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Effects of small-scale freestream turbulence on turbulent boundary layers

with and without thermal convection
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(Received 21 October 2010; accepted 21 April 2011; published online 24 June 2011)

Effects of weak, small-scale freestream turbulence on turbulent boundary layers with and without
thermal convection are experimentally investigated using a wind tunnel. Two experiments are
carried out: the first is isothermal boundary layers with and without grid turbulence, and the second
is non-isothermal boundary layers with and without grid turbulence. Both boundary layers develop
under a small favorable pressure gradient. For the latter case, the bottom wall of the test section is
heated at a constant wall temperature to investigate the effects of thermal convection under the
effects of freestream turbulence. For both cases, the turbulence intensity in the freestream is
T,=1.3% ~2.4%, and the integral length scale of freestream turbulence, L., is much smaller than
the boundary layer thickness J, i.e., Lo/d < 1. The Reynolds numbers Re, based on the
momentum thickness and freestream speed U, are Rey= 560, 1100, 1310, and 2330 in isothermal
boundary layers without grid turbulence. Instantaneous velocities, U and V, and instantaneous
temperature 7" are simultaneously measured using a hot-wire anemometry and a constant-current
resistance thermometer. The results show that the rms velocities and Reynolds shear stress
normalized by the friction velocity are strongly suppressed by the freestream turbulence throughout
the boundary layer in both isothermal and non-isothermal boundary layers. In the non-isothermal
boundary layers, the normalized rms temperature and vertical turbulent heat flux are also strongly
suppressed by the freestream turbulence. Turbulent momentum and heat transfer at the wall are
enhanced by the freestream turbulence and the enhancement is notable in unstable stratification.
The power spectra of u, v, and 0 and their cospectra show that motions of almost all scales are
suppressed by the freestream turbulence in both the isothermal and non-isothermal boundary

layers. © 2011 American Institute of Physics. [doi:10.1063/1.3596269]

. INTRODUCTION

In turbulent flows near rigid surfaces, a fluctuating ve-
locity field is either locally generated by mean velocity gra-
dients and body forces or transported there by the mean flow.
For instance, in an atmosphere, turbulence is created above
the surface layer by a shear-layer and/or by convective activ-
ity in deep clouds.' In industrial flows such as those in turbo-
machines and heat exchangers, inflow streams often contain
turbulent eddies generated by upstream structures.”™ The
effects of these freestream turbulence (FST) on a turbulent
boundary layer (TBL) have been investigated in many
researches. These researches include the wide area, for
instance, the effects of freestream turbulence on laminar to
turbulent transition,” adverse-pressure-gradient turbulent
boundary layer,® separation bubble,”® separation and recov-
ery behind a blunt horizontal or vertical plate,” """ backward
facing step flow,'? diffuser performance,’ the growth of a
plane turbulent mixing layer,"? etc.

It has been shown, mainly by wind-tunnel experiments,
that the skin friction in an isothermal turbulent boundary layer
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increases with increasing turbulence intensities in the free-
stream ﬂow,léHg and some empirical correlations between
the enhancement of skin friction and turbulence parameters
have been proposed.'®'®2°2! On the other hand, the effects of
freestream turbulence on turbulence intensities and Reynolds
shear stress (normalized by the friction velocity) in a turbulent
boundary layer are controversial and need to be elucidated.
Most of the previous experiments reveal an increase in turbu-
lence intensities and Reynolds shear stress under the effect of
freestream turbulence,>!>!415:18.19.22 However, an interesting
situation occurs when the integral length scale of freestream
turbulence, L., is smaller than the boundary layer thickness
d, i.e., L,/0 < 1. Hancock and Bradshaw!” found that the
freestream turbulence caused a significant decrease in turbu-
lence intensities and Reynolds shear stress when L../0 < 1.
However, on the other hand, Charnay et al.'* and Evans"
showed that the freestream turbulence caused an increase in
turbulence intensities under the condition L../0 < 1. Note that
in the study performed by Charnay et al.'* and Evans," the
turbulence level in the freestream flow is not much higher
than that in the turbulent boundary layer. In addition, no
other data support the results of Hancock and Bradshaw
for L../0 < 1. Thus, it is of importance to carry out addi-
tional experiments under the condition L../0 < 1.

© 2011 American Institute of Physics
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Effects of freestream turbulence on a turbulent boundary
layer with forced convective heat transfer (i.e., the heat
behaves as a passive scalar) have also been investi-
gated.“’ZI’B‘26 In most cases, with some exceptions, heat
transfer at the wall (or Stanton number, St, or Nusselt num-
ber, Nu) is found to increase with increasing turbulence level
in a freestream flow, particularly for high-Reynolds-number
flows.2*?° On the other hand, the effects of freestream turbu-
lence on turbulent heat flux and temperature fluctuation in a
turbulent boundary layer (away from the wall) are not well
understood: few experimental data have been reported on
turbulent heat flux and rms temperature in a boundary layer
affected by the freestream turbulence. In addition, the previ-
ous studies on the effects of freestream turbulence on heat
transfer were conducted in neutral or forced convective
boundary layers, where the buoyancy force has negligible
effects. It is expected that the effect of freestream turbulence
may become significant in a non-isothermal boundary layer,
where buoyancy-induced motions may weaken the coherent
structure of wall turbulence. It is an open question whether
the turbulent heat flux increases or decreases under the
effects of freestream turbulence when L. /0 <1 and how
buoyancy affects the flow, albeit the freestream turbulence
will enhance the heat transfer at the wall. To the best of our
knowledge, no experimental or numerical studies have been
reported on the combined effects of freestream turbulence
and buoyancy on turbulence characteristics in a turbulent
boundary layer.

In this paper, the effects of freestream turbulence on tur-
bulent quantities inside boundary layers with and without
thermal convection are investigated in a wind tunnel under
the condition L..,/0 < 1. To generate quasi isotropic free-
stream turbulence, turbulence-generating grids are installed
upstream of a turbulent boundary layer. The turbulence in-
tensity in the freestream flow is 7, =1.3% ~2.4%. The
Reynolds numbers Rey based on the momentum thickness
and freestream speed U,, are Rey=560, 1100, 1310, and
2330 in isothermal boundary layers without grid turbulence.
For the case of non-isothermal boundary layer, the bottom
wall of the test section is heated so as to obtain a constant
wall temperature, and thus negative vertical temperature gra-
dient is formed above the bottom wall. Instantaneous veloc-
ities, U and V, and instantaneous temperature 7 are
simultaneously measured using hot-wire anemometry with
an X-probe and a constant-current resistance thermometer
with an [-probe.

Il. EXPERIMENTS
A. Experimental apparatus and measuring system

Experiments were performed using a wind tunnel in
Kyoto University. The apparatus is the same as used in
Kurose et al.27, with a glass test section of 5 m length (x),
0.3 m height (y), and 0.3 m width (z). The heating apparatus
on the flat bottom wall consists of an aluminium plate
(1 x 107 m thick), a specially-made silicon rubber heater
(3 x 1072 m thick; OM Heater), and an insulator (3 x 107>
m thick). The wall temperature was monitored using a resist-
ance thermometer, and was controlled using a proportional-
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integral-derivative (PID) control unit (OM Heater OT-3) so
as to keep the wall temperature constant.

For the experiments with freestream turbulence, turbu-
lence-generating grids were installed at the entrance to the
test section. Two square-mesh and biplane grids, M50 and
M?25, were used. M50 was constructed from square-sectioned
aluminium rods. For M50, the mesh size M and the rod thick-
ness d were 5x 1072 m and 1 x 1072 m, respectively, and
therefore, its solidity was ¢ =0.36. This value of ¢ is typical
of the turbulence-generating grids used in the previous stud-
ies.?* 3% M25 was constructed from square-sectioned brass
rods. For this grid, M and d were 2.5 X 10 2mand 5 x 103
m, respectively, and therefore, its solidity was o =0.36.

Instantaneous streamwise and vertical velocities in a tur-
bulent boundary layer were simultaneously measured using a
standard constant-temperature hot-wire anemometer (DAN-
TEC 55C16) with a miniature X-probe with a 90° array
(DANTEC 55P61). The hot wires were 5x 10°® m plati-
num-plated tungsten wires with a length-to-diameter ratio
I/d,, of 250 and a sensor separation of 1 x 10~ m. For mea-
surement in the non-isothermal boundary layer, instantane-
ous temperature was also measured simultaneously using a
standard constant-current cold-wire anemometer (DANTEC
55C16) equipped with an I-probe having offset prongs
(DANTEC 55P05). The cold wire was a 5 x 107® m gold-
plated tungsten wire. The total length of the wire was 3 mm
and the length of the sensor was 1.25 mm (//d,, =250). The
power spectra of temperature fluctuations and the cospectra
of the Reynolds shear stress and heat flux revealed that the
main transport phenomena occurred in the range f< 10°> Hz
in the present flows. Therefore, for the present flows, a
5x107° m diameter wire was sufficient. The I-probe was
located upstream of the X-probe with the small gap Al. The
effect of the I-probe on velocity measurement was carefully
checked by changing Al. When Al < 1.5x 10~ m, the ve-
locity field was contaminated by the wake of the I-probe.
Therefore, the I-probe was mounted 1.7 x 1073 m (Al/
d,, = 340) upstream of the X-probe. The gap Al was compen-
sated by giving a time lag to the signals, assuming frozen tur-
bulence. Combined measurements using X- and I-probes
have also been made in the previous studies.**? They used
thinner wires, but in their experiment, the cold wire is placed
parallel to the X-probe. In this arrangement, compensation of
the distance between the probes cannot be possible. Note
that the temperature measurement using their arrangement of
the wires could be contaminated by the thermal wakes from
the X-probe®*. The calibrations of X- and I-probes were car-
ried out in a small, specially designed wind tunnel, over the
full range of velocities and temperatures used in the present
experiments. The velocities were calculated using a modified
form of King’s law with a temperature dependent coeffi-
cient®®. The X-wire was also calibrated in yaw in the same
small wind tunnel. A set of calibration data were obtained for
both hot-wire sensors by varying the yaw angle o from —60°
to 60°, while maintaining a constant velocity across the probe.
Then the effective velocity Uy is calculated from
Uep= Uf(ar) = Ucos® o+ K sin® o)'”? according to Hinze.*
Here, f(«) is a yaw function and the unknown coefficient & for
each wire was determined by the yaw-angle calibration. It has
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TABLE I. Experimental conditions for isothermal turbulent boundary layer with and without freestream turbulence.

Symbol Uso[m/s] Grid u[m/s] o [m] L.[m] L./ T,[%] Rep[x10°] Re;[-] Re.[-]
NG-1 @] 1.0 — 0.049 0.110 — — — — — 344
NG-2 A 1.5 — 0.068 0.110 — — — — — 476
NG-3 O 2.0 — 0.089 0.105 — — — — — 615
NG-4 PAs 4.0 — 0.167 0.100 — — — — — 1110
LG-1 [ ] 1.0 M50 0.049 0.112 0.023 0.205 2.18 3.33 21 365
LG-2 A 1.5 M50 0.070 0.102 0.024 0.235 2.08 5.00 25 475
LG-3 | 2.0 M50 0.094 0.098 0.030 0.306 2.44 6.67 36 607
LG-4 * 4.0 M50 0.174 0.092 0.034 0.370 2.44 13.3 55 1050
SG-1 + 1.0 M25 0.050 0.112 0.017 0.152 1.28 3.33 13 365
SG-2 \v4 1.5 M25 0.070 0.102 0.020 0.196 1.46 5.00 18 475
SG-3 & 2.0 M25 0.090 0.098 0.020 0.204 1.48 6.67 23 607
SG-4 X 4.0 M25 0.174 0.092 0.018 0.196 1.32 133 27 1050

been shown®® that the effective angles deviate from the meas-
ured actual angles at low wind speed, especially below about
1 m/s. Thus, effective angles corresponding to the measured
mean velocities were used according to Snyder and Castro.*
The sampling interval and the sample size were
2.5x 107* s and 2.4 x 10°, respectively, and they were suffi-
cient to obtain reliable statistics. The output voltage signals
were digitized and recorded on the hard disc using a data re-
corder with an A/D converter (Sony EX-UT10). The digitized
data were statistically processed using a personal computer.

B. Experimental conditions

Measurements were performed at x =2.75 m from the
leading edge (x=0), where a fully developed turbulent
boundary layer was generated. Due to the constant cross-sec-
tional area of the test section, there was a small favorable
pressure gradient in the streamwise direction. The most
appropriate parameter to measure the effect of the pressure
gradient would be the acceleration parameter

v dUy
s (1)
where v is the kinematic viscosity. The values of K are
1.01 x 107%, 0.58 x 107°, 0.38 x 107, and 0.10 x 10~ for
U, =1.0, 1.5, 2.0, and 4.0 m/s without the grid (i.e., Runs
NG-1 ~NG-4), respectively. The values of K indicate that
the effect of pressure gradient is small in our experiment.

Note that a substantial deviation from the log-law occurs
only for K > 1.6 x 10~° (Ref. 37).

The coordinate system is as follows: the x-axis is along
the streamwise direction, the y-axis is in the vertical direction
starting from the wall surface, and z-axis is in the spanwise
direction with z=0 being the center of the channel. To gener-
ate a fully developed turbulent boundary layer in a short dis-
tance, the transition was promoted by using 10 small rods of
2 x 10~* m diameter placed on the bottom wall near the lead-
ing edge. The distance between the rods was 2 X 1072 m.
Tables I and II list the experimental conditions for isothermal
and non-isothermal boundary layers, respectively. Here, u.,
the friction velocity; 0, the boundary layer thickness;
T, = ugo /Us, the turbulence intensity in the freestream;
Rey = U M/v, the mesh Reynolds number; Re; = u’ocﬂuoo /v,
the Taylor Reynolds number in the freestream (4 is the Taylor
microscale); and Re,=u.d/v, the boundary-layer Reynolds
number. The suffix co is used throughout to denote the values
in the freestream. Freestream speeds of U, = 1.0, 1.5, 2.0,
and 4.0 m/s were chosen to investigate the buoyancy effects
in a non-isothermal boundary layer and for the comparison
between the non-isothermal and isothermal turbulent bound-
ary layers. The Reynolds numbers Rey based on the momen-
tum thickness 6 and U, are Rey = 560, 1100, 1310 and 2330
for U,.= 1.0, 1.5, 2.0, and 4.0 m/s without the grid (i.e., Runs
NG-1~ NG-4), respectively. It should be noted that because
of the small spanwise length of the test section relative to the
boundary layer thickness, two-dimensionality is satisfied only
in the central region of —75 mm <z < 75 mm. However, as

TABLE II. Experimental conditions for non-isothermal boundary layer with and without freestream turbulence.

Symbol U, [m/s] Grid u, [m/s] o [m] L.[m] L../o T, [%] Rey [ 10°] Re; [-] Re. [-] Ri, [-]
NG-cl O 1.0 — 0.055 0.150 — — — — — 549 0.323
NG-c2 yAN 1.5 — 0.071 0.120 — — — — — 567 0.115
NG-c3 O 2.0 — 0.089 0.115 — — — — — 674 6.19x 1072
NG-c4 S 4.0 — 0.167 0.100 — — — — — 1110 1.35%x 1072
LG-cl ] 1.0 M50 0.058 0.145 0.023 0.159 2.18 3.33 21 560 0.312
LG-c2 A 1.5 M50 0.078 0.095 0.024 0.253 2.08 5.00 25 493 9.09 x 102
LG-c3 | 2.0 M50 0.101 0.090 0.030 0.333 2.44 6.67 36 605 4.85%x 1072
LG-c4 * 4.0 M50 0.177 0.100 0.034 0.340 2.44 1.33 55 1180 1.35%x 1072
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shown later, profiles of rms velocities and Reynolds shear
stress measured at z=0 agree well with previous experi-
ments>’ and direct numerical simulation (DNS).>**° For the
case of non-isothermal boundary layers, the temperature
difference between the wall and freestream was set to
AT = 60 K. The bulk Richardson number
o0

is also listed in Table II. Here, f§ is the thermal volumetric
expansion coefficient and g is the gravitational acceleration.
In this paper, the values of Ri, for the turbulent boundary
layers without grid turbulence (i.e., Runs NG-cl ~c4) are
used to express the experimental conditions. To achieve ther-
mal equilibrium of the apparatus and to make the flow field
steady, the experiments were started after at least 2 h of
warm-up for non-isothermal conditions. This warm-up
reduced the thermal convection from the sidewall.

Figure 1 shows the relation between T, and L../0 in the
present and previous experiments. Obviously, present experi-
ments fill the blank in the previous experiments.

lll. RESULTS AND DISCUSSION

A. Effects of freestream turbulence on isothermal
turbulent boundary layers

In this section, the experimental results of turbulence
quantities in the turbulent boundary layer under the effects
of freestream turbulence generated by the grid (Ly/d < 1
and T, = 1.3% ~ 2.4%) will be presented and discussed.

Figure 2 shows the vertical distributions of time-aver-
aged velocity near the wall. The friction velocity u, is
determined from the Clauser fits, since it has been shown
that the log-law remains valid for determining wall shear
stress for a turbulent boundary layer influenced by the free-
stream turbulence up to T,=20%.""*" Here, only the
results for M50 are shown, since the results for M25 were
similar. We see that the development of the mean velocity

Phys. Fluids 23, 065111 (2011)

2

W

r without grid

FIG. 2. Vertical distributions of time-averaged velocity. For symbols, see
Table L.

field in the inner region of the turbulent boundary layer is
insensitive to freestream turbulence and the profile is well
fitted by the log-law profile

+_ 1 +

U =041 logy™ +5.5. 3)
On the other hand, the outer wake regions are strongly
affected by the freestream turbulence. The results are con-
sistent with previous studies.'*1¢:18:19-21-4041 Note that the
freestream turbulence strongly affects the mean or instanta-
neous reverse flow in a boundary layer with an adversed-

pressure-gradient.®
Figure 3 shows the vertical distributions of rms veloc-
ities near the wall at Rey= 1100 and 2330. Here, the rms
velocities are normalized by u,. The previous experimental
results for boundary layers with very small favorable pres-
sure gradients®’ and DNS results for boundary layers with a
zero pressure gradient®®>? are also plotted for comparison.
The present results for a pure boundary layer without grid
turbulence agree well with the previous studies. The results
suggest that the effect of favorable pressure gradient is small
in this study as inferred from the values of the acceleration
parameter. With grid turbulence, it is shown that normalized
rms velocities are less influenced by the freestream turbu-
lence in the vicinity of the wall. This implies that the free-
stream turbulence does not greatly alter the structure and
turbulence-generation mechanism near the wall under the
present condition of L,,/0 < 1 and T,=1.3% ~2.4%. On
the other hand, rms velocities at y© > 40 are strongly sup-
pressed by the freestream turbulence. The ratios of rms
velocities under the effect of freestream turbulence to those
without freestream turbulence, u,,,,; (with FST)/u,.,,, (without
FST) and v,,,, (with FST)/v,,,. (without FST), are shown in
Fig. 4. We observe that rms velocities are considerably sup-
pressed by the freestream turbulence. Such suppression has
been observed by Hancock and Bradshaw.'” However, in
other previous experiments,12’14’15’18’19’22 turbulence inten-
sities are increased by the freestream turbulence. Note that in
the vicinity of the wall, both u,,, and v,,,, (which are not
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FIG. 3. Vertical distributions of rms velocities near the wall: (a) Rey= 1100
and (b) Rey = 2330.

normalized by u,) increase under the effect of freestream tur-
bulence. The increase is related to the increase in skin fric-
tion caused by the freestream turbulence, which has been
observed in the previous studies.'*'® Note also that for the
pure wall-blocking effect in a shear-free flow, streamwise
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FIG. 5. Vertical distributions of the Reynolds shear stress near the wall. For
symbols, see Table I.

turbulence intensity is amplified near a rigid surface, i.e., the
splat effect occurs.**** This effect becomes predominant if
the turbulence level in a freestream flow is more intense than
that in a turbulent boundary layer, as shown by Hancock and
Bradshaw. "’

Figure 5 shows the vertical distributions of the Reynolds
shear stress. The Reynolds shear stress is strongly suppressed
throughout the boundary layer. This result is consistent with
that reported by Hancock and Bradshaw,'” but inconsistent
with other studies conducted using turbulence-generating
grids'*"> and rods."” Like the rms velocities, the Reynolds
shear stress (which is not normalized by u%) increases in the
vicinity of the wall, as shown in Fig. 6.

Here, we summarize previous studies in Table III.
It should be noted that we pay attention to the changes in the
profiles near the wall. Thus, even when the profile increases
away from the wall, it is categorized as “reduction” if the
value is reduced near the wall. Note also that when the free-
stream is turbulent, the profiles of rms velocities must cross
the profiles without freestream turbulence if the value is
reduced near the wall. Turbulence intensities and Reynolds
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FIG. 4. Ratio of the rms velocities, u,,,, (with FST)/u,,,, (without FST) and
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FIG. 6. Vertical distributions of the ratio of Reynolds shear stress, v (with

FST)/uv (without FST).
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TABLE III. Comparisons of experiments. 1: increase; |: decrease near the wall; and —: no significant effect. k* = M# FPG: favorable pressure gradi-
ent, ZPG: zero pressure gradient.
M [mm] 4 [mm] Loo/d M/o T, [%] ut Ul Wit —uvt
Present study (FPG) 50 92~ 112 0.21~0.37 0.45~0.54 2.1~24 1 | — 1
25 92~112 0.15~0.20 0.23~0.27 13~15 | l — 1
Charnay et al. (Ref. 14) (ZPG) 56 30 0.58 ~0.66 1.9 2.6~4.7 il — — il
Evans (Ref. 15) (ZPG) 12.7 28.7 N/A 0.44 34 il 1 — i
6.35 26.7 N/A 0.24 1.9 il 1 — il
Castro (Ref. 18) (ZPG) 50, 100 N/A 0.8~2.9 N/A 23~7 i — — —
Hancock and Bradshaw 152 56.8 1.90 2.68 4.1 il l 1 !
(Ref. 17) (ZPG) 152 48.1 1.83 3.16 5.8 il l 1 l
152 66.0 1.34 2.30 5.8 il | 1 1
76 29.1 1.88 2.61 24 — — — —
76 56.9 0.71 1.33 4.0 | | l |
76 78.4 0.67 0.97 2.6 ! l — !
Sharp et al. (Ref. 41) 114 (passive 73.1 44 1.56 8.0 il l — 1
(FPG) grid)
114 (active grid) 80.9 5.2 1.41 10.2 1 1 1
Turbulence
promoter 6 [mm] L./ T, [%] ut [Taen Wi —uv*
Kline et al. (Ref. 22) (ZPG) rods 17 (no rod) N/A 5.7 i — — —
Huffman et al. (Ref. 19) 1/4 in. rods 16.9~19.2 N/A 29~34 1% — — il
(ZPG) 3/4 in. rods 23.7~25.1 N/A 48~5.7 1 (k") — — il
Hoffmann (Ref. 3) rods N/A N/A 1.6~2.1 1 — — —
Isomoto and Honami (Ref. 12) slot N/A N/A 33,53 1 — — —
mesh N/A N/A 57,74 1 — — —

shear stress in an inner layer increase under the effect of
freestream turbulence generated by grids,'*'>*! an upstream
rod,*'? and by slots and rectangular meshes.'? Castro and
Epik* also observed an increase in turbulence intensities in
the downstream of the separation region behind a blunt plate.

On the other hand, Hancock and Bradshaw!’ found that
the freestream turbulence caused a significant decrease in tur-
bulence intensities and Reynolds shear stress when L./ 0 < 1.
They claimed that both T, and length-scale ratio L.,/ are im-
portant to determine the increase/decrease in turbulent inten-
sities. In our experiments, L./0 << 1, and the results are
consistent with those of Hancock and Bradshaw.!” However,
in a study conducted by Charnay ef al.,"* both the turbulence
intensity ;) - and the Reynolds shear stress increased despite
a small length-scale ratio and a similar value of T,,. Further, in
a study conducted by Evans," in which L../6 < 1 would be
expected from the grid mesh size M, u! = and Reynolds shear
stress were observed to increase. Recently, Sharp er al.*'
showed that for low T, and large length-scale ratio of L.,/
0=4.4, ufms increases, while vertical rms velocity vjms and
Reynolds shear stress decrease. They also show that at large
T, and L../9, ujm, U,J;m, and Reynolds shear stress increase.
Note that the Reynolds shear stress decreased even when L./
9> 1 in Hancock and Bradshaw.'” These results suggest that
the change in turbulence intensities and Reynolds shear stress
may strongly depend on the turbulence level in a freestream
and the length-scale ratio, but they are not the only parameters

to lead to changes. Charnay et al."* suggested that an aniso-

tropic external turbulence, mainly a nonzero —puv, can also
become a relevant parameter of the problem. It should be
noted that for an anisotropic freestream turbulence, no previ-
ous data show the reduction of turbulence intensity and Reyn-
olds shear stress. We will discuss this effect later.

To further investigate the effects of freestream turbu-
lence on near-wall turbulence, probability density functions
(PDFs), power spectra, and cospectra are calculated. Figures 7
and 8 show the PDFs of u and v at several vertical (y)
locations. These figures show that the PDFs do not vary
significantly with the freestream turbulence. However, the
quantitative comparison reveals that the negative tail of
u-PDF and the positive tail of v-PDF deviate more than those
in the turbulent boundary layer without freestream turbu-
lence. These results are consistent with previous study for
large T, and L. /0.4

Figure 9 shows the premultiplied one-dimensional power
spectra of u and v. The spectra are normalized by the turbu-
lence intensities. Note that the abscissa is shown in log-scale
and the ordinate is in linear-scale, so that the area bounded by
the power spectra multiplied by the frequency f corresponds to
the normalized turbulence intensities. The measuring point is
y=0.05 m, which corresponds to y* ~ 230 and y/ ~ 0.45 for
Rey=1100 and to y© ~ 570 and y/5 ~ 0.5 for Rey=2330, and
where uﬁm, v,,*ms, and Reynolds shear stress exhibit large
reductions. Figure 9 shows that the normalized power spectra
are not influenced by the freestream turbulence, even at the
inner layer where turbulence intensities are strongly

Downloaded 12 Sep 2012 to 130.54.110.71. Redistribution subject to AIP license or copyright; see http://pof.aip.org/about/rights_and_permissions



065111-7

(a)

Effects of small-scale freestream turbulence

10— T ————7———
3 O y/6=0.1|]
o /5=02]]
A ys=03|]
10" £ A y/5=04]3
: o y6=05 |
m y/5=0.6 |1
= 107 Gaussian | |
S L
Y
10.3;-
10% — e
-6 -4 2 0 2 4

Phys. Fluids 23, 065111 (2011)

10° T T T . >

E o y/6=0.1|3

® /5=02|]

A y5=03|]

10" f A y/5=04]3

O y8=05|

m /5=06|

~ 10? Gaussian | |

E/ 3

10° E

i

A
10*L—2&

-6 -4 2 0 2 4 6

FIG. 7. PDF of u at Rey =2330: (a) without grid turbulence and (b) with grid turbulence (M50).

suppressed. The result shows that eddy structures are not sig-
nificantly destroyed by the freestream turbulence at the pres-
ent low T, and small L../5. Note that for large T, and L../0,
another peak associated with freestream grid turbulence
appears in the power spectra.*!

Figures 10 and 11 show the joint probability density
functions of u and v at Rey = 2330 measured at y/0 =0.1 and
/6 =0.5, respectively. In all figures, contour interval is
0.012 (0.24/(20 divisions)). Near the wall at y/0 =0.1, we do
not see the clear effect of freestream turbulence, as shown in
Fig. 10. However, at /6 = 0.5, Fig. 11 clearly shows that the
strong negative correlation between u and v is weakened by
the freestream turbulence. The weak correlation is consistent
with a reduction in the Reynolds shear stress.

Figure 12 shows the premultiplied cospectra of u and v

= F Csulf)df. )

The cospectra are normalized by the Reynolds shear stress,
—uv. The measuring point is the same as that in Fig. 9.

100 E T I b T T T T T T T
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[l & ws=03
10'H A ys5=04
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m y/5=06
N ) Gaussian
10° F
T
10° E
10" :
-6 -4 -2 0 2 4
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Figure 12 shows that the normalized cospectra are not
greatly influenced by the freestream turbulence as for the
normalized power spectra of # and v (Fig. 9).

Figure 13 shows the production terms for u? and uv, P,,,,
and P, respectively,

Py = _Zu_va_Uv ) =

dy dy
at Rey=2330. It is seen that the production terms decrease
when the freestream is turbulent. This result is consistent with
that obtained by Hancock and Bradshaw.!” Note that in both
cases, QU /Ay hardly changes throughout the boundary layer
except the region very close to the wall (typically y© < 50).

Here, it is worth mentioning the previously reported
effects of the low Rey. Blair*' corrected the Hancock’s param-
eter'® for changes in skin friction coefficient by a factor of
f =143 exp(—Re/400) to include the low Reynolds number
effect. The modified parameter has also been applied to the
heat transfer at the wall. Castro'® farther proposed a modified
form of Hancock’s parameter: it also contains the damping
factor of exp(—Rey/400) to include the low Reynolds number

100 E T I : T T T M T T T
[ o we=01
o 1/5=02
Al & ws=03
10°H A y5=04 3
o y6=05 ]
B /5=06
N . Gaussian
10° F __
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FIG. 8. PDF of v at Rey=2330: (a) without grid turbulence and (b) with grid turbulence (M50).
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FIG. 9. Premultiplied power spectra of u and v: (a) Rey=1100 and (b)
R(’():2330.

effect. In our conditions, f=1.74, 1.19, 1.11, and 1.01 for
Rey = 560, 1100, 1310, and 2330, respectively. Although the
effects of buoyancy co-exist in our experiments, the effect of
low Reynolds number may be significant only for Rey =560

(a) 2

VA%

Phys. Fluids 23, 065111 (2011)

case. Note that the profile of the ratio of Reynolds shear stress
(Fig. 6) do not vary significantly even for Rey= 560, despite
the fact that the profiles of Reynolds shear stress (without grid
turbulence) strongly depend on Re.

B. Effects of freestream turbulence on non-isothermal
boundary layers

Figure 14 shows the vertical distributions of time-aver-
aged velocity in the non-isothermal boundary layers. For
weak convection (Ri,=1.35 X 1072), the log-law profile
holds in an inner region and the profile of the wake region is
affected by the freestream turbulence, as in the isothermal tur-
bulent boundary layer. For strong convection (Ri,=0.323),
the mean profile deviates from the log-law profile, and the
mean velocity profile becomes more flat, i.e., the vertical ve-
locity gradient becomes small throughout the boundary layer
(except the region very close to the wall). This is a typical pro-
file for a strong convective boundary layer. Even for a strong
convective boundary layer (Ri, =0.323), the mean velocity
profile is found to be insensitive to the freestream turbulence.
The vertical distributions of time-averaged temperature
T(= (T — Ty)/AT) in the non-isothermal boundary layers
are shown for reference in Fig. 15, where T, is the mean tem-
perature in the freestream. Figure 15 confirms the formation
of a non-isothermal boundary layer with a negative tempera-
ture gradient in the vertical direction. Note that 7 should be
1.0 at the wall. However, because of steep temperature gradi-
ent near the wall, the normalized temperature drops to about
0.5 at the first measuring position.

Figure 16 shows the vertical distributions of rms veloc-
ities near the wall at Ri, =0.115 and 1.35 x 10~ 2. Here, the
rms velocities are normalized by the friction velocity u,. The
profiles for the isothermal condition (same as in Fig. 3) are
also plotted for comparison. Without grid turbulence, v = is
more enhanced than ! = in the strong unstable condition
(Ri,=0.115) due to the buoyancy force. The result agrees
qualitatively with previous DNS.* In the weak unstable con-
dition (Ri,=1.35 x 107?), u).. and vl = are enhanced near
the wall rather than away from the wall. Now, we turn our
attention to the effects of freestream turbulence. Near the

(b) 2

viv'
S

FIG. 10. Joint PDF of u and v at y/0 = 0.1: (a) without grid turbulence and (b) with grid turbulence (M50).
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viv'

FIG. 11. Joint PDF of u and v at y/0 = 0.5: (a) without grid turbulence and (b) with grid turbulence (M50).

wall, the normalized rms velocities are not influenced by the
freestream turbulence, as in the isothermal case. However,
the rms velocities are strongly suppressed by the freestream
turbulence at y*© > 40. These results are qualitatively the
same as in the isothermal case, but the reduction is more sig-
nificant in the unstable case than in the isothermal case.
Figure 17 shows the vertical distributions of rms tempera-
ture near the wall at Ri, =0.115 and 1.35 x 1072 Here, the
rms temperatures are normalized by the friction temperature
0.(=v0),,,/u:). In non-isothermal boundary layers, the
change in normalized rms temperature by the freestream tur-
bulence is small in the inner layer of the boundary layer. On
the other hand, the rms temperatures are suppressed by the
freestream turbulence in the outer layer of the boundary layer.
Figure 18 shows the reduction-ratios of rms velocities
and rms temperature. At Ri;, = 0.323, the reductions in u,,,
and v,,,,; are smaller than those in the isothermal case. These
results suggest that energetic convective motions weaken the
effect of the freestream turbulence. Here, the ratios of verti-
cal (wall-normal) rms velocity in unstable condition to that
in isothermal condition are 1.86, 1.48, 1.22, and 1.17 for Ri,
=0.323, 0.115, 6.19 x 1072, and 1.35 x 102, respectively:
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©w r
3 L
Q 0301
040 025
L035F 020
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10°
0.10
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FIG. 12. Premultiplied cospectra of u and v.

energetic convective motions are supposed for Ri, = 0.323.
The reductions are most significant in the moderate stratifica-
tion at Ri, = 6.19 x 102, At the higher Reynolds number (or
smaller Rij) at Ri,=1.35x 102, the effect of freestream
turbulence becomes less significant again. Thus, the effect of
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FIG. 13. Vertical distributions of the production terms at Rey = 2330: (a) for
u? and (b) for uv.
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25 - without grid

FIG. 14. Vertical distributions of time-averaged velocity. For symbols, see
Table II.

the freestream turbulence on rms velocities depends on the
strength of buoyancy. Like rms velocities, the reduction in
the rms temperature is the most significant in the moderate
stratification at Ri,=6.19 x 1072, At the higher Reynolds
number (or smaller Ri,) at Ri,=1.35 x 1072, the effect of
the freestream turbulence becomes less significant again.
Figure 19 shows the vertical distributions of the normal-
ized Reynolds shear stress. The Reynolds shear stress is
strongly suppressed throughout the boundary layer, except
for Ri;,, = 0.323 in which strong convective motions weaken
the effect of the freestream turbulence. Figure 20 shows the
vertical distributions of the vertical turbulent heat flux, nor-
malized by u, and 0. The vertical turbulent heat flux is also
suppressed throughout the boundary layer except the region
very close to the wall. It should be noted that no previous
experiments have shown a reduction in the rms temperature
and vertical turbulent heat flux under the effect of freestream
turbulence. Figures 21 and 22 show the reduction-ratio of the
Reynolds shear stress and the vertical turbulent heat flux,
respectively. In the vicinity of the wall, we can notice an
increase in the turbulent heat flux as well as Reynolds shear

h
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FIG. 15. Vertical distributions of time-averaged temperature. For symbols,
see Table II.
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FIG. 16. Vertical distributions of rms velocities near the wall: (a) Ri;, = 0.115
and (b) Ri, = 1.35 x 1072,

stress. This result suggests that Reynolds’ analogy for
momentum and heat transfer holds since the wall friction
increases under the effect of the freestream turbulence, as
indicated by Simonich and Bradshaw?® for the forced con-
vective case. The increase in Reynolds shear stress near the
wall is more significant in the non-isothermal boundary layer
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FIG. 17. Vertical distributions of rms temperature near the wall.
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FIG. 18. Vertical distributions of the ratio of rms values with and without
freestream turbulence: (a) ratio of rms velocities, u,,,, (Wwith FST)/u,,,, (with-
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than in the isothermal boundary layer (Fig. 6): it is enhanced
by approximately 40% in the non-isothermal boundary layer
by the freestream, whereas it is enhanced by approximately
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FIG. 19. Vertical distributions of the normalized Reynolds shear stress near
the wall.
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FIG. 20. Vertical distributions of the normalized vertical turbulent heat flux
near the wall. Symbols as in Fig.19.

20% in the isothermal case. Note that in the forced convec-
tive boundary layer, where buoyancy effects are negligible,
Edwards and Furber,23 Biiyiiktiir et al.,24 and Kestin et al.*®
observed no discernible effects of freestream turbulence on
turbulent heat transfer at the wall. On the other hand,
McDonald and Kreskovsky,25 Simonich and Bradshaw,26
and Blair*?' found that the freestream turbulence caused an
increase in heat transfer at the wall. Simonich and Brad-
shaw?® suggested that at a sufficiently high Reynolds num-
ber, the heat transfer would be promoted by the freestream
turbulence in a forced convective boundary layer. Our results
for non-isothermal boundary layers with buoyancy effects
are consistent with those of McDonald and Kreskovsky,”
Simonich and Blradshaw,26 and Blair*?! for forced convec-
tive boundary layers in the absence of buoyancy effects,
although our Reynolds number is not large. On the other
hand, away from the wall, the reductions in Reynolds shear
stress and vertical turbulent heat flux are significant in the
moderate stratification at Ri, =6.19 x 1072, as for the rms
velocities and rms temperature.
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FIG. 21. Vertical distributions of the ratio of Reynolds shear stress with and

without freestream turbulence, uv(with FST)/uv(without FST).
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Ri,=135x 1072

T rrrrrr

Figures 23 and 24 show the premultiplied power spectra

0.35
of u, v, and 0 and the cospectra of —uv and v0, respectively.

030 The measuring point is y=0.05 m, which corresponds to
=025 y* ~250 and y/d ~0.42 for Ri,, = 0.115 and to y" ~ 580 and
020 | /6 ~0.50 for Ri, = 1.35 x 1072 The cospectrum of v0 is
' 10 defined as
0.15
0.10 O @:Jcmm#. (6)
0.05 0
0.00 Here, the cospectra are normalized by the Reynolds shear
10° 10” 10}5 /U10° 0 10 stress or vertical heat flux. Although we observe a slight

decrease in the peak value of the cospectra Cs,, and Cs,y,
FIG. 23. Premultiplied power spectra of «, v, and 0: (a) Ri, =0.115 and (b) the overall features of the cospectra are not Signiﬁcantly
Ri,=1.35x 1072 altered by the freestream turbulence. Thus, the turbulence
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Effects of small-scale freestream turbulence
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FIG. 25. Illustration showing the possible effect of FST on TBL with heat
transfer under the condition L., /0 < 1 and low T,,.

Increase in momentum and
heat transfer at the wall

structures in a boundary layer with a strong buoyancy force
do not vary significantly with the freestream turbulence, and
motions of almost all scales are suppressed without destroy-
ing the original eddy structures, just as in the present isother-
mal boundary layers (see Figs. 9 and 12).

Finally, Fig. 25 illustrates the possible effect of free-
stream turbulence, deduced from this study, on a turbulent
boundary layer with heat transfer when L,/ < 1 and T,, is
not large (~3%). Since the freestream turbulence is nearly
isotropic, it may reduce the Reynolds shear stress in a turbu-
lent boundary layer, as suggested by Charnay e al.'"* Note
that this effect could apply even for L../6 > 1, as shown by
Sharp et al*' Then, the streamwise turbulence intensity
decreases because of the reduction in the production term
P,, (Fig. 13(a)). The vertical turbulence intensity then
decreases through the pressure-strain redistribution. Note
that when 0 < Lo or u/ in a freestream flow is intense com-
pared with the turbulence in a turbulent boundary layer, tur-
bulent intensities in the turbulent boundary layer will simply
be enhanced by the stirring and/or blocking effect of the
freestream turbulence, as shown in Hancock and Brad-
shaw.!” When the vertical turbulence intensity decreases, the
Reynolds shear stress decreases because of the reduction in
the production term P,, (Fig. 13(b)). These processes are
strongly interrelated. In a non-isothermal boundary layer, the
vertical turbulent heat flux decreases because v decreases, or
more precisely, because the production term for 0,
—v2(0T /dy) decreases. Then, the temperature fluctuation
decreases because the production term for 0%, —2v0(9T /dy)
decreases. These processes are also mutually related. On the
other hand, in the vicinity of the wall, the vertical velocity
gradient increases when the freestream is turbulent, as many
experimental data have shown (for the isothermal case).!+1?
This causes an increase in —uo and v0 in the vicinity of the
wall. The buoyancy only affects the magnitude of the modifi-

Phys. Fluids 23, 065111 (2011)

cation caused by the freestream turbulence. It would be inter-
esting to investigate how turbulence quantities such as rms
values and momentum and heat fluxes change under stably
stratified conditions to verify these possible mechanisms.

IV. CONCLUSIONS

The effects of freestream grid turbulence on isothermal
and non-isothermal turbulent boundary layers with a strong
buoyancy force are investigated using a wind tunnel under
the condition L. /0 < 1 and T, =1.3% ~2.4%. The main
results from this study can be summarized as follows:

1. The rms velocities and Reynolds shear stress normalized
by the wall parameters are strongly suppressed by the free-
stream turbulence in isothermal and non-isothermal bound-
ary layers. In non-isothermal boundary layers, the rms
temperature and vertical turbulent heat flux normalized by
the wall parameters are also suppressed by the freestream
turbulence. The power spectra and cospectra suggested that
the turbulence structures in the isothermal and non-isother-
mal boundary layers do not vary significantly with the free-
stream turbulence, and motions of almost all scales are
suppressed. In the vicinity of the wall (typically y™ < 50),
turbulence quantities normalized by the wall parameter are
not affected by the freestream turbulence.

2. The effects of freestream turbulence on non-isothermal
boundary layers with buoyancy effect are not straightfor-
ward: they depend on the buoyancy effect. At
Ri,,=0.323, the effects of freestream turbulence are
weaker than those in the isothermal case because of the
energetic convective motions. The effects of freestream
turbulence are most significant in moderate stratification
at Ri,, =6.19 x 102, At the higher Reynolds number (or
smaller Rij) at Ri, = 1.35 x 1072, in which the buoyancy
force is weak and the mean velocity profile is similar to
the isothermal case, the effects of the freestream turbu-
lence become less significant again.

3. Freestream turbulence enhances skin friction and heat
transfer at the wall. The effect is more significant in unsta-
ble stratification.
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