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Nomenclature

Cf = skin-friction coefficient
Lsep = separation length
M = freestream Mach number
Re� = Reynolds number based on �
T = temperature
u = velocity in the streamwise direction
v = velocity in the spanwise direction
w = velocity in the wall-normal direction
� = 99% thickness of the incoming boundary layer
�� = displacement thickness of the incoming boundary

layer
�� = ratio of � to the wall unit
� = momentum thickness of the incoming boundary layer
� = density

Subscripts

w = value at the wall
1 = freestream value

Superscript

0 = fluctuation from the mean

I. Introduction

A DIRECT numerical simulation (DNS) of a shock-wave and
turbulent boundary-layer interaction for a 24-deg compression

ramp configuration atMach 2.9 andRe� of 2300has been reported by
Wu and Martín [1]. The validation of the numerical data was
performed against the experimental results of Bookey et al. [2] at the
same flow conditions. In that validation, we showed that the
upstream boundary layer, the mean wall-pressure distribution, the

size of the separation bubble, and the velocity profile downstream of
the interaction are predicted within the experimental uncertainty.

In this Note, we present the validation of the fluctuating wall
pressure for the DNS data of Wu and Martín [1] against the recent
experiments of Ringuette and Smits [3] at matching conditions. Low
Reynolds number effects are demonstrated by comparisons of the
size of the separation bubble and the wall-pressure signal with
measurements at high Reynolds numbers (on the order of 104–105).
The effect of Reynolds number on the turbulence amplification is
also studied.

II. Wall-Pressure Signal

For the present analysis, we use the DNS data of Wu and Martín
[1]. The incoming boundary-layer conditions for the simulation are
as follows: M� 2:9, Re� � 2300, �� 0:38 mm, �� 6:4 mm,
�� � 1:8 mm, �� � 320, Cf � 0:00217, �1 � 0:077 kg=m3,
U1 � 609:1 m=s, and T1 � 107:1 K.

The mean wall-pressure distribution for the DNS data is given in
Fig. 1a, which also shows the experimental data of Bookey et al. [4];
the corner is located at x� 0. The nondimensional separation-bubble
size Lsep=Lc for both the DNS and the experiments is shown in
Fig. 1b, which plots the empirical envelope of separation-bubble size
versus Reynolds number, determined by Zheltovodov et al. [5]. The
characteristic lengthLc is defined by Zheltovodov et al. [5] and is not
repeated here. For the DNS, the separation and reattachment points
are defined as the locations in which the average skin-friction
coefficient changes sign, whereas the experimental values of Bookey
et al. [4] were obtained using surface oil visualization. The
experimental error for this technique can easily be 10%,§ and is
reflected in the error bars on the plot. The separation-bubble size for
the DNS and experiments agree within the experimental error and lie
within the empirical envelope. The low Reynolds number data
reported here confirm the trend of the empirical envelope, indicating
a significant increase in separation-bubble size with decreasing
Reynolds number. This is due to the increase in viscous effects at the
lower Reynolds number, as discussed next.

Figure 2a plots the wall-pressure signal given by the numerical
simulation. The results from the reference experiments of Ringuette
and Smits [3] are shown in Fig. 2b. The axes of both plots have the
same scales. The data are presented at three streamwise locations:
inside the separated region at about x=���2:2, at the mean
separation point at about x=���3, and in the undisturbed boundary
layer upstream of the interaction. We find that the signal behavior of
the DNS and experiments is similar, but the simulation has a higher
level of fluctuation, which is discussed next. Compared with wall-
pressure signal data from high Reynolds number experiments (see
Dolling and Murphy [6], for example), the low Reynolds number
signals are significantly different. The wall-pressure signals within
the separation region and at the separation point do not show the clear
intermittency that characterizes high Reynolds number measure-
ments, where the signal jumps from the incoming boundary-layer
value to that behind the shock and back again. Instead, the low
Reynolds number data indicate a broader range of frequencies with
amplitudes between the incoming boundary-layer value and the
strongest peak values due to the shock wave. This difference is most
likely due to the larger effect of viscosity at the lower Reynolds
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number. The simulations show that the shock does not penetrate as
deeply into the boundary layer as in the high Reynolds number case
and that it spreads into a compression fan in the lower half of the
boundary layer. As a result, the intermittency of the pressure signal is
enriched, and the algorithms used to obtain shock intermittency and
location from the wall-pressure signal (see Dolling and Brusniak [7],
for example) no longer apply.

The rms of the fluctuating wall pressure versus streamwise
distance for the simulation and the experiments of Ringuette and
Smits [3] is plotted in Fig. 3; the data are normalized by the local
mean wall pressure pw. There is good agreement between the trends
of the DNS and the experiments, although the simulation gives
somewhat larger values. The synthetically prescribed turbulent
structures in the initial condition of the DNS (seeMartín [8]) produce
slightly higher levels of pressure fluctuations in the incoming
boundary layer than are typically found in experiments. These
uncorrelated fluctuations can be thought of as noise, such that the
fluctuating pressure is the sum of the actual value p0w and that due to
uncorrelated noise p0n. Then the mean square of the total signal is

�p0w � p0n�2 � �p0w�2 � �p0n�2

The quantity 2p0wp
0
n can be ignored because the correlation is

negligible. The noise in the incoming boundary layer can be
estimated by assuming that it is equal to the level of pressure
fluctuation in the freestream, p01, where no pressure fluctuations
should be present. The amplification of the noise through the shock
wave can then be estimated using the amplification factor ofp01. The
mean square of the freestream pressure fluctuations divided by the

square of the local mean wall pressure, �p01�2=p2
w, is about 0.04%

upstream of the shock and approximately 0.16% downstream.
Taking the square root of these values gives an rms noise level
p0n;rms=pw of 2% in the incoming boundary layer and 4%downstream
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Fig. 1 Plots showing a) mean wall pressure from the DNS compared
with the experimental data of Bookey et al. [4] at matching conditions
and b) separation-bubble size for the DNS and experiments; error bars
are at 10%; both figures are adapted from Wu and Martín [1].
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Fig. 2 Wall-pressure signal from the DNS at three streamwise locations, compared with the experiments of Ringuette and Smits [3]: a) DNS signal, for
which theDNS data have been low-pass-filtered at a cutoff frequency of f�0=U1 � 0:55, equivalent to that of the experiments and b) experimental data at
matching conditions; dashed lines indicate mean values.
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Fig. 3 Distributions of p0w;rms at low and high Reynolds numbers,
normalized by the local mean wall pressure pw.
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of the shock wave and, therefore, an amplification factor for
p0n;rms=pw of 2 through the shock wave. Strictly speaking, the rms of
the total wall-pressure signal cannot be decomposed into the sum of
the rms of the noise and the actual value. However, Fig. 3 shows that
the estimates of 2 and 4% give good approximations of the
differences between the DNS and experimental p0w;rms curves
upstream and downstream of the shock, respectively.

Also plotted in Fig. 3 are data from the Mach 2.84,Re� � 84; 500
experiments of Selig et al. [9]. The high Reynolds number peak is
substantially larger than the low Reynolds number values and is also
narrower. For the low Reynolds number case, the spreading of the
shock into a compression fan in the lower part of the boundary layer
results in a wider and smaller peak in the p0w;rms curve relative to the
high Reynolds number data. Additionally, the location of the low
Reynolds number peak is farther upstream, due to the larger
separation-bubble size.

Figure 4 gives the premultiplied power spectral density of the
wall-pressure signal for the DNS and the experiments of Ringuette
and Smits [3] at three different streamwise locations: within the
upstream boundary layer, at the mean separation line, and near the
peak in the p0w;rms curve. For the experiments, the spectra were
computed in MATLAB using Welch’s averaged modified
periodogram method (pwelch command) with a 75,000-point
Hamming window, equal to one-twentieth of the total number of
experimental data points, and a 50% window overlap. MATLAB
was also used to obtain the spectra for the simulations, but the smaller
number of samples necessitated the fast Fourier transform to be
computed over the entire data set with no windowing. Both spectra
have been smoothed over equal logarithmic bins in frequency with
20 bins per decade. Because of a resonance frequency in the pressure
transducer used for the experiments, the experimental data are low-
pass-filtered with a cutoff frequency of 50 kHz. For reference, the
large-eddy frequency U1=� is 90 kHz for the experiments and
95 kHz for the DNS. We find good agreement between the DNS and
experimental curves, although the magnitudes of the DNS peaks are
somewhat higher. For streamwise locations within the separation
region (x � �3�), the data of both studies show broadband low-
frequency peaks at similar locations. At x=���3:0, the local
maximum for the DNS has a frequency of about 600 Hz and the
experimental maximum is located at about 560 Hz, whereas at
x=���2:2, the DNS data have a local maximum at about 900 Hz
and the experimental peak is at about 580 Hz. The broadband low-
frequency peaks correspond to the characteristic frequency of the
shock motion.

Both spectra also show broadband peaks at high frequencies (on
the order of 104–105 Hz), but there is disagreement between the peak
locations of theDNS and the experiments. This is due to the low-pass
filtering of the experimental signal, which determines the maximum
frequency resolution. The experiments do not resolve the large-eddy
frequency, and so the actual peak frequencies should be higher and in
better agreement with the DNS. The larger magnitudes of the DNS
peaks may be due to the higher values ofp0w;rms for the DNS, coupled
with limitations of the pressure transducer used for the experiments.
The spatial resolution of the pressure transducer has the effect of a
low-pass filter with a roll-off frequency of about 16 kHz and
therefore reduces the magnitude of the experimental signal above
this frequency [3]. Additionally, the low-pass filtering of the
transducer output decreases the magnitude of the signal so that it is
3 dB lower at the cutoff frequency [3]. The band of high-frequency
peaks is due to the nonuniformity of turbulence structures in the
incoming boundary layer [10]. An analysis of the shockmotion in the
context of the characteristic high and low frequencies observed in the
pressure spectra is given in Wu and Martín [10].

Figure 5 plots the mass flux turbulence intensity profiles at
multiple streamwise locations for the DNS. Through the interaction,
an amplification factor of about 5 is observed. Data from the Mach
2.84 experiments of Selig et al. [9] at Re� � 84; 500 are also plotted
for reference, and it should be noted that the pressure rise through the
interaction is the same for the DNS and the experiments. The
agreement in the amplification factor for the low and high Reynolds
number data indicates that the turbulence amplification is mainly a

function of the pressure rise, which is reasonable for a rapid
distortion. From the DNS data, the amplification factors for the

Reynolds stresses are about 6 for �u0u0 and �v0v0 and approximately

12 for �w0w0. The maximum amplification factor for the Reynolds

shear stress, �u0w0, is about 24. The amplification of the Reynolds
stresses at low Reynolds number is comparable with that reported in
the high Reynolds number, Mach 2.9 experiments of Smits and
Muck [11] for a 20-deg ramp angle. The maximum Reynolds shear
stress amplification factor for the experiments is about 21; a value
lower than that of theDNS is expected, due to the smaller ramp angle.

III. Conclusions

Analysis using theDNS ofWu andMartín [1] and the experiments
of Bookey et al. [4] and Ringuette and Smits [3] at matching
conditions suggests that low Reynolds number (on the order of 103)
shock-wave/turbulent-boundary-layer interactions exhibit differ-
ences with previous measurements at high Reynolds number (on the
order of 104–105). The low Reynolds number effects are due to the
greater influence of viscosity and result in a smaller peak in the rms of
the wall-pressure fluctuations, an enriched intermittency of the wall-
pressure signal, and a substantially larger separation zone. Unlike
previous studies at high Reynolds number, the richer wall-pressure
signal of the low Reynolds number data cannot be used to determine
the location of the shock wave. The primary shock wave does not
penetrate as deeply into the boundary layer as for the high Reynolds
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number flows, and so it is more accurate to determine the low
Reynolds number shock location in the outer region of the boundary
layer. However, the low-frequency shockmotion (relative to the high
frequency that characterizes the undisturbed boundary layer)
reported for high Reynolds number flows and the turbulence
amplification across the interaction region are not affected by the low
Reynolds number condition.
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