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1. Introduction

Characteristics of turbulent boundary layer flows with adverse
pressure gradients (APG) differ significantly from those of canoni-
cal boundary layers. Among previous studies, the experimental
investigations conducted by Clauser (1954), Bradshaw (1967) and
the theoretical one by Rotta (1962) are well-known with regard
to the equilibrium boundary layer (with the pressure gradient
parameter kept constant). The equilibrium APG boundary layer
has produced some interest in the statistical features of self-simi-
larity, and is thus the subject of experiments (Skare and Krogstad,
1994) and direct numerical simulations (DNS) (Skote et al., 1998).
In actual flow fields, however, the equilibrium condition is not nec-
essarily satisfied, and the various characteristics of turbulent
boundary layer flows may emerge from more general conditions.
For example, the development of a turbulent boundary layer after
a sudden change in external conditions (Townsend, 1976) is typi-
cal. Thus, many researchers have been investigating the boundary
layers under non-equilibrium pressure gradient conditions. Re-
search on non-equilibrium APG boundary layers has been con-
ducted both experimentally (Samuel and Joubert, 1974; Nagano
et al,, 1993, 1998; Houra et al., 2000; Indinger et al., 2006) and
numerically (Spalart and Watmuff, 1993; Na and Moin, 1996; Cole-
man et al., 2003; Lee and Sung, 2007).
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With respect to the heat transfer characteristics in APG bound-
ary layers, classical experimental data under an equilibrium APG
condition (Blackwell et al., 1972) are still used in order to validate
proposed turbulence models and/or theory (Bradshaw and Huang,
1995; Volino and Simon, 1997; Wang et al., 2008). Thus, in order to
improve the model predictions for practical usage, we must eluci-
date non-equilibrium APG effects on turbulent boundary layers
with heat transfer.

From our previous heat transfer experiment on a non-equilib-
rium APG turbulent boundary layer (Houra and Nagano, 2006),
we obtained the following results: (1) the standard log-law for
both velocity and temperature profiles in a zero-pressure gradient
(ZPG) boundary layer does not hold in APG boundary layers; (2) the
Stanton number follows the correlation curve for ZPG flows,
although the corresponding skin friction coefficient decreases
drastically; and (3) both the ejection and sweep motions contrib-
ute significantly to the heat transport in APG flows, though sweep
motions with shorter durations are the main contributor to the
momentum transfer. It means that the effects of APG on the ther-
mal field are not similar to those on the velocity field. In this situ-
ation, it is not resolved why the dissimilarity between the
momentum and heat transports occurs. In order to settle the issue,
we need to elucidate the spatio-temporal structures of turbulent
heat transfer in non-equilibrium APG flows.

In this paper, multi-point simultaneous measurements of veloc-
ity and thermal fields are introduced to investigate the effect of
the non-equilibrium APG on the interaction between large-scale
motions in the outer layer and small-scale coherent structures near
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Nomenclature

a scaling parameter, a = 1/f

Cp wall static pressure coefficient, Cp = (P — Po)/(pU3/2)

Cp specific heat at constant pressure

Cy admissibility constant

Exy(a,t) local wavelet spectrum

f frequency

f dimensionless frequency, f’ = ftg

P mean pressure

Pr dimensionless pressure gradient parameter, PT =
v(dP/dx)/pu2

Py reference inlet pressure

Pr Prandtl number

Qw heat flux at wall

Ruo correlation coefficient between u and 0

Ryo correlation coefficient between v and 0

Ra, Reynolds number based on enthalpy thickness,
RAZ = UeAz/v

Rs, Reynolds number based on momentum thickness,
Rs, = Uedy /v L

St Stanton number, St = q,,/(pcpUeOe)

T temperature

Te,Tw  ambient and wall temperatures

t time

U mean velocity in x direction

Ue free-stream velocity

Uy reference inlet velocity

u, v fluctuating velocity components in x and y directions

U, friction velocity, u, = /tw/p

X,y,z  streamwise, wall-normal and spanwise coordinates

yt dimensionless distance from wall, y© = u,y/v

Greek symbols

B Clauser pressure gradient parameter, § = (J1 /7w )dP/dx

A thickness of thermal boundary layer

A, enthalpy thickness of thermal boundary layer

o thickness of momentum boundary layer

81, 02 displacement and momentum thicknesses of boundary
layer

2] temperature difference from wall, @ =T, — T

ot temperature difference normalized by friction tempera-
ture, 6+ = 0/0,

Oe temperature difference between wall and ambient,
Oc =Ty —Te
fluctuating temperature difference, =0 - ©® =T —-T

0. friction temperature, 0, = q,,/(pCpl-)

v kinematic viscosity

o density

TE Taylor time scale or Eulerian dissipation time scale,
g = \/2u2/(du/ot)?

Tw wall shear stress

v analyzing wavelet

Subscript and superscripts
reference inlet point
time mean value

normalization by inner variables (u.,v)
normalization by r.m.s. value

—~ /\I
% — —
~ +

complex conjugate

the wall. An array of five identical three-wire probes, each com-
posed of an X-type hot wire and a fine cold-wire, is aligned in
the wall-normal direction to measure simultaneously the velocity
and thermal fields. From the measured velocity components in
the streamwise and wall-normal directions and relevant tempera-
ture, the turbulent heat transfer field can be interpolated using the
“proper orthogonal decomposition (POD)” for spatially interpolat-
ing the data. Then, the energy-containing events in the near-wall
region are discussed based on the results of wavelet analysis.

2. Experimental apparatus

The experimental apparatus used is the same as described in
our previous studies (Nagano et al., 1993, 1998; Houra et al,
2000; Houra and Nagano, 2006). The working fluid is air
(Pr = 0.71). For the heat transfer experiment, a flat plate, on which
a turbulent boundary layer develops, is constructed with the 2-mm
thick copper plate and a.c. heated from the back of the plate. The
wall temperature distribution is monitored through embedded
thermocouples and kept uniform during the experiment. The test
section is composed of the heated flat plate and a roof-plate to ad-
just pressure gradients (see Nagano et al., 1993, 1998). The aspect
ratio at the inlet to the test section is 13.8 (50.7 mm high x
700 mm wide). Under the present measurement conditions, the
free-stream turbulence level is below 0.1%. To generate a stable
turbulent boundary layer, a row of equilateral triangle plates is lo-
cated at the inlet to the test section as a tripping device. The impor-
tant flow parameters are listed in Table 1. In the APG flow, the
pressure gradient dCp/dx keeps a nearly constant value of
0.6 m~! over the region 65 mm < x < 700 mm, and then decreases
slowly (x is the streamwise distance from a tripping point). The
pressure gradient parameter normalized by inner variables P*

Table 1

Flow parameters (U, = 10.8 m/s, @, = 10K)

X (mm) Ue (m/s) o6 (mm) A(mm) Rs Ra, P B
935 (ZPG) 10.8 19.9 21.0 1620 1920 O 1]
535 (APG) 9.1 16.2 19.4 1330 1160 091x102% 0.77
735 (APG) 8.3 24.6 25.3 1930 1280 193x102 219
935 (APG) 7.6 34.2 37.1 2730 1730 256x107% 3.95

and the Clauser parameter f increase with increasing x, thus yield-
ing moderate to strong APG. The Reynolds number increases with
increasing x even in ZPG flows. However, the effect of the Reynolds
number on turbulent flows is small compared with that of APG
(Nagano et al., 1993). Thus, the following discussion is based on
the variation in P". In order to eliminate buoyancy effects, a small
temperature difference was required experimentally. However, if
the difference is too small, the temperature sensor resolution
would be insufficient. Thus, we maintained a temperature differ-
ence of about 10 K between the wall and ambient fluid when using
a low-noise high-gain instrumentation amplifier and 14-bit A/D
connection. The variation in the wall temperature over the test sec-
tion is within +0.5 K of the mean.

Velocity and temperature fluctuations were simultaneously
measured by the specially devised hot- and cold-wire technique
(Hishida and Nagano, 1978; Nagano and Tsuji, 1994). The probe
consisted of three fine wires, the upstream wire serving as the con-
stant current cold-wire (platinum 90%/ rhodium 10%; diameter
0.625 um; length 1.0 mm ~ 18 in wall units; length-to-diameter
ratio is 1600), and the two symmetrically bent V-shaped hot wires
(Hishida and Nagano, 1988a,b; tungsten; diameter 5 um; length
0.8 mm). The spatial resolution of the three-wire probe in the
wall-normal direction is about 0.3 mm. The first measurement
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Fig. 1. Array of five X-I probes for multi-point simultaneous measurement.

point was found to be located 0.6 mm from the wall, from examin-
ing the reliability of the data (Tagawa et al., 1992). An array of five
identical three-wire probes, each composed of an X-type hot wire
and a fine cold-wire, is aligned in the wall-normal direction for
simultaneous measurement, as shown in Fig. 1. The shape of this
array is designed to measure the velocity and thermal fields
simultaneously, where the effects of APG become significant,
i.e., the buffer region (the sensor closest to the wall): y* = 20.7
(y/6 ~ 0.04), two locations in the log region: y* =68.3 (y/6 ~
0.12), y* =131.6 (y/d ~ 0.24), the outer edge of the log region:
y+=192.6 (y/6 ~0.35), and the outer layer (the sensor farthest
from the wall): y* = 263.0 (y/ ~ 0.48). The two velocity compo-
nents in the streamwise and wall-normal directions and tempera-
ture are measured simultaneously, and a set of each data at
different y values from the measurement points is interpolated
using the proper orthogonal decomposition (Houra et al., 2000).
To convert the hot wire outputs into the velocity components,
we used the well-established look-up-table method (Lueptow
et al., 1988). Also, the bias error, which is ascribed to the spatial
separation of the two wires of an X-probe, was removed in accor-
dance with the procedure indicated by Tagawa et al. (1992).

3. Results and discussion
3.1. Principal aspects of APG flow

Before discussing the near-wall turbulent structures in detail,
we summarize the principal aspects of the APG flow in the follow-
ing. In the present study, the pressure distribution does not pre-
serve the equilibrium condition (i.e., 8 # const.); thus, the mean
velocity profile in an APG flow develops in such a way as to in-
crease the thickness of the layer and the shape factor.

With increasing P, the defect in the mean velocity U from the
free-stream velocity U, becomes larger as shown in Fig. 2. Thus, in
the outer coordinates, the mean velocity profile does not maintain
self-similarity under the non-equilibrium condition. On the other
hand, if the mean velocity is normalized by the friction velocity
u., the velocity profiles in APG flows lie below the following ‘stan-
dard’ log-law profile for ZPG flows:

Ut =2.44Iny* +5.0 (1)

as shown in Fig. 3 (for detail see Nagano et al., 1993, 1998). This
important characteristic of the APG flows is also confirmed by the
DNS of Spalart and Watmuff (1993) and by the measurement of
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Fig. 2. Mean velocity profiles in ZPG and APG flows in outer coordinates.
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Fig. 3. Mean velocity profiles in ZPG and APG flows in wall coordinates.

Debisschop and Nieuwstadt (1996). Moreover, this finding is cor-
roborated by the DNS for an APG recovery region of a backward-fac-
ing step flow (Le et al., 1997). More recent DNS (Lee and Sung, 2007)
and measurement (Indinger et al., 2006) also ensure that the law of
the wall does not hold in this condition.

The intensity profiles of fluctuating velocity components, u and
v, normalized by the free-stream velocity, Uy, at the inlet to the test
section, are presented in Fig. 4. The abscissa is the distance from
the wall normalized with the boundary layer thickness, §. With
an increasing APG effect, the reduction in turbulence intensities
can be seen in the wall region (y/é < 0.4), whereas all the profiles
in the outer layer are kept unchanged. Thus, turbulence intensities
are considered to be unchanged along the streamlines of the mean
flow lying outside the wall region, since the streamlines and the
lines of constant y/é are approximately the same (Nagano et al.,
1993, 1998). On the other hand, if the turbulent intensities in
APG flows are normalized by the friction velocity, u., all of the
velocity fluctuation components become remarkably large in the
outer region of the APG boundary layers (Nagano et al., 1993).

Fig. 5 shows the mean temperature profiles normalized by the
temperature difference between the wall and the ambient,
0/0Oc[= (Tw —T)/(Tw — Te)]. The abscissa is the distance from the
wall normalized by the 99% thickness of the thermal boundary
layer. As clearly seen from this figure, there are few effects of
APG on the mean temperature profiles on the basis of this normal-
ization (Houra and Nagano, 2006). However, if we normalize the
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Fig. 4. Turbulence intensities of fluctuating velocity components: (a) streamwise;
(b) wall-normal.
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Fig. 5. Mean temperature profiles in ZPG and APG flows in outer coordinates.

mean temperature by the wall unit, the temperature profiles in the
APG flow lie below the universal log-law profiles for ZPG thermal
boundary layer:

6" =Pry", ©"=2.075Iny" +3.8, (2)

and the increase in the wake region disappears, as compared with
the mean velocity profiles of APG flows (see Figs. 3 and 6). The
important characteristics of APG flows conform to previously re-
ported experimental results in equilibrium APG flows (Perry et al.,
1966; Blackwell et al., 1972) and well correspond to the theoretical
conjecture of Bradshaw and Huang (1995), i.e., the law of the wall
for a thermal field is more affected by pressure gradient than that
for a velocity field. It should be noted that this reduction in the
mean temperature at the outer edge of the layer, i.e,
0¢(=+/Cs/2/St), is mainly due to the reduction in the skin friction
coefficient, because the Stanton number is unaffected by imposing
an APG (Houra and Nagano, 2006).

Figs. 7 and 8 show the r.m.s. amplitude of temperature fluctua-
tions, normalized by the temperature difference, @, and that nor-
malized by the friction temperature, 6., respectively. As seen from
Fig. 7, there is little effect on the raw values of temperature fluctu-
ation intensities. On the other hand, if we normalize the intensity
by the friction temperature, the intensity decreases by imposing
the APG as shown in Fig. 8. This tendency is opposite to that in
the intensities of velocity fluctuation, i.e., the r.m.s. intensities of
velocity fluctuations normalized by the friction velocity apparently
increase (Nagano et al.,, 1993). Thus, the law of the wall for the
temperature fluctuation also does not hold in the APG flows.
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Fig. 6. Mean temperature profiles in ZPG and APG flows in wall coordinates.
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Fig. 7. r.m.s. profiles of temperature fluctuations in ZPG and APG flows.
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Fig. 8. r.m.s. profiles of temperature fluctuations in ZPG and APG flows in wall
coordinates.

In the following, we revisit the unique features of turbulent
shear stress and heat flux (Houra and Nagano, 2006). Fig. 9 shows
the profiles of the Reynolds shear stress, —uv, normalized by the
friction velocity, u.. The abscissa is the distance from the wall nor-
malized by the 99% thickness of the boundary layer, 6. It includes
the experimental and numerical results in ZPG flows (Verriopoulos,
1983; Spalart, 1988). With increasing P*, —uv/u? drastically in-
creases in the outer region. Thus, the constant-stress layer relation-
ship —uv/u? ~ 1 observed in the ZPG flows is no longer valid. This,
too, may account for the non-existence of the universal law of the
wall in APG boundary layers (see Fig. 3).
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Fig. 9. Reynolds shear stress in ZPG and APG flows.

Fig. 10 shows the wall-normal turbulent heat flux, —v0, normal-
ized by the friction velocity, u., and temperature, 6., in ZPG and
APG flows. The fluctuating temperature difference, 0, is defined
as0=0 -6 =T —T. Thus, 0 < 0 indicates hotter than the mean
temperature, and 0 > 0 colder. As seen from Fig. 10, the wall-nor-
mal turbulent heat flux in APG flow is kept unchanged over the en-
tire region compared with the Reynolds shear stress in Fig. 9.

As previously shown in Fig. 7, the raw values of temperature
fluctuation intensities hardly change in APG flow, though the
streamwise velocity fluctuation affected by APG decreases in the
near-wall region as seen from Fig. 4a. Thus, the streamwise turbu-
lent heat flux uf normalized by the constant reference velocity, Uy,
and temperature difference, @., decreases in the near-wall region
of APG flow, in comparison with ZPG flow (not shown here).
Fig. 11a shows the correlation coefficients between streamwise
velocity and temperature fluctuations, Ry. In the ZPG flow, the cor-
relation coefficient stays as high as 0.6 in the outer layer, and ap-
proaches unity at the wall (Antonia et al., 1988). On the other
hand, in the APG flow, although a reduction in the correlation
can be seen, it remains as high as 0.55 over most of the layer. Thus,
in the APG flow, it might be expected that the streamwise velocity
and temperature fluctuations are still closely related to each other,
as in the canonical wall flow. However, the slight reduction in Ry is
due to the increase of the inactive low-frequency motions, which
are caused by the imposing APG (Nagano and Houra, 2002).

To clarify the effects of APG on the wall-normal heat flux, we
decompose the turbulent heat flux into the product of the correla-
tion coefficient and the relevant intensities:

i VA Ve P
- = :7‘/071 0,

u.0, \/Vlzv\/? u. 0.

The correlation coefficient, R,y, hardly changes in APG flows as
shown in Fig. 11b. The correlation coefficient, Ry, is determined
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Fig. 10. Wall-normal turbulent heat flux in ZPG and APG flows.
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Fig. 11. Correlation coefficients between each velocity component and temperature
fluctuation in ZPG and APG flows: (a) Ry; (b) —Ry.

by the motions at higher-frequency than the correlation coefficient,
Rys. The higher-frequency motions are unaffected by imposing APG,
as shown by the bispectrum measurement (Nagano and Houra,
2002). Thus, this could be the reason why the correlation coefficient
between v and 0 is maintained.

While the normalized intensity of velocity fluctuations by the
friction velocity increases (Nagano et al., 1993), that of the temper-
ature fluctuation by the friction temperature decreases (see Fig. 8).
Thus, the effects of APG on these normalized intensities act in
opposite directions, and this results in the little change in the nor-
malized turbulent heat flux as shown in Fig. 10. It should be noted
that the normalization by the friction velocity and temperature
means the normalization by the wall-normal heat flux at the wall
divided by the density and the specific heat at constant pressure,
ie, u.0. = q,,/(pcp). Because the pressure gradient term does not
appear in the energy equation, the total heat flux, i.e., the conduc-
tion plus turbulent heat flux, is maintained at a constant level near
the wall. Thus, the effects on the wall-normal turbulent heat flux
should be small in APG flow. Moreover, from the viewpoint of tur-
bulent transport, because the heat transfer is determined with the
wall-normal motions, little effect of APG on the wall-normal veloc-
ity component (see Fig. 4b) results in correspondingly little change
in the thermal field.

3.2. Waveforms in the near-wall region of APG flow

Fig. 12 shows the instantaneous signal traces of streamwise and
wall-normal velocities, @t and ¥, and temperature fluctuations, 0, to-
gether with the second- and third-order moments, in the buffer re-
gion of the APG flow. The circumflex ~ denotes the normalization
by the respective r.m.s. value. The abscissa is the time normalized
by the Taylor time scale, zz. The normalized period of about 10 in
the Taylor time scale corresponds to the mean period of the inter-
mittent bursts (Nagano et al., 1998). The two shaded regions la-
beled (a) and (b), respectively, correspond to the time periods in
Fig. 14a and b, as will be discussed later.
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Fig. 12. Velocities and temperature signal traces in APG flow, with time being
normalized by Taylor time scale ¢ (y* = 20.7, y/6 = 0.04).

As seen from Fig. 12, at the time period (a), the sweep motions
(Q4: u > 0, v < 0) largely contribute to the Reynolds shear stress,
—iiV, and the wall-normal heat flux, —¥0. Moreover, very large-
amplitude fluctuations of Viiv and vii?, are respectively skewed to
the positive and negative sides, besides which the large-amplitude
outward interactions (Q1: u > 0, v > 0) are associated with the Q4
motions. These facts indicate that the Q4 motions are the principal
contributor here.

On the contrary, the ejection motions (Q2: u < 0, v > 0) occur
much less frequently than the Q4 motions. This is quite opposite
to what occurs in ZPG flows (Houra et al., 2000). For example, be-
fore and after the time period (a), the contributions to —iiv and —v0
from the Q2 motions are much smaller than that from the Q4 mo-
tions. Moreover, the Q2 motions have small amplitude in the wall-
normal velocity and their durations become longer. The important
characteristics in the duration and frequency of the events have
been examined by the ensemble averaged waveforms and their
occurrence based on the trajectory analysis technique (Houra
et al., 2000; Houra and Nagano, 2006).

The temperature fluctuations, 0, mainly associate with the
streamwise velocity fluctuations, i, and the high correlations, 0,
are maintained for a long period, as seen at the time period (b).
On the other hand, the wall-normal heat flux, —¥0, occurs intermit-
tently, because it mainly associates with high-frequency Q4-
motions.

3.3. Multi-point measurement results

In order to elucidate the effects of the APG on the dynamical
processes of turbulent transport in the velocity and thermal fields,
we have conducted simultaneous measurements with five identi-
cal three-wire probes, each of which consists of an X-type hot wire
and a fine cold wire. Fig. 13 shows simultaneously measured tem-
perature signal traces in APG flow. The abscissa is the time normal-
ized by the Taylor time scale at the nearest point from the wall
(y* =20.7), as in Fig. 11. The two shaded regions labeled (a) and
(b), respectively, correspond to the time periods in Fig. 14a and

Fig. 13. Simultaneously measured temperature signal traces in APG flow, with time
being normalized by Taylor time scale z (P™ = 2.56 x 1072).

b. At the time period (a), a cold region with steep positive gradient
followed by mild negative gradient in time occurs over the entire
area detected by the probe. This large-scale cold region, i.e., cold
front, is caused by the strong sweep motion that is frequently ob-
served in APG flow. On the other hand, at the time period (b), a lo-
cally hot region elongated in time can be seen at the nearest two
points from the wall. This high-temperature region near the wall
corresponds to a hot-streak as discussed later.

Next, the turbulence fluctuations of the streamwise and wall-
normal velocities and temperature can be reasonably interpolated
by using the “proper orthogonal decomposition (POD)” based on
the eigenfunctions up to the fifth eigenmode (see Houra et al,,
2000). The interpolated turbulence statistics showed good agree-
ment with those obtained by a single three-wire probe. The veloc-
ity vectors are depicted with respect to an observer’s coordinate
moving at a speed of about 0.44 U., which is equal to the mean
streamwise velocity at y* ~ 50 in the APG flow. Fig. 14a and b
show the representative results of velocity vectors and the relevant
temperature fluctuations taken at arbitrary times in the APG flow.
The vertical axis covers the region from the buffer layer (y* = 20.7,
y/6 ~0.04) to the outside of the log region (y* =263.0, y/é ~
0.48). The abscissa is a time period of about 4 ¢ at y* ~ 50. The
time periods on the abscissa correspond to the shaded regions in
Figs. 12, 13, 15 and 16. The solid and broken contour lines repre-
sent a hot (-6 > 0) and cold (-6 < 0) region, respectively, and
the interval between successive contour lines is 0.05A@.. The
shaded regions represent |A@,.| > 0.05, and the light and dark re-
gions show hot and cold regions, respectively.

As seen from Fig. 14a, a large-scale sweep motion (Q4) with low
temperature becomes dominant, ranging from the inner to the out-
er regions. These predominating patterns can be categorized in the
Q4—Q1—Q4 motion (Nagano and Tagawa, 1995; Houra et al,,
2000) corresponding to the high-speed cold region frequently ob-
served in the APG flow. On the contrary, Fig. 14b shows the
Q2—Q3—Q2 motion associated with an elongated hot region near
the wall (i.e., high-temperature low-speed streak). As seen from
this figure, the amplitude of the corresponding vectors is relatively
small and less active; however, the hot region appears to represent
the elongated streaky structure. Thus, the large-amplitude temper-
ature fluctuations are not always associated with strong vertical
fluctuations in the APG flow (see the shaded region of (b) in
Fig. 12).

3.4. Wavelet analysis of multi-point turbulent signals

Finally, to investigate the local relation between the time and
scale of the unique turbulence structures that emerged in the
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Fig. 14. Instantaneous velocity vectors and relevant temperature fluctuations in APG flow: (a) large-scale sweep motion; (b) near-wall elongated hot region. The solid and
broken contour lines represent a hot (—0 > 0) and cold (-0 < 0) region, and the interval between successive contour lines is 0.05A®,.

APG flow, we analyzed the multi-point signals using the continu-
ous wavelet transform. The detailed analysis on the velocity field
based on the one-point measurement was shown in our previous
paper (Nagano and Houra, 2002), however, here we analyze the
multi-point signals in both the velocity and thermal fields for the
first time. The one-dimensional continuous wavelet transform of
time-series data X(t) is defined (e.g., Farge et al, 1996; Nagano
and Houra, 2002) as:

Wi(a.t) =ﬁ [ xew (S5 3)

where y(t) is an analyzing wavelet, * denotes the complex conju-
gate, and a is the scaling parameter. As the analyzing wavelet, we
adopted the Morlet wavelet,

y(t) = ei2nkwte—t2/2’ (4)
whose Fourier transform is

V() = Vame kIR, (5)

This is a complex-valued function; thus, if we visualize the modulus
of the wavelet transform, we can eliminate spurious oscillations of
the real part, as recommended by Farge (1992).

If we put k, = 1, the scaling parameter, a, corresponds to the in-
verse of the frequency as a = 1/f. Although the Morlet wavelet
does not satisfy the following admissibility condition

+oo |17 2
¢ - [ Ml <o, ®)
we used the empirical approximation and estimated the admissibil-
ity constant, C,, for the Morlet wavelet,

Co= [ WPirer = [P = v @)
We define the wavelet cross-scalogram as
Exy(a,t) = Wy(a,t) Wy(a,t). (8)

If the analyzing wavelet is complex, the cross-scalogram is also
complex and can be written in terms of its real and imaginary parts.

Exy(a,t) = Coxy(a,t) — iQuadyy(a,t). 9)
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Fig. 15. Simultaneously measured wavelet co-scalograms of —uv in APG flow: (a) y* = 131.6; (b) y* = 68.3; (c) y* = 20.7. The solid and broken contour lines represent
positive and negative values, respectively, and the values of the local wavelet spectra are +0.05, £0.1, £0.2 and +0.4.

The net contribution to the averaged energy is expressed in real val-
ues, and we analyze the wavelet co-scalograms, instead of the
cross-scalograms.

The time-averaged value of Exy(a, t) is called the wavelet spec-
trum Exy(a), and corresponds to the smoothed version of the Fou-
rier spectrum depending on the analyzing wavelet:

T/2

1
B =pmp [

Exy(a,t)dt = /jc Pxy(f)lally(af ) [*df (10)

We take the relation between the second-order moment and
the wavelet spectrum as

oo~ 1 [~ da
XOY©) :q [ Ewlag
T/2
=—lim / Exy(a,t dt—. 11
Cx// T—oo T -T/2 XY ) ( )

Thus, if we draw the local wavelet spectrum, (1/a)Exy(a,t)/C,, onto
the scalogram, it corresponds to the Fourier spectrum multiplied by
the frequency. According to spectral theory, the spectral analysis
of the second-order moment can only detect interactions from the
same frequencies. Thus, we try to extract the information on struc-
tures consisting of different positions using the multi-point data ob-
tained in this study.
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Fig. 16. Simultaneously measured wavelet co-scalograms of —v6 in APG flow: (a) y* = 131.6; (b) y* = 68.3; (c) y* = 20.7. The solid and broken contour lines represent
positive and negative values, respectively, and the values of the local wavelet spectra are +0.05, £0.1, +0.2 and +0.4.

Figs. 15 and 16, respectively show the wavelet co-scalograms of
the Reynolds shear stress, E_,,(a, t)/(an\/ﬁx/v:Z), and wall-nor-

mal heat flux, E_,(a,t)/(aC, \/v:2\/072) at the nearest three mea-
sured points from the wall, i.e., (a) y* = 131.6, (b) y* = 68.3 and
(c)y* = 20.7. The solid and broken contour lines represent positive
and negative values, respectively, and the values of the local wave-
let spectra are +0.05, 0.1, 0.2 and +0.4. The abscissa is normal-
ized by the Taylor time scale, as in Fig. 13. The frequency, f(= a1),
is also normalized by the Taylor time scale (f' = ftg). As seen from

these figures, the Reynolds shear stress and the wall-normal heat
flux are composed by the contribution from various scales. The lo-
cal wavelet spectra show large fluctuations in time; thus, the time-
averaged characteristics, i.e., the Fourier spectrum, are insufficient
to describe the unique feature of the turbulent momentum and
heat fluxes.

As seen from Fig. 15, there are slight negative contributions as
well as strong positive contributions. The negative contribu-
tions frequently observed in the APG flow should be due to the in-
crease in negative contribution to the Reynolds shear stress by the
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interaction motions, although the local wavelet spectra of the Rey-
nolds shear stress have almost positive contributions in ZPG flows
(for details see Nagano and Houra, 2002). Near the wall, in Figs. 15¢
and 16c¢, a large number of negative contributions can be seen,
which continue for a long time. Away from the wall, in Figs. 15b
and 16b, the distribution of the local wavelet spectrum moves to-
ward the higher-frequency region, and the negative regions are
confined to that region.

Next, in order to discuss the spatial extent of the turbulent
structures, we examine the wavelet spectra simultaneously mea-
sured at various points. The two shaded regions labeled (a) and
(b), respectively correspond to the time periods in Fig. 14a and b.
During the time period (a), the dominating large-scale sweep mo-
tions caused the positive local maximum at f’ ~ 0.3. This corre-
sponds to the energy-containing frequency of the wall-normal
velocity fluctuation (Nagano et al., 1998). At this frequency the
spectra show the positive contribution to both the Reynolds shear
stress and the wall-normal heat flux. Thus, it is a typical time per-
iod when the dominant sweep motions, contributing to the
momentum and heat transfer, are occurring at an energy-contain-
ing frequency of the wall-normal velocity fluctuation. On the other
hand, during the time period (b), there exist only the very low-fre-
quency motions near the wall. This low-frequency motion shows
slightly a negative contribution to both the Reynolds shear stress
and wall-normal heat flux. From the results away from the wall
(Figs. 15b and 16b), the motions have slightly positive contribu-
tions to both fluxes at low-frequency below f’ ~ 0.1. In the log re-
gion (Figs. 15a and 16a), the high-frequency motion (f' ~ 0.8) has
strong energy. This normalized frequency corresponds to the peak

frequency of the spectra of (du/dt)> (Nagano et al., 1998). This
high-frequency motion corresponds to the sweep motions with a
cold region above the high-temperature streak as shown in
Fig. 14b.

From the above discussion, it is shown that the momentum
and heat transports in the APG flow are governed by the motions
in various scales widely distributed in time and space. The sepa-
ration in time scales of turbulent motions near the wall and in
the outer regions, conjectured from the one-point measurement
results (Houra et al., 2000; Nagano and Houra, 2002), is due to
the large-scale structures, as large as the boundary layer thick-
ness, and the small-scale turbulent structures in the near-wall re-
gion. From the standpoint of heat transfer, both different-scale
motions are important fluid motions in non-equilibrium APG
flows.

4. Conclusions

Experimental investigation has been made on a non-equilib-
rium turbulent boundary layer subjected to adverse pressure gra-
dient developing on a uniformly heated flat wall. The spatio-
temporal structures educed from a multi-point simultaneous mea-
surement technique are presented. Then, the energy-containing
events in the near-wall region are discussed based on the results
of the wavelet analysis. From the observation of the instantaneous
velocity vectors and temperature fluctuations obtained from the
proper orthogonal decomposition (POD), it is found that in the
near-wall region, elongated hot regions stay dull and less active;
on the other hand, large-scale cold regions having strong energy
frequently intrude into the near-wall region.
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