PRESSURE FLUCTUATION IN HIGH-REYNOLDS NUMBER
TURBULENT BOUNDARY LAYER; RESULTS FROM EXPERIMENTS
AND NUMERICAL SIMULATIONS

Yoshiyuki Tsuji

Department of Energy Engineering and Science,

Nagoya University
Chikusa-ku, Furo-cho, 464-8603
c42406a@nucc.cc.nagoya-u.ac.jp

Phillipp Schlatter
Linné Flow Center,
KTH Mechanics,

P. Henrik Alfredsson
Linné Flow Center,
KTH Mechanics,

Shintaro Imayama
Linné Flow Center,
KTH Mechanics,
SE-100 44 Stockholm, Sweden

Arne V. Johansson
Linné Flow Center,
KTH Mechanics,

SE-100 44 Stockholm, Sweden SE-100 44 Stockholm, Sweden SE-100 44 Stockholm, Sweden

ABSTRACT
Pressure fluctuations are measured in zero-pressure-
gradient boundary layers. Following the previous studies,

tention has not been paid so far. In a real turbulent flow, pres-
sure intensity (expressed pgns hereafter) is not zero in the
free stream. This corresponds to the fact thals has some

we developed the small pressure probe and measure both the positive value.

static pressure inside boundary layer and wall pressure simul-
taneously in turbulent boundary layers up to Reynolds num-
bers based on the momentum thicknBgs~ 20000. Discus-

In the wind tunnel, there is the inherent signal contam-
ination resulting from facility induced noise. These acoustic
disturbances are of low frequency, generally well below 100

sions are made on the background pressure in the free streamHz. From the Navier-Stokes equation, we obtain the Pois-

region. It contaminates the physical pressure in the boundary
layer. We report on the pressure intensity profile normalized

by outer and inner variables. Once the background pressure
is subtracted, they are compared with the results of direct nu-
merical simulations.

Introduction

The instantaneous pressure fluctuations in the turbulent
boundary layer were measured in [1] several years ago. This
was the first experimental attempt to discuss the pressure
statistics in high Reynolds number boundary layer. The re-
sults were reported in TSFP4 and TSFP5. Throughout these
researches, we have noticed that the pressure fluctuation in-
side the boundary layer is affected by free stream condition.
In other words, the wall pressure fluctuation has a correla-
tion with static pressure fluctuation even at the point twice the
boundary layer thickness. It is significantly different from the
trend of velocity statistics.

In the free stream outside boundary layer, there is a po-
tential flow. But the turbulent intensity is not zero exactly in
areal wind tunnel, and it is controlled to be as small as possi-
ble. The ratio of free stream intensitys/Uo, hereUg is free
stream velocity andims is root mean square of stream-wise
velocity fluctuation) should be less than 1 %. It is a criterion
how reasonably the turbulent boundary layer develops. On the
other hand, about the pressure fluctuation intensity, much at-

1

son equation for the instantaneous presguieréssure is cal-
culated by the source term and the boundary conditions. If
the acoustic disturbance is contained in the source term, how
can we remove this effect and evaluate the physical pressure
statistics inside the boundary layer although it may be small.
If the boundary condition for the Poisson equation varies de-
pending on the facility, can we expect the universality of pres-
sure statistics inside boundary layer? These are the main con-
cerns in the present study. Recently, new experiments were
performed using a smaller pressure sensor in even higher Re
number flows. The experimental data are compared with pres-
sure statistics obtained in relatively high Re number direct nu-
merical simulation (DNS) by Schlatter et al.[2] and Jimenez
et al.[3]. This may help to answer the above questions.

Experimental Conditions

Pressure fluctuations in the flow field are measured with
standard static pressure tube probe (Fig.1). Several calibra-
tion techniques have been developed to remove artificial ef-
fects such as Helmholtz resonance, standing waves and back-
ground noise. The probe body consists of two stainless steel
tubes joined by threaded and screwed junctions; the wind-
ward tube is cone-shaped and equipped with four static pin-
holes spaced 90apart in the circumferential direction and
located 12 mm from the tip. This tube has pinhole diam-
eters ofgy = 0.08mm, an inner diameter of ® mm and a
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Figure 1. Schematic view of pressure probe.
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tube material thickness df = 0.05 mm. The leeward tube Ry [x10%] R, [x10"

begins with a standard/8inch condenser microphone with

a diameterdyy = 3.2 mm. In the previous measurement [1],
we were using the probe whose outer diameter6s®m and

@ = 0.15 mm, which were attached to th¢4linch micro-
phone. Thus, the present probe size is half approximately.
The microphone can perform measurements in the frequency
range of 10- 70 x 10° Hz, where the lower frequency limit

is restricted by its mechanical system. The dynamic range is
2x 102 ~ 3.2 x 10° Pa, implying that relatively small am-
plitudes can be measured.

A schematic view of the probe setting in the wind tun-
nel is shown in Fig.2. Here, a specially designed wall-normal
traversing system is used, which protrudes from the plate and Bw = Rv+ Pw,
allows for traversing in the range<Qy < 120 mm. Another Bs = Ps+ s, )
reference probe is set in the free stream, which locates 30 cm - '
from the upper wall surface and measures the pressure fluctu- Po =P+ Pp-
ation outside of boundary layer. In the present context, static
pressure fluctuation is sometimes referred to simply as pres- The static pressure probe is setyat 120 mm, where it is
sure fluctuation, and itis expressedm@sThe pressure fluctu- o0t twice boundary layer thickness, and the correlations
gtlon outside of boundary_ layer measured by reference probe amongpw, ps, andpy, are examined. They are normalized by
is expressed a."We call it the back ground pressure fluctu- o or variables and are plotted against the Reynolds number
ation. . , . . . in Fig. 3. The correlatior{pspy) is associated with the fluc-

The 1/4 inch microphone is mounted in the cavity vol-  ation in the outer region. Because the static pressure probe
ume behind the surface, which is arranged to be as small as g get aty = 120 mm and the reference probeyis- 220 mm.
possible. The pinhole diameterds= 0.3 mm and its depth is On the other hand, the correlatiopypp) represents the large
¢=1.0 mm. Hence the normalized pinhole diameter changes gcaje fluctuations across the cross section of wind tunnel.
in the range 4 < d* < 20.7 depending on Reynolds number,  These values show almost constant when they are normal-
and the a.spect. ratio §d = 3.33..From the Q|scu53|on in [1], ized by outer variables, antpspp) ~ (pwpp). From these
the error is estimated to be minimal. In this context, the wall g its| we find that the free-stream pressure fluctuation trans-
pressure fluctuation is expressedms Wall pressure and fers close to the wall immediately. The cross-spectrgpf
static pressure inside the boundary layer are measured simul- 54 pw across the boundary layer are plotted in Fig. 4, in
taneously and also the pressure in the free stream is monitored.  hich the frequency is multiplied, and usually called the pre-
Free stream pressure is used as the referenc_e to remove themultiplied spectrum (PMS). PMS shapes do not change in the
background noise generated by the fan and wind tunnel. The o ndary layer, and the contribution comes from the low fre-
experiments were performed in the MTL wind tunnel at KTH. quency regionf < 100. The sharp spike around 450 Hz cor-
The Reynolds number was varied upRg ~ 21000. Stream- responds to the frequency of wind fan. It is convenient to call

wise velocity is measured by a standard single hot wire, and h¢ free-stream pressure measured by the reference probe the
the wall shear stress is obtained by the oil film interferometry. back-ground pressure.

Figure 3. Correlations amongy, ps, and py. Static probe
is set aty = 120 mm from the wall.

Results and Discussions

Instantaneous pressure fluctuation measured at the wall,
inside boundary layer and free stream, which are expressed as
Bw, Ps, Pb, respectively. These pressures are decomposed into
their mean and fluctuation as

From the results in Fig. 4, we can assume that static pres-
sure inside the boundary layer is contaminated by the back-

mOmmI -~ ground pressure. Then the following decomposition is ob-
tained.
220mm
Flow 10
5.5m ) IZOmmI ps = plS+ Po, ( )
2
' ' Pw = Py + P,
Microphone
(wall pressure)

_ o _ wherepj and pj, are static and wall pressure fluctuations be-
Figure 2. Probe setting in test section. sides the back ground pressure. In Fig. 5, we plot the cross
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Figure 4. Cross correlation spectra betwegp and ps.
Static pressure position is changed frgra 0 mm toy/d =
1.53 mm.

correlation ofp; and p;, and also that ops and p, across the
boundary layer, which are normalized by their intensities.

C(Ps. Pw) = [Epepu)?/ [Epepe] / [Epupl -

/) 2 (3)
C(Ps: Pw) = [Epyp,, |/ [Ep,pe)/[Eppi] -
+o00
(psFW:'O Epep, (F)d T,
+o00
(18)= [ Epn(Daf. 4)
(B8) = [ Enm(at.

Correlation spectr&(ps, pw) show the large value in low
frequency region, this is because the contribution frpgn
is large. Once the pressum is subtracted, the correla-
tion C(p%, ply) show the small value in low frequency region,
but the correlation is not exactly zero. From the assumption
that the background pressure, which is caused by artificial
noise, is contaminated in static and wall pressures (Eqgs.(3)
and (4)) through the boundary layer, we computed the corre-
lation spectra. Static pressysgat the outer edge of boundary
layer (/5 ~ 25) has still some correlation with wall pressure
pl,- This result shows the difficulty to separate the acoustic
noise generated by the flow condition from the physical pres-
sure fluctuations.

In Fig. 6 the root mean square of the pressure fluc-
tuation is plotted versus the distance from the wall in the
Reynolds number range 7420Rg < 15200. These data
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Figure 5. Cross correlation spectra defined by Eq. 3. Static
pressure position is changed frgra= 0 mm toy = 120 mm.
(a) original signal, (b) back gorund pressure is subtracted.
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have been corrected by removing the background noise. This Figure 6. &) rms of static pressure, normalized using inner

is based on the equations (1) and (2), but other corrections

are necessary. When they are normalized by inner variables,

Pins = Prms/(pU2), there is a cleaRg-dependence through-
out the boundary layer. The inner rms pggiks maxiS accord-

ing to DNS results located arouryd ~ 30, and cannot be re-
solved in these experiments due to physical probe interaction
with the wall. With the type of probe used here one cannot

3

variables, are plotted\:Rg = 7420,[1:Rg = 8920,v/:Rg =
10500,0:Rg = 12100, x:Ry = 15200. b) rms aty™ = 100
with (o)-symbols versus the Reynolds number. Solid symbols
indicate the peak opy;h,s obtained by DNSs: Skote(2001),

H: Jimenez(2010)a: Schlatter (2010).
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Figure 7. &) Root mean square of the static pressure, nor-

malized by twice the free stream dynamic presssure. Symbols
as in Fig. 7. ) Similar distributions obtained with DNS.
Solid lines are by Skote(2001) Ry = 450,716, and dashed
lines are by Spalart(1988) By = 670 1410, Schlatter (2010)
atRg = 20003270 4060.
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Figure 8. rms of static pressure, normalized using inner and
outer variables, are plotted. Symbols are the same with those
in Fig. 6. Solid lines are DNS by Schlatter (2010)Ryt =
100020003270 4060.

get closer to the wall thayi™ ~ 40 and 90 folRg = 7420 and
15200, respectively.

Direct numerical simulations show that the maximum
value pfsmax iNcreases as the Reynolds number increases.
This Reynolds number dependence is shown in Fig. 7. The
distributions are well approximated by a logarithmic function
; Primsmax 0 IN(Rg). The experimental data, as plotted with
(0)-symbols in figure, are the pressure r.m.s.yat= 100.
DNS and experimental data show the similar Reynolds num-

ber dependence.

On the other hand, when the pressure rms is normalized
by outer variablespug, and the distance from the wall with
A, the profiles more or less collapse on each other in the outer
region as shown in Fig. 7(a). Hefeis Rotta-Clauser bound-
ary layer thickness, andy is free-stream velocity. Figure
7(b) shows the DNS results by Skote (2001), Spalart (1988),
Phillipp et al (2010) in comparison with experiment. We can
recognize a Reynolds number dependence wReis small.
The peakprmsmax/pug increases, and moves closer to the

wall in terms ofy/A as the Reynolds number increases.

Figure 8 shows the normalization by outer length and
inner velocity scales. As Reynolds number increases, larger
peak values closer to the wall are observed. And there is over-
lap region where the relatiofp;ims)? O In(y/d). In the exper-
imental data, the profile is slightly different from that of DNS.
This may because the background pressure, artificial effect, is
not perfectly removed from the physical pressure fluctuation
in the present techniques.

About the wall pressure rms, we studied the Reynolds
number dependence when it is normalized with inner, outer
and mixed scaling. For the inner scaling, wall pressure
rms, pyrms iNcreases slowly with increasing Reynolds num-
ber. The profiles are wall approximated by the relation of
(Pirms)? O IN(Rg). The behaviour ofprms normalized by
outer variables seen to decrease as the Reynolds number in-
creases but appears to reach an asymptotic value for high
Rg. However, it is seen that by normalizing the pressure
with mixed scaling, we obtain an overall small variation of
the normalized rms-level, but for higRy, it tends to increase
slightly. These trens are well observed in the results of Direct
numerical simulations. The details are reported in the presen-
tation.
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