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Abstract

The separated flow over a backward-facing step on a flat platiehis investigated at Mach 6 and
a unit Reynolds number of 16 10°m~! in the hypersonic wind tunnel Cologne (H2K) by means of a
microphone array supplemented by IR-thermography. Bothsmement methods indicate reattaching
counter-rotating vortices in the streamwise direction dstream of the backward-facing step most likely
induced due to centrifugal instabilities. Information abthe dynamic behavior and its spacial distribu-
tion in the recirculation region with distinct Strouhal nbers was acquired by means of the microphone
array. Additional experiments were executed with sub-lo@mlayer disturbance elements just before the
backward-facing step. It was shown that these element# iesureattachment further upstream, and by
changing the positioning of the elements, a systematieptant of the vortices was possible.

1. Introduction and Motivation

During the ascent trajectory of space transportation systesome components of launchers are exposed to high thermal
and mechanical and dynamic loads. fét, ground wind and base heat loads are some of the issued) atgur in
different level of significance along the trajectory. flét is flow induced oscillation due to a separated flow and is
most dominant in the transonic flow regime. Base heatingfisenced by burning of the fuel-rich exhaust in the base
region, by radiating exhaust gases and by recirculating dlownstream of the rear end of a rocket (Ref. [2]).

In previous studies (Ref. [8] and [9]), the flow around a sgaa@esportation system was simulated with generic
axisymmetric elements consisting of a spherical nose, a aod a cylinder (Fig. 1). Additionally, the influence of an
external nozzle geometry was investigated by attachingh@naylinder at the base. A backward-facing step (Fig. 2),
referred to as BFS, is a subsequent step if the radius of ti®i8Fnagined to go to infinity while keeping the step
height fixed.

A sketch of the mean flow features is given in Fig. 3. The incansupersonic flow and the boundary layer on the
surface of the model experiences an abrupt geometry chattgeend of the model, which results in a flow separation.
The separated flow expands and deviates consequently ®tardower flat plate. A free shear layer evolving right
from the edge of the base separates the inviscid externalfftow the recirculation region downstream of the base.
The shear layer is subjected to an adverse pressure graeiemeé reattaching on the solid surface, whereas the flow
consequently realigns along lower flat plate. This is whemgression waves emanate and focus to a recompression
shock.

Figure 1: Axisymmetric wind tunnel model Figure 2: Backward-facing step
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Figure 4: Sub-boundary layer disturbance elements at th&igure 5: View on the instrumentation of the backward-
end of upper flat plate facing step and lower flat plate

The objective of the paper is to present the behavior of tive dlownstream of a BFS for conditions that equal
a space transportation system at an altitude of approx. 50Rathermography and a microphone array were used
as supplementing measurement methods with the intentidadace mutually supporting conclusions about the flow
topology downstream of the BFS, and additionally, investeghe periodicity of the unsteady recirculation region.

2. Experimental Facility, Measurement Methods and Analyss Methods

The measurements were performed in the supersonic, blew-tpe wind tunnel H2K at thinstitute of Aerodynam-

ics and Flow Technologin the Supersonic and Hypersonic Technology Departniecdted in Cologne. The H2K
facility was operated at Mach.® with a reservoir pressure and temperature of 18 bar and 4Whi¢h results in a
unit Reynolds number of 16 10°m™L. In order to show the influence of the Reynolds number, anpime was
made for one set of experiments, where the reservoir pressut temperature was set to 8 bar and 580 K leading to
Re= 51-10°m™.

The BFS features an overall length of 553 mm and a width of 3®0 ffhe upper flat plate length and the step
height are 333 mm and 33 mm, respectively. For the
Re = 51 - 1®m™ case, a step height of TOmm was realized. In order to limit three-dimensional siffects,
the lower plate is enclosed by side walls and, thus has a wit220 mm. The investigated surfaces of the model are
all made of PEEK. Carborundum with a grain size of 48®was applied on the tip to trigger transition to a turbulent
boundary layer.

Additional experiments were executed with passive distndes (Fig. 4) applied right before the edge of the
BFS. These elements have an apex angle gf&@eight of 15 mm and a length of 10 mm at the base. Since they were
made of an existing zig-zag tape, they feature a gap withaheesapex angle and a length o5 2nm at the base. The
distribution between the elements was2mm.

The consecutively listed agreements are defined for ther@ag®nd. The origin of the coordinate system is
located on the lower flat plate as the cross section betweendhterline of the lower flat plate and the BFS. The
positive x-axis is the centerline of the lower flat plate and yhaxis points crosswise along the corner of the BFS in
such a way that-axis, which is perpendicular to— y-plane, is positive in the direction towards the upper flatel
The flow in the images or pictures always comes from the Id#& aind goes to the right. The color code in IR-images
always goes from blue being the lowest temperature to retlibe highest. The pressure spectra are plotted over the
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Strouhal number representing the non-dimensional fregjuavhich is defined aSrp, = fH/u. with the frequency
f, the height of the BF$1 and the free stream velocity,.

Various measurement methods were applied to charactémgzéiaw of the BFS. Fig. 5 shows the rear view
on the model with the integrated sensors. Static presshee(t3, Kulites pressure transducers (d) and two types of
microphones (a), (b) are depicted. The paper at hand islthuh the results downstream of the BFS, and besides the
results of the microphone array, only infrared measures@md oil-film visualization are presented.

The infrared images of lower flat plate were captured witlharmaCAM SC 3008f FLIR Systemdn the frame
of the work here, infrared images are only used supportive feetter understanding of the results of the microphone
array. Oil film visualization was executed with a siliconddlfeaturing a kinematic viscosity of 350 nfiis and a
fluorescent dye.

The microphone array (Fig. 5 (a)) is compiled of single subature condenser microphones of the t4207A
produced byRTI Techwhich exhibit the following main features: flat frequenegponse from 30 Hz to 15 kHz, phase
invariance from 50 Hz to 5 kHz, sensitivity of 40 dB(1Ra), scatter of sensitivity af 3dB(1V/Pa). Due to the high
scatter of sensitivity and to the challenges in a low pressuavironment, a calibration was disregarded. Conseqguentl
the pressure fluctuation was normalized with thgs-values whenever possible. Variables that describe thyg ecy
f or the skewness are uifiected by sensitivity and calibration.

The arrays are placed on the surface of the BFS and on the [tateplate, whereas the alignment of the
array’s sensitive areas is in the streamwise and crosswisetion of the mean flow. On the lower flat plate, the first
microphone is located ak(y) = (5,16.1) mm. The next five sensors in the streamwise direction arelocated at
x = 14.4,252,346,4545 548 mm. Measured from the edge, the microphones are located at 5.4,14.6 and
25.6 mm. In they-direction, the sensitive area of the microphones are ist@dce oAy = 5.6 mm to each other.

Each microphone is connected to the audiointer®E§O of MOTU enabling data acquisition with a sampling
frequency of 96 kHz and a resolution of 24 bits. The sighadi@nsferred to a computer using MOTU PCI Express
card PCIX-424 The pressure fluctuatiop’ are analyzed here by investigating the probability distidn function
(PDF), the skewness, the root mean square of the pressuteatioosp;,,, and the power spectral density (PSD)
according to Ref. [13]. All of these commonly used statatenalysis can be found in literature (e.g. Ref. [12], [11])

For the PSD, a hanning window function was applied on blodk81®2 low-pass filtered data samples and
normalized withp;,,s with an overlap of 50%. Additionally, a map with the spaci@tdbution of the peak strength
was created for selected frequencies. Here, the windowcsizgrised 4096 samples. The peak strength is basically
the ratio of each value of the PSD to a polynomial fit throughPI$D excluding the peaks. The maps later depict the
peak level as a multiple of 20 of the logarithmic ratio betwéee peak and the reference spectrum.

3. Measurement Results

This chapter starts with the results that concern the ovigdoal features, continues then with findings about the reat-
tachment and then evaluates data acquired via the micrepmoays. A second part then discusses observations due
to disturbance elements. Data of the microphones are athtprvards their statistical and time-dependent progsertie
and compared to the IR-images.

3.1 Flow downstream of a backward-facing step without distdbance elements

Fig. 6 shows the top view of an IR-image on the lower flat takerind) an experiment with the reference parameters.
A cold region just behind the step can be detected. This negitends downstream up to a wavy line where the
temperature rises again. It is evident that this line cathesuthe recirculation region behind the BFS. The end closer
to the wavy line is the starting point of structures, which arranged side by side and stretched in the streamwise
direction. The structures exhibit a temperature maximuontghafter the tip, which decreases then further downstrea

In total, approximately 16 to 17 structures can be found betwthe side walls. In the center region, the pattern is
completely two-dimensional, whereas the first two strieturext to the wall feature a notable deviation towards the
X-axis.

Longitudinal structures can also be detected in the oil filsnalized images (Fig. 7) that is taken from a slightly
different perspective and distance. Just behind the step,ltlilenas still homogeneously distributed up to a distance
downstream from the backward-facings step where longialdireaks of high oil concentration have formed. Roughly
16 lines formed by an oil film can be detected by eye. The twoedisionality of the pattern itself is comparable to the
IR-images in Fig. 6.

A closer look concerning the extension of the cold regionigmy in Fig. 8 for the unit Reynolds number
Re = 16-10°m*and 51-10°m and a step height di = 33 mm and 10/ mm. The IR-images are plotted
along with the root mean square values of the pressure flimbse,ms of the microphone signals. As a common
denominator of the IR-images, one can observe that the vim@yd always located betweepiH = 1.5 and 17 length
step heights downstream of the BFS.
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Figure 6: Top view of an infrared image showing the Figure 7: Top view on an image of the lower flat plate
lower flat plate resulting from oil film visualization

60

(@) Re = 16-10°mlandH = 33mm (b) Re = 16-1FfmtandH = 10.7mm (c)Re = 51-10°mtandH = 33mm

Figure 8: Top view on flat plate with joined measurement tsfubm the microphone array and IR-thermography of
the lower flat plate. Nodes on microphone array reprepgntvalues.

Further, Fig. 8(a), 8(b), 8(c) indicate a correlation beswéhe wavy line of a temperature increase and the onset
of larger magnitudes ipms-values. In the recirculation regiop;ms-values are low, then increase abruptly where the
temperature is high, reach a maximum approximately wheréeiimperature on the lower flat plate is the highest and
decrease further downstream.

As it can be seen in Fig. 9, the microphones also acquiredodidite flow dynamics on the BFS. In comparison
to the neighboring microphones, the microphone closestda@énterline at a height = 184 mm Az = 14.6 mm)
shows a high skewness that first decreases iy-ttieection and increases again for the last microphoneahlthe.
The same trend concerning the spanwise periodicity is tefabthe line of microphones in the row closer to the edge
and closer to the corner of the BFS.

The temporal periodicity can be extracted from Fig. 10. kgt the PSD of the microphones located at the
center position of the array in the downstream directiory(at 26.1mm), whereas the curves in the blue and brown
color shade represent the signals from the BFS and the loatepléite, respectively. In order to draw comparisons,
each curve features a separate origin on the ordinate thariked with a line of the corresponding color. The ticks
indicate an increase of. 125 of the power spectral density. The microphones witherdtirculation region show
a spacial dependence concerning the excitement of dom8temthal numbers. The spectra of the microphones in
the reattachment region instead, starting/di = 1.66, depict no distinct peaks. The spectra are flat with a broad
low-frequency pressure peak centering at abodit 0 This broad peak is generally also exhibited in the PShef t
microphones within the recirculation region.

Inside the recirculation region, peaks occur at at®it = 0.034, 0062, 012, 019, 021, 0246, 0254, 0291,
0.33, 0455, 0495. The most prominent peaks can be found atxitt¢ = 0.76 atSry = 0.19, 021, 0246, 0254,
and also in a less pronounced manner further downstream-at 1.05 and, forSry = 0.254 further upstream at
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Figure 9: Joined measurement results showing an IR-imadjéhan
skewness of the PDF for each microphone Figure 10: PSD of the microphones along the
centerline of the array (gt = 26.1mm)

x = 0.44. The non-dimensional frequency at ab8uw = 0.19 continuously exists on the lower flat plate as long the
flow is not attached and also for the first microphone on the &8Zz8H = 0.23. Another commonly non-dimensional
frequency appearing on the lower flat plate fluctuates ®ith = 0.062.

3.2 Influence of disturbance elements

One of the main goals for technical applications concerasittvantageous manipulation of the pressure and pressure
fluctuations in the recirculation zone and the reattachrdeminstream of the BFS. A first step in this direction was
taken by introducing the triangular shaped sub-boundamsridisturbance elements (described in Chap. 2) with the
intention to change the flow by generating streamwise \@stic

The distribution of the elements is based on the idea thatRFeage in Fig. 6 is showing 16 almost equally
distributed periodic pattern on the surface of the lower glate between the two walls. The approach of equally
distributed patterns results in a wave lengthlof= 1375 mm and the elements were separated at the end of the
upper plate according to-21 for the experiments presented here. Relatively to the windé¢l model, two dferent
arrangements were realized: one arrangement with the fatstirdance element on theaxis and another one with
the first disturbance element one wavelengthif the x-axis. The first configuration is from now on referred to as
config. 1, the latter as config. 2.

IR-images in combination witlpy,ms-values or the skewness of the PDF are given in Fig. 11 forxperéments
for both configurations. It can be seen that the disturbatereents cause a major change, whereas the IR-images
indicate that the shift of the disturbance elements onlyltés an corresponding shift concerning the location of the
thermal footprint (e.g. Fig. 11(a) and 11(b)).

The thermal footprints are strictly orientated accordimghte disturbance elements in such a manner they can
only be found at the location directly further downstreara dfsturbance element or in the gap between two disturbance
elements. The result is that the number of thermal footpigaiccording to the number of elements, thus comparable
to the the number found for the case with no elements (e.g. FigThe pattern now resembles fingers dfetfient
lengths whereas the fingers occurring in the gap betweenisturdance elements reaches way closer upstream to the
BFS showing that the influence of reattachment of the flowredge¢o abouk/H = 0.6. Downstream of a disturbance
element instead, the first indications of the longitudiaitbrint occur about at/H = 1.6, what is comparable to the
flow with no disturbance elements.

The prms-values and the skewness as a result of the microphones@we gFig. 11(a) and 11(c) for config. 1.
Extrapolating the thermal footprint indicates that highs-values correlate with the region where high temperatures
are measured and decrease towards the sides and upstréaBES where the temperature on the surface is low. The
skewness instead seems to have the highest values alonguthéary of the of the thermal footprint. This observation
is supported by the experiments for config. 2 (Fig. 11(b) ab@). Again, thep;ns-values are the highest where the
thermal footprint can be noticed and the skewness seemstighalong the boundaries.

The influence of the disturbance elements on the periodievdehof the flow behind the step is shown in
Fig. 12(a) and 12(b) (legend equivalent to Fig. 10). All PSbew a broad-band pressure low-frequency fluctuation
ataboutSry = 0.02, and generally, concerning the amplitude, a decreasiugse for higher frequencies. Fig. 12(a)
shows distinct pressure peaks in the region that is acapitdinthe IR-images (e.g. Fig. 11(a)) associated with the
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(d) IR-image and the skewness for config. 2

Figure 11: Isometric view showing the joined results from thicrophone array and of IR-thermography for the case

with disturbance elements
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Figure 12: PSD of the microphones along the centerline oathey (aty = 26.1mm) for the case with disturbance
elements

recirculation region. These pressure peaks occBmat = 0.048, Q074, 015, 0254, 0289. The microphones in the
reattachment region instead acquire a rather flat spectrum.

The spectra for the case with the shifted disturbance elen{€ig 12(b)) is similar close to the BFS. But, in
comparison to the configuration before, the location whieeemicrophones are excited periodically extends further
downstream where additional non-dimensional frequenzaesbe observed at1®, 0214, 0232. Accordingly, the
broad-banded flat spectra is also shifted further downstreBhis observation correlates again with the IR-images.
Notable is the location just before the reattachment attakgdd = 0.76 where Strouhal numbers 8fry = 0.19,
0.21, 0254 can be discovered, which corresponds to the dominajuédrecies found for the case with no disturbance
elements (Fig. 10) just before at the location before rehtteent takes place.

The areal distribution of the relative pressure peak strefog selected dominant Strouhal numbers are discussed
in the following according to the method presented in Chafordoth introduced configurations. A comparison for
a Strouhal number of.232 (Fig. 13(a)) shows that high relative peaks can be obdaym the BFS with two confined
regions of moderate relative pressure peaks. The distagtveebn the two regions constitutes approximately the
distance of two microphones, which i$3nm. On the lower flat plate higher relative peaks can be falosk to the
corner of the BFS, and, additionally for config. 2, a confinegion of a high pressure peak level.

For a non-dimensional frequency 0P84 (Fig. 13(b)), config. 2 exhibits a broad region of higlatiek peaks
on the lower flat plate, which is detected by at least thre@to fmicrophones downstream of the BFS. For config. 1
instead, high relative peaks are only seen close to the coflee BFS. On the BFS, both microphones signals feature
high relative pressure peaks whereas these peaks are nieneed in the vertical direction for config. 1.

4. Discussion of the Flow Topology, Driving Mechanisms and €killations

In the following, the flow downstream of the BFS is discussetthé order of occurrence concerning three-dimensionality
reattachmentféects, periodicity of the recirculatigreattachment region and the spacial periodicity along tR8 By
means of IR-thermography and the microphone array.

In order to deduce more general conclusions about the flomsimaam of the BFS, it has to be ensured that the
flow can be considered to be two-dimensional. The results@fR-image (Fig. 6) and oil film visualization (Fig. 7)
suggest that this is the case since only the first two strestsinow a notable deviation towards the centerline of the
lower flat plate whereas the at least three-fourths of theltdiat plate including the area surrounding the microphone
array are not influenced.
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Figure 13: Areal distribution of the relative pressure pst&ngth
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Information about the three-dimensional flow topology carghthered by interpreting the IR-image in Fig. 6.
The recirculation region is evidently marked by the restdccold area just downstream of the BFS, which seems to
scale with the step height. Fig. 8(a) to 8(c) have shown that this region extends to tkdid = 1.6+0.1 downstream
of the BFS and shows no sensitivity to the Reynolds number.

The reattachment of the flow is detectable by the structureghed in the streamwise direction in IR-images.
These structures can be interpreted as the thermal fobtdrirortices, whereas fluid from the environment is trans-
ported onto and rises from the lower flat plate at the aredastitav high and low thermal loads, respectively.

This statement is supported by the measurements usingnoiv/fdualization (Fig. 7), which is a measurement
method for the shear stress on the surface. Within the tdation region, the oil film is distributed homogeneously
indicating a low level of shear stress. Downstream of thé&ceelation region, the olil film is collected in fine lines,
which are also aligned in the streamwise direction. Thisciags the location where the vortex causes an upward
orientated flow and the downward transport of the fluid istedgust in between to of these lines.

Looking at the IR-images, the projection of the vortex cangle lower flat plate is consequently located between
the highest and the lowest temperature, and complemeitethye oil film visualized images, two vortex cores a located
somewhat elevated in the vertical direction between twesliof accumulated oil. Thus, each of the structure is caused
by a pair of counter-rotating vortices. Helmholtz’'s sectimebrem states that a vortex filament cannot end in a fluid. It
must extend to the boundaries or form a closed path. As adiuctinsequence, the vortex core must either be connected
upstream to the upper flat plate or to themselves. The cuevafithe thermal footprint and the pattern of the shear
stress induced dye path of the oil film visualization clos¢h® BFS suggest that the cores of the counter-rotating
vortices are connected.

For this reason, the reattachment of the flow cannot be ceresido be a purely two-dimensiondfect with a
reattachmeristagnation line in the crosswise direction. Thus, two-digienal numerical simulations do not capture
the three-dimensionalfiects, and thus, are notfigient. Instead, sets of connected counter-rotating \@stoause
a stagnation lines in the streamwise direction. Additibndhese vortices impress a periodicity in the crosswise
direction, which might be the driving mechanism for the azihal pressure distribution discovered by Ref. [5] for an
axisymmetric configuration of a rocket with an attached t@zz

The driving mechanism of the vortices is assigned to a degal instability. The necessary andflcient
condition for the existence of inviscid axisymmetric irstdy is called Rayleigh circulation criterion [6], mearg
the flow in a circular geometry is unstable if the ratio of tlggiared circulatiod” to the radiug is less equal then
zero P(I'?)/or < 0). The instability results from an instable layering dueatoinduced local pressure gradient,
which leads to an outward displacement. For an open systanlifte a fully-developed channel flow along a concave
wall, this unstable flow is referred to as Dean instability iarcase of a boundary layer flow, it is called Gortler
instability (Ref. [10]). Based on the two-dimensional riésinere, the vortices can not be clearly assigned to one
of the instability mechanisms since no information is alal in the third dimension to decide if the vortices are
in- or outside of the boundary layer. Similar structuresevebserved downstream of the turbulent reattachment of
an axisymmetric downstream-facing step (Ref. [7]) and dsive@am of a shock induced boundary layer separation
(Ref. [3] and Ref. [4]).

Another explanation for the vortices might be that the waitriggered upstream of the BFS by tripping elements
at the tip of the model are maintained all the way downstresting lower flat plate. This explanation is unlikely due to
the fact that the number of vortices on the upper flat plats do¢correlate with the ones on the lower flat plate further
downstream. Another indication refers to the fact that theber of vortices on the lower flat plate is dependent on
the step height.

Besides the IR- and oil visualized images, the microphoreyaalso revealed interesting facts about the char-
acteristics of the flow downstream of the BFS, which applytfa& case with and without disturbance elements. The
microphones have shown that the highpgts-values occur in the region where the reattachment take® plahis
region is free from any distinct periodic excitement, whistshown in the rather flat frequency spectrum (Fig. 10,
12(a), 12(b)). At the boundaries between the recirculatémion and the region where the flow is reattached, a high
skew of the PDF can be noticed. Positive skew means thatyeopitessure peaks are more likely than negative. This
might be caused due to an unsteady behavior of the vorticesording to [1], strong pressure drops correspond to
vorticity concentration and generate a negative asymmgtabability density function. This holds true when the-vor
tex causes a decreasing pressure along the surface. Fasthatchand though, the reattaching flow is rather linked to
an increasing pressure. And, if a wiggling vortex is imadirtben the microphone might be alternatively exposed to
the flow of the reattachment and to the low-pressure of thiectdation region.

For the case with no disturbance elements (Fig. 10), thissis the region where the flow features the most
distinct periodic excitement. Several dominant non-disi@mal frequencies can be detected, e.g.H,0021, 0246
and 0254 among others. Closer to the corner of the BFS, some of fiheguencies disappear and other frequencies
are more present. Still existing is the Strouhal number.©9 0Obut additionally a distinct peak atl@ is notable for
several microphones.
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The change of the base flow topology with disturbance elesrismhost evident when looking at the IR-images
(Fig. 11(c) and 11(d)), which insinuate that they triggeeaimwise vortices, and, thus force the flow to undergo a sharp
deviation towards the lower flat plate. The vortex behinddiséurbance elements remains approximately at the same
location. These vortices react strictly to the locationhs tisturbance elements, and therefore they could be placed
intentionally on the lower flat plate.

Besides the fact that the the disturbance elements cryclaiinge the flow topology downstream of the BFS,
the spectral analysis reveals that the flow is also slighttyted with a non-dimensional frequency 0l0, 021, 0246
and 0254 right at the end of the recirculation region (Fig. 12).o#&rer similarity can be found for the microphone
closest to the corner that senses oscillations with a pierigaf about 029.

Noteworthy is that it seems like the periodicity of distirfltictuations can directly be linked to the thermal
footprint on the lower flat plate. The strong correlation védent if the selected peak strength map for selected
frequencies in Fig. 13(a) and 13(b) is compared with thentlages (Fig. 11(c) and Fig. 11(d)). It seems obvious that
the overall flow topology has an influence on the unsteady\behaf the recirculation region. But, the interpretation
of the driving mechanisms and the interaction to the cooedimg modes is not yet completely understood.

If the backward-facing step and the information from thenmjtione is considered now, it can be seen that the
skewness seems to be a good indicator to deduce informdiamirt ¢his region for the case without (Fig. 9) and with
(Fig. 11(c) and Fig. 11(d)) disturbance elements. The skeaishowed to locate the boundaries of vortices indicating
a periodicity in the crosswise direction. For the case wittdisturbance elements, it seems like the acoustic fattpri
of two vortices can be detected. This interpretation cam la¢gsseen on the BFS for config. 1. The skew is high on the
sides of the array. For config. 2 then, a higher skew is dditcia the center region of the array.

The observations about the skew have to be taken with carve aihigher resolution is certainly desirable. But it
seems like it is worthwhile following this path and take tlew as an indicator to determine the mean vortex structure
downstream of the BFS and the mean location of vortices.

5. Conclusion

In the present work, the flow downstream of a backward-fasiegp (BFS) has been investigated for a Reynolds
number of 16 10° m™* at Mach 6 in the hypersonic wind tunnel H2K. The investigasitocused on the results of the
microphone arrays, which were analyzed concerning themmain square values, the skewness of the PDF and the
spectral distribution of the fluctuations. These resulteeveeipplemented by IR-thermography.

As afirst finding, the measurements revealed indicatiorigliedength of the reattachment region seems to scale
with the step height, thus features a low sensitivity in #rege of investigated Reynolds numbers. Further, IR-images
and oil film visualization showed a highly three-dimensidit@av field with patterns that are most likely caused by
counter-rotating vortices in the streamwise directioruitet by a centrifugal instabilities due to the convex cumat
of the streamlines. The counter-rotating vortices andesalting downward motion of the fluid are responsible for the
generation of hot spots on the lower flat plate. Extrapadgtiese results and comparing them with the analyzed signals
from the microphone array showed that the hot spots and thewswding area correlate with highys-values and the
skew of the PDF, respectively. The microphones additigrdiiclosed the dominant fluctuations in the recirculation
region. Besides other frequencies, the most distinct pa&ke found for the cases without disturbance elements at
Sy = 0.19,021, 0246 and (54 just before the end of the recirculation region. Lessipumced, these frequencies
were also found for the case with disturbance elements atdime location. A mapping of the relative pressure peak
level revealed that a correlation to the thermal footprart be concluded for certain distinct frequencies.

On the one hand, the paper revealed that regions with highldeds can be located and quantized. It is even
possible to place these regions of high heat loads and tak@e@ctive measures like protecting the surface of these
regions with thermally high resistant materials. On thesotiand, the knowledge about the exciting frequencies can
be taken into account for the structural design base conmtsne

The joined approach of thefiierent measurement methods is seen as a key element in ordieddoe more
information about the physical properties of the flow. PFwilog this approach, the next step intends to extend the
available data from the surface bound measurement metbds third dimension by using particle image velocimetry
(PIV). The studies of influencing the flow downstream withgies methods will be continued and opportunities of
active methods will be investigated.
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