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Abstract—All three components of the turbulent heat flux vector (uf, v8, and w8) and most of the

components of the Reynolds stress tensor are measured in a boundary layer disturbed by an embedded

streamwise vortex. Some similarities are observed between the cross-plane heat fluxes (00 and w0) and the

analogous Reynolds stress terms (5 and #@w). However, the vortex interaction with the boundary layer

seems to enhance heat transport more than momentum transport, especially in the vicinity of the vortex

core. The cross-plane heat transport vector, formed from v6 and w#, is nearly perpendicular to the isotherms
at all points, suggesting that an isotropic eddy-diffusivity model would be suitable for this flow.

INTRODUCTION

WHEN A streamwise vortex interacts with an otherwise
two-dimensional boundary layer, the result is a2 com-
plex three-dimensional flow characterized by mod-
erate secondary velocities that enhance mixing of
near-wall fluid with the free stream. The most com-
mon practical application is the introduction of the
vortex into a boundary layer to suppress separation.
These flows also occur naturally when horseshoe vor-
tices form near the junction of a blunt body and a wall
on which a turbulent boundary layer is developing. A
typical example is the junction between a gas-turbine
blade and its endwall, where the enhanced mixing due
to the vortices can lead to locally high heat-transfer
rates along the endwall.

This paper reports the results of a detailed study of
the turbulent heat transport within a boundary layer
disturbed by a streamwise vortex. Understanding the
mechanisms for turbulent heat transport in this three-
dimensional flow can help improve turbulence models
and provide insights into general passive-scalar trans-
port in complex flows.

Recent studies of interactions between vortices and
boundary layers have concentrated on characterizing
the transport mechanisms of momentum and tur-
bulent kinetic energy, with the hopes of improving
turbulence modeling and prediction techniques for
these complex flows. Shabaka et al. [1] measured the
Reynolds stresses and turbulent triple products in a
flow with a single embedded streamwise vortex gen-
erated in the contraction section of the wind tunnel.
The structure of the turbulence was greatly altered in
the vicinity of the vortex, as evidenced by the large
variations in the shear stress/turbulent kinetic energy
ratio, a,, and the shear-stress correlation coefficients.
The Reynolds shear-stress contours generally fol-
lowed the principle that momentum fluxes follow the
gradient of the mean momentum. Mehta ef al. [2] also

reported on similar studies for boundary layers with
a pair of vortices with common flow upwards and for
a pair with common flow downwards. The Reynolds
shear stresses seemed to follow the concept of an eddy
viscosity in all cases, but the complex nature of the
resulting eddy-viscosity contours led to the conclusion
that simple algebraic models would not be sufficient
for these flows. Westphal er al. [3] investigated the
effect of an adverse pressure gradient on a single
embedded vortex, and found that the presence of the
pressure gradient caused greater distortion of the
Reynolds stress profiles and caused greater diffusion
of the vortex into the surrounding flow.

Some studies have included mean-temperature
measurements to study the local wall heat-transfer
effects and the thermal boundary-layer characteristics.
A single vortex was studied in ref. [4] and it was found
that the Stanton number was increased by up to 20%
in the downwash region due to the thinning of
the thermal boundary layer, and correspondingly
decreased in the upwash region where the thermal
boundary layer was thickened. It was postulated that
essentially two-dimensional mechanisms controlled
the heat transfer in the near-wall region for the weak
vortices studied. Pauley and Eaton [5] found that, with
vortex pairs, the two-dimensional similarity breaks
down when secondary flow angles are greater than 10
deg. In these regions, the wall heat-transfer rates could
be correlated with the turbulence intensity near the
wall.

The turbulent transport of heat is characterized by
the Reynolds heat-flux terms (26, wé, and uf) which
appear in the Reynolds averaged energy equation
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NOMENCLATURE T

A calibration constant in equation (4) ¥,  eddy-viscosity tensor [m*s ']

a turbulent shear stress/kinetic energy wO  spanwise component of turbulent heat
ratio, ||/k? flux [ms~'°C]

ay heat-flux structure parameter, X streamwise distance in boundary layer,
[(00) 4+ (w0) 2} 21Oy K measured from trip [m]

B calibration constant in equation (4) v vertical distance measured from wall

¢, specific heat [kJkg™'"C™'] upwards [m]

d diameter of hot-wire sensor [m] z spanwise distance in boundary layer,

¢,  eddy-diffusivity tensor [m’s '] measured from centerline [m].

E,  voltage measured across wire [V]

ik unit vectors in the y- and z-directions Greek symbols

1k?  turbulent kinetic energy per unit mass o molecular thermal diffusivity [m?s" ']
[m?s™% r circulation of vortex [m?s™']

l active length of hot-wire sensor [m] O 0.99 momentum boundary-layer

m,n exponents for hot-wire calibration, thickness at a given z location [m)

cquation (4)
P, turbulent Prandt! number tensor,
equation (17)
Pr, scalar turbulent Prandtl number, &y/ey
4 wall heat flux [Wm ™7

Re;.  momentum-thickness Reynolds number,
U,d./v

St Stanton number, ¢,/{pc, U, (T, —T,)}

T instantaneous temperature [*C]

T time-average temperature ['C]

u, friction velocity [ms™']

Uy effective cooling velocity of hot wire
[ms™ ]

U.V,W instantaneous velocity components
[ms™']

U,V.W  time-average velocity components
fms~]

u,v.w fluctuating velocity components
[ms ']

w0’ w r.m.s. velocities [ms™']

uf  longitudinal component of turbulent
heat flux [ms™"°C)

uv, uw, tw  Reynolds shear stresses [(ms™')?]
vf) normal component of turbulent heat flux
[ms ' Q]

d5 momentum thickness of boundary layer,

o (DU, — (01U ) dy [m]

0.99 momentum boundary-layer

thickness for undisturbed two-

dimensional boundary layer [m]

A 0.99 thermal boundary-layer thickness
[m]

&n eddy diffusivity [m?s™']

&m eddy viscosity [m*s™ ]

0 temperature fluctuation {"C]
14 r.m.s. temperature {"C]

v molecular viscosity [m?s ']
P density [kgm ]

T turbulent shear stress [N m™?]

y.q  effective cooling angle of hot wire [deg]

Q.  streamwise vorticity, (¢W/éy—aV/éz)
[s*".
Subscripts
i.jk integers used in index notation relations

m mean value between hot wire and air

meas measured value

wi condition at the hot-wire sensor
w condition at the wall

o0 condition in the free stream.

where 0 represents the temperature fluctuation and
T the mean temperature. Physically, the Reynolds
heat-flux terms represent the convective transport of
heat due to the turbulent fluctuations, but are usually
grouped with molecular heat-flux terms, in a manner
analogous to the Reynolds stress terms in the momen-
tum equation. In two-dimensional boundary layers,
this is convenient for defining an eddy diffusivity

- — = 2
ey Ty (2)
and a turbulent Prandtl number
wdT/oy
pro= 2 )

v06U/éy

both of which are useful quantities in turbulence
modeling.

Early experimental investigations of turbulent heat
transfer in boundary layers used an indirect method
to determine the turbulent heat flux and the turbulent
Prandt! number. In a two-dimensional flow, only the
second term on the right-hand side of equation (1) is
significant. By measuring the mean temperatures and
velocities, all of the terms on the left-hand side can be
determined and the turbulent heat flux 1s then found
by integration across the boundary layer. A similar
approach is used to find uv using the momentum equa-
tion. Compilations of the turbulent Prandtl number
from these early studies were presented by Blom [6]
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and Kestin and Richardson [7], and these showed a
wide scatter from 0.1 to 2.0 in a two-dimensional
boundary layer.

Direct measurement of the turbulent heat flux
requires simultaneous measurements of temperature
and velocities, usually with hot-wire anemometry
techniques. Pioneering measurements of 10 and Pr,
for air by Johnson [8], and later by Blom [6], in bound-
ary layers with a step change in wall temperature
showed the turbulent Prandtl number to be between
0.8 and 1.2 1in the outer region of the thermal boundary
layer. Several studies on constant wall temperature,
two-dimensional boundary layers with pressure gradi-
ents, transpiration, and surface roughness [9-11]
revealed that the turbulent Prandtl number was
dependent upon boundary conditions and flow par-
ameters. An adverse pressure gradient generally
decreased Pr, in the log region and the outer region,
while suction increased it.

Perry and Hoffman {12] studied the instantaneous
(as opposed to the time average) heat and momentum
fluxes in a constant wall temperature boundary layer
in which the temperature and momentum boundary
layers had the same virtual origin. They found that
the ‘sweeps’ and ‘bursts’ of Reynolds stresses were
generally accompanied by equivalent occurrences in
vl

Antonia et al. [13] measured the turbulent heat flux
in the region downstream of a step change in wall heat
flux, and found that v0 profiles showed similarity
when y was normalized on the local temperature
boundary-layer thickness. The turbulent Prandtl
number was found to be greater than unity in the
inner region of the thermal layer, even at the furthest
downstream station. Subramanian and Antonia [14]
later studied the effects of Reynolds number on
boundary layers with constant wall heat flux, and the
same virtual origin for the momentum and thermal
boundary layers. They found that similarity in 0 pro-
files could be obtained for Re,;, > 4750. For lower
Reynolds numbers, they could not explain signifi-
cantly low values of o0 near the wall. The turbulent
Prandt! number effect was difficult to determine due
to the unavoidably high uncertainty.

Studies of turbulent heat flux in boundary layers
with wall curvature have revealed differences between
heat and momentum transport in flows that are more
complex than the two-dimensional boundary layer.
Gibson and Verriopoulos [15] found that the tur-
bulent heat flux and the Stanton numbers were more
sensitive to changes in wall curvature than the Reyn-
olds stresses and the skin friction. Kim and Simon
[16] investigated the effects of free-stream turbulence
intensity and recovery on the turbulent heat transport
in boundary layers with wall curvature. In the recov-
ery region, they found that ¢ often overshot its flat-
plate levels. For higher free-stream turbulence levels,
uv showed a reversal in sign, while v0 did not, indi-
cating a breakdown in the usual analogies between
heat and momentum transport.
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The purpose of this paper is to present measure-
ments of all three components of the Reynolds heat-
flux vector in a boundary layer with a single embedded
streamwise vortex. These data, presented here for one
set of operating conditions and one streamwise
location, will provide some initial observations on
passive-scalar transport in complex three-dimensional
flows. This will augment the growing body of data on
the turbulent transport of active components (e.g.
momentum, kinetic energy and Reynolds stresses) in
these flows, and provide information for turbulence
modelers who are interested specifically in predicting
passive-scalar transport and heat transfer. The results
represent some of the first measurements of the span-
wise component of heat flux, w0, in boundary-layer
flows.

EXPERIMENTAL APPROACH

Experimental facility

The convection boundary layer facility used in this
study is described in detail in ref. [17]. The working
section of the facility, shown in Fig. I, consists of
four sections: (1) a 122 cm long heated development
section, (2) a 26 cm long unheated removable hatch
for holding the vortex generators, (3) a 157 cm long
heated test section, and (4) a 61 cm long exit section.
All heaters were operated with a constant power
input, which approximated a constant wall heat-flux
boundary condition.

The vortex generator is a half-delta wing, 5.9 cm
long and 2.7 cm high at its base, and is positioned at
an angle-of-attack of 12 deg. The trailing edge of the
vortex generator is located along the centerline of the
tunnel, 1.36 m downstream of the boundary-layer trip.
Here, the local boundary-layer thickness was approxi-
mately the same as the vortex generator height.
Measurements were taken across the y—z plane located
2.65 m from the boundary-layer trip.

Probes

Two triple-wire probes were developed to measure
turbulent heat flux in three-dimensional flows. Each
probe consists of two constant-temperatures hot wires
in a X-wire configuration, with a constant-current
cold wire located in between and in a plane parallel
to the X-wire sensors. The sensors of the uv probe are
oriented vertically, so that the X-wire measures the
U and V¥ components of velocity and the cold wire
measures the temperature, 7. The sensors of the uw
probe are oriented horizontally, rotated 90 deg from
the uv configuration, so that the X-wire measures the
U and W components of velocity.

All three sensors of the heat-flux probes are 2.5 ym
diameter tungsten, with //d = 280. The wire ends are
plated with 24 pm diameter copper plating, which
extends the overall wire length to 3.3 mm for the X-
wire sensors, and to 2.2 mm for the cold wire. An
analytical technique was developed to compensate for
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Fi1G. 1. Working section of the convective boundary-layer facility.

the reduced frequency response of the constant-cur-
rent cold wire, accounting for both end-conduction
and wire thermal-inertia effects. Details of this tech-
nique and the qualification of the probes in a two-
dimensional boundary layer can be found in ref. [17].

A single wire, 1 um platinum probe (TSI model
1218-P0.5) with //d = 420 was used as a constant-
current cold wire to also measure mean temperatures.
This probe was used to obtain measurements closer
to the wall (» = 0.13 mm) than were possible with the
heat-flux probe.

Data acquisition

The heat-flux-probe X-wires were operated by
DISA 56C17/56C01 constant temperature anem-
ometer (CTA) systems. Square-wave tests indicated a
3 dB cutoff frequency for the system of 6500 Hz. A
DISA 56C20 temperature bridge used in conjunction
with the 56C01 CTA module provided a constant-
current system for the cold wires. DISA model
S56NCN signal conditioners connected to the anem-
ometer outputs provided adjustable gain, low-pass
filtering, and high-pass filtering. The signal-con-
ditioner outputs, unlinearized in the case of the hot
wires, were digitized using a Data Translation 2828
high-speed data-acquisition board in a Data Trans-
lation CyClone JS 286 microcomputer. The A/D
board featured simultaneous sample and hold, which
allowed each channel to be sampled within 5 ns. For
mean and correlation measurements, data was sam-
pled at 6000 Hz per channel for 5.5 s. Raw data

was stored in extended memory buffers within the
microcomputer, transferred to the hard disk for data
reduction, and then archived on a Colorado Memory
Systems DJ-10 streaming-tape backup drive. The data
was then reduced computationally, using the com-
puter.

The measurements were obtained across the y-z
plane in three steps. First, the uv probe was used to
obtain measurements of U, ¥, ()? ()% (8%, s,
probe was used to measure U, W, ()%, (w")?, (8)?%,
uw, wl, and u0 at the same locations. Finally, the
platinum cold wire was used to additionally measure
T on a finer grid to allow for near wall measurements
and for more accurate determinations of the tem-
perature gradients, needed for determining the eddy
diffusivities. The traversing system which was used
had a precision of 0.00125 mm per ¢m of travel, which
allowed for repositioning the various probes with only
a small uncertainty. This approach did not allow for
the measurement of the 7w Reynolds stress. Although
this term may be important when considering stream-
wise vorticity development, it was decided that it was
only secondary to the main objective of this study,
which was the measurement of the Reynolds heat-flux
terms.

Data reduction

The hot-wire sensors, which form the X-wire com-
ponent of the heat-flux probe, are calibrated by plac-
ing the probe in a separate laminar-jet calibration
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facility and varying the temperature and velocity of
the jet. The data is fit to a calibration equation that
is obtained from a modified form of the Collis and
Williams equation [18]

Tm T(I.76n—0.8) 5 e I/n
= Im}yim g2 76n 4
Ueﬂ [A< T (TWI—T) EW|+BTm ( )

where E,; is the voltage across the wire, T, the wire
temperature, T the air temperature, T, = (T + 7)/2,
U, the effective cooling velocity, and A4, B, m, and n
are the calibration constants.

The cold wire of the heat-flux probe is also cali-
brated in the laminar jet by varying the temperature
of the flow and assuming that the resistance of the
sensor is linearly related to temperature. An analytical
technique has been developed to compensate the cold-
wire measurements for frequency-response degra-
dation due to the effect of wire thermal inertia and the
effect of end conduction to the prongs. The method
involves transforming the temperature time series into
frequency space using a fast Fourier transform, spec-
trally compensating the measurements for both ampli-
tude and phase shifting effects based on a predicted
frequency-response curve, and recovering the com-
pensated time series using an inverse transform
method. The calibration procedure and compensation
technique are described in more detail in ref. [17].

A correction was applied to the heat-flux terms to
account for cross-flow contamination. When the
probe is placed in a three-dimensional flow, or is not
aligned properly in a two-dimensional flow, the cross
component of mean velocity also contributes to U.g.
In particular, for the fluctuating part of the signal

Uop = U COS (Werr) + 0Sin (Werr)
N Ww

U cos (o) + V sin (Yorr)
where W is the mean cross component of velocity and
V. the effective cooling angle [19]. This cross-flow
contamination leads to errors in the Reynolds stresses
and the turbulent heat fluxes. The correction was
found to be very small (<1%) for the cross-plane
heat fluxes (v6 and wf), because the contamination
effect from each of the two wires of the X-wire tended
to cancel. However, the correction was as high as 15%
for the streamwise heat flux, u0. No correction was
applied to the Reynolds stresses, but was estimated to
be a maximum of approximately 10% for both uv and
uw.

&)

RESULTS AND DISCUSSION

Mean measurements and vortex characterization

The operating conditions used for this study are
presented in Table 1 along with some characteristics
of the boundary layer and vortex.

The mean streamwise velocity contours and the
secondary flow vectors are shown in Fig. 2 for the y—
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Table 1. Operating conditions and boundary-layer charac-
teristics at x = 2.65 m

Operating conditions

U,=106ms™'
Re, = 1.82x10°
7. =350 Wm?
Undisturbed boundary-layer parameters
Re;, = 3300
d=42cm
A=44cm

T,—T,=152°C
u, =04l ms”
St =0.00189

1

Vortex parameters
v, =—-072cm
(Qz/Urp)max = —0.088 cmm™ !

z plane considered in this study (x = 2.65 m). Note
that the data shown in this figure (and the remaining
figures as well) are concentrated around the region of
the vortex to capture the main interactions between
the vortex and the boundary layer. No data were
taken in the outer spanwise regions, which are gener-
ally characterized by a gradual return to two-dimen-
sional behavior (4].

The general features shown in Fig. 2 are similar to
those found in earlier studies [1, 4]. The boundary
layer is thinned in the downwash region, where high
momentum fluid from the free stream is convected
towards the wall. Likewise, the boundary layer is
thickened in the upwash region as low momentum
fluid from near the wall is convected upwards. In the
region near the core of the vortex, the gradients of
streamwise velocity are small, indicating that the wake
which usually forms directly behind the vortex gen-
erator [4] has diffused significantly. Outside the down-
wash region, the boundary-layer thickness, &, is
returning towards its undisturbed two-dimensional
value of 4.2 cm.

Stanton numbers were calculated from the wall-
temperature measurements, and normalized on the
Stanton numbers measured at the same location in
the two-dimensional boundary layer. The results are
similar to those of ref. [4], with a peak enhancement
of nearly 25% in the region near the downwash side
of the vortex.

The streamwise vorticity field, Q. = 8W/oy—oV/éz,
is useful in characterizing the vortex, and is shown
in Fig. 3. The gradients of the secondary velocities
were determined by fitting a cubic spline to the velocity
data at a given y or a given z location, and then ana-
lytically differentiating the spline curves. Near the core
of the vortex the vorticity contours are nearly circular,
which would be characteristic of a diffusing, free
vortex. Near the upwash region, opposite sign vorti-
city is generated as a result of the no-slip conditions
imposed by the wall on the vortex. Both of these
characteristics have been observed in previous studies
[4, 5]. Further out from the core, the vorticity con-
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tours become somewhat elliptical in shape, probably
due to the limits imposed on diffusion by the pre-
sence of both the wall and the region of opposite sign
vorticity.

Westphal et al. [3] suggested that three parameters
be used to describe the vortex : location of the vortex
as characterized by the center of the vorticity
contours, peak vorticity, and circulation. From Fig.
3, the center of the vortex appears to be at z = 4.8
cm and y = 2.2 cm. Note that this does not usually
correspond to the point where the secondary velocity
vector is zero, because of the effect of the wall. That
location, from Fig. 2, is approximately at z = 4.2 cm,
y = 2.8 cm. The peak vorticity is Q./U, = —0.088
cm ™', although this could be low, because data was

taken on a somewhat coarse grid. The circulation is
F/U, = —0.72 cm and was found using the technique
similar to Westphal ef al. [3], in which the vorticity
field is integrated from the vortex center out to the
contour which is 10% of the peak vorticity.

In summary, the vortex can be characterized as a
relatively weak one, which has been somewhat dis-
torted in shape due to asymmetrical diffusion.
Velocity, vorticity, and Stanton number results are
consistent with previous studies on similar strength
vortices.

Turbulent heat fluxes and Reynolds stresses -
__Contour plots for the cross-plane heat fluxes, v} and
wd, are shown in Figs. 4 and 5, along with contours for
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FIG. 4. (a) Normal component of turbulent heat flux, 08/ (q«/pc,). (b) Reynolds shear stress, ut/ UL.

the analogous Reynolds stress terms, v and uw. There
is some similarity between the shapes of the v and uw
contours and of the wf and #w contours, indicating
some rough analogy between momentum and heat
transport. Both v and uv (Fig. 4) exhibit a region of
reversed sign near the vortex center, and a region
of elevated values on the upwash side of the vortex
consistent with convection of near wall fluid up into
the flow. The contours of w8 and uw (Fig. 5) both
have a maximum near the wall in the upwash region,
and reversals in signs approximately corresponding
to locations where the spanwise gradients of the mean
streamwise velocity also change sign. Despite these
apparent gross similarities, differences do exist
between turbulent momentum and heat transport,
and these will be discussed below.

Figure 6 shows the contour plots for the tem-
perature fluctuations, (6')%, and the turbulent kinetic

energy, k2. These show similar behavior, with a finger
of fluid characterized by high kinetic energy and high
temperature fluctuations extending from the wall
upwards into the upwash region and a similar region
of low fluctuations extending down towards the wall
in the downwash region. These profiles indicate that
(6’)y? and k? are being transported primarily by passive
convection as a result of the secondary flow [2]. The
individual normal stress terms, not shown here, also
follow this trend. However, as was also observed by
Pauley and Eaton [5], the three Reynolds normal
stresses ((1)?, (v')% and (w’)?) are all nearly equal
near the core of the vortex, suggesting an isotropic
turbulence field in this region.

Contours of the streamwise turbulent heat flux, u8,
and its correlation coefficient are shown in Fig. 7. The
behavior of uf looks qualitatively similar to that of
(0")? or k2. However, the correlation coefficient, which
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is nearly constant at 0.6 in the outer region of a
two-dimensional boundary layer, is seen to be re-
duced significantly in the downwash and vortex-core
regions. This suggests that the vortex is altering the
mechanisms for streamwise turbulent heat transport
in these areas of the flow. It is worthwhile to mention
that the basic mechanism associated with 16 is thought
to be different from that associated with transport in
the normal direction, v0. In a two-dimensional bound-
ary layer, and also in this flow as described below, 06
is well approximated by a gradient-diffusion model,
implying that heat is primarily transported by scales
smaller than the length scales of the mean flow. On
the other hand, u8 is larger than o0 (in a two-dimen-
sional flow and in the vortex flow as well), even though
the streamwise gradients are much smaller than the
normal gradients. This suggests that larger, non-iso-
tropic motions may be the dominant mechanisms for

streamwise heat transport in the outer region. In sup-
port of this, spectral measurements of 40 and v0 were
obtained in two-dimensional boundary layers, and
these showed that u0 has greater contributions from
lower frequency fluctuations than v6.

To further investigate the cross-plane heat fluxes, it
is convenient to define a vector heat flux, which is
formed by these two values, 0+ w8k, where j and k
are unit vectors in the y and z directions. These vectors
are plotted in Fig. 8 along with the mean temperature
contours. For most of the locations within the bound-
ary layer, the direction of the heat flux corresponds
closely to the direction of the temperature gradient.
This is true even in the region where the temperature
gradients are negative. The implication of this result
is that a gradient-diffusion model would be a good
approximation for the turbulent heat flux in these
flows.
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It should be noted, however, that there are a few
areas in the flow that deviate from the ideal behavior.
In particular, in the region near the wall at z = 6, the
differences in vector directions are as high as 30 deg,
which is larger than what would be expected purely
from experimental uncertainty. In these regions, a
gradient-diffusion model may be questionable, and a
convective velocity component of the transport may
be required. Despite these few questionable regions,
the heat-flux data will be further evaluated by
assuming that the heat-flux vector and temperature-
gradient vector do align. The benefits of such a
straightforward approach hopefully cutweigh the fact
that it may not be fully valid in a few specific areas of
the flow.

Figure 9 shows a similar plot for the cross-plane
momentum-flux vectors, —uwj— uvk. For most of the
flow field, the momentum-transport vector also aligns

well with the mean streamwise velocity gradient. How-
ever, there seem to be more areas that deviate from
this behavior than in the case of the heat transport
(Fig. 8), most notably in the region directly above the
vortex core. Shabaka et al. [1] reported a negative
spanwise eddy viscosity in this region, which is con-
sistent with the behavior observed in Fig. 9. In
addition, Johnston [20] reported that in three-dimen-
sional shear layers, the shear-stress vector did not
align with the vector of the mean velocity gradient.
So, some experimental evidence does exist that sup-
ports the conclusion that the momentum transport
and mean-velocity-gradient vector may, in general,
have different orientations.

Shabaka et al. [1] and Pauley and Eaton [5] found
that the Reynolds stresses were very small near the
core of the vortex, despite relatively high turbulence
levels, indicating that turbulent transport of momen-
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FiG. 7. (a) Streamwise component of turbulent heat flux,

—ub{(q,/pc,). (b) Correlation coefficient,

—ubj (10,

tum was suppressed. This is also seen in the present
results in Fig. 9. However, the heat flux, which is
predominantly in the z-direction as a result of the
skewing of the temperature contours, is not sup-
pressed in this region, suggesting a significant differ-
ence between passive-scalar transport and momentum
transport in the core region of the vortex. It is inter-
esting to note that, in the downwash region, the ther-
mal boundary layer i1s not thinned as much as the
momentum boundary layer. This can be seen by com-
paring the mean temperature and mean velocity con-
tours in Figs. 8 and 9. For example, at z = —1, the
thermal boundary layer is about 50% larger than the
momentum boundary layer. (In the two-dimensional
case, the thermal boundary layer is also larger than
the momentum boundary layer, but only by about
5%.) This difference could be due to the greater level
of turbulent diffusion of heat compared to momentum

near the core. This will be discussed further below in
connection with the turbulent Prandt! number.

The cross-plane vector heat flux can also be used to
define a structure parameter, a, = [(v6)>+(w0)?} '3/
[(6")*k?}"2, which is similar to a correlation coefficient,
but uses k as the characteristic velocity rather than
the individual r.m.s. velocities. This parameter is
slightly modified from the one defined by Townsend
[21] who included only the vf term for two-dimen-
sional applications. The structure parameter may be
interpreted as a relative measure of the ability of a
certain level of turbulence to transport heat. In this
sense, it is analogous to the stress-intensity ratio,
a, = |tl/k* where t = uv for two-dimensional flows,
and t = (uv’+vw?)'’? for the vortex boundary-layer
flow.

Figure 10 shows the contours of a4 For compari-
son, a, is approximately constant across the outer
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region of a two-dimensional boundary layer, and has
a value of approximately 0.22. This is consistent with
the values shown in Fig. 10 for the outer spanwise
region on the downwash side, which is nearly two-
dimensional. However, in the region of the vortex, the
values differ significantly, indicating that the vortex
has altered the structure of the turbulence. In particu-
lar, a significant portion of the region above the vortex
core shows elevated values of a,, which are as much
as 50% higher than in a two-dimensional flow. This
may be interpreted as an increased ability of the tur-
bulent fluctuations to transport heat. There is also a
region near the downwash side, where gy is lower than
the corresponding two-dimensional value. This region

is characterized by very small temperature gradients
and very low heat fluxes, suggesting that the reduced
values of a, may be due to experimental uncertainty.

The idea that the vortex drastically alters the tur-
bulent structure was reported by both Shabaka et al.
[1] for the single vortex, who presented a, data with
only the & term included, and by Pauley and Eaton
[5] for vortex pairs, who reported a, with both v and
vw. However, in both cases, values of a, were mostly
less than or equal to the corresponding two-dimen-
sional values. This seems to indicate that the changes
in the turbulence structure brought about by the vor-
tex favor enhanced transport of heat compared to
momentum.
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Eddy diffusivity and turbulent Prandtl number

The alignment of the cross-plane heat-flux vector
and the temperature-gradient vector has major impli-
cations on the form of the eddy diffusivity. In the most
general sense, the diffusivity is expressed as a second-
order tensor, 2, [22]

I

(7Y
.‘ ﬂ'

LE:@,

}

(6)

a5

X

Here, index notation has been used for brevity (i.e.
w0 = v0, x, = y, etc.). Since the streamwise gradients
are expected to be small, and since 46 may not be well
approximated by a gradient diffusion model, equation
(6) can be reduced to

—_ oT T

v = Frr—- Y23 A (7)
oy 0z

_ oT a7

Wl =9 ;= + D13 = (8)
dy

where the original notation has now been used. From
this, the cross-plane vector heat flux may now be
expressed as

L oT 0T\ -
vlj+wok = (922 UT + %13 (‘:‘>1
cy cz
oT a7\ .
+(@3z@+9335)k' ®

The alignment of the heat-flux and temperature-
gradient vectors implies that
aT .

e ; aT .
v0j+wok = 8H<9‘yj+ ﬁk>

e (10)

where ¢, must be a scalar that can be a function of
location. The only way that equations (9) and (10)
can both be wvalid is if %,,=%.,=0 and

ty = P4, = Z;;. So, for the cross-plane heat fluxes,
the eddy-diffusivity tensor reduces to a scalar value.
Given the scalar form of the eddy diffusivity, it is
then logical to define it by using the vectors of the
heat flux and temperature gradients
[(@0)” + (w0)*]"

T [(@Tjay) v @Tjon)

(n

Defining the diffusivity in this sense reduces the possi-
bility of extreme or negative values in regions where
either v8 or wé are small. However, it should also be
noted that this definition effectively forces an isotropic
eddy diffusivity for the few locations in which the
agreement between the direction of the heat-flux
vector and temperature-gradient vector may be
questionable.

Figure 11 shows contours of the eddy diffusivity
as defined by equation (11), normalized by the free-
stream velocity and the undisturbed, two-dimensional
boundary-layer thickness. (The choice of the two-
dimensional boundary-layer thickness as the appro-
priate length scale is basically a convenience to allow
all the results to be scaled on the same value.) The
eddy diffusivity in the area to the left of the downwash
region is again consistent with two-dimensional boun-
dary-layer behavior, where values are between 0.0025
and 0.003. In the region above and to the sides of the
vortex, the eddy diffusivities are larger than thosc
in the two-dimensional flow. In particular, the eddy
diffusivity is as much as two times higher in the down-
wash region. Part of this effect may be due to the
increase in the local boundary-layer thickness in that
region.

In the most general sense, the eddy diffusivity is a
second-order tensor, &Z,,, and the eddy viscosity may
be either a fourth- or second-order tensor, depending
upon whether the normal stresses need to be con-
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sidered [22]. Considering the simpler case of a second-
order eddy-viscosity tensor, ¥",;, a turbulent Prandtl
number tensor may be defined

%'=gik@kj' (12)

For this general case, the physical meaning of the
individual terms of the 2, tensor are lost, and so its
usefulness from a modeling standpoint.

If we assume that the eddy diffusivity and the eddy
viscosity are diagonal tensors, then the Reynolds
shear stresses can be expressed as

o0
W=“I/22‘ (]3)
oy
oU
W =Yy — (14)
0z
oV 0w
=75 =—+—=). (15)
0z dy

With this simplification, and by neglecting the 77,
and 2,, terms (since it is not expected that («')* and
u0 will be approximated by gradient diffusion), the
turbulent Prandtl number tensor reduces to two scalar
values

Y
Py =— 1
n =g (16)
Y3
Py =—. 17
» g 17

In this greatly simplified form, these ratios do take
on some physical significance as directional turbulent
Prandtl numbers. For example, 2,,, which is the fam-
iliar form for two-dimensional boundary layers, can
be thought of as a relative measure of the ability of
the turbulence to transport streamwise momentum
compared to heat in the y-direction.

It has been shown already that the eddy diffusivity
can be approximated as a scalar quantity for most of
the flow region. It seems uncertain whether the same
assumption may be made for the eddy viscosity, based
on the above discussion. However, for purposes of
comparison, the eddy viscosity will be approximated
as isotropic, &y = ¥5, = ¥4;, with the caveat that
this is probably not true for all regions of the flows.
With this convenient definition, a scalar turbulent
Prandtl number can be defined in the usual way

pro= (18)
&y
Contours of Pr, are shown in Fig. 12. In the outer
spanwise regions, the inner region below the vortex,
and the upwash region, the turbulent Prandtl number
is within the expected range of 0.8-1.2 for two-dimen-
sional boundary layers. The vortex-core region and
the downwash region, where the transport is pre-
dominantly in the z-direction, are characterized by
significantly lower turbulent Prandtl numbers. This
is consistent with the observation that momentum
transport is suppressed near the core but heat trans-
port is not. The turbulent diffusion of heat in this
region, which opposes mean convection by strong
secondary velocities in the downwash region, may
explain why the thermal boundary layer is thicker
than the momentum boundary layer in the area near
z = —1. Above the vortex, where the transport is
predominantly in the y-direction, Pr, is about 25%
lower than the two-dimensional levels. Although this
is only slightly larger than the uncertainties (18%),
the trend does support the contention that the effect
of the vortex is to enhance heat transport more than
momentum transport in this area.
As shown above, a meaningful definition of tur-
bulent Prandtl number arises only with the assump-
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F1G. 12. Turbulent Prandtl number, &y/¢;;.

tion of diagonal eddy-viscosity and eddy-diffusivity
tensors. While this study has shown that to be valid
for the diffusivity, it is not clear whether this assump-
tion can be made for the viscosity. In addition, the
main usefulness of the turbulent Prandtl number is as
a modeling tool, to allow for estimation of the tur-
bulent heat-flux terms, once an appropriate model
for the Reynolds stresses has been devised. Previous
studies [1, 2] indicate that higher order turbu-
lence models are required to adequately predict the
Reynolds stresses, and the results presented here
suggest that a gradient-diffusion model could be de-
vised to model the heat flux. Therefore, attempting
to define some convenient turbulent Prandtl number
for modeling purposes may only add an unnecessary
complexity to the heat-transfer problem.

CONCLUSIONS

All three turbulent heat-flux terms have been mea-
sured in a boundary layer disturbed by a relatively
weak embedded streamwise vortex. Some gross simi-
larities exist between analogous heat-flux and Reyn-
olds stress terms. However, the changes to the tur-
bulence structure caused by the vortex seem to favor
enhanced heat transport compared to momentum. In
particular, the region near the vortex core, which was
thought to be an area of suppressed diffusion of
momentum, appears to be an area where heat trans-
port is somewhat enhanced, mostly due to z-direction
diffusion. The thermal boundary layer appears to
spread further than the momentum boundary layer in
the downwash region, in opposition to the strong
mean convective transport imposed by the vortex.
This is consistent with the idea that turbulent heat
transport is enhanced compared to momentum trans-
port in that region.

The cross-plane heat fluxes, v0 and w0, are nearly
perpendicular to the isotherms at all locations, sug-
gesting that a gradient-diffusion model with an iso-
tropic eddy diffusivity would be appropriate. A mean-
ingful turbulent Prandtl number can be defined only
if some simplifying assumptions are made regarding
the form of the eddy viscosity. This is useful in sup-
porting some of the observed behavior of the flow,
but it is not recommended as a modeling tool for this
class of flows.
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MESURE DU TRANSFERT TURBULENT DE CHALEUR DANS UNE COUCHE
LIMITE AVEC VORTEX DANS LE COEUR DE L’ECOULEMENT

Résumé—Les trois composantes du vecteur flux thermique turbulent (w0, 00, et wO) et la plupart des

composantes du tenseur de Reynolds sont mesurées dans une couche limite perturbée par un vortex dans

le coeur de 1’écoulement. On observe quelques similitudes entre 08 et wt et les termes homologues ut et uw.

Néanmoins l'interaction du vortex avec la couche limite semble accroitre le transfert de chaleur plus que

le transfert de quantité de mouvement, spécialement au voisinage du noyau tourbillonnaire. Le vecteur

formé par vf et wé est presque perpendiculaire aux isothermes en tous les points, ce qui suggere que le
modéle a diffusivité turbulente isotrope est convenable pour cet écoulement.

MESSUNG DES TURBULENTEN WARMEUBERQANGS IN EINER GRENZSCHICHT
MIT EINGELAGERTEM LANGSWIRBEL

Zusammenfassung—Es werden alle drei Komponenten des turbulenten Warmestromdichten-Vektors (ud),
t0, wl) sowie die meisten Komponenten des Tensors der Reynolds -Spannungen in einer Grenzschicht
gemessen, welche durch einen Langswirbel gestort ist. Es sind einige Ahnlichkeiten zwischen den Wiirme-
stromdichten in Querrichtung (20, w0) und den analogen Termen der Reynolds-Spannungen (ue, uw) zu
beobachten. Allerdings scheint der Einflul des Wirbels auf die Grenzschicht den Wirmetransport starker
zu verbessern als den Impulstransport—insbesondere in der Nahe des Wirbelkerns. Der Wirmetransport-
Vektor in einer Ebene quer zur Stromungsrichtung (gebildet aus ¢0 und w0) ist an allen Punkten nahezu
senkrecht zu den Isothermen. Dies deutet darauf hin, daB ein isotropes Turbulenzmodell mit Schein-
diffusions-Koeffizienten fiir diese Strémung geeignet ist.

HU3MEPEHHUE TYPBYJIEHTHOI'O TEIUIOIIEPEHOCA B IIO'PAHUYHOM CJIOE NTPH
HAJIMYHUH B HEM NMPOJOJIBHOI'O BUXPA

AnHOTamEs—H3MepSIOTCS TPH KOMIIOHEHTA BEKTOPA TypGYJIeHTHOTO TemnoBoro noToka (16, vd u wo), a
Takxe 6oJbIIas 4aCTh KOMIIOHEHTOB PeHHOJBACOBCKOrO TEH30pa HANPSXEHHS B NOIPAHAYHOM CIIOE,
BO3MYILCHHOM IOTPYXEHHBIM IPOAOLHBIM BHxpeM. HabmonaeTcs HeKOTOpoe CXOACTBO MeX/Iy TeIIo-
BBIMH TIOTOKAMH B MONEPe4HOH 1m1ockocTH (00 1 wh) M aHATIOTHYHEIMH KOMIIOHEHTAMMH PeHHOJBICOBC-
KOTO HampsxeHHs (uv U uw). OOHAKO B3aMMOXEHCTBHE BHXDs C MOTPAHHYHEIM CJIOEM, [O-BHAHMOMY,
Goubllle YCHIIMBAET TEIUIONEPEHOC, YEM MEPEHOC MMITYJibCa, OCOGEHHO B OKDECTHOCTH AIPA BHXpA.
BekTop TemonepeHoca B MONEPEYHON MIIOCKOCTH, 06pa3oBaHHbIA 06 M WH, TOYTH NEPHEHAHKY/IApEH
H30T€pPMaM BO BCEX TOYKAX, YTO MO3BOJIAET MPEANONIOXKHTh ANEKBATHOCTh H30TPOITHOM MOJETH BHXpeE-
Boi muddy3un 11 paccCMaTPHBaEMOTO TEUEHH.



