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Abstract.
The propagation of two types of artificial disturbances within a boundary layer
is discussed. The boundary layer is initially laminar but later transitions to become
turbulent through the formation of a separation bubble under the influence of an
imposed adverse pressure gradient. The growth of the boundary layer and that of
the disturbances within it are tracked experimentally using hotwire anemometry
measurements. The effects of the interaction of the disturbances with the separation
bubble are captured using both hotwire and particle image velocimetry measurements. For a chord based Reynolds number of 210k it is shown that Kelvin-Helmholtz shedding frequencies over the bubble are unchanged in the presence of either
of the disturbances and are comparable to the steady flow case with no disturbances
present. Both disturbances produced an extensive calmed region on interacting with
the bubble. The calmed region due to the bar wake is relatively longer and persistent. The upstream location of the separation bubble formation is unaffected by the
disturbances, however the average size of the bubble is shown to be sensitive to the
type of disturbance with the bar wake producing a thinner and shorter bubble.
1. Introduction
The ability to understand, predict and control laminar separated flow transition
on axial compressor and fan blades is of increasing importance to turbomachinery
designers as higher efficiencies and lower emissions are continually sought. Separated boundary layer transition of flow under low Reynolds number and low freestream turbulence conditions is particularly relevant in the front stages of aero-engine compressors operating at high altitudes and low speeds (Hobson, et al., 2001).
It was noted that the Reynolds number of a compressor stator blade could reduce
from a value of 1 million at sea level to nearly 200k at an altitude of 15000 m. The
aerodynamic losses and the operability range of such compressor stages are dependent on the state of the boundary layer formed over the blades. It is of importance,
therefore, that a reasonable knowledge of the transition mechanisms over such blade
surfaces is available where propagation of unsteady disturbances are prevalent.
This paper discusses the propagation characteristics of two types of artificially
introduced disturbances over a boundary layer subjected to laminar separation and
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subsequent transition to turbulent flow. The base boundary layer is formed over a
flat plate subjected to a compressor blade like pressure field (over the suction side)
using symmetrically contoured top and bottom walls within a wind tunnel test section. The boundary layer is initially laminar, in the accelerating part of the simulated
blade profile, before undergoing deceleration within the adverse pressure gradient
(APG) region resulting in separation and subsequent reattachment as turbulent
boundary layer further downstream. The first of the disturbances studied is a synthetic puff introduced into the upstream laminar boundary layer using a loudspeaker
(LS). The LS generated perturbations were used in the past by various researchers
to generate and study the development of turbulent spots within boundary layers
(e.g., Vasudevan, et al., 2001). The second type of disturbance studied is a propagating wake originating from passing cylindrical bar situated upstream of the plate
leading edge. Such wake-like disturbances have been used in many studies to simulate rotor-stator interaction in axial turbine and compressor research (e.g.,
Gostelow, et al., 1997). Although the LS produces a 1-D disturbance and the BAR
produces a 2-D disturbance, Gostelow et al. (2000) showed that there are strong
similarities between their transitional breakdown processes in a turbomachinery
context. Many researchers have studied the effect of APG on propagation of turbulent spots produced using triggered LS perturbations (e.g., Van Hest, 1996). It was
shown that the APG accelerated the growth rate of the turbulent spot compared to
when no pressure gradient was present. However, the interaction of the disturbance
with the separation bubble is not well understood. The effect of turbine like wakes
on boundary layers with laminar separation bubble and subsequent transition was
studied experimentally by Coull & Hodson (2011). It was shown that the wake induces amplified Klebanoff streaks (or K-modes) prior to the separation point and
these then further destabilise the K-H instability over the separated shear layer to
produce short span K-H structures. Both these phenomena have been reported to
encourage early transition. The propagation of the LS perturbations and the wake
over a boundary layer subjected to a compressor like pressure field is the subject of
the present investigation. Their propagation and interaction with the separation bubble and the subsequent transition process is studied using surface pressure measurements, hotwire (CTA) traverses and instantaneous PIV (particle image velocimetry). In the first part of the paper the experimental facility and methods are
explained. The steady flow measurements are then compared to those from the reference geometry used in this study. The final part will illustrate the changes to the
flow in the presence of both bar wake (BAR) and loudspeaker perturbations (LSP).
2. Experimental setup
The experiments are conducted in a low speed blower type wind tunnel at the
University of Sussex. The flow through the centrifugal blower is controlled via a
variable frequency drive unit. The test section with a square cross section at its inlet
features a 16.56 mm (1/2 inch) thick and 700 mm long flat plate with a super-elliptical leading edge (Narasimha & Prasad, 1994). The walls on either side of the plate
are made of Perspex in order to facilitate optical access. The top and bottom walls
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of the test section are symmetrically curved in order to impose a pressure gradient
on the plate mimicking that over a compressor blade. The compressor pressure profile selected for this study is that of the highly loaded Stator 67B that has been tested
extensively within the large scale cascade at the Naval Postgraduate Research Laboratory, Monterey. A profile that matches the non-dimensional surface static pressure (𝐶𝑝) distribution for the 640k Reynolds number case as documented by
Hobson, et al. (2001) was designed. In order to avoid separation along the profiled
walls at the top and bottom, the test section was pressurised using perforated plates
installed at the exit that forced air to be vented through four bleed slots located in
the diverging part of the profiled wall. The trailing edge of the flat plate features a
symmetric wedge. The test section layout is shown pictorially in Figure 1.

Figure 1 Test section layout

The LS perturbations are introduced through a small hole on the plate top surface
located at 16 % axial chord (0.16𝐶𝑥 ) downstream of the plate leading edge. The
perturbation is triggered by a LabVIEW based code using a Farnell PG102 pulse
generator connected to a loudspeaker amplifier (TDA7498). The loudspeaker used
is a 150W SoundLAB speaker with 12-inch woofer and 8 Ohm impedance. The
loudspeaker was mounted outside of the test section and pneumatically connected
to the plate using a nylon tube with 1 mm internal diameter.
The wake disturbance has been produced using a cylindrical bar that is traversed
normal to the flow direction 60% axial chord (0.6𝐶𝑥 ) upstream of the plate leading
edge. The bar is 12 mm in diameter and is attached to a moving belt that passes
vertically through a gap that is purposely created between the test section and the
upstream duct. This method has been used by many authors, including Coull &
Hodson (2011) for flat plate measurements and Halstead, et al. (1997) as a replacement for rotor blades inside a multi-stage axial compressor. The linear speed of the
bar in relation to the flow velocity produced a flow coefficient (ratio of air velocity
to bar speed) of approximately 2.8. This is a rather large value compared to what
would be the typical flow coefficient in an axial turbine or compressor in that the
wake inclination to the plate surface would make a rather large foot print.
There was an intention to keep the amplitude of the velocity fluctuations within
the LSP immediately downstream of its introduction to be similar to that of the BAR
at the same streamwise position. However this was not successful due to attenuation
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within the nylon tubing. To enable ensemble measurements, both the bar wake and
the LS perturbations were introduced at a low but regular frequency of 0.15 Hz.
This ensured that the separation bubble that formed over the plate had plenty of time
to fully recover after its interaction with each one of the successive disturbances.
For all test cases the inlet freestream turbulence level was fixed at 0.75%. This is
much lower than the turbulence contained within the wake which was measured to
be in the 4-6% range during a previous commissioning study.
All the measurement reported in this paper correspond to a plate chord based
Reynolds number of 210k. For flow monitoring purposes pitot static tubes were
installed to measure the flow velocity both upstream and downstream of the axial
gap (as needed for the bar passing) between the test section and the upstream section. At the rear of the tunnel, static pressure measurements are taken to verify the
symmetry of the flow above and below the plate. Surface static pressure was measured at a number of streamwise locations along the top surface of the plate. These
are measured along a line offset from the plate centreline where PIV and CTA measurements were conducted. The surface pressures are measured using a custom-built
array of pressure sensors in the range ±2000 Pa. The flow velocity measurements
within the boundary layer at selected streamwise locations were performed using
both CTA traverses and PIV in the plate normal-streamwise plane. All CTA signals
are obtained at a frequency of 20 kHz after analogue filtering at 10 kHz. The PIV
images were processed using 32x32 cross correlation with 50% overlap. The results
are then range validated and a moving average window is then applied.

Figure 2 Cp distribution (S and R represent approximate locations of bubble separation
and re-attachment)

3. Flow development under steady conditions
The non-dimensional pressure distribution measured under no-disturbance (ND)
condition over the top surface of the flat plate is shown in Figure 2. The non-dimensional pressure coefficient (𝐶𝑝) is defined as: (𝑝𝑥 − 𝑝𝑟𝑒𝑓 )/(𝑝0,𝑟𝑒𝑓 − 𝑝𝑟𝑒𝑓 ). Here,
𝑝𝑥 is the local surface static pressure and 𝑝0,𝑟𝑒𝑓 and 𝑝𝑟𝑒𝑓 are the reference total and
static pressures respectively measured at the inlet. The measured data is compared
with the Stator 67B pressure profile as described in Hobson, et al. (2001) for a
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Reynolds number of 210k. The dotted lines annotated S and R represent the approximate location of separation (0.49𝐶𝑥 ) and re-attachment (0.69𝐶𝑥 ) of the laminar separation bubble from the current experiments. These are well in agreement with the
experimental observations reported by Hobson, et al. (2001) for 210k Reynolds
number. On comparing the two pressure distributions one can see that although the
pressure variation that was achieved across the bubble is lower, the rate of change
of pressure and hence the level of diffusion is correctly captured. Thus, although
the profiled walls in the test section were shaped to match the pressure distribution
corresponding to the 640k Reynolds number case, the above result confirms that, it
can also replicate well the pressure field at 210k Reynolds number.

Figure 3 Boundary layer velocity profiles. S and R denote approximate locations of bubble separation and re-attachment. The red dotted line is the locus of maximum 𝑢𝑟𝑚𝑠 intensity.

For the no disturbance case (ND), boundary layer traverses using CTA were performed at 16 streamwise locations from immediately after the plate leading edge
curvature to well beyond the bubble reattachment location. Figure 3 shows the wall
normal velocity profiles at selected streamwise locations around the separation bubble. The profiles can be seen to turn from laminar to inflectional upstream of the
leading edge of the bubble (~0.49𝐶𝑥 ) until the re-attachment point (~0.69𝐶𝑥 ). The
dotted line indicates the locus of maximum 𝑢𝑟𝑚𝑠 intensity, which is measured to be
very close to the point of inflection. This is similar to that reported in (Diwan &
Ramesh, 2009) who reasoned that this behaviour is expected as the shear present at
the inflexion enhances transfer of energy from mean flow to the fluctuations.
Contours of the normalised 𝑢𝑟𝑚𝑠 intensity for the no disturbance case (ND) is
shown in Figure 4. The intensity of fluctuations steadily increase starting from the
leading edge of the separation bubble before rapidly growing to a maximum very
close to re-attachment point. The rapid change in intensity near the maximum height
of the bubble (~0.62𝐶𝑥 ) can be identified from the bunched-up contour lines around
this region. This pattern is consistent with that reported by Diwan & Ramesh (2009)
who identified an exponential growth in the 𝑢𝑟𝑚𝑠 intensity from relatively low amplitudes within the ‘dead air region’ (in the front portion of the bubble) to high values close to the maximum height location of the bubble. Such exponential growth
is thought to be typical of a linear instability mechanism. Watmuff (1999) and
Marxen, et al. (2003) also observed the persistence of linear stability (exponential
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𝑢𝑟𝑚𝑠 ⁄𝑈

growth) behaviour up to streamwise locations where the normalised 𝑢𝑟𝑚𝑠 intensity
has grown to 0.2 and 0.1 respectively. It is notable that in the present case the 𝑢𝑟𝑚𝑠
intensity measured near the maximum bubble height location is about 0.15. Significant amplification upstream of the reattachment indicate the growth of inherent
disturbances within the rear of the bubble and in the separated shear layer. The
growth pattern of these inherent disturbances is quantified and compared with that
in the presence of artificially induced upstream disturbances later in the paper.

Figure 4 Normalised 𝑢𝑟𝑚𝑠 contour plot. S and R represent approximate locations of bubble separation and re-attachment. The red dotted line is the locus of maximum 𝑢𝑟𝑚𝑠 intensity.

Figure 5 CTA time traces showing the streamwise evolution of boundary layer for the ND
case. S and R represent approximate locations of bubble separation and re-attachment.
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Figure 5 shows the streamwise evolution of velocity traces within the boundary
layer measured along the locus of maximum 𝑢𝑟𝑚𝑠 intensity as identified in Figure
3. The CTA signals corresponding to each streamwise location are plotted for a
duration of 0.4 s. In the laminar attached region up to 0.4𝐶𝑥 the signal is devoid of
any disturbances. Low amplitude and low frequency fluctuations start to appear immediately upstream of the separation bubble at 0.49𝐶𝑥 , consistent with the 𝑢𝑟𝑚𝑠
intensity data presented in Figure 4. At the location close 0.6𝐶𝑥 a very clear periodic
pattern starts to appear that becomes unstable downstream and eventually breaks
down to a turbulent pattern close to the bubble re-attachment location. It will be
shown later that the periodic pattern is a result of the K-H instability originating in
the separated shear layer close to it maximum height.

Figure 6 Evolution of the velocity traces of the disturbances along the locus of maximum
𝑢𝑟𝑚𝑠 intensity: (a) LSP case and (b) BAR case

4. Flow development under the effect of disturbances
This section describes the boundary layer development under the influence of
the two separate artificial disturbances in the form of loud speaker perturbations
(LSP) introduced on the plate surface at 0.16𝐶𝑥 downstream of the plate leading
edge and the cylindrical bar wake (BAR) introduced using moving bars located at
0.6𝐶𝑥 upstream of the plate leading edge. Comparison is made against the results
from the steady flow case with no-disturbance (ND) in order to understand the propagation of the artificially introduced disturbances and the effect of their interaction
with the separation bubble. Figure 6 shows ensemble averaged velocity traces due
to the LSP and the BAR wake at a number of streamwise locations measured along
the locus of maximum 𝑢𝑟𝑚𝑠 intensity. At each location, phase locked ensembleaveraging over 128 samples is carried out to make the propagating disturbances or
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wave-packets distinct from the random background flow. In the case of LSP, since
the perturbation was introduced within the accelerating part of the boundary layer,
the amplitude is low and is barely visible until amplification occurs above the front
part of the bubble. This region of mild growth and low dispersion is annotated as
region-I in Figure 6(a). This is followed by a region of rapid growth and dispersion,
shown as region-II, where increased number of oscillations appear. Beyond 0.62𝐶𝑥 ,
there appears to be a different type of growth with no new oscillations but some
dispersion (region-III). This may be a region of non-linear instability. Similar observations of propagating wave packets were made by Diwan & Ramesh (2009).
Outside of the wave packet itself, periodic oscillations appear close to 0.6𝐶𝑥 in a
similar manner to the ND case. The periodic oscillations are therefore formed independently of the propagating artificial disturbances.
An important feature identified around 0.5𝐶𝑥 is the appearance of a low frequency hump that resembles the ‘clamed region’ behind a turbulent spot where the
boundary layer relaxes from turbulent to laminar state. The calmed regions are
known to be resilient to fluctuations, resist separation and delay transition. It is clear
that the periodic fluctuations that starts to appear at 0.6𝐶𝑥 cannot penetrate into the
calmed region. The extent of the ‘calming’ effect reduces further downstream.
For the BAR case, Figure 6(b), the velocity traces exhibit three distinct regions
of growth. However the signature of the mean wake is much stronger in region-I.
Region-II is distinct where there is a sudden growth in the hump that follows the
wake and this may be a region of linear instability, as in the LSP case, although with
a shorter streamwise extent. In region-III there is further dispersion but it is mild
and there are no change in the oscillation pattern. Interestingly, the low frequency
hump, or calmed regions, originate almost at the same streamwise location as in the
LSP case, but last for a longer duration and persist further downstream. The periodic
fluctuations, although present, are not pronounced as the calmed regions associated
with the wake (in this experiment) extend over a longer duration.

Figure 7 Semi-log plot of ensemble averaged 𝑢𝑟𝑚𝑠 instensity. S, M and R show the approximate streamwise locations for separation, maximum bubble height and re-attachment
respectively. Red lines represent the linear instability regions.
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The rate of growth of the disturbances could be further analysed using a semilog plot of the streamwise variation of the ensemble averaged streamwise velocity
fluctuations as shown in Figure 7. The values plotted are those measured along the
locus of the maximum 𝑢𝑟𝑚𝑠 intensity as measured for the undisturbed case. The
three distinct growth regions as identified while discussing the velocity traces are
also seen in Figure 7. The ND and LSP follow a similar growth pattern with a linear
instability region that extends from upstream of the separation point to upstream of
the maximum bubble height location. This is followed by a region of nonlinear
growth. On re-attachment the fluctuations for all cases become nearly identical as
the flow turns turbulent. For the BAR case, the linear instability part at the front of
the bubble is much shorter. The higher 𝑢𝑟𝑚𝑠 intensity of the wake in the flow upstream is presumably due to the velocity deficit and turbulence levels within it.

Figure 8 Power spectral density surrounding the separation bubble: (a) ND case (b) LSP
case and (c) BAR case

Energy spectra (PSD) associated with velocity traces measured along the locus
of maximum 𝑢𝑟𝑚𝑠 are shown in Figure 8 for selected streamwise locations around
the separation bubble. These are calculated using the Welch periodogram technique
that reduces noise in the estimated power spectra at the expense of frequency resolution. For all three disturbance scenarios (ND, LSP and BAR) a hump in frequency
is visible peaking around 100 Hz. Various authors have observed such a frequency
hump but some have attributed it to an amplification of T-S waves whereas others
attributed it to K-H instability. To identify the source of the hump in the present
case, the most amplified T-S wave frequency was evaluated using the correlation
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suggested by Walker (1989). The probable K-H instability frequency was also evaluated using a model put forward by Simoni, et al. (2015). This when evaluated immediately before and after the separation bubble, the T-S frequency correlation gave
values of 300 and 30 Hz respectively whereas the K-H frequency model gave values
of 130 and 95 Hz respectively. It is, therefore, concluded that the hump in the present study is due to K-H instability. Moreover, no T-S activity was visible upstream
of the bubble in the velocity traces for any of the disturbance scenarios.
As noted previously, the turbulence level within the wake is (4-6%) higher than
that in the freestream (0.75%). This can be noticed by comparing the power spectral
density (PSD) plots in Figure 8 for the ND, LSP and BAR cases. For all streamwise
locations upstream of 0.59𝐶𝑥 it can be seen that the energy levels at most frequencies (except that corresponding to the periodic vortex shedding from the K-H instability) is considerably lower for both ND and LSP cases compared to the BAR case.
While at high frequencies in the BAR case, the high-energy content is a result of
increased turbulence levels within the wake, at low frequencies it is due to the fluctuation corresponding to the mean velocity deficit within the wake. Although not
explicitly shown here, the slope of the PSD for streamwise locations  0.6𝐶𝑥 agree
with Kolmogorov’s -5/3rd power law behaviour for inertial subrange for the range
frequencies from 100 Hz to 1000 Hz.

Figure 9 Time averaged PIV realisations showing the ‘average separation bubble’ over
a 1.0 s period. (a) ND case (b) LSP case (c) BAR case
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PIV measurements were carried out to visualise the development of the separation bubble under the influence of the three disturbance scenarios. Figure 9 shows
bubble formation between streamwise locations 0.57𝐶𝑥 and 0.71𝐶𝑥 . The images
shown are time averaged over a 1.0 s interval using 15 PIV realisations. This interval corresponds to double the duration for the longest disturbance due to the wake
to convect through an otherwise ‘undisturbed’ flow filed. The longest disturbance
due to the wake corresponds to the streamwise location of 0.6𝐶𝑥 as seen in Figure
6. Although not shown here, the inception point of the ‘average bubble’ remained
unchanged at ~0.49𝐶𝑥 for all three disturbance cases. However, the length, height
and the size of the reverse flow region was found to vary from case to case. The
reverse flow region appears to be thinner but longer in the presence of the LSP. The
effect of the wake is to substantially reduce the reverse flow region both in height
and length. This is understood to be the effect of the calmed region that follows the
turbulent wake which can suppress separation from occurring for extended periods
while the boundary layer relaxes from a fully turbulent to laminar state. Although
there is a clamed region present in the LSP case, as noted before, it is much shorter
in duration and is less persistent in its streamwise extent.

5. Conclusions
Wind tunnel experiments have been conducted over a flat plate subjected to flow
with an adverse pressure gradient simulating the suction side of a highly loaded
axial compressor blade. Under steady inlet flow conditions, without the presence of
any artificial disturbances in the upstream flow, the initially laminar boundary layer
undergoes separation at approximately 0.49𝐶𝑥 and then transitions to turbulent flow
on re-attachment at approximately 0.69𝐶𝑥 . After a quiescent period early on, the
‘steady flow’ boundary layer develops inherent fluctuations in the upstream part of
the separation bubble that then exponentially grows suggesting the presence of a
linear stability mechanism. Beyond the maximum height region of the bubble at
approximately 0.62𝐶𝑥 the growth of the fluctuation seems to be nonlinear with the
maximum 𝑢𝑟𝑚𝑠 intensity found above the bubble re-attachment location. Frequencies corresponding to K-H instability in the separated shear layer over the bubble
appear around 0.59𝐶𝑥 . Fluctuations under the presence of the loud speaker perturbations (LSP) tend to grow in a very similar fashion to the ‘steady flow’ until the
inception point of the bubble. Beyond this the LSP disturbances are relatively amplified in the linear stability region. The wake induced perturbation (BAR) has much
higher disturbance levels throughout the boundary layer until the flow becomes turbulent at which point disturbance levels for all cases become nearly identical. The
presence of a calmed region is identified following both the LSP and BAR induced
disturbances. The wake is seen to produce a temporarily longer and spatially
(streamwise) persistent calmed region in comparison. In both cases the calmed region is shown to affect the size of the time averaged bubble.
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