stepped wall. The maximum Nusselt nuwvddae is in

good agreement with the literature one (1.3%),itsulbcation is 12% shifted away. A good agreen(8m%) is also

obtained for minimum Nusselt number. Its locatismot comparison due to lack of information.

Table 4. Maximum and minimum Nu number for Re=343.

Present results Nie and Armaly (2002)
x/s x/s
NUmax 1.521 8.72 1.514 7.612
NUmin 0.705 0.08 0.73

Figure 6 illustrates the Nusselt number resultdiférent Reynolds numbers as a function of the slistance (x/s).
The centerline Nusselt number maximum value eveneases and shifts away as Re elevates. Aftep#ak, the Nu

values are greater for higher Re values reversiadpehaviour observed near the step.
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Figure 6. Nusselt number distributions along thetedine for different Reynolds number



For each Reynolds number value, the Nusselt numiadite exhibits an asymptotic decay with x/s irase after the

maximum point is reached.

6. FINAL COMMENTS

At the present work, a three-dimensional lamingrasated flow adjacent to backward-facing step mnwblvith
heated bottom stepped wall was numerically solvidte influence of both upstream channel length aeginBlds
number on the recirculation zone extension and &lusaimber were evaluated. Results showed thainiké duct
length must be sufficient to ensure fully developgadhinar flow conditions just before the step taam a good
prediction of recirculation zone extension and Mltssiumber over heated stepped wall. Authors atgend to

investigate the effect of a Xe/s > 50 in future ker
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