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Study of Separated Shear Layer in Moderate Reynolds Number
Plane Sudden Expansion Flows

M. Volkan Otugen* and George Muckenthalert
Polytechnic University, Farmingdale, New York 11735

The turbulent structure of the incompressible separated shear layer behind a backward-facing step was
studied experimentally. The growth of the shear layer, the development of dominant frequencies in the velocity
spectra, and the evolution of large-scale structures were analyzed at various Reynolds numbers and expansion
ratios. The downstream channel height-to-upstream channel height ratio was varied between 1.5 and 3.13.
Independent of the expansion ratio, the Reynolds number based on the inlet channel height was varied between
6000 and 16,600. The streamwise velocity and the cross-correlation functions were measured using hot-wire
anemometry. Faster growth rates observed at larger expansion ratios seem to be caused by the increased strength
and size of the coherent structures inside the separated shear layer. Multiple interactions of these organized
structures (pairing processes) are limited only to higher Reynolds numbers and larger expansions. In general,
higher Reynolds numbers and smaller expansion ratios lead to higher shear layer Strouhal frequencies.

Nomenclature
b = upstream channel height
E = spectral energy at /
/ = frequency
h = step height
L = integral length scale
R = time-space correlation function
Re = Reynolds number based on b and U0
St = Strouhal number
t = time
U = mean streamwise velocity
u = fluctuating streamwise velocity
u' = root mean square of u
W = step span
x = streamwise distance measured from step
y = transverse distance measured from top of step
z = spanwise distance measured from midpoint of step
Af = time delay in correlation function
Az = spanwise separation distance in correlation function
6* = boundary layer displacement thickness at step
8W = shear layer vorticity thickness
77 = nondimensional coordinate 17 = y/x

Subscripts
0 = reference condition measured upstream of step
m = local maximum value

Introduction

F LOWS with separated-reattached regions are commonly
encountered in engineering practice. An example is the

flow over a backward-facing step in a channel which finds
applications in combustors and turbomachinery passages. Apart
from its engineering relevance, the flow over a backward-
facing step has attracted the attention of researchers as a
model to analyze the more general problem of turbulent sep-
aration and reattachment as well. While the geometry is per-
haps the simplest possible and the separation point is fixed,
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the structure of this flow still exhibits most of the features of
the more complex geometries.

Despite the considerable attention it has received, certain
aspects of the turbulent flow downstream of a backward-fac-
ing step in a channel are not well understood. This is partic-
ularly true of the unsteady flow behavior (encountered even
in the statistically stationary flow) and the role of the large,
coherent structures that develop immediately downstream of
separation and tend to persist beyond reattachment. Flow
reattachment and redevelopment strongly depend on the be-
havior of the initial shear layer separated from the step edge.1
The shear layer structure is quite complex and is significantly
different from that of a turbulent plane mixing layer. Unlike
the plane mixing layer, the separated shear layer over a back-
ward-facing step is influenced not only by the strong adverse
pressure gradient, but also by the streamline curvature and
the presence of a highly turbulent recirculating flow beneath
it.2 The initial shear layer is quite unstable and it quickly
develops large-scale, span-aligned, roll-up structures that, by
some accounts, start to interact at short distances from the
step.3"5 As a result, both the shear layer and its reattachment
show low-frequency unsteadiness, even in statistically sta-
tionary flows, as observed by many researchers. For example,
flow reattachment visualizations by Kirn et al.,6 separated
shear-layer velocity measurements by Eaton and Johnston,7

and Driver et al.,5 all in turbulent flows downstream of a
backward-facing step, indicated low-frequency, high-ampli-
tude flow fluctuations. Driver et al.5 conjectured that this low-
frequency motion, observed in the region between separation
and reattachment, was caused by the formation and subse-
quent multiple pairings of the large, coherent structures in
the shear layer, while the study of Pronchick and Kline3 in-
dicated that the organized structures more or less disappear
beyond three step-heights downstream from the step with no
evidence of pairing beyond this distance.

Although it is clear that spanwise organized structures do
exist in the turbulent separated shear layer, their exact nature
and their influence on the separated shear-layer characteris-
tics and reattachment is not well understood. This is partially
due to the fact that various flow and geometry parameters
significantly influence the flow over a backward-facing step.
For example, the study by Isomoto and Honami8 indicated
that boundary layer and freestream turbulence upstream of
the step has an effect on the flow development. Larger tur-
bulence intensities result in shorter reattachment lengths. Ad-
ams and Eaton9 found that larger boundary-layer thicknesses
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at step edge result in lower reattachment pressure gradients
and smaller shear-layer turbulence intensities. Recently,
Otugen10 investigated the effect of expansion ratio on the
structure of the separated flow and subsequent reattachment
past a backward-facing step. In this study, all flow parameters
at the step were kept constant and the expansion ratio [ER =
1 + (hlb)] was varied between ER = 1.5 and 3.13 by changing
the step height. The results indicated a dependence of the
shear-layer characteristics on expansion ratio. Larger expan-
sion ratios led to higher shear-layer turbulence intensities. It
was concluded that the increase in turbulence activity led to
the more rapid development of the shear-layer velocity pro-
files observed at larger expansion ratios, which in turn resulted
in slightly shorter reattachment lengths. However, no mean
flow mechanism could be identified to cause the observed
alteration of turbulence development in the separated shear
layer with varying expansion ratio. The time mean reattach-
ment length variation from case to case was under 4.5% and,
thus, was unlikely to create a significant change in the mean
shear-layer streamline curvature. Furthermore, the evolution
of the normalized streamwise pressure gradients remained
invariant for different expansion ratios, excluding the adverse
pressure gradient as the cause of the shear-layer turbulence
intensity variation with expansion ratio.

The present experimental study was undertaken to further
investigate the structure of the incompressible turbulent sep-
arated shear layer at multiple expansion ratios and to analyze
the effect of this parameter, as well as the Reynolds number,
on the formation and development of large-scale, organized
structures. The measurements were performed in a moderate
Reynolds number range varying between 6000 and 16,600. It
is most likely that these organized structures control the tur-
bulence and growth of the shear layer and, thus, are the key
to understanding the expansion ratio effects. Extensive ve-
locity measurements were made to analyze the power spectral
distribution of the streamwise fluctuating velocity in the shear
layer. Conditionally obtained space-time correlation functions
were used to analyze the spanwise distribution of these struc-
tures. The Reynolds number and the expansion ratio were
varied independently. For a fixed Reynolds number, all flow
parameters at the step were kept constant. These include
freestream velocity and turbulence intensity and, boundary-
layer type (turbulent in all cases) and thickness. This was
achieved by using a fixed inlet channel configuration, while
varying the downstream channel height.

Experimental Facility and Technique
The wind tunnel in the study of Otugen10 was used in the

present experiments. The schematic of the tunnel is shown in
Fig. 1. The open-circuit, low-speed tunnel has Plexiglas win-
dows and operates in the suction mode. The blower, which
is situated at the exit of the wind tunnel is coupled with the
tunnel via vibration-inhibiting material to prevent the intro-
duction of facility-driven instabilities in the flow. The air,
drawn from the laboratory environment, enters the settling
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chamber through a set of honeycombs and fine mesh screens.
The settling chamber, contraction nozzle, and straight wall
leading to the step are all constructed as one piece to avoid
surface discontinuities. However, enough surface roughness
exists at the nozzle section leading to the step side wall to
ensure rapid development of turbulence in the boundary layer.
The downsteam channel is connected to the first piece through
a flange. Therefore, when the two pieces are connected, the
step, which is a part of the upstream piece, resides in the
downstream channel, as shown in Fig. 1. The larger channel
is fitted by a platform that serves as the lower wall of this
downstream channel. Variable expansion ratios are obtained
by raising or lowering the platform. The largest expansion
ratio (ER = 3.13) is obtained by removing the platform from
the channel. The wind tunnel provides a two-dimensionsal
flow at the step at various Reynolds numbers and expansion
ratios. For each Reynolds number, the flow conditions are
maintained constant at the step, while varying the expansion
ratio. These include the boundary-layer thickness and the
turbulence intensity in both the freestream and the boundary
layer. (Details of the wind tunnel can be found in Ref. 10.)

Flow conditions for various geometries are summarized in
Table I. As indicated in this table, both the freestream and
the boundary-layer turbulence intensities remained nearly
constant throughout the experiments. The state of the bound-
ary layer at the step edge was carefully investigated before
the separated shear-layer measurements. In addition to the
fairly high turbulent intensities obtained inside the boundary
layer, time series analysis of streamwise velocity, measured
around the location y/8* = 0.5, indicated a nonintermittent
(intermittency factor of one) turbulent flow with well-devel-
oped power spectral distributions that lacked large spikes or
humps.

Velocity records were obtained using multiple channels of
constant temperature hot-wire anemometry (TSI 1050)
equipped with linearizers. The miniature tungsten sensors were
5-jJi in diameter (TSI model 2160). The frequency response
of each system was adjusted to approximately 20 kHz, which
was above the maximum sampling rate. Because the objective
of the study was to analyze the structure of the separated
shear layer, the hot-wire measurements were confined to this

Table 1 Summary of inlet flow parameters

Freestream BLa

ER Re m/s 8*, mm

1.5

2.0

3.13

10,000
16,600
6,000
10,000
11,400
16,600
10,000
16,600

9.64
16.00
5.78
9.64
11.00
16.00
9.64
16.00

0.81
0.73
0.86
0.81
0.78
0.73
0.81
0.73

0.0078
0.0071
0.0083
0.0078
0.0077
0.0071
0.0078
0.0071

0.0841
0.0889
0.0790
0.0841
0.0829
0.0889
0.0841
0.0889

aMeasured at y/8* = 0.5.
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Fig. 1 Schematic of wind tunnel (all dimensions in mm).
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Fig. 2 Coordinate system for the step flow.
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region and flow reversals in the recirculating region were
avoided. The broader flowfield was mapped previously using
a frequency shifted LDA and the possible zones of negative
velocity were identified for a large set of parameters.10 The
wall static pressure was monitored through 0.8-mm static pres-
sure taps on the step-side wall. The pressure taps were con-
nected to a variable reluctance pressure transducer via a 24-
port switching system (Scanivalve). The pressure readings were
monitored throughout each experiment to ensure a constant
flow rate (the unsteady flow fluctuations were approximately
1.5% of mean flow rate).

Central to the data acquisition system was an IBM 80286-
based personal computer. The computer was equipped with
a DAS-16F twelve bit, eight channel analog-to-digital con-
verter with a maximum sample rate of 80,000/s. The statis-
tically stationary properties of the flow, such as mean velocity
and turbulence intensity, were analyzed on-line and dis-
played. For this, a typical rate of 200 samples per second was
used with total record lengths of up to 30 s. A typical rate
for the velocity spectra measurements was 5000 samples per
second with one section of total duration.

The flow configuration is shown in Fig. 2. For the power
spectral and cross-correlation distributions, hot-wire meas-
urements were made at constant 17 = x/y lines. This was done
to allow for the growth of the shear layer when comparing
flow characteristics at different streamwise locations.

The time-space correlation functions of the streamwise fluc-
tuating velocity were obtained to analyze the spanwise dis-
tributions of the roll-up structures. These functions were eval-
uated through ensemble-averaging by selecting only the times
in the velocity records when the passage of a large structure
was detected. For this purpose, a single hot-wire sensor pro-
vided the trigger signal that was used in addition to the two
sensors necessary for the correlation measurement. The sen-
sor used as the trigger is fixed at a location (ylh = 0; xlh =
0.5, and zlw = 0) and provides instantaneous streamwise
velocity information at this location. The two measurement
sensors also provide instantaneous velocity information, but
they can be traversed in the flow. The trigger signal and the
two measurement signals are sampled simultaneously and stored
for postprocessing. Record lengths of up to four minutes were
typical. A positive velocity peak in the trigger signal, which
was greater than twice the standard deviation of the record,
was identified as the passage of a large structure. The selection
of the threshold value for triggering is somewhat arbitrary
and is obtained through trial measurements. The same cri-
terion was successfully used by both Bruun11 and Zaman and
Hussain12 in their study of the axisymmetric mixing layer.
Only a small time window (usually less than 50 ms) around
each large scale passage was included in the ensemble aver-
aging to obtaining the correlation functions. In a record of
four minutes, the trigger signal identified an average of 800
large structures.

Results and Discussion
The growth of the separated shear layer was determined

from the mean streamwise velocity profiles. The profiles were
measured for expansion ratios ranging between ER =1 .5
and 3.13 and at a fixed Reynolds number of 16,600. In all
these measurements, the flow conditions at the step edge were
kept constant (see Table I). The evolution of the constant
U/Um lines of the shear layer are shown in Fig. 3. For each
case, both the streamwise and transverse distances are nor-
malized by the step height. Near the step, the shear layer is
thinner at larger expansion ratios. However, note that the
absolute boundary-layer thickness at step is constant for each
case, thus, resulting in a smaller relative shear-layer thickness
around the initial separation region for larger step heights.
The shear-layer growth rate is significantly increased at larger
expansion ratios. By xlh = 1.8, the relative thickness of the
shear layers are approximately equal and by xlh = 3.6, the
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Fig. 3 Evolution of constant U/Um lines.

T
5

Fig. 4 Growth of the shear-layer vorticity thickness.

thickness of the shear layer for the largest expansion is more
than twice that of the smallest expansion ratio. This is con-
sistent with the earlier study of Otugen,10 which showed that
larger expansion ratios also led to significantly higher tur-
bulence intensities, especially in the initial stages of separa-
tion. In that study, reattachment was determined as the lo-
cation where long records of streamwise velocity obtained
adjacent to the step side wall (using an LDA) showed 50%
negative values. Although shorter normalized reattachment
lengths were observed at larger expansions, the percent dif-
ference between the smallest and the largest expansion case
was less than 4.5. Therefore, even if Fig. 3 were replotted
with the streamwise distance normalized by the corresponding
reattachment length, the growth patterns for the three ex-
pansion ratios shown would not collapse.

The vorticity thickness of the shear layer is shown in Fig.
4 for three expansion ratios. Again, the Reynolds number for
all three cases is 16,600. The vorticity thickness is defined as:

where

- UJ

djU
dy

BU
dy
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is the absolute value of the maximum mean shear obtained
at each stream wise position. It is seen that cases with larger
ER values exhibit faster growth rates of the normalized vor-
ticity thickness. In Fig. 4, the vorticity thickness for the asymp-
totic region of a plane mixing layer (with an arbitrary virtual
origin) is also shown to contrast the present shear-layer re-
sults. Unlike that of the simple mixing layer, the vorticity
thickness of the shear layer separated from a backward-facing
step in a channel grows in a nonlinear fashion. This strong
nonlinearity in growth is due to the influence of certain global
mechanisms that exist in the present flow, which are absent
in the simple mixing layer. These mechanisms include; a re-
versed flow zone beneath the shear layer, giving rise to an
intrinsically larger average normalized velocity difference be-
tween the two sides of the shear layer; curving of the stream-
lines; and the strong adverse pressure gradient.

The longitudinal integral length scales in the separated shear
layer are calculated from velocity records obtained at 17 = 0.
First, the integral time scales were calculated from the au-
tocorrelation functions. These were then transformed into the
length scales using Taylor's hypothesis. The convective ve-
locity used for the transformation was the mean streamwise
velocity at the respective location. Although the data in Fig.
5 show some scatter, it is evident that the integral length scale
grows approximately linearly with streamwise distance. Fur-
thermore, larger expansion ratios lead to slightly larger in-
tegral length scales consistent with the shear-layer growth-
rate trends. However, the linear growth rate of the integral
scale is somewhat surprising in view of the strongly nonlinear
growth rate of the shear layer (vorticity) thickness shown in
Fig. 4. This points to a lack of a strong relationship between
the mean shear and the integral length scale of turbulence in
the shear layer.

Larger expansion ratios lead to higher turbulence intensities
in the initial region of the separated shear layer.10 This, in
turn, results in a faster growth rate. However, up to this point,
it is unclear why an increase in the expansion ratio leads to
increased shear-layer turbulence intensity. To investigate this
issue further, we looked next at the evolution of instability
frequencies and large-scale structures inside the shear layer.
In this part of the study, power spectral distributions of the
velocity as well as the time-space correlation functions were
studied at various Reynolds numbers and expansion ratios.
Samples of power spectra were obtained on various 17 lines
in the separated shear layer. Generally, for a fixed set of flow
conditions and xlh, power spectra obtained at positive 17 lo-
cations showed stronger peaks at a given instability frequency.
This is depicted in Fig. 6. Here, the power spectra obtained
at xlh = 1.5 for the expansion ratio of ER = 2 and Re =
6000 are shown. The spectral signature of the large structures
is stronger on the upper portion of the shear layer, near the
low-turbulence freestream. This was observed in almost all
cases, and was particularly significant closer to the step edge.
In the lower portion of the shear layer, the high turbulence
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Fig. 6 Power spectral distribution of velocity at xlh = 1.5 (Re
6,000 and ER = 2).

Fig. 5 Longitudinal integral scale distribution in shear layer.
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Fig. 1 Streamwise evolution of velocity spectra for ER = 2.

levels near the recirculation zone contribute to the spectra
and tend to mask the dominant frequencies. To avoid the
edge of shear layer and still have significant frequency peaks,
a compromise location of 17 = 0 was chosen for the detailed
spectra and Strouhal frequency analysis. Therefore, unless
stated otherwise, all results presented below correspond to
the nondimensional coordinate of 77 = 0.

At a fixed expansion ratio of ER = 2, velocity spectra were
analyzed at multiple Reynolds numbers. Figure 7 is a sample
showing the evolution of spectra with streamwise distance for
the Reynolds numbers of 6000 and 14,000. These distributions
represent the various features of the separated shear layer
observed also at other flow conditions. In general, with in-
creasing Reynolds numbers, the dominant frequency peaks
become weaker and broader, as observed also by Berbee and
Ellzey13 in a similar flow configuration. This may indicate a
less orderly behavior of the coherent structures at larger Rey-
nolds numbers as a consequence of higher rates of jitter in
the production and convection of large scales. However, for
all Reynolds number cases, distinct frequency bands existed
and a peak frequency could be determined. The higher the
Reynolds number, the sooner (closer to the step) the shear-
layer instabilities develop. In Fig. 7, a dominant mode forms
(at 500 Hz) as early as xlh = 0.5 for Re = 14,000, while for
Re = 6000, only a small peak (at 106 Hz) is observed at
xlh = 1. It also seems that the evolution of the velocity spectra



1812 OTUGEN AND MUCKENTHALER: SEPARATED SHEAR LAYER FLOWS

is faster at higher Reynolds numbers. It is seen that for the
low Reynolds number, the fundamental frequency is still de-
veloping at xlh = 3. On the other hand, for Re = 14,000, a
subharmonic at 221 Hz is evident along with the fundamental
frequency of 445 Hz as early as 1.5 step heights downstream,
indicating a pairing process of the large-scale structures.
Moreover, at xlh = 3, the fundamental frequency is com-
pletely replaced with the two subharmonics (210 Hz and 107
Hz), strongly suggesting the completion of the original pairing
and the initiation of a second pairing. The multiple pairings
observed in this study and their dependence upon the Rey-
nolds number and expansion ratio are discussed further in the
presentation of the Strouhal frequencies.

Next, the dependence of velocity spectra on the expansion
ratio is studied. It was observed that higher expansion ratios
lead to stronger peaks in the spectra. This indicates a more
violent breakdown of the shear layer and the formation of
stronger and better organized structures at larger expansion
ratios. For example, the spectral distributions (at xlh = 1 and
Re = 16,600) obtained at three ER values are compared in
Fig. 8. It is clear that stronger peaks of the principal frequency
occur at larger ER values. This may be the cause of the higher
initial separated shear-layer turbulence intensities previously
obtained at larger expansions. If one assumes that the energy
content of the incoherent component of turbulence is fixed
for different expansions (which Fig. 8 seems to indicate),
stronger vortex structures will have higher stream velocity
fluctuations at their passage, which will lead to increased tur-
bulence intensities. Of course, stronger organized structures
will also promote large-scale momentum mixing and shear-
layer spread, as indicated in Fig. 3.

The velocity spectra obtained for a large set of Reynolds
numbers and three expansion ratios were analyzed for dom-
inant frequencies. From these, the corresponding Strouhal
numbers are calculated. The Strouhal number is defined as:
St = fh/UQ where, /is a dominant frequency. The results are
summarized in Fig. 9. In general, the Strouhal number de-
creases with increasing streamwise distance. This is consistant
with the fact that, at larger streamwise distances, the passage
frequency of the large structures decreases as the shear layer
expands, and the convective velocity is reduced. Furthermore,
for a fixed expansion (ER = 2), higher Reynolds numbers
lead to larger Strouhal numbers. The same trend was observed
by Berbee and Ellzey13 in a study with ER = 1.33 and a
similar range of Reynolds numbers. When the Reynolds num-
ber was fixed at 16,600, this time larger expansion ratios lead
to somewhat smaller Strouhal numbers. Perhaps a more im-
portant feature indicated in Fig. 9 is the halving of the Strouhal
frequency (or emergence of the subharmonic frequencies)
only at certain cases. The Strouhal frequency halving is an
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Fig. 9 Strouhal number evolution in the separated shear layer.
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Fig. 8 Behavior of velocity spectra at xlh — 1 for three expansion
ratios (Re = 16,600).

Fig. 10 Ensemble-averaged fluctuating velocity for ER = 2 and
Re = 16,600.

indication of the pairing (or merging) of adjacent large-scale
structures.14 Such processes are known to be responsible for
enhanced global mixing and shear-layer growth in turbulent
flows. The process of vortex pairing in separated flows past
a plane backward-facing step has been previously observed
by some researchers,3-5 while the data of others show no pair-
ing process.13 These experiments have been carried out under
a diverse set of flow conditions and there is no clear evidence
to indicate which conditions lead to the promotion or inhi-
bition of such large-scale structure interaction.

In Fig. 9, the flow conditions that exhibited pairing proc-
esses are represented with symbols; whereas, for cases that
showed no pairing, curved lines are used. For ER = 2, the
two larger Reynolds numbers show a pairing process at both
xlh = 1.5 and 3; whereas, for the two smaller Reynolds num-
bers, no pairing process is evident. On the other hand, for
the fixed Re — 16,600, only the two larger expansion ratios
are associated with a multiple pairing process. These results
are interesting because, as mentioned earlier, it is known that
the pairing of large coherent structures in turbulent flows leads
to enhanced turbulent activity and shear-layer growth, as ob-
served in mixing layers.14 Therefore, this may explain the
increasing turbulence intensities and shear-layer growth rates
experienced at larger expansions.

The ensemble-averaged, streamwise fluctuating velocity (u)
is shown in Fig. 10. These averages are obtained at various
locations in the shear layer, and each column in the figure
represents a single streamwise position. At each streamwise
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position, four different 17 lines are chosen. The ensemble av-
eraging is achieved by including in the average instantaneous
values of u, occurring only when the trigger signal indicates
the existence of a large-scale structure. In this way, an average
history of u is obtained at the time-window when a large
structure develops. The trigger sensor location is xlh = 0.5;
ylh = 0; zl W = 0. Time t = 0 corresponds to the occurrence
of a trigger signal. At 17 = 0.05 line, a fairly strong positive
(u) persists even at a large distance of xlh - 2.4, indicating
an orderly convection of the large-scale structures. Although
the values weaken fairly quickly across constant 77 lines, a
negative correlation value is clearly seen at 17 = 0. This is
significant because it describes the positioning of the large-
scale structures in the initial shear layer close to the step
(xlh < 1.2). It seems that, positioned at 17 = 0, the mea-
surement sensor is observing the lower portion of the roll-up
structure, which creates a velocity deficit at its passage. There-
fore, the structure is centered above the step-line y = 0, and
the shear layer has not moved significantly toward the lower
wall in this early stage. At 17 = -0.1, (u) is virtually zero,
indicating a noncoherent fluctuating flow in this lower portion
of the shear layer and, thus, the lack of influence of the
organized structures above.

Next, the space-time correlation of velocity is obtained us-
ing two hot-wire probes separated from one another by vary-
ing distances along the span wise coordinate Az. A trigger
sensor is used also to signal the passage of a large structure,
again placed at the same location as before. The space-time
correlation function is described as /?[Az, A/] = (u[x, y, z, t]
u[x, y, (z + Az), (t + Ar)]} where Af and Az are the time-
delay and separation distance, respectively. Again, an ensem-
ble-averaging is used to obtain R, which takes into account
only times when a structure is detected by the trigger probe.
The variation of the correlation function with spanwise sep-
aration distance is shown in Fig. 11 for a streamwise position
of xlh — 0.6. (Note that all the correlation measurements
were made around the midplane of the wind tunnel.) All the
peaks are centered around t = 0, indicating no phase delay
as the separation distance is increased. This shows that, at
least in the midsection of the tunnel where the measurements
were made, the large structures are not inclined (or curved)
in the spanwise direction. From Fig. 11, it can also be deduced
that the spanwise extent of the average roll-up structure is
larger than 0.8/z. Such correlation functions were obtained at
various streamwise locations and for different expansion ra-
tios, but are too extensive to be presented in this report. In
summary, these results are similar to that in Fig. 11 and sig-
nificant spanwise correlations persist at least up to xlh — 4
for various Re and ER cases. These results, therefore, are
consistent with the earlier findings of Ruderich and Fernholtz15

and Jovic and Browne16 who reported the persistence of span
aligned structures even close to the location of flow reattach-
ment in similar separated shear flows.

At (ms)

Fig. 11 Space-time correlation function for ER = 2 (to = 16,600).

Conclusions
The primary objective of the present experimental work

was the investigation of the turbulent separated shear-layer
structure in a plane sudden expansion flow. The focus was on
the effects of expansion ratio and the Reynolds number on
this structure in the moderate Reynolds number range. Vari-
ous expansion ratios were obtained with a fixed inlet config-
uration. Thus, at each Reynolds number, a fixed set of flow
conditions were maintained at the step, while varying the
expansion ratio. For each case, a turbulent boundary layer
formed at the step. Both conditional and unconditional meas-
urements of velocity were made using hot-wire anemometry.

In the range of Reynolds numbers and expansion ratios
covered, measurements indicated the presence of large span-
aligned structures inside the turbulent shear layer. From the
spectral distributions of velocity, it was determined that the
formation and evolution of the large-scale structures were
accelerated with increasing Reynolds numbers. The same trend
was observed with increasing expansion ratios, which also lead
to more dominant frequency peaks in the power spectra. This
is most likely an indication of increased strength of structures
at larger expansions. Furthermore, multiple pairings of the
large-scale structures is evident only at larger expansion ratios
and Reynolds numbers. For the smallest expansion ratio and
for Re < 10,000, no interaction of the large structures was
evident. At larger Reynolds numbers and expansion ratios,
the relatively thin shear layer develops instabilities sooner and
breaks down into roll-up structures closer to the step. Sub-
sequently, two adjacent structures coalesce (pairing process),
which results in the halving of the structure passage frequency.
Once the first pairing is completed, a second pairing process
is initiated almost immediately after the first one, and this
multiple-pairing process is completed within a streamwise dis-
tance of approximately four step-heights from the separation
point. The results also indicate that larger Reynolds numbers
and smaller expansion ratios lead to higher shear-layer Strouhal
frequences.

It is known from the previous studies of the moderate Rey-
nolds number plane mixing layers that the formation and
interaction of span-aligned, large turbulent structures are linked
with enhanced global momentum-mixing and shear-layer
growth. The present results indicate the existence of a similar
link also in the separated shear layer past a backward-facing
step. It is believed that the faster growth rates observed at
larger expansion ratios area caused by the intensified large-
scale activity in the shear layer.
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