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Turbulence Structure of Heat Transfer Through
a Three-Dimensional Turbulent Boundary Layer

Douglas J. Lewis* and Roger L. Simpsonf
Virginia Polytechnic Institute and State University, Blacksburg, Virginia 24061

The structure of turbulent heat transfer in the well-documented pressure-driven, three-dimensional
turbulent boundary layer generated by a wing-body junction was studied experimentally using a con-
stant-current resistance thermometer and a fast-response, thin-layered surface heat flux gauge. Simul-
taneous time-resolved surface heat flux and temperature profile measurements were taken in the spatially
developing three-dimensional turbulent boundary layer upstream of the wing. Mean heat transfer was
decreased by three dimensionality. Mean temperature profiles showed logarithmic behavior but did not
collapse on a law-of-the-wall profile. Statistical and spectral analyses of the temperature fluctuations
provide information on changes to the near-wall turbulent structures. The strength of ejections from the
near-wall region was decreased by three dimensionality. Time-delayed correlations of the surface heat
flux and flow temperature revealed an initially linear turbulent wave front whose inclination angle in-
creases with three dimensionality. Coherency between wall heat flux and temperature fluctuations in the
outer boundary layer was decreased by three dimensionality.

Nomenclature

C, = specific heat

Fy = flatness factor of normalized temperature
fluctuations, 8%(6°)

f = frequency, Hz

G f) = cross-spectral density of flow temperature
and surface heat flux

G.f), G,(f) = autospectral density of flow temperature
and surface heat flux

H = enthalpy thickness vector

h = convection film coefficient, W/(m* K)

L, = coherence length scale

Pr = Prandtl number

Pr, = turbulent Prandtl number, &,./¢€,

q = heat flux, W/m®

Re, = Reynolds number based on length scale ()

R 4(7) = time-averaged correlation coefficient
between ¢ and 0 at time shift T

St = Stanton number, h/(pC,U..)

Se = skewness factor of temperature fluctuations,
63/(62)3/2

s = distance measured along path connecting
measurement locations

T = local time-averaged temperature

T. = wall temperature

T" = temperature in inner variables,
(O/SH/I(U,/U..)

T. = freestream temperature

t = time

u,v, w = local time-averaged velocity components in
X, y, and z directions, respectively

U, = inner velocity scale, U.(t../p)"*
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U. = time-mean velocity at edge of boundary
layer

u, v, w = fluctuating velocity components in x, y, and
z directions, respectively

X, ¥, 2 = wind-tunnel coordinates, Fig. 2

v = ypU./n

o = inclination angle of turbulent wave front

Bes = angle between local freestream direction
and tunnel axis

Bu = angle between enthalpy thickness vector
direction and tunnel axis

Bws = angle between local wall shear-stress
direction and tunnel axis

v? = spectral coherency between surface heat
flux and temperature

) = boundary-layer thickness, U/U.. = 0.995

dr = thermal boundary-layer thickness,
0 =0.995

€y = turbulent diffusivity for heat transport,
v0/(00O/dy)

€ = kinematic eddy viscosity for two-
dimensional boundary layer, —uv/(aU/dy)

|&. = magnitude kinematic eddy viscosity used
for three-dimensional boundary layer,
Eq. (3)

(G} = local time-averaged normalized

temperature, (T,, — T)(T,, — T.)
0 = fluctuating temperature component of ©

6’ = rms value of 6

" = viscosity, m*/s

p = density, kg/m’

T = time shift

T = wall shear-stress magnitude

Introduction

HREE-dimensional turbulent boundary layers (TBLs)

occur in many practical applications where convective
heat transfer is significant. Flow in a gas-turbine engine is
one well-known example. It is well known that, in three-di-
mensional flows, the turbulence structure is significantly dif-
ferent from that observed in two-dimensional boundary layers.
Much of the research has focused on the changes in turbulent
momentum transport in unheated three-dimensional flows.'”
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Fig. 1 Sketch of a typical velocity profile in a three-dimensional
turbulent boundary layer and definitions of coordinate systems
used: TC = tunnel coordinate system, FS = local freestream co-
ordinate system, and WS = local wall-stress coordinates.

Significantly less attention has been paid to the turbulent trans-
port of thermal energy for simple three-dimensional flows. Al-
though there are global heat transfer measurements for such
cases, no detailed studies of the relationships between the fluid
turbulence and the heat transfer have been made.

The mean flowfield in a three-dimensional TBL is charac-
terized by a flow direction that varies with distance from the
wall (Fig. 1). The changing direction of the flow with distance
from the wall results in some features that are distinctly dif-
ferent from two-dimensional TBLs. Mean velocity profiles do
not collapse onto a single law-of-the-wall profile.>* The mean
turbulent shearing-stress direction generally lags the mean ve-
locity gradient direction, so that an isotropic eddy viscosity
model cannot reflect the correct physics of the stress-producing
structures.” Also, there is a decrease in the ratio of the shear
stress to twice the turbulent kinetic energy.”® This decrease
suggests a decrease in the ability of the three-dimensional TBL
to transfer momentum and heat.

Many of the observed differences between two- and three-
dimensional TBLs are thought to be the result of changes in
coherent structures in the boundary layer. These coherent
structures consist of the well-documented low-speed streaky
structures in the sublayer and the quasiperiodic sweep-ejec-
tion sequence, which consists of ejections of low-speed fluid
from the near-wall region followed by sweeps of high-speed
fluid from the outer layer and log regions.” The majority of
turbulence production in the entire boundary layer is known
to occur in the buffer region during this sweep- ejectioncycle.®
Several recent experiments reported changes in the coherent
structure in three-dimensional TBLs. In summary, the near-
wall flow is more organized,” the strength of the near-wall
sweep-ejection motions is decreased,' the frequency of the
sweep - ejection motions is decreased,'" and the interaction be-
tween the inner and outer regions is decreased'” by three di-
mensionality.

Few heat transfer experiments have been made in simple
spatially developing three-dimensional boundary layers. Abra-
hamson and Eaton'” reported mean surface heat flux and tem-
perature profile measurements in the spatially developing pres-
sure-driven three-dimensional TBL upstream of 60- and
90-deg wedges. They found that the mean surface heat transfer
decreased with distance downstream faster in a three-dimen-
sional boundary layer than in a two-dimensional boundary
layer and that this decrease was greater with stronger three
dimensionality. Abrahamson and Eaton proposed that the heat

transfer correlates with a Reynolds number based on the mag-
nitude of an enthalpy thickness vector.

The purpose of the present study is to examine the effects
that the changes in turbulence structure caused by three di-
mensionality have on heat transfer. The case studied here was
the spatially developing pressure-driven three-dimensional
TBL upstream of a wing-body junction formed by a modified
NACA 0020 wing and a flat plate. The fluid mechanics of this
test flow are extremely well documented from previous
studies.”>” *>'*"'° This test case differs from many other exper-
imentally examined three-dimensional flows in that the mean
flow variables depend on three spatial axes rather than two
axes, such as flows in which the three dimensionality of the
flow has been generated either by a rotating cylinder or by a
spanwise pressure gradient in one direction only throughout
the flow. For these degenerate three-dimensional flows, a local
near-wall equilibrium exists that causes the mean velocity pro-
files to be self-similar in wall-shear-stress coordinates.'”'® Ol¢-
men and Simpson® found that a universal law of the wall exists
only for the beginning stages of three-dimensional flow. This
is the result of the inner and outer regions coming from dif-
ferent directions and having different histories, i.e, the sweeps
from the outer region and the ejections from the inner region
are not related."”

Experimental Apparatus and Procedure

Test Facility

Only a brief description of the experimental facilities and
instrumentation will be given here. A more detailed description
of the experimental setup may be found in Ref. 19. The mea-
surements were carried out in the Virginia Tech Aerospace and
Ocean Engineering Low Speed Boundary Layer Tunnel. The
test section is 6 m long and 0.91 m wide. In the absence of
the wing, the test section produces a two-dimensional, zero-
pressure-gradient turbulent boundary layer on the floor of the
test section. The inlet flow is tripped by the 0.63-cm blunt
leading edge of the tunnel floor to ensure that the boundary
layer is turbulent. Flow entering the test section is subjected
to a 1.5:1 contraction produced by the shape of the upper wall.
A throat is reached 1.63 m downstream of the entrance, where
the section is 254 mm in height. Downstream of the throat,
the upper wall is almost parallel to the flat lower wall, diverg-
ing gradually from it with distance downstream to account for
boundary-layer growth.

To study heat transfer, a false floor was placed in the tunnel.
The false floor is made of five sections of 1.59-cm-thick alu-
minum plate and rests with its upper surface 34.9 mm above
the test section floor. Silicone-rubber-insulated electric resis-
tance heaters are secured to the bottom of the floor using room-
temperature-vulcanized silicone adhesive. The heaters are in-
sulated from beneath by a 1.9-cm-thick styrofoam sheet.
Copper-constantan 0.5106-mm-diam thermocouples are sol-
dered into a 3.18-mm-diam brass tube and press-fit into the
aluminum floor for feedback control. Power to the heaters is
controlled by five Eurotherm 810 three-mode process control-
lers, each connected to a Eurotherm 831 silicon-controlled rec-
tifier power supply. The automatic controllers hold the surface
temperature constant and uniform to within =0.5°C." The alu-
minum floor of the tunnel is heated from a distance 121.9 cm
downstream of the test section entrance, for a distance of 335.3
cm.

The test flow was generated by mounting a model wing at
zero angle of attack and zero sweep on the test section floor,
with its leading edge 1.8 m downstream of the beginning of
the heated floor section. Inserts for the wind-tunnel sidewalls
were used to minimize blockage-induced pressure gradients
around the vertical wing.'” The model wing consists of a 3:2
elliptical nose joined to a NACA 0020 tail at its maximum
thickness. The model was made of aluminum and was heated
with silicone-rubber-insulated electric resistance heaters epox-
ied inside the models. The flow over the model was tripped
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with a strip of 120-grade sandpaper to prevent unsteadiness
from natural flow transition.

Heat Flux Measurement

A model HFM-6 heat flux microsensor (Vatell Corp.) was
used to measure surface heat flux. The heat flux microsensor
(HFM) consists of several thin-film metal layers that form a
differential thermopile across a thin thermal resistance layer.
The sensing area is 4 by 6.5 mm. The layers of the gauge are
sputter-coated onto a 2.54-cm diam, 6.35-mm-thick aluminum
nitride disk. Feedthrough leads are used to bring the signal
through the substrate. The thin construction of the gauge (<2
pm) is physically unobtrusive in the flow and causes minimal
disruption of the flow or the thermal boundary layer. The HFM
has a flat electronic frequency response up to 50 kHz and
produces a continuous voltage linearly related to the heat
flux.” A platinum resistance temperature sensor (RTS), sputter-
coated onto the aluminum nitride disk near the heat flux sensor,
measures gauge surface temperature. A Vatell Corp. differential
amplifier was used to provide a small constant current to the
RTS and to amplify the RTS output voltage. Potentiometers
on the amplifier were used to null the heat flux and RTS tem-
perature output. Calibration of the HFM is described in Ref.
19.

Temperature Measurement

Flow temperature was measured using a hot-wire anemom-
eter operating in the constant- current mode. The probe used
was a custom-made Thermo Systems 1261A-P.5 miniature
boundary-layer probe with a 1.25-pm-diam X 0.5-mm-length
platinum wire. A Dantec 56C01 anemometer with a Dantec
56C20 bridge was used to provide a constant 0.2-mA current
to the probe. The wire length corresponds to 26 viscous units
(i/pU,) in the approach boundary layer. The small wire di-
ameter provides an upper frequency limit of approximately 2
kHz at all velocities and turbulence intensities of interest.'” No
correction was made to account for low-frequency attenuation
of the cold-wire signal as a result of conduction to the support
needles. Bremhost and Gilmore®' showed that, for a platinum
wire with a length-to-diameter ratio of 400, the error intro-
duced by assuming a flat frequency response up to the corner
frequency is approximately 5%.

Experimental Technique

The freestream temperature in the wind tunnel was held con-
stant at 25 * 1°C, and the floor of the tunnel was held constant
and uniform at 45 = 0.5°C. The nominal airspeed at the test
section throat upstream of the wing was 27.5 m/s, and the
momentum thickness Re,, measured 228.6 mm upstream of the
nose of the wing with the wing in place, was 6.96 X 10°,
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Fig. 2 Plan view of measurement locations relative to the wing.

Table 1 Flow characteristics at each measurement station”

Xo 7o U., B Bws 3 U,
Station mm mm m/s deg deg mm m/s
0 —1140 —-334 263 1.68 6.1 38.6  0.92
1 —88.8 —36.8 249 264 115 392 0.87
2 —58.1 —445 248 481 24.0 402 0.87
3 -337 -—-51.7 253 863 337 393 096
4 -120 -656 273 945 306 39.0 1.11
5 6.6 —747 295 17.71 19.7 39.6 1.15
6 303 —83.7 305 5.09 7.2 39.2  1.16
7 551  —89.7 31.0 2.71 3.5 38.8 1.20

*From Olgmen and Simpson.”

Surface heat flux and temperature profiles were measured at
eight locations (Fig. 2), where Ol¢cmen and Simpson made
three-component velocity measurements using a fiber-optic
laser- Doppler velocimeter.” Following Ol¢gmen and Simpson
the locations will be referred to as stations 0 through 7, starting
with the most upstream location. These stations lie along a line
determined by the mean velocity vector component parallel to
the wall, at a location in the layer where the u® kinematic
normal stress is maximum. The measurement locations, in tun-
nel coordinates, and the important flow parameters at the mea-
surement stations are given in Table 1. The tunnel coordinate
system is defined as having the x axis parallel to the wind-
tunnel centerline and positive in the downstream direction. The
y axis is normal to the test wall and positive away from the
wall. The z axis completes a right-hand coordinate system. The
origin of the coordinate system is located at the junction be-
tween the wing leading edge and the test section floor.

The cold-wire and heat-flux signals were sampled simulta-
neously by a Hewlett-Packard (HP) 3562A dynamic signal
analyzer. Sixty segments of 2048 samples of each signal were
taken at a frequency of 10,240 Hz and recorded on floppy disk
for postprocessing. Spectral analysis of the heat flux and tem-
perature signals was performed in real time by the HP 3562A.
Two hundred ensemble averages of the heat flux and temper-
ature power spectra, cospectra, and coherence were calculated
from segments of 2048 samples of each signal at a sampling
frequency of 10,240 Hz and recorded.

Results and Discussion

Mean Surface Heat Transfer and Temperature Profiles

Results from the mean heat flux and temperature profile
measurements are summarized in Table 2. Figure 3 shows
mean temperature profiles measured at the eight locations plot-
ted in wall coordinates. Directly measured values of shear
stress™'* and heat flux were used to compute 7% and y*. Also
shown for comparison is the logarithmic temperature law of

the wall
T" = (1/k)n(y") + B 1)

(k, = 0.4556, B = 3.654) (Ref. 22), and the molecular con-
duction sublayer equation

T =Pry" 2)

The profiles collapse only in the sublayer and buffer regions.
In the semilogarithmic region, the slope of the profiles de-
creases from station 0 to 2, and then increases monotonically
from stations 2 to 7.

The semilogarithmic temperature profile is the result of a
linear variation of &, near the wall. An increase in the slope of
the temperature profile indicates a decrease in the slope of the
g, profile. In two-dimensional boundary layers, g, is related to
g, through Pr, = g,/¢,. For a three-dimensional boundary layer,
we can relate the eddy diffusivity to |&,,|, which is defined as
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Table 2 Heat transfer parameters at each station

8’/; Hs BH a,
Station St X 10°  mm mm deg deg
0 1.75 36.0 2.79 2.77 24.7
1 1.88 36.0 2.69 4.68 24.5
2 1.84 37.7 2.95 10.33 28.6
3 1.81 39.7 3.21 16.72 37.9
4 1.80 39.8 3.52 18.04 47.3
5 1.66 41.0 3.33 15.10 41.4
6 1.60 40.9 3.67 10.83 58.0
7 1.53 40.3 3.57 6.80 _
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Fig.3 Mean temperature profiles in wall-law coordinates. Y-axis
scale applies to the profile at station 0. Remaining profiles are
offset successively by 5. - - - - - , show temperature law of the wall
[Eq. (1)] and molecular conduction sublayer equation [Eq. (2)].
——, mean temperature profiles calculated from the magnitude
eddy viscosities shown in Fig. 4. Typical uncertainties for 7' and
y' are shown for station 0.

the ratio of the magnitude of the total turbulent shear stress to
the magnitude of the total strain rate

= [(7W)Z * (7W)2]”12/2 (3)

2 2
aU W
—_— + —_—
(&) (%)
The magnitude eddy viscosity is invariant with rotation about
an axis perpendicular to the wall.

Figure 4 shows profiles of |&,,| at stations 1-7, calculated
from the data of Olgmen and Simpson.” The solid line in Fig.
4 is the relation |&,,| = 0.41 y*, which is valid for two-dimen-
sional TBLs. The magnitude kinematic eddy viscosity in the
near-wall region decreases from stations 1 to 7. A basic ques-
tion arises: Is the decrease in g, proportional to the decrease
in g,, alone, or is the turbulent Prandtl number also affected

by three dimensionality? To answer this question, the near-wall
energy equation may be integrated from the wall outward to

yield
. > 1 g, - .
()

Equation (4) was numerically integrated by assuming €, =
&,,|/Pr and using the measured values of |&,| with Pr,= 0.9.

m

Results are shown as solid lines in Fig. 3. Note that Eq. (4) is
valid only in the constant-heat-flux region out to about y* =
300. At stations 0-6, agreement is very good between the
measured and predicted values of 7. At station 7, the mea-
sured values are slightly higher than the predicted values, in-
dicating Pr, > 0.9. However, the difference is within the un-
certainty in the measured values of T'. Therefore, the
agreement between the calculated and directly measured tem-
perature profiles suggests that Pr, is unaffected by three di-
mensionality. The significance of this is that any turbulence
model that correctly predicts the shear stresses —uv and
—Wwv can be used to predict heat transfer.

Figure 5 is a plot of the development of the Stanton number
in the three-dimensional boundary layer. Also plotted in Fig.
5 is the heat transfer coefficient obtained from the two-dimen-
sional zero-pressure-gradient correlation

St = 0.0287Pr **Re, °? )

where the coordinate x was obtained by matching the measured
St in the approach flow upstream of the wing to Eq. (5). The
coordinate s in Fig. 5 is defined by the path connecting the
measurement locations, with s = 0 at the test section entrance.
This path is not actually a streamline of either the freestream
or near-wall flow but is useful for comparison with the two-
dimensional correlation. The Stanton number distribution fol-
lows the two-dimensional correlation from station O to 4 and
then decreases faster than the two-dimensional correlation.
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Fig. 4 Near-wall variation of magnitude eddy viscosity. ——, «,,/

v = 0.41y"; from data of Olgmen and Simpson.”
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Fig. 5 Stanton number distribution in three-dimensional bound-
ary layer. O, measured St with uncertainty bars; /\, calculated
from enthalpy thickness vector magnitude and Eq. (7); ——, Eq.
(5). Typical uncertainty is St 6 7.8%, Re;;6 9.3%.



252 LEWIS AND SIMPSON

Enthalpy Thickness Vector Correlation

For three-dimensional TBLs, Abrahamson and Eaton' pro-
posed that heat transfer is related to an enthalpy thickness vec-
tor, which for an incompressible constant property flow is de-
fined

1 L[
H=[E£ U“@)dy’o’iﬁ W(1®)dy} (6)

in local freestream coordinates. Abrahamson and Eaton" pro-
pose that the two-dimensional Stanton number- enthalpy thick-
ness correlation extends to three-dimensional flows using a
Reynolds number based on the magnitude of H

St = 0.125Pr *°Re;,>* (7)

To calculate the enthalpy thickness vector, the U and W
components of the velocity vector measured by Olgmen and
Simpson® were fit to piecewise cubic splines and interpolated
onto the temperature data set. The interpolated data were then
combined according to Eq. (6) and numerically integrated to
form the components of H. The triangular symbols in Fig. 5
show the Stanton number calculated from the magnitude of the
enthalpy thickness vector and Eq. (7). The calculated Stanton
number distribution agrees with the measured Stanton numbers
within the uncertainty of the measurements. This result disa-
grees with the case studied by Abrahamson and Eaton," who
found that the relationship between St and Re,, did not follow
the spatial development of St in either x or s.

Figure 6 shows the relationship between the directly mea-
sured Stanton numbers and the Reynolds number, based on
magnitude of the enthalpy thickness vector. The data of Abra-
hamson and Eaton" are also included. The three-dimensional
data lie very close to the two-dimensional correlation. Note
that the two points of Abrahamson and Eaton that lie furthest
away from the correlation were attributed by those authors to
an unheated starting length effect.””

The direction of the enthalpy thickness vector B, is pre-
sented in Table 2, along with the direction of the freestream
flow and the wall shear stress. Abrahamson and Eaton" show
that the enthalpy thickness vector is aligned with the direction
of mean thermal energy flux across the boundary layer. In their
flow, this direction was aligned with the direction of shear
stress at the wall. At stations 0- 5, the direction of the enthalpy
thickness vector is between the freestream direction and the
wall shear-stress direction. A significant amount of enthalpy is
convected by the outer flow, so that the enthalpy thickness
vector direction is skewed away from the near-wall flow. At
stations 6 and 7, the enthalpy thickness vector direction lags

3.0 T T

i #® Current data set
A Abrahomson ond Eaton (1991)

2.5 ]
i St = 0.0125Pr %SRe* 1

Stx 103

1.0 ' : P ———
2000 3000 4000 5002 60CO 7000

Red

Fig. 6 Correlation between surface heat transfer and magnitude
of enthalpy thickness vector. Typical uncertainty is St 6 7.8%,
Rey,6 9.3%.

both the freestream and wall shear-stress directions. This is
caused by transport of enthalpy away from the wing by the
middle region of the boundary layer at stations 6 and 7.

Statistical Results

Figure 7 is a plot of normalized temperature fluctuation pro-
files measured at stations 0- 6. For all of the stations, the pro-
files are similar in shape, with the peak value of 6’ ~ 0.09
occurring in the buffer region at a y* value close to 20.

In two-dimensional boundary layers, the skewness factors of
normalized temperature and streamwise velocity histograms at-
tain large positive values in the near-wall region because of
the frequent occurrence of sweeps of fluid from the outer re-
gion of the boundary layer.” In the log region, the histograms
become nearly Gaussian (S, = 0) because of the equal occur-
rence and strength of sweeps and ejections. Farther from the
wall, the histograms are skewed negatively as a result of in-
creasing frequency of ejections of fluid from the near-wall re-
gion.

Figure 8 shows skewness factor profiles of the normalized
temperature fluctuations for stations 0- 6. Skewness values at-
tain a maximum of 1.0 near y* = 6 and decrease rapidly
through the buffer region. At stations 0-3, the skewness
changes sign at approximately y* = 40. Proceeding further
downstream, the location where skewness changes sign in-
creases. At stations 4 and 5, positive skewness values persist
through the log region to values of y* = 150 and 200, respec-
tively. At station 6, the skewness values are not as large near
the wall. Moving away from the wall, the skewness decreases
more slowly than at the upstream locations and remains at a
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Fig. 7 Temperature fluctuation profiles. Typical uncertainty is v’
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Fig. 8 Profiles of the skewness factor of normalized temperature
fluctuations. Typical uncertainty is S,.6 0.025.
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value near 0.2 up to a y* value of 300. The positive skewness
that develops from stations 3 to 6 may indicate that sweeps of
outer-layer cold fluid occur more frequently than ejections of
near-wall warm fluid in the region 20 < y* < 400. Another
plausible explanation is that sweeps carry a larger relative tem-
perature difference than ejections in this region. From the re-
sults of a direct numerical simulation, Sendstad and Moin'
suggested that mean flow three dimensionality alters the tra-
jectory of the near-wall flow, so that ejections in a three-di-
mensional TBL originate from a distance farther from the wall
and therefore have less momentum and temperature difference.

Figure 9 shows flatness factor (kurtosis) profiles for stations
0-6. For reference, a Gaussian distribution has a flatness factor
equal to 3. At stations 0- 5, the flatness profiles are very similar
to the flatness profiles of temperature and streamwise velocity
fluctuations measured in two-dimensional flows.”>* Flatness
values increase significantly near the wall and at the edge of
the boundary layer. Moving away from the wall, flatness val-
ues decrease and reach a minimum value near y* = 25. The
flatness values then increase slightly, reaching a local maxi-
mum near y* = 100, and then decrease to a second local min-
imum at y* = 200-400.

In a two-dimensional zero-pressure-gradient boundary layer,
the first minimum in flatness occurs at the same y location
where 0’ attains a maximum and skewness becomes zero.””*
The temperature flatness factors at stations 0-5 agree with
these two-dimensional results. At station 6, the second local
minimum is lower than the first minimum. Interestingly, the
skewness changes sign at the location of this second minimum,
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Fig. 9 Profiles of the flatness factor of normalized temperature
fluctuations. Typical uncertainty is F,.6 0.1.
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indicating that there may be some relationship between skew-
ness and flatness.

Durst et al.”> observed that a relationship existed between
the flatness and skewness factors of streamwise velocity fluc-
tuations in a two-dimensional zero-pressure-gradient boundary
layer. Figure 10 is a plot of the flatness factor as a function of
the skewness factor of temperature fluctuations for stations 0-
6. A least-squares regression to the data yields

F =1.3728 + 2.694 (8)

Note that the flatness factor in Eq. (8) attains a minimum value
when § = 0. Note that this minimum F occurs at the same y
locations where S = 0 even for station 6, where the skewness
factor changes sign far away from the wall.

Coherence Length Scale

Spectral coherency between surface heat flux and flow tem-
perature may be used to define a turbulent length scale. The
coherence function between surface heat flux and temperature
at a point y in the boundary layer is defined as

G (/)G
Sy - GG

= 9
G fIGAS) ©

where G, and G, are the power spectra of the temperature at
location y and the surface heat flux, respectively, and G, is the
cross spectrum between them. The coherency equals 1 for y =
0 and decreases as y increases. L,(f) is then defined as the
value of y where the coherence function falls below a statis-
tically significant value. Ha and Simpson'? chose this critical
value as vy, = 0.27.

The spectral variation of coherence length scales is pre-
sented in Fig. 11 for stations 0-6. The most noticeable feature
of this plot is the 50% reduction in coherence length at low
frequencies, as the flow progresses downstream from stations
0 to 6. At stations 0-2, the coherency extends to almost half
the boundary-layer thickness. At the latter three stations, the
coherency extends over only the inner 20% of the boundary
layer. The observed decrease in coherency is the result of the
flow in the inner and outer regions coming from different di-
rections and having different histories.

Time-Averaged Wave Front of Large-Scale Structures

The shape of the time-averaged wave front of the large-scale
structures was estimated using the method described by Brown
and Thomas.”® For each y location where the temperature was
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Fig. 12 Long-time average time-delayed correlation coefficient
between surface heat flux and temperature at several y locations
across the boundary layer at station 0.
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Fig. 13 Time-averaged wave fronts in x-y plane constructed
from time-delayed correlations of surface heat flux and tempera-
ture at stations a) 0, b) 2, ¢) 4, and d) 6.

measured, the long-time averaged correlation coefficient be-
tween temperature and surface heat flux, defined

EELI0)
R (1) = L DD (10)
TN Vear

was determined. The results for station 0 are shown in Fig. 12.
Note that the peak in the correlation coefficient occurs at in-
creasing time delays 7 as the point of temperature measure-
ment moves away from the wall. This is the result of the time
delay between large structures hitting the point where temper-
ature was measured and the surface where heat flux was mea-
sured. The increasing time delay as y increases implies that
the structure is inclined to the wall.

The location of the wave front of the structures at each y
location was estimated by assuming that in 7 the structures
convect downstream a distance AX equal to U, X T, where the
convection speed U. was assumed to be 0.7U..>*”” The esti-

mated positions of the wave fronts at the time delay correspond-
ing to maximum correlation coefficient are shown for mea-
surement stations 0, 2, 4, and 6 in Fig. 13. At station 0, the
wave front is a straight line inclined at 24.7 deg to the wall.
This angle is slightly less than the 30-deg angle measured by
Bagheri et al.”’ in a two-dimensional flat-plate thermal bound-
ary layer. As the flow moves downstream and becomes more
three-dimensional, the inclination angles increase to values
greater than 50 deg. At stations 4, 5, and 6, the wave front is
not linear near the wall. Near the wall (y/d < 0.2), where the
surface heat flux and temperature fluctuations are coherent, the
wave frontis inclined at a smaller angle. This may be the result
of overestimating the convection speed in the inner layer, or
it could be the result of the structures in the inner layer coming
from a different direction than the structures in the outer layer.

Conclusions

Heat transfer in a high-Reynolds-number, pressure-driven,
three-dimensional turbulent boundary layer generated by a
3:2 elliptic-nose NACA 0020 tail cylinder protruding from a
flat plate was studied experimentally using a constant- current
resistance thermometer and a fast-response, thin-layered sur-
face heat flux gauge. Simultaneous time-resolved surface heat
flux and temperature profile measurements were taken at eight
locations in the spatially developing three-dimensional turbu-
lent boundary layer upstream of the wing. The measurement
locations were upstream of the region dominated by the junc-
tion vortex.

The time-mean surface heat flux was decreased approxi-
mately 10% by three dimensionality. The decrease was attrib-
uted to a decrease in the near-wall turbulent eddy viscosity.
Profiles of mean temperature suggest that the turbulent Prandtl
number is unaltered by three dimensionality. The correlation
of Abrahamson and Eaton'’ between mean surface heat flux
and Reynolds number, based on the magnitude of an enthalpy
thickness vector Res, was extended to higher Re; values by
the present data. Profiles of temperature fluctuations changed
little with increasing three dimensionality. The skewness and
flatness factors of the temperature fluctuations are related by
a single quadratic algebraic equation at all stations.

It appears that mean flow three dimensionality reduces sur-
face heat flux by altering the sweep-ejection process in the
near-wall region. Positive values of the skewness factor of 0
suggest that the strength of ejections of hot fluid from the near-
wall region was decreased by mean three dimensionality. This
supports the idea that ejections do not penetrate as far into the
outer layer in a three-dimensional turbulent boundary layer.

In the early stages of development of three-dimensional
flow, time-delayed correlations of the surface heat flux and
temperature fluctuations over a range of y locations in the
boundary layer indicated the presence of a linear wave front
in the x-y plane inclined 25 deg to the wall. As the flow
became more three-dimensional, the wave front became non-
linear near the wall, and the inclination angle of the wave front
increased. Coherency between the inner and outer regions de-
creased with mean three dimensionality because the inner and
outer regions come from different upstream directions. For low
frequencies below fo/U.. =~ 0.2, the coherence length scale is
reduced by as much as 0.38 by the increasing three dimen-
sionality of the flow. Whether or not the breakdown in inter-
action between the outer and inner regions is responsible for
the observed change in the sweep-ejection process is still un-
clear.
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