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Abstract

Velocity measurements are reported for three-dimensional laminar separated airflow adjacent to a backward-facing

step using two-component laser Doppler velocimeter. The backward-facing step, with a height of S ¼ 1:0 cm, is

mounted in a rectangular duct that has an upstream height of h ¼ 0:98 cm, downstream height of H ¼ 2 cm, and a

width of W ¼ 8 cm. This geometry provides an aspect ratio of AR¼ 8 and an expansion ratio of ER¼ 2.02. The flow

measurements covered a Reynolds number range between 98:56Re6 525. Measurements of velocity distributions

reveal that a swirling ‘‘jet-like’’ flow develops near the sidewall in the separating shear layer, and the impingement of

that flow on the stepped wall causes a minimum to develop in the spanwise distribution of the reattachment region.

Reverse and recirculation flow regions develop adjacent to both the sidewall and the step, and these regions increase in

size as the Reynolds number increases. Velocity distributions that were measured at various planes downstream from

the step are presented, and predictions compare favorably with these measurements. The results show some interesting

flow behaviors that could not be deduced from two-dimensional studies.

� 2003 Elsevier Ltd. All rights reserved.
1. Introduction

Measurements in separated and reattached back-

ward-facing step flow have focused on the two-dimen-

sional flow geometry (see, for example [1–4]; and the

references cited therein). This geometry is very simple,

yet the flow through it contains most of the complexities

that are encountered in other separated flow geometries,

and for that reason it has been used in benchmark

studies [5,6]. A considerable knowledge base has been

established both numerically and experimentally for this

flow using ducts with large aspect ratio, and there is a

need to extend this knowledge base to the three-dimen-

sional domain because actual systems exhibit three-

dimensional behavior.

Measurements by Armaly et al. [2] demonstrated that

the flow downstream of a backward-facing step in a

rectangular duct with aspect ratio of 18 remained two-
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dimensional only for low Reynolds number flow and at

higher Reynolds numbers three-dimensional effects be-

come significant near the sidewalls. Similarly, measure-

ments by Papadopoulos and Otugen [7] demonstrated

that the aspect ratio has a significant influence on both

the velocity and the wall pressure distributions even for

ducts with relatively large aspect ratio. Numerical sim-

ulations by Iwai et al. [8] demonstrated that an aspect

ratio greater than 16 is needed to maintain a small two-

dimensional region near the centerline of the duct at

Reynolds number of 250 (Reynolds number based on

step height S and average inlet velocity u0), and for

higher Reynolds number the three-dimensional effects

become significant throughout the duct. Numerical

simulations by Chiang and Sheu [9] revealed the devel-

opments of a sidewall recirculation flow region in three-

dimensional backward-facing step flow, and Armaly

et al. [10] described the swirling ‘‘jet-like’’ flow that de-

velops near the sidewall in the separated shear layer in

this geometry. The strong spanwise flow that develops

adjacent to the stepped wall makes the use of the two-

dimensional definition for identifying the reattach-

ment region inappropriate for the three-dimensional
erved.

mail to: armaly@umr.edu


Nomenclature

AR aspect ratio¼W =S
ER expansion ratio¼H=h
H duct height downstream of the step

h duct height upstream of the step

L half width of the duct

Re Reynolds number¼ 2qu0h=l
S step height

u velocity component in the x-direction
u0 average inlet velocity

v velocity component in the y-direction
W width of the duct

w velocity component in the z-direction
x streamwise coordinate axis

xu locations where the streamwise velocity

component (u) is zero
y transverse coordinate axis

z spanwise coordinate axis

Greek symbols

l dynamic viscosity

q density
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separated flow case, as noted by Nie and Armaly [11].

Numerical simulations of three-dimensional separated

flow have brought to light some of the complicated flow

features that develop in a small aspect ratio duct with

backward-facing step, but measurements of such be-

havior have not appeared in the literature.

Measurements in three-dimensional separated flow

have been limited to only a few specific studies. Lim et al.

[12] reported on measurements of turbulent, incom-

pressible flow adjacent to a backward-facing step in a

duct with a very small aspect ratio, and found that the

reattachment length was considerably shorter than its

equivalent in two-dimensional backward-facing step

flow. Shih and Ho [13] reported limited results for three-

dimensional recirculation flow in a tunnel with an aspect

ratio of 3 and an expansion ratio of 2.7 using a one-

component laser Doppler velocimeter (LDV) system.

Papadopoulos and Otugen [7] examined the effects of

aspect ratio on the turbulent flow characteristics using a
Fig. 1. Schematic of air tunn
hot wire probe, and only the velocity at the center of the

tunnel was reported. To the best of the authors�
knowledge, measurements of velocity distributions in

three-dimensional separated backward-facing step flow

have not been reported in the literature. Such data are

needed to validate existing flow simulation codes, and

that need motivated the present study.
2. Experimental apparatus and procedures

A schematic of the open-air tunnel that was used in

this study is shown in Fig. 1. The tunnel was constructed

by using Plexiglas sheets (0.95 cm thick) that are ma-

chined and assembled to form the desired geometry. The

two sidewalls of the test section were made of optical

glass (0.6 cm thick) in order to facilitate flow visualiza-

tions and LDV measurements. The upstream portion of

the air tunnel has a cross section of 0.98 cm in height (h)
el (dimension in mm).
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Fig. 2. Schematic of the test section.
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and 8.0 cm in width (W ), and it is 200.0 cm long. This

length is sufficient to ensure fully developed airflow at

the step. The downstream portion of the air tunnel has a

cross section of 1.98 cm in height (H ) and 8.0 cm in

width, and it is 100.0 cm long. This length allows the

establishment of fully developed flow downstream from

the step at the exit section of the tunnel. This geometry

provides a backward-facing step of 1.0 cm in height, an

expansion ratio of 2.02:1, and an aspect ratio of 8 at the

step. A schematic of the experimental geometry and the

coordinate axis that are used in this study is shown in

Fig. 2. The inlet section of the tunnel consists of a di-

verging section, a straight section, and a converging

section. The diverging section is packed with steel wool,

and the straight section is packed with honeycomb ma-

terials. The converging section has an area ratio of 10:1

and its smaller cross section connects directly to the

upstream segment of the tunnel. This configuration en-

sures the developments of fully developed, low turbu-

lence airflow at the edge of the backward-facing step. An

aluminum frame supports the tunnel in its vertical ori-

entation. The air supplied to the tunnel originates in a

large high-pressure air tank and passes through a pres-

sure regulation system that provides a constant airflow

rate to the tunnel. A fraction of the inlet airflow is by-

passed through six jet atomizers and that air fraction is

seeded with olive oil particles having a mean diameter of

less than 0.6 lm. The seeded fraction of the airflow is

mixed with the unseeded fraction in a large chamber at

the inlet of the tunnel, and that mixture forms the seeded

air stream that is supplied to the tunnel.

A two-component LDV system, operating in a

backscattering mode, was used to measure velocity dis-

tributions. The measuring probe volume could be moved

to any desired location in the flow field, with an accuracy

of 0.01 cm, by a three-dimensional traverse mechanism.

The traverse mechanism and the processing of the

Doppler signals were controlled by a personal computer.

In preparation for the measurements, the LDV and its

traverse system were aligned with the tunnel geometry to

insure that the traverse system is moving parallel to the
tunnel in both the streamwise and the spanwise direc-

tions. The airflow rate through the tunnel was then ad-

justed to a selected value by adjusting valves of the

pressure regulator and the flow meter. The seeding

density of the flowing air was adjusted by controlling the

fraction of the airflow that is bypassed through the at-

omizers and by selecting the number of atomizers that

are used. Flow visualizations were then performed to

examine the general nature of the flow at the step and at

various locations downstream from the step. A 15-W

collimated white light beam, and also a fiber optics laser

light sheet were used for flow visualizations. To ensure a

steady state and steady flow conditions at the inlet sec-

tion, the streamwise velocity component (u) was moni-

tored and its distributions in the transverse and spanwise

directions were measured upstream of the step at the

center of the streamwise plane of x=S ¼ �2. After en-

suring that these inlet flow measurements are repeatable,

measurements were initiated downstream from the step.

Velocity distributions downstream from the step were

measured at different streamwise and spanwise loca-

tions. Only two of the velocity components (u and v)
could be measured by the LDV system. The third ve-

locity component (w) could not be measured due to the

limited capabilities of the LDV system. The approximate

boundaries of the recirculation flow regions at the

stepped wall and also at the sidewall were also measured

by locating the points where the mean streamwise ve-

locity component is zero on a plane that is adjacent to

these walls. This procedure was repeated for different

Reynolds numbers by adjusting the airflow rate. Re-

peated measurements in the laminar flow regime, i.e.

Re < 600, established that 512 acceptable LDV samples

are sufficient to accurately determine the local mean

velocity in the flow domain. To determine the experi-

mental repeatability, measurements were made at three

different locations inside the tunnel for a flow with a

maximum inlet streamwise u-velocity of 0.52 m/s. The

magnitudes of the velocities at the three locations inside

the tunnel were different, ranging from low near the

sidewalls to high at the center of the duct. At each lo-

cation, the average velocity components (u and v) were
measured repeatedly (12 times) over a relatively short

period of time, and 512 valid LDV data points were used

to calculate the average velocity for each of the 12 runs

at each location. The deviation of any average velocity

from the average of the 12 averaged values at any of the

three locations was under �0.01 m/s for u-velocity
component and �0.005 m/s for v-velocity component.
3. Results and discussions

Measurements of the spanwise distribution of the

mean streamwise velocity component (u) at the step

(x=S ¼ 0) are presented in Fig. 3(a) for different Reynolds
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Fig. 3. Distributions of streamwise u-velocity component at the step. (a) Along the spanwise direction at y=S ¼ 1:5, (b) along the

transverse direction at z=W ¼ 0:5.
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numbers. These measurements were taken at the center

width of the upstream section of the duct. As can be seen

from this figure, the flow at the step is symmetric relative

to the center of the duct�s width for the range of veloc-

ities presented in this study. In addition, the results in

Fig. 3(a) show that the mean streamwise velocity com-

ponent is uniform in approximately 80% of the duct�s
spanwise width. The measured transverse distribution of

the mean streamwise velocity component at the center of

the tunnel�s width (z=W ¼ 0:5) and at the step (x=S ¼ 0)

is presented in Fig. 3(b). These measurements show that

the flow is close to fully developed and parabolic at the

step. The average inlet velocity (u0) that is used in the

definition of the Reynolds number is equal to 0.62 times

the measured maximum mean streamwise velocity

component (center line velocity) at x=S ¼ �2. This is

equivalent to the average velocity of fully developed

three-dimensional laminar flow in a rectangular duct

[14].

The location where the magnitude of the streamwise

component of the wall shear stress is zero at the stepped

wall was measured (xu=S), and the results are presented

in Fig. 4. The location on the stepped wall where the

streamwise component of the wall shear stress (lou=
oyjy¼0) is equal to zero (xu-line) is normally used to

identify the reattachment length for two-dimensional

separated flow. This location is determined by locating

the region where the mean streamwise velocity compo-

nent is changing sign from positive to negative (i.e.,
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Fig. 4. Distributions of xu-lines adjacent to the stepped wall

(y ¼ 0:1 cm).
u ¼ 0:0) at a plane that is parallel to and 0.1 cm away

from the stepped wall. One to 10 min of measurements,

depending on the state of the flow and the location in the

flow field, were needed to gather the 512 velocity sam-

ples that were used to identify such a location. Repeat-

ability of identifying the location of the xu-line from

these measurements was 0.01 cm. The xu-lines exhibit

strong variations in the spanwise direction, with a min-

imum that develops near the sidewall. The maximum in

each distribution occurs at the sidewall (z=L ¼ 0), and

the minimum occurs at approximately z=L ¼ 0:25. The
region between the step and the xu-line (equivalent to the

recirculation region in two-dimensional flow) increases

in size, and its spanwise variation increases with in-

creasing Reynolds number. Predicted results compare

favorably with measured values. It is important to note

that the xu-line is not equivalent to either the reattach-

ment line or the outer edge of the recirculation region in

this three-dimensional flow. The strong spanwise flow

that develops adjacent to the stepped wall in that region

makes it very difficult to measure or define from nu-

merical simulation a reattachment line [11]. The nu-

merically predicted results are developed from solving

the steady laminar three-dimensional Navier–Stokes

equations together with the continuity equation, using

finite difference scheme. Hexahedron volume elements

and non-uniform staggered grid arrangement are em-

ployed in the simulation. SIMPLE algorithm is utilized

for the pressure correction in the iteration procedure.

The resulting finite difference equations are solved nu-

merically by making use of a line-by-line method com-

bined with ADI scheme. The grid is highly concentrated

close to the step and near the corners, in order to insure

the accuracy of the numerical simulation. Descriptions

and details of the numerical simulation and its conver-

gence, along with the general flow features that develop

in this flow geometry, can be found in Nie and Armaly

[11].
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The negative pressure gradient that develops in the

flow due to the sudden expansion, and the jet-like flow

that develops in the separating shear layer, are respon-

sible for the reverse flow region that develops adjacent to

the sidewall [10,11]. An attempt was made to quantify

the flow and the size of this region. A thin laser light

sheet was used to visualize the flow adjacent to the upper

corner of the sidewall, and from these observations it

was determined that for Re6 98:5 there was no recir-

culation flow region adjacent to the sidewall. At a

Reynolds number of 190 (Re ¼ 190), a small recircula-

tion flow region was detected in the upper corner of the

sidewall. This sidewall recirculation flow region in-

creases in size (length, width, and depth) as the Reynolds

number increases. Laser-Doppler measurements were

used to determine the locations (xu-line) where the

magnitude of the mean streamwise velocity component

is zero on a plane that is parallel to and 0.2 cm away

from the sidewall (z ¼ 0:2 cm). The procedure used for

locating the xu-line adjacent to the sidewall is similar to

the one described above for locating the xu-line on the

stepped wall. The results that are presented in Fig. 5

show that the size of the sidewall recirculation flow re-

gion increases with increasing Reynolds number and the

predicted values appear to agree very well with the

measurements.
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Fig. 5. Distributions of xu-lines adjacent to the sidewall (z ¼ 0:2

cm).
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Detailed measurements of velocity distributions

downstream of the step were performed to determine

experimentally the general features of the three-dimen-

sional flow. Transverse distributions of the streamwise

velocity component (u) are presented in Fig. 6, for dif-

ferent z-planes for Re ¼ 343 at four streamwise loca-

tions. These results show clearly the reverse flow region

that develops downstream and adjacent to the step at

x=S ¼ 1, 3, and 5 for all the z-planes that are presented

in this figure. For x=S ¼ 7, the reverse flow region
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downstream from the step appears only at planes

z=L ¼ 0:075 and 0.975. The velocity profiles at the other

two planes of z=L ¼ 0:125 and 0.175 at x=S ¼ 7 do not

show any reverse flow, because a minimum in the xu-line
develops in that region and the flow at these sections is

downstream of the xu-line. This can also be seen from

the results that are presented for the xu-line in Fig. 4. The

results in Fig. 6 also show the developments of the re-

verse flow region near the upper corner of the sidewall

for z=L ¼ 0:075 at x=S ¼ 5 and for z=L ¼ 0:075, 0.125,
and 0.175 at x=S ¼ 7. Spanwise distributions of the same

velocity component for different y-planes are presented

in Fig. 7 for different streamwise x-locations. These

distributions clearly show the development of a maxi-

mum (peak) in that velocity component at approxi-

mately z=L ¼ 0:25 at y-planes below the step. The
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development of this peak in the spanwise distribution of

this velocity component can also be seen in Fig. 8, where

it is presented for different x locations at different y-
planes. The peak appears in these distributions only for

planes below the step height (y=S < 1), and the spanwise

location of that peak moves toward the center of the

duct as the streamwise distance from the step (x) in-

creases. These distributions show that a jet-like flow

(peak in the streamwise velocity distribution) develops

adjacent to the sidewall. The impingement of the jet-like

flow on the stepped wall is responsible for the minimum

that appears in the xu-line. The reverse flow region that

develops at the upper corner of the sidewall can also be

seen in Fig. 7 for y=S ¼ 1:6 at x=S ¼ 5 and 7. The pre-

dicted results compare favorably with measured values

of the streamwise velocity components as shown in these

figures.

Measured and predicted transverse distributions of

the transverse velocity component (v) for different

z-planes are presented in Fig. 9 at different streamwise

locations. These results show the general nature of the

downward flow that develops as a result of the sudden

expansion in this geometry. The results clearly show that

the velocity of the downward flow at the center of the

duct is smaller than what develops near the sidewall

(downward wash near the sidewall). The location where

this velocity component is maximum moves toward the

center of the duct as the streamwise distance from the

step increases, i.e. from z=L ¼ 0:075 at x=S ¼ 1, to

z=L ¼ 0:125 at x=S ¼ 3, to z=L ¼ 0:225 at x=S ¼ 7. This

can be seen more clearly from the results that are pre-

sented in Figs. 10 and 11 where spanwise distributions of

the same velocity component are presented for different

x- and y-planes. For example, the results in Fig. 10 at
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y=S ¼ 0:8 show that a negative peak develops in that

velocity component very close to the sidewall at x=S ¼ 1.

The magnitude of that peak increases as the streamwise

distance increases (i.e. x=S ¼ 3 and 5), however, that

peak starts to decrease as the downstream distance from

the step continues to increase (i.e. x=S ¼ 7 and 10). The

spanwise location of the velocity peak moves toward the

center of the duct as the distance from the step increases.

The positive velocity peak that is seen in these distri-

butions near the sidewall is part of the recirculation flow

region that develops in this geometry adjacent to the

sidewall. The negative velocity peak that develops in

these distributions near the sidewall adds to the strength

of the jet-like flow that impinges on the stepped wall.

The agreement between predicted and measured results

is reasonable (not as good as for the streamwise velocity
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component) considering the small magnitude of that

velocity component.

The spanwise w-velocity component could not be

measured by the two-component LDV system, but pre-

dicted results for that component are presented in Figs.

12–14 in order to provide a more complete picture of the

flow behavior. The results in Fig. 12 illustrate some

transverse distributions of that velocity component. The

results that are presented for planes of x=S ¼ 3 and 5

(planes located upstream of the xu-line and inside the

primary recirculation region) illustrate the significant
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magnitude of spanwise velocity component that devel-

ops in the neighborhood of the reattachment region. The

counterclockwise swirling flow that develops down-

stream from the step and adjacent to the stepped wall

moves toward the center width of the duct. The negative

spanwise velocity component that can be seen in that

figure at the plane of x=S ¼ 7, indicates that part of the

jet-like flow that impinges on the stepped wall flows

toward the sidewall and feeds the developing sidewall

recirculation flow region. The results in Fig. 13 show

that the highest positive value (flow toward the center of

the duct) for this component (in the range of the results

presented) appears at y=S ¼ 0:4, x=S ¼ 5, z=S ¼ 0:25,
and the highest negative value (flow towards the side-

wall) appears at y=S ¼ 0:4, x=S ¼ 10, z=S ¼ 0:12. Similar

results can be seen in Fig. 14 where spanwise distribu-

tions of that velocity component are presented for dif-

ferent y-planes at different streamwise locations. The

spanwise w-velocity component adjacent to the stepped

wall starts at zero at the impingement point of the jet-

like flow (a source) and increases sharply in all directions

(see [11]) reaching a maximum before starting to de-

crease to zero as it approaches the sidewall or the center

of the duct.



0 0.4 0. 80 0.4 0. 8

3 5

0 0.4 0. 8

7 10

0 0.4 0. 80 0.4 0. 8

15 20

0 0.4 0. 80 0.4 0.8

u(m/s)

25 x/S

0 0.4 0. 8
y/

S
0 0.4 0. 8

0
0.

5
1

1.
5

z/L
0.125
1

Re = 525

10

Fig. 15. Measured and predicted transverse distributions of u-velocity component for Re ¼ 525 at different x=S and z=L planes.
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Comparisons between predicted and measured

streamwise velocity component for Re ¼ 525 at two

spanwise planes, z=L ¼ 0:125 and 1, are presented in Fig.

15. Similar flow behavior can be observed for the two

spanwise planes that are presented in this figure, with the

flow at z=L ¼ 0:125 showing the recirculation flow region

that develops near the sidewall and the flow at z=L ¼ 1

showing the recirculation flow region that develops ad-

jacent to the step. The agreement between the predicted

and measured values at z=L ¼ 1 is very good, but larger

deviations appear to exist for z=L ¼ 0:125 due to the

small magnitude of the velocity and the difficulties that

are associated with the measurements close to the wall.
4. Conclusions

Measurements (using LDV) of the streamwise and

transverse velocity components (u and v) in three-

dimensional laminar separated flow adjacent to back-

ward-facing step are presented and compared with

predictions. Recirculation flow regions develop adjacent

to the sidewall and the stepped wall. The streamwise

velocity component in the separating shear layer exhibits

a peak in its spanwise distribution near the sidewall, thus

forming a jet-like flow that impinges on the stepped wall.

This jet-like flow is responsible for the minimum that

develops in the spanwise distribution of the xu-line on

the stepped wall (a line that locates the position where

the streamwise component of the wall shear stress is

equal to zero). The size of the recirculation region ad-

jacent to the step and adjacent to the sidewall increases

with increasing Reynolds number. The maximum of the

xu-line at the stepped wall for a fixed Reynolds number

occurs at the sidewall and not at the center of the duct,

as one may expect. A strong spanwise velocity compo-

nent in both positive and negative directions develops

adjacent to the stepped wall, making it difficult to define

a specific location for the reattachment region for this

separated flow. The definition that has been used to

locate the reattachment in two-dimensional separated

flow cannot be used for three-dimensional separated
flow. Predictions appear to compare very favorably with

measurements for most of the reported results.
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