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A numerical code based on the finite volume discretization technique is developed to simulate flow structures following a three-dimensic
horizontal forward-facing step. The link between the pressure distribution and velocity field are made by using the SIMPLE algorithm.
rectangular channel encloses the forward-facing step such that the expansion ratio (ER) and the aspect ratio (AR) are equal to two anc
respectively. The total channel length in the stream-wise direction is equal to 60 times the step height and the step edge is located 20
the step height downstream from the channel inlet. At the channel inlet the flow is considered to be a three-dimensional, fully developed f
Results for the reattachment line, the separation line, as well as for velocity profiles at different planes for different Reynolds are presen

Keywords: Numerical simulation; three dimensional; forward-facing step; laminar flow.

En este trabajo se presentan los resultados de la sirbnlacinérica por medio de laétnica de discretiza@n de los valimenes finitos

de las estructuras de flujo tridimensional en un ducto rectangular con udrestdiente. Se emplea el algoritmo SIMPLE para asociar
la distribucbn de presin y el campo de velocidad dentro del dominio computacional. El ducto que se propone es de forma rectangula
encierra un escah, de tal forma que la reldm de expansin y la relacbn de aspecto son iguales a dos y cuatro respectivamente. La longitud
total del canal en la direamn principal del flujo es igual a 60 veces la altura del @stamientras que la orilla del eséal se localiza a una
distancia igual a 20 veces la altura del mismo corriente abajo de la entrada del canal. A la entrada se considera que el flujo es tridimen:s
y completamente desarrollado. Resultados dskal de reacomoddnkea de separami, a$ como perfiles de velocidad a diferentes planos
dentro del ducto se presentan para diferente@mpairos de Reynolds.

Descriptores:Simulacbn nunerica; tres dimensiones; ducto con eécadl frente; flujo laminar.

PACS: 02.30.Cb; 83.50.Ha; 02.70.Bf; 02.30.Jr

1. Introduction forward-facing step has not been studied due to its complex-
ity. He concludes that, depending on the magnitude of the

Separation and reattachment flow is a phenomenon that fw Reynolds number, one or two flow-separation regions
found in several industrial devices such as in pieces of eledhay develop adjacent to the step.
tronic cooling equipment, cooling of nuclear reactors, cool-

ing of turbine blades, flow in combustion chambers, flow in ' : ; .

) N o . the flow passing a forward-facing step. Ratish and Naidu [5]
vertical plates with ribs, flow in wide angle diffusers, and . T X

o L .developed a stream function-vorticity formulation for solv-
valves, etc. In other situations, the separation is induced in . . . .
" ing the two-dimensional Navier-Stokes equations for lam-
order to produce more favorable heat transfer conditions as ; L : .
inar flow. In their publication, they did not include the

in the case of compact heat exchangers, and even more for . : : .
eometrical factors for the computational domain, making

understanding the onset of transition to turbulence in natureﬁ] . e . o
and mixed convection. eir results difficult for being reprodu_ced. In.a. similar way,
Houdeetal. [6] used a stream-function vorticity formula-

In the last decade, several numerical studies have beefyn for designing a discrete artificial boundary condition for
conducted to achieve a better knowledge and understandirgbwing the Navier-Stokes equations, to simulate the steady
of the hydrodynamics of the separated flow. In this aspectyyo-dimensional laminar flow problem following a forward-
the backward-facing step has been the central objective fagcing step. They implemented a second-order difference
several studies; and even more, this problem is considered tnheme to numerically solve the problem. In their study, they
be a benchmark problem for validating numerical codes angresent figures showing a re-circulation zone at the step cor-
procedures [1,2]. On the other hand, the configuration of g, and also a flow separation from the bottom wall after the
forward-facing step has been investigated much less than thgnward facing step. Even though their results presented an
backward-facing step. excellent agreement with previous results reported in the lit-

Stueret al. [3] mentioned in their publication that very lit- erature, their approximation is for a two-dimension problem
tle has been published regarding the laminar separation ovand cannot be useful for validating the results in this work.
a forward-facing step, and neither its topology nor its re-Others authors had conducted their studies for the forward-
circulation zones are known in a predictable form. Abu Mu-facing step geometry to analyze the mixed convective flow in
laweh [4] reports that the phenomenon of convection over theertical plates [7] or for studying the mixed convective flow

Some authors had conducted their researches to analyze
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in a two-dimensional channel for assisting and opposing flow At the channel entrance, the airflow was treated as a
as presented by Abu-Mulaweh and his researching group ifully developed flow according to the correlation presented
several publications [8-10]. Although an important effort in by Shah and London [12]. The no-slip condition was ap-
analyzing the flow passing a forward-facing step has beeplied at the duct walls, including the stepped wall, and the
made, most of the studies are limited to the two-dimensionathermo-physical properties inside the computational domain
case. Some of the reasons for reducing the problem to a twavere assumed to be constants and evaluated at the ambient
dimensional case are the amount of computational resourcésmperature J. The fluid flow problem is considered to be
needed to simulate a three-dimensional flow as well as theteady state. Hence, the mass conservation and the momen-
problems associated with the convergence rate when numetidm equations governing the phenomenon are reduced to the

cally simulating a separated flow. following forms [2]:
The importance of studying the flow passing a forward- ~ Continuity Equation:
facing step is described by Stuadral. [3] and Ravindran [11]. -

They mentioned applications that enhance heat transfer and v-vV=0 @)
flow mixing rates, flows over obstacles such as buildings, and  \jomentum Equation:
cooling of electronic equipments, as well as in the control
of fluid flow for designing fluid dynamical systems. Even V. (VV) = ,lvar
though the applications before mentioned are related to tur- P
bulent flow, in this publication the results are presented for  The poundary conditions for the computational domain
the laminar regime as a first stage in this research. In thi§ere established as follow:
sense, the results could serve as a first approximation in un-
derstanding the separation problem in a forward-facing stepg < z <L, 0<z<W { y=0 {¢ = ¢*,
and then to set up the numerical procedure to extrapolate it - y=*H
and numerlcally simulate tu.rbulent flow apph.catlon.s. . 0<z<L 0<y<H { z=0 (6= 0,

In this paper, the analysis for the three-dimensionality of z=W

1

Re

v (v‘?) @)

the Iaminar_ airflow t_hrough a th_ree-dimensional horizontal B Fully developed
forward facing step is the objective, and then results for the z=0 flow [12],
reattachment, separation and main-stream velocity profiles) <y < H, 0<z<W 96
will be presented in later sections. z=1L {8 =0,
€ r=L
where¢ = u, v, w, andp.

2. Model description and numerical proce- A FORTRAN code was developed to numerically study

dure the problem stated. A finite volume discretization tech-

nigue was implemented for discretizing the momentum equa-
The airflow over a three-dimensional horizontal forward-tons inside the computational domain. The SIMPLE algo-

facing step was numerically simulated via a finite volume dis/1thm is utilized for linking the velocity and pressure dis-

cretization technique. The channel aspect ratio and expansidHPutions in the iterative procedure. At the final step of
ratio were fixed in relation to the step height4 0.01 m)  €very iteration, the velocity field and pressure distribution
as AR = 4 and ER = 2, respectively. The step is located'® corrected and updated to reach convergence as described

20 times the step height downstream from the channel inigfy Patankar [14]. The power law scheme was utilized to

(I = 20 s), and the total channel length is equal to 60 timedepresent the convection-diffusion term at the control vol-
the step heightl = 60 s). The geometry is presented in ume interfaces [14]. Velocity nodes were located at stag-
Fig. 1. gered locations in each coordinate direction, while pressure

and other scalar properties were evaluated at the main grid
nodes [15]. At the channel exit, the natural boundary con-
ditions [(0¢/0x)|.=r = 0] were imposed for all the vari-
T ables [16]. In addition, the overall mass flow in and out of
H the computational domain were computed and its ratio was
l used to correct the outlet velocity at the channel exit [16].

/ Stepped wall

Flow i

'
S
7 1
P Y x ! . To simulate the solid block inside the domain, a very high
vl / diffusion coefficient for the momentum equations was cho-
2 /W sen (1=10°Y). At the solid-fluid interface, the diffusion co-
efficients where evaluated by a weighted harmonic mean of

«— ] —>

p L WA . the properties in neighboring control volumes as described
Bottom wall 7 by Patankar [14].
A combination of the line-by-line solver and the tri-
FIGURE 1. Computational domain for the forward-facing step. diagonal matrix algorithm was used for each plane in x-, y-,
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and z-coordinate directions to compute the velocity and pres-
sure inside the computational domain. Under-relaxation forTasLe I. Grid independency study
the velocity componentsy, = «, = «,,=0.4) and pressure

(ap=0.4) were imposed in order to guarantee convergence. Grid size Position at the central % Difference
Convergence for the solution was declared when the normal- _ *Y-Z plane z=0 where,.=0
ized residuals for the velocity components and pressure were 180:40:40 0.1820
less than ¥10° [16]. 150:40:40 0.1812 0.44

A non-uniform grid size was considered for solving the  154.40-60 0.1816 0.2197
numerical problem. In this sense, at the SO|.Id walls and 150:60-40 0.1818 0.1008
at the edge of the forward-facing step the grid was com-

120:40:40 0.1870 2.75

posed of small-size control volumes (mip=1.071x10~*m,
min,.,=1.71x10~*m min,.,=2x10~*m) and the control
volume size increased far away from the solid walls. The
grid size was deployed by means of a geometrical expansior
factor, so that each control volume is a certain percentagel2
larger than its predecessor. A detailed description of the grid_ 4
generation can be found in Barbosa, 2005 [17]. 10

The grid independence study was conducted by using \
several grid densities for a Reynolds number (Re=800) basec 8 r/‘/n/“"fr_'_“
on the step height. The location at the central plane in the 6 \\H__,/i
span-wise direction (z/W=0.5) where the stream-wise com-
ponent of the wall shear stress is zero was monitored to
declare grid independence. A grid size of 150:40:40 does .
not represent an important variation when compared with a 5 | 4 Xu-line (Armaly et. al, 2003. [19]) Re=343 |
180:40:40 grid size. Hence, the former was proposed for the | — xy-Jine (Barbosa et. al, 2005. [18]) Re=343
productive runs. 0 } } | |

Table | summarizes the results for the grid indepen-
dence study. It was observed that increasing the number of 02 0.4 0.6 08 1
nodal points in the transverse (y-coordinate) and span-wise (22)/W

gzu—lc;:ordmate) directions does not affect the numerical "€, GURE 2. x,-line numerical validation [17].

Once grid independence was established, the second st8p Numerical results and discussion
was to find a procedure to validate the numerical code. A
direct validation was not possible because there is no pubFhe numerical study presented in this work considers the
lished information dealing with the three-dimensional fluid flow through a forward-facing step channel for three differ-
flow problem through a forward-facing step. Then, it wasent Reynolds numbers (Re=200, 400 and 800). The Reynolds
observed that the difference in the numerical implementanumber is based on the bulk velocity at the duct entrangg (U
tion between the backward- and forward-facing steps is thand twice the channel's step height (H=2s). The coordinate
location of the block (step). The former refers to a steporigin for the geometry was placed according to Fig. 1.
at the channel’s inlet, while the latter one refers to a step A common conceptto characterize the separated and reat-
and the channel’s exit. Hence if the numerical procedure isached flow phenomenon is the end of the re-circulation zone
validated for the backward facing step, it can be useful foror the point where the wall shear stress is equal to zero. As
solving the forward-facing step problem. In this sense, thanentioned by Nie and Armaly [20], for a three-dimensional
forced convective flow through a three-dimensional horizon-backward-facing step there is a series of points along the
tal backward-facing step was studied and simulated with thepan-wise direction where the wall shear stress is equal to
same numerical technique, and the results were presented bgro. The collection of these points is called theliwe and
Barbosaet al. [18]. It was found that the numerical predic- is used to delimit the re-circulation zone along the span-wise
tions using the code presented errors of less than 2% whetirection. Numerically this line is defined as the point in the
compared with the experimental published data, thus valimainstream flow direction where the u-velocity component
dating the code for the case of the backward-facing stepzhanges its value from positive to negative or vice versa.
and then its application for a forward-facing step. Figure 2  In a similar way, for the case of the forward-facing step, a
presents a comparison for the-kne (to be defined in the re-circulation zone is developed adjacent to the bottom wall
next section) obtained with the numerical data and the experind upstream from the step. The line that delimits the starting
imental data obtained by Armast al. [19]. More informa-  point for this zone will be referred to as the x-line or separa-
tion about the validation problem may be found in previoustion line, and its distribution along the span-wise direction is
work published by the authors [17,18]. presented in Fig. 3 for the three different study cases.
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2051 the positive u-velocity component. This zone is not presented
20k all along the span-wise direction for Re=200. However, it can
[ Step at x/s=20 be observed that, at the corners of the step and the sidewalls,
195 there are localized zones for the positive u-velocity compo-
ok nent. According to the mass conservation and the no-slip-no-
- T penetration imposed boundary conditions, these zones must
185 h e be zones of high three-dimensional flow.
g n —e——a——a—16— B - )
18 For Re=800, a zone of positive values (white zone) can
¥ be appreciated for the u-velocity component inside the re-
17.5 circulation zone located upstream from the step. This partic-
- Flow ular behavior is not presented at Re=200 nor at Re=400.
16.505_ e ) Figure 4 shows that the starting of the re-circulation zone
[ ——e—— Re=800 over the step is almost a straight line. The reason for this par-
PP ST ! ticular behavior is related to the fact that the abrupt change
g 0:26 a8 048 b in the geometry that produces the separation is located at
zZW the same position for the entire span-wise direction (the step
FIGURE 3. Separation line before the step and adjacent to the bot-edge)' However, a_t the _end _Of this r_e-c_;l_rculatlon zone the_llne
tom wall (x-line). along the span-wise direction delimiting the re-circulation

zone presents an irregular line. This could be associated with
A symmetry behavior for the x-line with respect to the the development of zones of hlgh three-dimensional flow af-
span-wise direction is observed for the three study cases. THer the step edge and mainly inside the re-circulation zone
flow separation occurs in an earlier position as the Reynold#at is developing in this zone. As can be appreciated, the
number is increased, as can be observed in Fig. 3. Accordingelimiting re-circulation zone for Re=800 (Fig. 4c) has more
to Schlichting and Gersten [21], the separation is governed bifregularities than the other two cases as a result of higher
the pressure gradient and the friction along the wall. In thighree-dimensional behavior of the flow in this zone.

regard, it can be considered that the pressure drop and the |y order to have a detailed understanding of this phe-

friction along the wall are larger for higher Reynolds num- nomenon, the wall shear stress averagedoger the span-
bers. Figure 3 also reveals that, near the sidewalls, the lowegfise direction is plotted along the main flow direction (x) in
x/s values for the x-line are found. This behavior could be,:ig_ 5. As can be appreciated, the wall shear stress presents
explained due to the presence of the sidewalls and the no-slip similar behavior for the three study cases. At the chan-
condition imposed for the numerical simulation. nel inlet, the flow was considerered to be a fully developed
According to White [22], the flow passing the step edge isflow, and therefore the horizontal line in the plot. However,
separated, and somewhere downstream it will be reattachegh the vicinity of the step (x/L=0.33) the lines present nega-
This phenomenon was observed in the numerical simulatiofye values for ¢) associated with the presence of the primary
and the results for Re=200, Re=400 and Re=800 are pre_circulation zone. At the step edge, thdines present a
sented in Figs. 4a, 4b and 4c, respectively. In these figures thfscontinuity due to the abrupt change in the geometry. After
colored zones represent regions where the u-velocity compghe step edge, the values for the shear stress present high val-
nent has negative values, while the cleared zones are assogig (redeveloping zone), and then the values have a tendency

ated with pOS-itiVe values f0r the mainstream VeIOCity Comp()'towards an asymptotic Va|ue at the Channe|'s exit.

nent (u-velocity). The x-axis is shortened to show the vicin- . .

ity, on the step. Values for x less than 0.2(x2) represent A zoom for the zone at the vicinity of the step is also pre-
the bottom wall, whereas the gray zone is used to represefiENted in Fig. 5. Here fluctuations can be appreciated from
the stepped wall (%0.2). Here the values for the u-velocity positive to negative values for Re=800. This behavior is not

component correspond to the horizontal plane nearest to tHQ0 apparent for Re:floo' gnd definjtely does not appear for
bottom wall and stepped wall respectively. Re=200. The fluctuations just mentioned for Re=800 are as-

As can be appreciated in Fig. 4, the amplitude of thissociated with the presence of zones with positive values for
zone in the main flow direction is of the order of a few Cen_the u-velocity component before the step as discussed earlier.

timeters, and the trend for the re-circulation zone is similar At the channel exit, the averaged values for the shear
for the three study cases. The largest re-circulation zone costress tend to an asymptotic value. However, the only val-
responds to the highest Reynolds (Fig. 4c) while the smallesies that really approximate to an asymptotic value, and then
re-circulation zone belongs to Re=200 (Fig. 4a). reach the fully developed conditions, are those for Re=200.

In the three cases, two re-circulation zones can be clearlyhis behavior does not occur for Re=400 nor for Re=800,
identified. One before the step<®.2) and the other over the meaning that for these values the channel is not long enough
stepped wall (x-0.2). Figures 4b and 4c show that, before theto accommodate fully developed flow, as will be discussed
step and along the span-wise coordinate, there is a zone fafter Fig. 13.
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a) Re=200 represent the flow structures at the upper wall. It is also ob-
004 u[ms] served from Fig. 6d that once the flow is reattached to the
oossl g stepped wall it continues developing towards the channel exit.
- -0,0035 Figure 7 presents the same flow structures as Fig. 6, but
i 00050 the Reynolds parameter is Re=800.
0025 | The flow structures for Re=800 not only present a more
> o [ ‘ STEP complicated vortex inside of the re-circulation zones, but also
L reveal a larger size of these zones in the x-as well as in the y-
0015 coordinate direction. In Fig. 7b, the existence of two vortices
o1 inside the re-circulation zone adjacent to the bottom wall and
X step is found (x0.2m). Figure 7b shows very clearly the
0.005 - formation of the re-circulation zone adjacent to the step edge.
oLt L Unlike Fig. 6b, it is observed that, for Re=800, the flow sep-
0.17 0.18 0.19 0.2 0.21 0.22 . _ ..
x aration occurs closer to the step edge than for Re=200. Simi-
b) Re=400 larly, for Re=800 the re-circulation zone over the step is per-
)Re fectly defined in Fig. 7c, and this effect is less well defined
oot ulmse] for Re=200 in Fig. 6c¢.
0.035 |- pysid The stream traces presented in Figs. 6d and 7d for
ol Soets Re=200 and Re=800 respectively, shows that in both cases
I -0.0800 the flow structures experienced a kind of hydraulic jump at
0.025 - the step edge. In order to illustrate this particular behavior in
z oo} STEP Figs. 8, 9 and 10, three-dimensional streamlines for Re=200,
400 and 800 into the computational domain respectively are
i presented. Similarly, these figures show the re-circulation
001 |- zone in the three-dimensional computational domain.
0.005 - 0.03
- R R 0025
X 0.02[-
c) Re=800 00151
001 p
0.04 [ u[m/s] 0,005 -_
-0.0121 w
0.035 |- 00513 e
L -0.0905 L
s
[ -0.2081 -0.01
0025 __ -0.015 [ —A— Re=200
2 o002 STEP 002| - :i;gg
0015 | 00251~
001k 00— T 05 0405 06 07 05 08 1
0.005 |- XL
ol 1Y R 001
0.17 0.18 0.19 0.2 0.21 022
X
FIGURE 4. Re-circulation in a horizontal plane adjacent to the 0008
stepped wall a) Re=200, b) Re=400 c) Re=800. "
Figure 6 is intended to present the stream traces along L] S &
the central plane in the span-wise direction (z/W=0.5) for
Re=200. Figure 6a presents a zoom augmentation to detai
the flow structures at the edge of the forward-facing step, -0.005
while Fig. 6b is used to detail the corner at the bottom wall

and the step. In both figures the re-circulation zone on the

stepped wall and the re-circulation zone on the bottom wallFicure 5. Wall shear stress averaged over the span-wise direction.

are perfectly defined respectively, while Fig. 6c is used to
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a) b)
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FIGURE 6. Stream traces and pressure contours for Re=200 at the central plane in the span-wise direction (z/W=0.5) a) step edge, b) step
corner at the bottom wall, c) step edge and top wall, d) stream traces .

a) b)
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00115 0.01
0.011
00105 B001S
> 001 >
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FIGURE 7. Stream traces and pressure contours for Re=800 at the central plane in the span-wise direction (z/W=0.5) a) step edge, b) step
corner at the bottom wall, ¢) step edge and top wall, d) stream traces.
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Re=400

The above mentioned figures perfectly show the hy- o]

draulic jump at the step edge. The phenomenon is more ev-
) L . . . -0.0014
ident as the Reynolds number is increased. After this point, ¥ 00034
the stream traces show that the flow continues developing to-| 90
wards the channel exit. Special attention should be paid to} | -0.0097

Fig. 10. Here it is observed that some stream lines came 3;3};;
from the channel inlet and jump the step, but their momentum __ -0.0159
is too large that they impact against the top wall and then arell ﬁ%
displaced to the stepped wall and towards the channel exit. In
comparison with the streamlines for Re=400 and Re=200, it
is observed that the lines coming from the channel inlet jump
the step moving to the top wall and then remain in the upper
part of the channel. The difference in this behavior should be
associated with the higher momentum for a higher Reynolds.
. _Figures 8,9 and.10 also iIIu;trate the re-circulation ZON€%:, 5 ure 9. Streamlines and re-circulation zones for Re=400.
inside the computational domain for the three Reynolds stud-
ied. It is observed that, as Reynolds increases, the presence
of re-circulation zones become more evident, having largerRe=800
extensions of negative u-velocity component in the vertical,
axial and transversal coordinate direction. B oot
Finally, to give more information of the flow structures, -0.0345
some plots for the u-velocity at constant z- and x-planes are | 029552

06

u [m/s]

discussed. 3-‘113326
In Fig. 11, the u-velocity profile at the central plane in the 01379
span-wise for an x-constant plane before the step is presentec | 3125

In order to have a better appreciation of the re-circulation -0.2000
zone, the vertical axis of the figure is shortened, and only
the values near the bottom wall are plotted. In this figure,
the negative values for the u-velocity component are evidence
for everything discussed before referring to the re-circulation z
zone adjacent to the bottom wall before the step. Close to |

the bottom wall, for Re=800 a zone of positive values for the X z
u-component is found. This particularity indicates that the

re-circulation zone for Re=800 does not finish at the step, buf'GURE 10. Streamlines and re-circulation zones for Re=800.
at some previous point, as mentioned earlier. Another im-
plication is that the v-velocity component at this zone must
have positive values in order to satisfy continuity. On the
other hand, for Re=200 and Re=400 the negative values for %°[ F'I:"e :I’V!jg-g hofom the sis
the u-velocity component start at the bottom wall. - ne x/s=19.9 (before the step)

Re=200

u [m/s]

™ 00017
-0.0043
-0.0069
-0.0095
-0.0121
-0.0147
00172
-0.0198
0.0224
-0.0250

u/uo

FIGURE 11. u-velocity profile at the central span-wise plane and
FIGURE 8. Streamlines and re-circulation zones for Re=200. x/s=19.9.
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052

0515
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—a—— Re=200
——— Re=400
——o—— Re=800

Plane z/W=0.5 (central plane)
Plane x/s=20.1 (after the step)

FIGURE 12. u-velocity profile at the central span-wise plane and

x/s=20.1.
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FIGURE 13. u-velocity profile at the central span-wise plane

(z/W=0.5) and channel exit (x/L=1).

Figure 12 shows the u-velocity profile for the central
plane in the span-wise direction for a constant x-plane just
passing the step edge. The u-component negative values for
Re=800 and Re=400 indicate that the flow separation along
the stepped wall starts earlier than for Re=200. This effect
was discussed above.

The u-velocity profile at the channel exit for the middle
plane in the span-wise direction is presented in Fig. 13a,
while Fig 13b is used to present the u-velocity component
at the channel exit and a y/H=0.75 plane. Here it is evident
that the channel is long enough to accommodate fully devel-
oped flow for Re=200, due to the fact that the velocity profile
is parabolic in the vertical coordinate as well as in the trans-
verse coordinate. However, for Re=800, there are slight dif-
ferences from the parabolic profile in the vertical coordinate,
and it definitely presents a no-parabolic profile in the trans-
verse direction, meaning that at the channel exit the flow is
not a fully developed flow.

4. Conclusions

The numerical results for simulating airflow through a hori-
zontal channel with a forward-facing step were presented for
three different Reynolds parameters.

The flow structures showed that the flow is separated and
reattached in two different regions. One before the step adja-
cent to the bottom wall and the other is developed adjacent to
the stepped wall after the step edge. The size and location of
these re-circulation zones depend on the Reynolds parameter.
As Reynolds is increased, the re-circulation zones before and
after the step increases their size. It is also observed that as
Reynolds is increased, the separation flow occurs at earlier
positions in the main flow direction.

It was found that, as the Reynolds is increased, more com-
plex flow structures are found and then the flow is strongly
three-dimensional.

Although some results in this geometry were presented,
it is necessary to continue a methodic study in order to char-
acterize this important phenomenon.

5. Nomenclature

AR aspect ratio, W/s

ER expansion ratio, H/s

H channel height [m]

l channel inlet, 20s [m]

L channel total length, 60s [m]

p pressure [Pa]

Re Reynolds numbeRe = 2pUps/u
S step height [m]

To Ambient temperature [273 K]
\% velocity [m/s]

W channel width [m]
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7.
8.

10.

11.

12.

NUMERICAL SIMULATION FOR THE FLOW STRUCTURES FOLLOWING A...

X stream wise direction/coordinate

y transverse direction/coordinate

z span wise direction/coordinate

min minimum or smallest

U, bulk velocity at the channel inlet

u stream wise velocity component x-direction
% vertical velocity component y-direction

w span wise velocity component z-direction

Greek letters

10) dependent variable
U fluid dynamic viscosity (1.81x10° kg/m-s)
p fluid density (1.205 kg/rh)

95

Subscripts

b bulk

cv control volume
0 inlet conditions
w wall conditions
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* starting conditions
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