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Figure 9. The flatness ofu-fluctuation
at (a) X/h = 1.5, 4.0, and 6.5 (near
and upstream of reattachment location)
and (b) at X/h = 9.0 (downstream
of reattachment) for both excited and
unexcited cases.

Comparing figures 8 and 9 with figures 2 and 3, it may be seen that theY/h locations
having non-Gaussian distribution (higher value of skewness and flatness) correspond to
the upper part of the shear layer, i.e. the region from maximum turbulence intensity
to the edge of the shear layer. It should be mentioned that earlier (Panigrahi 2001),
significant ejection motion was observed in the outer shear layer region. In the upper
part of the shear layer, entrainment takes place in the form of large-scale engulfment of
non-vortical fluid near the interface. These intermittent large-scale entrainment motions
may be the primary cause for higher values of skewness and flatness at these locations. To
determine if there is a correlation between the ejection motion and higher order moments,
the Y/h locations corresponding to the maximum values of skewness and flatness and
maximum average hole size of the ejection motion for both excited and unexcited cases
are presented in table 1. It may be seen from table 1 that theY/h locations are almost
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Figure 10. Skewness (a) and flatness (b)
profiles of the coherentu-velocity for both
unexcited and excited cases at variousX/h
locations.

similar indicating that the higher order moments and ejection motion are correlated.
Thus, the large-scale ejection motion primarily contribute to the non-Gaussian nature
of the flow in the outer region of the shear layer.

3.4 Turbulent kinetic energy budget

In the following paragraphs, the turbulent energy budget of the reattaching shear layer
behind the surface-mounted rib is presented and comparison is made with the results
of the backward-facing step. The turbulent production profiles for the unexcited and
excited case atX/h = 9.0 are presented in figure 11. Normal stress production can
be observed to have its maximum value close to the wall. Normal stress production
magnitude is higher than shear stress production magnitude close to the wall resulting in
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Table 1. Comparison ofY/h locations for maximum skewness and flatness value
with that for maximum average hole size of ejection motion.

Y/h at maximum Y/h at maximum
X/h skewness and flatness ejection average hole

value size value

Unexcited case Excited case Unexcited case Excited case
1.5 1.55 1.6 1.4 1.5
4.0 1.6 1.7 1.6 1.6
9.0 2.4 2.6 1.8 2.2

negative total production of turbulent energy which can lead to reduction of turbulence and
possibly flow laminarization in this region. For the backward-facing step, Chandrasuda
& Bradshaw (1981) also observed the importance of normal stress production compared
to shear stress production at close to the wall. From their results, at close to the wall,
and at someX/h locations, negative total production can also be inferred. Negative
production of turbulent kinetic energy was also observed in an axisymmetric jet (Zaman
& Hussain 1980) and a plane mixing layer (Oster & Wygnanski 1982) at certain locations.
Hussain (1986) discussed the possibility of negative production for round jet flow in the
presence of leap-frog motions of two adjacent vortex rings during the pairing process.
If this pairing motion takes place repeatedly at a location, then negative time-average
production is observed. These subharmonics are presumably due to the pairing motion
of the fundamental wave approaching from upstream. Thus, it may be conjectured that
the negative production observed here may be due to leap-frog type of motion of the
vortices undergoing pairing. Previously, it was noted that the shear layer developing
after reattachment has an inner and outer shear layer with separate origins. Negative
production taking place close to the wall is associated with the inner shear layer.

It is also interesting to observe that at theY/h location of maximum shear stress
production(Y/h ' 1.0) (see figure 11), the normal stress production changes its sign. It
may also be pointed out that for a wall jet (Zhouet al 1996) similar behaviour between the
normal and shear stresses was observed. When excitation is applied, normal production
increases while shear production decreases. This may be because large-scale structures
get amplified in the near-field region due to excitation and their participation in the
pairing process in the reattachment region results in higher values of normal production.
Thus, negative production for the excited case is higher than that for the unexcited case.
Shear production for the excited case is lower because the velocity gradient is lower
in the excited case due to early reattachment. The maximum total production for the
unexcited case can be observed to be higher than that of the excited case atX/h =
9.0. This explain why the Reynolds stresses were earlier observed to be smaller for
the excited cases.

The drop in total production atX/h = 9.0 for the excited case should not be taken
as an indication that the excitation is responsible for suppressing the turbulence at all
locations. Excitation may be responsible for enhancing turbulence in certain regions and
suppressing in other regions. To verify this, the turbulent production terms atY/h locations
corresponding toU/Umax = 0.7 and 0.9 are plotted for both excited and unexcited cases
in figure 12. At U/Umax = 0.7, in the early part of the shear layer(X/h ≤ 3.2), the
turbulence production is enhanced by excitation while in the later part of the shear layer
the turbulence production is suppressed by excitation. The peak turbulence production is
essentially doubled with excitation, and the peak location moves upstream by nearly 2 rib
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Figure 11. Turbulent energy produc-
tion at X/h = 9.0 for the unexcited
case (a) and the excited case (b).

heights representing early reattachment. It is supported by the fact that the reattachment
point for the natural case is 5.5h and for the excited case is equal to 4.0h indicating
1.5h reduction in reattachment length for the excited case. Thus the peak turbulence
production location and the reattachment location are possibly correlated with each other.
Comparing the production atU/Umax = 0.7 and U/Umax = 0.9, it is observed that at
U/Umax = 0.9, the effect of excitation on the turbulence production is not as pronounced.
The production for the excited case atU/Umax = 0.9 is the same order of magnitude
as that for the unexcited case. TheU/Umax = 0.7 and 0.9 locations being away from
the wall, the normal stress production does not appear to play a big role in the total
production.

Dissipation profiles atX/h = 9.0 for both the excited and unexcited cases are presented
in figure 13. For both the excited and unexcited cases, the dissipation is observed to
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Figure 12. Turbulent energy produc-
tion atU/Umax = 0.7 (a) andU/Umax =
0.9 (b) for both excited and unexcited
cases.

be maximum at close to the wall and gradually decreases toward the center of the
channel. The dissipation is considerably affected by excitation. The dissipation for the
unexcited case is observed to be more than that of the excited case close to the wall.
This correlates with the near wall production of turbulence (figure 11), where forY/h <

1, the production values for the excited case are less than those for the unexcited case.
Thus, from equilibrium considerations (production = dissipation), a higher dissipation
value may be expected near the wall for the unexcited flow case.

Development of the dissipation both before and after reattachment can be observed
at Y/h locations corresponding toU/Umax = 0.7 and 0.9 in figure 14. Dissipation is
higher for the excited flow in the near field region. This is consistent with the observation
of Favre-Marinet & Binder (1979) who imposed a well-controlled large-scale structure
on a round jet and took hot wire measurements on the jet axis. Liu (1981) observed
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Figure 13. Dissipation profile atX/h = 9.0
for both unexcited and excited cases.

that fine-grained turbulence occurs at the expense of the large-scale structures and the
turbulent dissipation mechanism is stronger for larger initial level of large-scale structures.
Both the large-scale production integral and the viscous dissipation integral of smallest
eddies had similar variation. Therefore, it may be argued that, in the present case,
the dissipation for the excited case is larger than for the unexcited case, due to higher
large-scale magnitude. The dissipation is observed to increase in the downstream direction
reaching its maximum value at about the reattachment point. It remains constant around
the reattachment region and then decreases with subsequent development of the boundary
layer. Maximum dissipation occurs earlier for the excitation case which is consistent
with earlier flow reattachment. A distinctive feature of the dissipation profile is the
cross-over point at aboutX/h = 8, beyond which the dissipation values for the unexcited
cases exceed those for cases with flow excitation.

From the coherent dissipation contribution atX/h = 9.0, presented in figure 13, it is
observed that the dissipation is not only due to small-scale eddies but also due to the
large-scale eddies as opposed to the traditional belief that the dissipation takes place only
due to small-scale eddies. Here, the large-scale eddies are found to be equally responsible
for dissipation as the small-scale eddies. This observation supports the argument that
the participation of large-scale structures amplified by the external excitation results in
higher values of dissipation. It is traditionally believed that large eddies are inviscid.
However, it is our belief that dissipation takes place due to the interaction among different
large-scale eddies and the interaction between large and small-scales. Hussain (1986)
observed that even though coherent structure dynamics is essentially inviscid, there is
dissipation within the coherent structures, which can be significant. The results obtained
and presented here support the prediction of Hussain (1986) regarding the dissipation
mechanism.

The combined energy balance for the unexcited and excited cases atX/h = 9.0 is
shown in figure 15. Pressure transport is observed to play a major role in the turbulent
kinetic energy budget for both the excited and unexcited cases. For the unexcited case,
the convection and the pressure diffusion are of opposite sign, and further reverse sign
at about the sameY/h location (=1.2). Hence, closer to the bottom surface (Y/h <

1.2), most of the turbulent energy influx by pressure diffusion and production is either
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Figure 14. Dissipation profile at
U/Umax = 0.7 (a) and U/Umax = 0.9
(b) for both unexcited and excited cases.

dissipated or convected away in the downstream direction with the latter mechanism
dominating. Away from the wall, the pressure diffusion transport balances the convection,
production and diffusion. The pressure diffusion term is observed to be significantly
more important than the velocity diffusion. For a wall jet, Zhouet al (1996) observed
similar variation in pressure transport, i.e. positive gain in turbulent kinetic energy close
to the wall and loss away from it. Driveret al (1982), assumed the pressure diffusion to
be negligible and calculated the dissipation by balance. The significance of the pressure
diffusion term observed here indicates that its neglect in order to calculate dissipation
by balance (Driveret al 1982) may not always be right. For the excited case, atX/h

= 9.0, the pressure transport and convection contribution do not change their sign at
any Y/h location. Both convection and pressure transport are observed to be the most
dominant turbulent transport quantities.
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Figure 15. Turbulent kinetic energy bud-
get for the unexcited case (a) and the excited
case (b) at X/h = 9.0.

3.5 Kinetic energy of coherent eddies

The coherent energy budget terms atX/h = 9.0 for both the unexcited and excited cases
are presented in figure 16. Comparing the production contribution from the coherent
eddies with that of the total production (see figure 15), most of the production is observed
to be due to coherent eddies. While comparing the convection contribution for both the
cases, the convection contribution is observed to be due to both coherent and non-coherent
eddies. Similar observation about coherent convection and production was also observed
for wall jet case by Zhouet al (1996). For the unexcited case (figure 16), close to
the bottom surface, the coherent eddies are observed to contribute towards the random
scale motions (as the intermodal production term is negative), which is be dissipated
subsequently. Away from the wall, the intermodal production term is positive indicating
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energy flux from the fine scale to the coherent motion (backscatter). For the excited case
(see figure 16), both in the lower and upper part of the shear layer, positive intermodal
production is observed. The back scatter observed in the shear layer after reattachment,
may be contributing to a renewed organisation of the coherent structures and the presence of
large-scale structures well downstream of the reattachment point as observed by Panigrahi
& Acharya (1999) from an octant analysis.

The present results further support the observed backscatter behaviour reported by Knight
(1981) and by Hussain (1986). Knight (1981) studied the incompressible temporally
developing turbulent mixing layer by imposing a weak perturbation consisting of harmonic
and subharmonic disturbance on the initial similarity profiles. For a variety of initial
perturbation strengths and wavelengths, energy flux from the fine scale to the coherent

Figure 16. Turbulent kinetic energy budget
of the coherentu-velocity for the unexcited
case (a) and the excited case (b) atX/h = 9.0.
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scale was predicted during the pairing process. Hussain (1986), in his review paper
about coherent structures, observed that the principal contribution to the coherent vorticity
comes from the incoherent field. It was shown that the random stretching of random
vorticity fluctuations by random velocity fluctuations (wr.1ur ) and the random advection
of random vorticity by random velocity fluctuations (ur .1wr ) can be organised by the
coherent structures in such a way as to affect its coherent vorticity.

Note that the intermodal production terms have the largest positive values in the upper
part of the shear layers (Y/h < 1.2). In this region the velocity is non-Gaussian in
nature with higher absolute skewness and flatness values. It was also predicted from
quadrant analysis that the large-scale ejection motions were predominant in the upper
part of the shear layer. Thus, it seems that in the upper part of the shear layer, the large
higher order moments, predominant ejection motions and positive intermodal production
are correlated to each other.

4. Conclusion

The near-wall behaviour of reattaching flow behind a rib mounted on the surface of
a rectangular channel has been studied experimentally for both excited and unexcited
cases. The detailed turbulent structures of the reattaching shear layer developing behind
the surface-mounted rib are discussed using the mean velocity profiles, the coherent and
random stresses, the higher order moments and the turbulent kinetic energy budget. The
following observations are made.
(1) The coherent structure magnitude obtained from using the pattern recognition method

indicates the significance of large-scale coherent structures in the post reattachment
region, contrary to the belief that large scales break into small scales, resulting in
predominant presence of small scales after the reattachment region.

(2) The mean velocity profile measurements indicate thatX-momentum transport is
enhanced in the near wall region due to the excitation at the fundamental frequency.
The imposed oscillation mostly affects the coherent part of the total fluctuation.

(3) The flow past the reattachment point appears to be characterized by an inner layer
and an outer layer. These layers appear to have different origins and retain the
initial history well past the reattachment point. Thus the re-developing wall flow is
distinctly different from that of a flat plate boundary layer flow. This observation
is also supported by the Reynolds stress correlation value that is smaller than that
of the flat plate boundary layer.

(4) The higher order moments of the fluctuatingu-velocity, i.e. skewness and flatness,
are observed to depart from the respective Gaussian value of 0 and 3 in the upper
part of the shear layer. This departure is attributed to the large-scale intermittent
fluctuation, along the outer edge of the shear layer. The quadrant analysis shows
that these large-scale motions in the outer edge of the shear layer are predominantly
from ejection motions.

(5) The dissipation of turbulent kinetic energy has significant contribution from the coherent
structures, contrary to the belief that dissipation is a small-scale phenomena. Rather,
it is conjectured that dissipation also takes place due to the interaction between
different coherent structures.

(6) The energy budget of the coherent component of turbulent fluctuation shows positive
intermodal production in the outer region of the shear layer indicating a reverse
cascade mechanism. In the upper shear layer region, the higher order moments, the
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large-scale ejection motions and the backscatter phenomena seem to be correlated
with one another.

List of symbols

Dh hydraulic diameter of the channel(2WH/(W + H)) = 0.1013 m;
f fundamental frequency;
h rib height;
H height of the channel= 0.061 m;
N total number of samples;
Re Reynolds number;
u, v, w streamwise, cross-stream and transverse velocity;
UAv average velocity in the wind tunnel≡ U(W − 2δ∗)(H − 2δ∗)/WH ;
U freestream velocity in the channel;
W width of the channel= 0.3 m;
X distance from the downstream edge of the rib in streamwise direction;
Y distance from channel bottom surface in cross-stream direction;
δ boundary layer thickness;
µ dynamic viscosity;
ω frequency;

Subscripts

c coherent;
r random;
f fundamental component;
s subharmonic component;
max maximum;
tot total.
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