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ABSTRACT
The effects of pressure gradient on an initially zero-
pressure-gradient turbulent boundary layer are investia

have brought into question the universal scaling behaviour
of the near-wall and logarithmic regions (Naggbal. 2009,
Bourassa & Thomas 2009, Mongyal. 2011). A recent DNS

We consider both adverse and favourable pressure gradients study of an adverse pressure gradient boundary layer by Lee &

at matched Reynolds number as compared with the zero pres-

Sung (2009) has also raised questions as to how the coherent

sure gradient case. The data are also acquired using matchedstructures are affected - from the largest structures irfi e
sensor parameters so that an unambiguous comparison can be(Hutchins & Marusic 2007) to the near-wall sublayer streaks
made. The results show that energy increases throughout the (Kline et al. 1967). Lee & Sung report that under strong ad-

turbulent boundary layer as the pressure gradient incseitse

is also found that the large-scale motions are much more ener
getic for adverse pressure gradients compared with the othe
cases. The outer region of the flow appears most affected by
the pressure gradient in this regard. The streak spacirwin t
near-wall viscous region is found to be unaffected by thepre
sure gradients, which is in contrast to other studies inithe |
erature.

INTRODUCTION

Of the turbulent boundary layer flows, the canonical
zero-pressure-gradient (ZPG) case, on a flat plate with con-
stant free-stream velocity, has received the most attentio
Recent reviews on these flows (Sméfsal. 2011, Marusic
et al. 2010, Klewicki 2010) discuss the recent findings with
respect to scaling, Reynolds numbers effects, and the role
of coherent structures and very-large-scale motions isethe
flows. It is of interest to see how these features change once
the boundary layers encounter a streamwise favorable pres-
sure gradient (FPG) or adverse pressure gradient (APG), as
this is a common occurrence in many engineering systems.
Pressure gradient flows have also received considerable att
tion (Clauser 1954, Cat al. 2008, Krogstad & Skare 1995,
Marusic & Perry 1995, Aubertine & Eaton 2000, and many
others) but in recent times there has been renewed interest i
the light of independent wall-shear stress measuremeats th
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verse pressure gradients the near-wall streaks are weahkene
with the spanwise spacing between the streaks becoming ir-
regular and increasing in size to 400 viscous wall unitscihi

is approximately four times larger than that of the ZPG flow.
For FPG flows, these streak spacings have also been reported
to be above the nominal ZPG value of 100 viscous wall units
(Bourassa and Thomas 2009). A survey from various stud-
ies of streak spacing for different pressure gradient flawvs i
shown in table 1. From these results, it is noted that signifi-
cant effects are seen in the near-wall region (by the change i
streak spacing).

However, all the studies in table 1 were performed at dif-
ferent Reynolds numbers. HeRegg = OU1 /v is the Reynolds
number based on momentum thickn@ssvhereU; is the lo-
cal free stream velocity and is kinematic viscosity. Recent
studies in ZPG flows have demonstrated that Reynolds num-
ber effects vary even beyond Reynolds numbers traditipnall
considered high: The contribution from the log region to the
overall turbulence production increases with Reynolds num
ber (Marusicet al. 2010) and large-scale structures which in-
habit the log region amplitude-modulate the near-walloBgi
(Mathis et al. 2009). In an attempt to isolate any Reynolds
number effects, we have designed experiments where we
maintain the Reynolds number B¢ = dU; /v ~ 1900, where
d is the boundary layer thickness, ddg is friction velocity.

Throughout this papery, y and z are the streamwise,
spanwise and wall-normal directions respectively, and nor



Workers Reg Pressure Gradient Streak spacing,
Bourassa & Thomas (2009) 4590 FRGy 4.4x 107 >100
Finnicium & Hanratty (1988) - FPQ ~2x10°° 105-110
Robinson (1991) review paper rangeRg#y < 6000 ZPG 100
Adrianet al. (2000) 930-6845 ZPG 100
Skote & Henningson (2002) 300-700 ZPG to strong APG (sepdyat 100 (ZPG) - 130 (Separated)
Lee & Sung J.S. (2009) 1200-1400 APGB= 1.68 400

Table 1. A review of streak spacing in FPG, ZPG and APG bouynkdgers.

malization with inner variabled); andv/Ur) is indicated by
the superscript+’. The non-dimensionalised pressure gradi-
ent parameter is defined @s= 0" /10(dP/dx), whered”* is
displacement thickness and is wall shear stres$ is static
pressure. The acceleration paramefer v/U;2(dU;/dx)
will also be used.

EXPERIMENTAL TECHNIQUES

The experiments were performed in an open-return
blower wind tunnel. The important features of the tunnelaare
settling chamber containing honeycomb and five screens fol-
lowed by a contraction with area ratio of 8.9:1 which leads
into an initial inlet section area of 940mm wide by 375mm
height. The test section has an adjustable roof made from
acrylic sheets and a length of 4.2m. The section heights are
375mm at the trip wireX = Om), 400mm atx = 3m and
550mm (for APG) ak = 5m (or 270mm for FPG). The wind
tunnel is divided into 4 sections, the inlet, the ZPG section
the APG (or FPG) section, and the outlet section. The pres-
sure gradient was carefully adjusted so that the distobudf
the coefficient of pressui@€p, was set to be within:0.01 for
all inlet velocities.

The turbulence measurements were made using hot-wire
anemometry with single-wire probes. The hot-wire probes
were operated in constant temperature mode using an AA Lab
Systems AN-1003 anemometer for wire diameges, 2.5um
and Melbourne University Constant Temperature Anemome-
ter (MUCTA) for ¢ = 1.5um. The overheat ratio of 1.8 was

used and the system had a frequency response of at least

50kHz. A Dantec probe support (55H20) was used. Wol-
laston wires are soldered to the prong tips and etched to
give a platinum filament of the desired length, The non-
dimensionalised sensor lengtfi, should be as small as pos-
sible to reduce spatial resolution problems (Hutchins et al
2009). Herel™ =1Ur/v. For this experiment, we have chosen
[*=16+ 1.

Two-point hot wire measurements were also carried out
at various wall-normal locations with one sensor statignar
and the other traveling in the spanwise direction. A typical
set-up is shown in figure 2. In order to perform measurement
with two moving sensors, a two-axis traverse was constducte
Both axes could travel in the wall-normal direction, howeve
only one axis could move in the spanwise direction. The con-
struction of the traverse and the modifications to the wimd tu
nel were made such that both axes could travel at least 1.5
times the boundary layer thickness in wall-normal diretctio
and two times the boundary layer thickness in the spanwise
direction. The axes were motorized by very fine stepper mo-
tors which allowed fine incremental movement between mea-
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Figure 1. Coefficient of pressu

surements. Practically, the facility allowed two-sens@am
surement at any wall-normal and spanwise coordinate within
the limits mentioned.

Figure 2. Photograph of the hot-wire sensors near the wall
in the two-point correlation experiments. The floor reflébes
image, allowing determination of initial wall position.

Qil film interferometry (OFI), was used to independently
determine the skin friction coefficier®;. OFI measure-
ments were conducted at the same location where the hot-wire
anemometer measurements had been performed. 30cSt and
200cSt Dow Corning 200 Fluids were used. A Hilbert Trans-
form (HHT) method discussed by Chauhetral. (2010) was
used in the analysis of OFI. Detailed descriptions of the OFI
method, its background and calibration can be found in Ng
et al. (2007).

EXPERIMENTAL PARAMETERS

The experimental parameters are summarized in table 2.
The experiments were designed so that a ZPG boundary layer
was the base case and APG and FPG flow developed from



Symbol Uz X Rer Reg 0 M B K viUp d It t* TUx/d
m/s m m x107"  um  pm

®FPG 12.38 4.1 1930 3900 0.057 0.20 -0.64 2.17 295 15 16 0.196001

>ZPG 14.24 3.0 1830 5020 0.052 0.65 ZPG ZPG 28,7 25 17 0.38 (180

OAPG 1140 4.1 1940 8860 0.078 1.32 1.77 -194 40.7 25 16 0.29900

Table 2. Experimental parameters for hotwire experimentsadachedRe; ~ 1900 data. Superscript ‘+' is used to denote viscous

scaling e.gU* =U/Ur, t* :tUrz/v. t* :tUrz/v is the non-dimensionalised sample interval, wherdl/ fs, fsis sampling rate.
The total length in seconds of the velocity sample at eaaghités given byT. This is non-dimensionalized in outer scaling to give

boundary-layer turnover timé&J /d.

there in separate cases. Figure 1 showEhprofiles plotted
against streamwise distance. It is noted that the pressare g
dients are moderate, but the APG case has a siflilalue

to Lee & Sung (2009). The dashed-line in this figure indicates
the location at which the APG and FPG measurements were
performed. The measurement stations were chosen so that the
Reynolds number was nominally constant.

RESULTS
Mean statistics

Figure 3 shows profiles of the mean velocity and the
streamwise turbulence intentities for the experiments per
formed atRer ~ 1900. Figure @ shows the expected trends
in mean velocity: the inner regions remains similar, while t
outer region exhibits a rising wake with increased pressure
gradient. The plot also provides an indication of the sttieng
of the pressure gradients studied. The aim here is to investi
gate the changes from a canonical state due to pressure gradi
ent and so mild pressure gradients have been chosen.

The turbulence intensity profiles of figur® are unique
since the hot-wire sensor length (non-dimensionalised)
the Reynolds number has been kept constant. It is clear from
this plot that there is a rise in turbulent energy (streamayvis
with increased pressure gradient. Note that the turbulence
intensity is scaled with the friction velocity)r. This scale
is chosen since we are investigating variations compared to
the zero pressure gradient boundary layer, whérecaling
is commonly employed. Although not shown here, turbu-
lence intensity rises in the outer region even when the local
freestream velocity is used as the scaling parameter. There
fore, the main conclusions of this study are not affected by
choice of velocity scale.

In the following section, we examine the scales of motion
that contribute to this rise in turbulence intensity.

Energy spectra

Contour plots of premultiplied power spectral density are
shown in figure 4, with axes indicating scaled wavelength and
wall-distance. To convert from frequency to wavelengtte, th
local mean velocity is assumed to represent the convection
velocity of the turbulence. These plots give a global view of
the energy distribution through the boundary layer. Thaare
under any given vertical slice through these plots reptssen
the turbulence intensity as shown in figute Jherefore it is
expected that there is an overall increase in energy asdise pr
sure gradient is increased. Interestingly, the peak enettiye
outer region is highlighted with symbah’ and it appears that
the outer peak in APG flows occurs at lower wavelength and
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Figure 3. ZPG, APG and FPG flows at matchred ~ 1900
(a) Mean velocity profiles (b) Broadband turbulence intgnsi
profiles. For symbols, refer to table 2. Solid line &f = K1
IN(z") +A, k =0.41 andA = 5.0, dashed line fdd * = z" and
dashed-dot line for*=15.

greater wall-distance compared with the ZPG case (the FPG
case does not exhibit a large-scale peak at this Reynolds num
ber). Itis also clear that there is significantly more energy
the outer region at large wavelengths in the APG case.

In figure 5 selected plots of the energy spectra are shown
to give a clearer picture of specific energetic scales atgeran
of wall-distances. At the start of the logarithmic region, i
is observed that the FPG flow has a higher small-scale en-
ergy content relative to the large-scales. For the ZPG tlase,
energy is approximately balanced between small- and large-
scales, but in the APG case, the large-scales dominate. This
represents a significant structural difference betweethtiee
flows and is particularly important in light of the recentdtu
ies of Mathiset al. (2009) who have shown an influence of



the large-scalescéntred in the log region) through the zero
pressure gradient boundary layer.

In the outer region, figuredbindicates the structure of the
flow is similar in all flows, with an energy peak arouhd 30;
the magnitude of the energy, however, increases with pressu
gradient as expected from the turbulence intensity profiles

z/d
107 10

() ®

10"
Ax

i & :

) 112

10
(b) >

10
A

10 .
(c)o

10"
A .

107

10" 1oi 10°
2 P
kx@u/Us
| R — |
0.16 0.64 1.12 1.6

Figure 4. Pre-multiplied energy spectra of streamwise ve-
locity fluctuationkxclhu/ur2 at constanRe; for different pres-
sure gradients. Contour levels are from 0.16 to 1.6 in step of
0.16; The symbol %’ denotes the location ofz{ = 15, A{ =
1000), ‘®’ denotes the location ofz{ = 3.9Re%/2, Ax = 60)
and ‘m’ denotes the location of(d = 0.2, Ax = 39).

Two-point streamwise velocity correlations
The two-point velocity correlation is defined and scaled
as follows:

<u(X Y)u(x+Ax, y+A4Ay) >

Ru(Bx By = X y) ok Dy + By)

@

whereu is the fluctuating velocityAx andAy are in plane sep-
arations between the two components and the standard
deviation. Figure 6 displays plots of the two-point cortielias

in the spanwise and streamwise directions at two wall-nbrma
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Figure 5. Pre-multiplied energy spectra of streamwise ve-

locity kxquu/urz. The symbols are as in figure 3.

locations. The wall-normal locations chosen are at the-near
wall peak ¢ ~ 15) and in the outer regiorz ¢ 0.35). In con-
trast to the findings of Lee & Sung (2009), there appears littl
evidence of any change to the near-wall cycle. The spacing
between the troughs indicated in figur@?® indicates that the
steak spacing is invariant with pressure gradient. Thig-obv
ously not in agreement with the streak spacing especiatly fo
ZPG as shown in table 1. However, these correlations con-
tain both large- and small-scale information. To look at the
small-scales independently, the original velocity flutituss
from both hotwire sensors have been filtered to remove the
large-scale velocity fluctuations. The resulting corielabf
the small-scale velocity fluctuations is shown in figure 7e Th
data presented here show that the streak spacing in the APG
case is much closer to 100 wall units rather than 400 (as found
by Lee & Sung). In fact it appears that the streak spacing is
slightly less in the APG case.

Figures &, d show the correlations a~ 0.35. Here
we see some differences in both the streamwise and spanwise
two-point correlations. Initially, it would appear thattlkor-
relation tails are shorter in the streamwise direction fa t
APG case compared with the other cases. Such a notable
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Figure 6. Streamwise (left) and spanwise (right) two-pamtrelationRy, for FPG @), ZPG (>) and APG 6) flows atz" ~ 15

(a,b) and az/d ~ 0.3 (c,d).

shortening of length scales was not observed in the spectra
shown in figure 8. However, it should be noted that a con-
vection velocity is required here to convert the temporateso
lations to spatial. The convection velocity chosen is thoalo
mean velocity. If we chose a higher (and constant) convec-
tion velocity, 082U, for example, the correlations are much
closer together as shown in figure 8. Therefore, it is diffi-
cult to discern if the characteristic length does changeés{p
sure gradients within the uncertainty of estimating the-con
vection velocity. The results here, do however, indicatg th
for the APG case the characteristic length is slightly srort
than the ZPG or FPG. In the spanwise direction, there is also
a weak trend with the structures increasing slightly in tidt
as the pressure gradient decreases. This is consistertheith
idea that the FPG effect is to stretch (streamwise) and flat-
ten the motions in the boundary layer, while the APG acts to
thicken the boundary layer, causing increased structugkean
and therefore reducing length scales of the individual omsti

CONCLUSIONS
Careful experiments with matched experimental condi-
tions in turbulent boundary layers with zero, favorable and
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Figure 7. Correlation for small-scale velocity fluctuation
Ruuss in the near-wall regiornz” ~ 15 for FPG (), ZPG (>)
and APG 6) flows.

adverse pressure gradients have been performed at constantlarge scale structures in the APG case compared with the othe

Reynolds number. Turbulence intensity profiles show that th
streamwise kinetic energy throughout the boundary layer in
creases with pressure gradient. Fourier analysis indichtst
there is a broadband increase of energy with pressure gtadie
however, the larger scales are disproportionately eresigis
the APG case having the greater rise in large scale energy.
Furthermore, the outer region contains much more energetic
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cases. Previous studies Skote & Henningson (2002) and Lee
& Sung (2009) have shown that these three cases have dif-
ferent turbulent structure in the near-wall region. Howeve
our energy spectra and two-point correlation analyses con-
clude that the near-wall structures have similar streamwis
and spanwise length scales. One possible reason for the dis-
crepancy is the higher Reynolds number studied here.
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