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Abstract

Significant progress has been made towards understanding th
large scale features of wall-bounded shear flow in zero pres-
sure gradient (ZPG) turbulent boundary layers (TBL). Here
we consider their effects in adverse pressure gradient JAPG
flows where the pressure gradient parameter is held constant
and Reynolds number is varied. This is done by documenting
the changes in the mean velocity, streamwise turbuleneasiit

ties and their associated spectral densities. Increasgi¢zale
activity near the wall is seen with increasing Reynolds nemb
and for this pressure gradient, the mean flow deviates frem th
classically regarded log-law.

Introduction

The case of the adverse pressure gradient boundary layér is o
great importance since this must be the condition of a baynda
layer prior to separation. As such, many boundary layerrobnt
strategies will be designed for implementation in APG cendi
tions.

While there are some features of APG boundary layers that are
well-known, such as the stronger wake of the mean velocity
profile and increased broadband turbulence intensit)2 in

the logarithmic and wake region, there remain important fea
tures to be investigated. The large-scale structure of tineif

a case in point. Compared with the ZPG case, there is far less
known about the large-scale features in APG boundary layers
This may be due, in part, to the greater number of variables pe
tinent to the APG case. In order to reduce the parameter space
the present investigation presents data with varying Regno
numbers,Re = dU;/v (whered is the boundary layer thick-
nessly is the friction velocity and is the kinematic viscosity)
and fixed pressure gradient parameter

P
T 10 dx

B @)

whered* is displacement thickness arglis wall shear stres®,

is static pressure andis streamwise distance. The authors are
not aware of a previous study maintaing consfawith varying
Reynolds number. It should be noted that this is a complemen-
tary study to that of Haruet al [5], where a series of experi-
ments were conducted at fixed Reynolds numBa &1800)

and varying.

Harunet al[5] noted a significant difference between the mean
velocity of APG and ZPG flows; as the APG strength increased,
a change ok andA in the log-law of the wall was observed.

It was also found that there is a change in the ‘outer peak’ in
the energy spectra, both in location and length-scale fzoon
=0.06 and\y/d = 6 in ZPG flow [6] toz/d = 0.3 andAyx/d ~ 2

in the strong APG flow. The present study aims to build on this
previous work to understand the effect of increasing Reysol
number on the large-scale structure of a strong, fixed, adver
pressure gradient boundary layer.
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Figure 1: Wind tunnel general geometries
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Figure 2: Coefficient of pressu@,

Experimental set up

Facility

The experiments were performed in an open-return blowed win
tunnel. The important features of the tunnel are a settlivage

ber containing honeycomb and five screens followed by a con-
traction with area ratio of 8.9:1 which leads into an initidet
section area of 940 mm wide by 375 mm. The test section has a
an adjustable roof made from acrylic. It has a length of 4.2 m.
The sections heights are 375 mm at the trip wire 0 m), 400

mm atx=3 m and 550 mm at=5 m. The geometry is shown in
figure 1. The wind tunnel is divided into four sections, thietn

the ZPG, APG and outlet sections. The pressure gradient was
carefully adjusted so that the coefficient of pressCiavas set

to be within+0.01 throughout the inlet velocities tested. Fig-
ure 2 showsC, plotted against streamwise position. The first
8 pressure taps are in the inlet section. The figure shows that
the next 15 pressure taps were in ZPG. This is to ensure that th
flow was stable before any pressure gradient is introduced.

Oil Film Interferometry

The method of Oil Film Interferometry, OFI was used inde-
pendently to determine the skin friction coeffici€@y. It was
noted thalC¢ from Clauser chart and Preston tube in an APG
study carried out with the same wind tunnel used by Marusic
and Perry (1995) [10] differ by 2% for 1000 Re: < 3500.

OFI measurements took place at the same location that the hot
wire anemometer measurements had been performed. A 30 cSt
Dow Corning 200 Fluid, a silicon based oil was dropped onto
a glass plug, flush-fit to the wind tunnel wall. Temperaturé an
pressure were measured while pictures of fringes on thdetrop



were taken. Wall shear is obtained through
oy (DX 2V NG — NG SIrPO
w=Hoil { A

)\ b
0 is the illumination incident anglenyir and ngj are refrac-
tive indices of air and oil and\ is the wavelength of the
light source } = 589.9 nm for the sodium lamp used)x is
the fringe displacement found using Huang Hilbert Tramsfor
(HHT) method discussed by Chauhehal [2] and At is the
time. More about the OFI method, background and calibration
can be found in Ngt al[13].

@)

Experimental parameters

All of the measurements were performed using single hog-wir
anemometry. The hot-wire probes were all operated in con-
stant temperature mode using an AA Lab Systems AN-1003
anemometer with overheat ratio of 1.8 and the system had a fre
quency response of at least 50 kHz. A Dantec probe support
(55H20) was used. Wollaston wires of diameper 2.5umare
soldered to the prong tips and etched to give a platinum fitame
of the desired length,

Since the experiment required measurement at different
Reynolds numbers, the dimensionless wire lengthwould
change a$™ is proportional tdJs, the friction velocity, if the
exposed wire lengthwas maintained! ¢ = IU;/v). I should

be as small as possible to reduce spatial resolution prablem
For this experiment, we have choderr16+ 1.

In table 1,U; is the free-stream velocity); is the friction
velocity by Oil Film Interferometry (OFI). Superscript ‘45
used to denote viscous scaling ed. = zU; /v, UT =U /Uy,

t+ =tU;?/v. The Reynolds numbeRe (Karman number) is
given by 8U;/v, whered is the boundary layer thickness de-
termined from a modified Coles law of the wall/wake fit to the
mean velocity profile (Jonest al[8]). t* = tU;2/v is the non-
dimensionalised sample interval, where 1/fs, fsis sampling
rate. All experimental parameters are shown in table 1.

Results

Coefficient of friction

Since the friction velocity requires measurement of thel wal
shear stress, it is critical that this quantity is measureda
curately as possible. Figure 3 shows the coefficient ofifnict
plotted as a function oRe. It shows that there is almost a
constant shift betwee@; measured by OFI compared @
determined from the Clauser method, with a percentagerdiffe
ence of approximately 10 — 15%. In this paper we will Uge
determined from wall shear stress measured by OFI, sinee it i
uncertain whether the classical log-law of the wall, on whic
the Clauser method relies, remains valid in strong APG flows.

Mean velocity and broadband turbulence intensity profiles

Figure 4(a) displays the mean velocity profiles for: 4.4.
The mean velocity profiles collapse in the inner region for al
Reynolds numbers. The constamtand A in the log-law of
the wall equatiod * = k=1 In(z") + A, are determined from a
linear fit to the traditional logarithmic region of the meagioc-

ity profile defined as 76 z" < 0.15Re.. The curve-fit yields
an average value of = 0.36 andA = 2.2. The classical log-
law with constantx = 0.41,A = 5.0 is shown for comparison.
Clearly the APG data lie below the classical log-law. Devia-
tion from the log-law of the wall has been documented [11, 9].
Measurements performed at a constant Reynolds number with
variablep showed a gradual downward shift of the mean veloc-
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Figure 3: Coefficient of frictionCs for constant} ~4.4. Cs¢
obtained from OFI. The error bars are of magnitde®25%.Cj
obtained from Clauser chart are the lower symbols shown in
Table 1.

ity profiles in the traditional log region as the strength loé t
APG was increased [5].

In this study, having constafit~ 4.4, it appears that it is solely
pressure gradient that causes deviation from the log-latleof
wall and not the Reynolds number. Note that Reynolds num-
ber has been increased frdR@ ~ 1700 toRe ~ 3800. How-
ever, the Reynolds number range is relatively small, sodrigh
Reynolds number studies should be carried out to confirm this
result.

Figure 4(b) shows the broadband turbulence intensity pofil

At z" = 15, u2/UZ? maintains a similar magnitude=(9) as
Reynolds number increases. The higher Reynolds number data
appear to collapse through most of the flow, well into the oute
region, while the lower Reynolds number intensity is slight
lower in magnitude beyond"™ = 15. This result suggests that
there may be only slight differences in the structure of thefl

with increasing Reynolds number.

Energy spectra

Pre-multiplied energy spectrd@,u will be plotted against
streamwise wavelengthy = 211/ky, whereqy is the spectral
density of the streamwise velocity fluctuatioks = 21tf /Uc is

the streamwise wavenumbsr,is the frequency ant is the
convection velocity. In ZPG flow, there is a highly energetic
peak in the near wall region occurring &t ~15 andA" ~
1000 referred to as the inner peak’. The inner peak is due to
the near wall cycle of streaks and quasi-streamwise vartice
Further from the wall, [6] showed that there is a second peak
in the boundary layer spectra mapzat: 0.06d corresponding

to superstructures of wavelengih ~ 65. These features can
be seen in figure 6 which displays coloured contour&ygf,
against streamwise wavelength and wall-distance (thectspe
map’) for a lower Reynolds number ZPG case.

Figures 5(a) to (d) display energy spectra maps for the gtron
APG case with matche@. As Re increases from 1700 to
2500, kk@uu/UZ increases in the outer region (as doégU;?).

For higher Reynolds number, the spectra maps look very simi-
lar. Observing the peak energy (deep red contours) in ther out
region, it appears that, at the same pressure gradientfta shi



Symbol  U; X Re 5 o ] n Pt v/Ur d IT tT TUp/d
mis m m x10%  pm  pm
& 8.01 4.8 1740 0.108 0.0248 0.0156 2.35 439 -347 621 25 198 018000
X 12.89 4.8 2500 0.100 0.0225 0.0143 2.44 440 -21.8 408 25 @49 16000
[ 1710 4.8 3510 0.105 0.0225 0.0147 225 453 -159 30.3 25 Q&4 19600
19.13 4.8 3850 0.102 0.0222 0.0145 2.31 440 -144 27.2 25 Q82 24200
> 1424 3.0 1830 0.052 0.0074 0.0055 0.65 ZPG ZPG 28.7 25 178 0.31800
Table 1: Experimental parameters for hotwire experimeritis gonstan{3.
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Figure 4: Statistics of the APG boundary layer fior 4.4 with
increasingRe (a) Mean velocity; (b) Broadband turbulence in-
tensity. For symbols, refer to table 1. The solid line shows
Ut =k~ 1In(z")+A k =0.41 andA = 5, while the dashed line
showsU ™ = y* and the dashed-dot line indiecaiEs= 15.

toward larger length-scales wiRe increasing can be seen, al-
though it is only weak. Perhaps the most notable result is the
strength of the large-scale structures in the outer redidiP&
flows compared with ZPG (comparing figure 6 with 5).
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Figure 5: Pre-multiplied energy spectra of streamwiseaiglp

2 .
For a more detailed comparison, energy spectra at speaifie lo kxuu/Uy” constang. For detail, refer to Table 1.

tions are plotted in figures 7(a) — (d). &t ~ 15 there appear

to be only small changes in the spectra W&, except at the

lower Re;, where the large-scales are slightly less energetic.

z/d ~ 0.3, the peak energy occursit/d ~ 1 for the lowest
Reynolds number. However, as the Reynolds number is in-
creased, the peak energy shifts to longer wavelengthg/th~

2 - 3 as shown in shown in figure 7(c and d). It could be argued
that the large-scale energy becomes slightly stronger faiftd s

to slightly longer wavelengths with increasifg .

At 7z =~ 100, kxcgJu/UT2 increases markedly frolRe = 1700

to 2500, yet there appears little change with further ireeeat
Reynolds number. At the higher Reynolds numbers, the large-
scale energy is much stronger and the peak energy occues at th
significantly longer wavelength o6/~ 2 - 3.

At z+ ~ (15Re)%® (the midpoint of the logarithmic region) and |, summary,the loweRe (1740) appears to differ from the



Figure 6: Pre-multiplied energy spectra of streamwiseaiglo
kxanu/UT2 for ZPG atReg 1850. For detail, refer to Table 1.

A/d Ax/d
102 10" 10° 100 10° 10 10" 10° 10" 10°
~ 250 (@)Z" ~ 15 — @\ | (bz" =100
) —KX
g 1.5 L —
S
1

0.5

«,.25[ (c)(15Rg® (d)z/3~0.3

10 10 A 100 100 10 10 10 A 100 100 10

Figure 7: Pre-multiplied energy spectra of streamwise alo
ity fluctuationkk,u/UZ constanp at selected heights from the
wall. Re increases with line in increasing thickness.

higher Rg cases in the large scale contribution to the energy
spectra. This may indicate that the separation of scales is i
sufficient at this Reynolds number. Therefore, it could e re
ommended thaRe ~ 2000 represents a lower limit for a strong
APG boundary layer to be classified as ‘high’ Reynolds number

Conclusions

The mean velocity profiles for APG turbulent boundary layers
deviates from the classical log-law of the wall. There iswaitlo
ward shift in the logarithmic region observed in strong ptee
gradients of ~ 4.4. Based on the constaRf data with in-
creasing3, the downward shift is gradual @sincreases. Thus
we can confirm tha is the sole factor affecting the deviation
from the log-law while it is insensitive tRe, at least for the
range of experiments presented here.

The broadband turbulence intensity profiles collapse iirther
region for all Reynolds number data except for the lovrRst
(1740). The turbulence intensity is higher in the outer oagi
and significantly different in shape compared to ZPG.

Through an energy spectra analysis, the outer region islglea
affected by APG as compared to ZPG [5]. Even though broad-

band turbulence intensity?/UZ2 in the inner and outer re-

gions are approximately of the same magnitude for hidteer
there appears to be a weakly increasing contribution frogela
scales, starting in the logarithmic region and continuirtg the
outer region. In ZPG flow, the outer peak in energy spectra
grows weakly in magnitude with Reynolds number [6]. In the
strong adverse pressure gradient case studied here,sbisal
ident that larger scales structures increase in strengigas-
creases, consistent with ZPG. However, data at higher Résyno
numbers are required to confirm this result.
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