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Abstract

Temperature and velocity profiles were measured in a flat-plateboundary layer subjected tofree stream turbulence intensities rangi
from 1 to 50% and at Reynolds numbers from 8 400 to 127 000. The greatest turbulence intensity values were accompanied by l
instabilities into the flow. WhenTu∞ ≈ 1% the temperature and velocity profiles were in agreement with the Blasius solution providin
the real boundary layer thickness was taken into account. ForTu∞ � 6% the thermal and velocity boundary layers greatly thickened as
as the displacement and momentum thicknesses. A “wake region” wasobserved in the profiles and there was an increase of slopes in t
near-wall region of the thermal profiles. Moreover turbulent energy was produced in the boundary layer. Some differences were
between the thermal and velocity boundary layers which can be explained by the unheated starting length which existed at the le
of the plate.
 2004 Elsevier SAS. All rights reserved.
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1. Introduction

Numerous industrial situations involve frictions and h
transfers between solids and air flows whose velocities
moderate but which are highly turbulent. This is particula
the case during chemical and food processes when
flows from fans are used as a thermal medium for dry
cooling, heating or cooking products. The effect of fr
stream turbulence intensity on transfers around cylind
spheres or other bodies of even more complex shapes
been widely studied and was shown to be very import
Works prior to 1994 on the effect of turbulence on trans
coefficient around sphere and cylinders have been revie
by the authors [1]. They have also performed additio
experiments to analyse the effect of highly turbulent flo
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on transfers coefficients at the surface of cylinders an
bodies of more complex shapes [2–4]. As regards flat pla
50 experimental studies have been reviewed in details b
authors in a previous paper [5].

When the boundary layer is already fully turbule
(Rex > 5 × 105), an increase in free stream turbulen
leads to an important increase in the heat transfer and
friction coefficients with a greater effect on the heat transf
coefficient. Free stream turbulence also modifies the veloci
and temperature profiles in the boundary layer especial
the “wake region” of the profiles [6–12]. This phenomen
mainly results from the free-stream turbulence inten
even if the effect of the turbulence integral scale canno
neglected.

The effect of free-stream turbulence on a flat-plate bou
ary layer at moderate Reynolds numbers (Rex < 2×105) has
been studied very little. Some results have been obtaine
Kestin et al. [13] and Junkhan and Serovy [14] which sh
that the heat transfer coefficient tends to increase with fre
stream turbulence. But these results are contradictory an
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Nomenclature

L turbulent integral scale . . . . . . . . . . . . . . . . . . . . m
Nu Nusselt number,= h · x/λ

Pr Prandtl number
Rex Reynolds number based onX = U · X/ν

Tu turbulence intensity in the main stream direction:
u′/U∞

U air velocity in the main stream direction m·s−1

u velocity fluctuation in the main stream
direction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m·s−1

u′ rms velocity fluctuation in the main stream

direction, =
√

u2 . . . . . . . . . . . . . . . . . . . . . m·s−1

X distance from the plate leading edge . . . . . . . . m
y transverse coordinate in the direction normal to

the wall . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m
z coordinate in the spanwise direction . . . . . . . . m

Greek symbols

δV velocity boundary layer thickness, i.e., distance
from the plate surface at which

δt thermal boundary layer thickness . . . . . . . . . . m
δ∗ boundary layer displacement thickness . . . . . m
δ∗∗ boundary layer momentum thickness . . . . . . . m
Φg Hole diameter of turbulent promoters . . . . . . . m
λ thermal conductivity of air . . . . . . . W·m−1·K−1

σg perforated area of turbulent promoters
η normalised distance perpendicular to the wall,

= y/δ

ν kinematic viscosity of air . . . . . . . . . . . . . m2·s−1

ξ unheated starting length of the plate . . . . . . . . m

Subscript

∞ free stream condition
nly
5].
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stricted to very small turbulence intensities (Tu∞ � 3–6%).
To our knowledge, higher turbulence intensities have o
been investigated experimentally by Dyban and Epik [1
Results, obtain in a velocity boundary layer in the ran
6000< Rex < 50 000 andTu∞ � 25%, show that a wak
region appears in the outer part of the boundary layer pr
when free stream turbulence increases. A maximum valu
also observed in the profile of the velocity fluctuation.

Mechanisms responsible for earlier transition or byp
transition due to free stream disturbances are still
fully known. Current knowledge of the receptivity of th
velocity boundary-layer to these external disturbances
been reviewed recently [16]. Agreement between theory an
experiment are excellent when disturbances are create
sound waves or two-dimensional surface roughness.
receptivity to free stream turbulence remains difficult to
understand because of the strongthree-dimensional natur
of the initial disturbances and of the subsequent nonline
development of the resulting Tollmien–Schilchting waves

The present study aims at describing the effect of hig
turbulent air flows on the development of a boundary la
for Reynolds numbers less than 1.5× 105. The range of free
stream turbulence is wider than in Dyban and Epik’s st
and both temperature and velocity profiles are measu
Another work was carried out simultaneously by auth
using large eddy simulation to better understand the e
of turbulence on heat transfers [17].

2. Materials and methods

A flat plate was located inside the test chamber
a wind tunnel and subjected to air flows of differe
turbulence intensities or integral length scales. In a
set of experiments, the average velocity and fluctua
y

.

velocity profiles were measured in the boundary layer wh
developed along the surface of the plate. In another se
experiments the surface of the plate was uniformly hea
and temperature profiles were measured inside the boun
layer under the same free stream turbulent condition
previously.

The installation was a 12 m long and 4 m high clos
loop wind tunnel which has already been described in de
in other papers [2,3]. The ratio of the contraction a
between the settling chamber and the test section wa
The residual free stream turbulence intensity inside the
chamber (0.8 m × 0.8 m × 1.60 m) was about 1%. To
promote turbulence, different perforated plates were locate
normal to the air flow in one of the two drawers locat
upstream of the test chamber.

The flat plate used to study the development of
boundary layer was 1.12 m long, 0.80 m wide and 0.02
thick. It was located halfway up the test chamber and 0.4
downstream from its start. Its leading edge was ellipt
(major to minor axis ratio of 4) and it was grooved in
middle-width to receive another aluminium plate (0.98 m×
0.10 m×0.02 m). Top surfaces of the aluminium plate and
the main flat plate were carefully reamed to ensure a perfe
smooth transition between the two pieces. Three flat the
ribbons (of 304.8 mm× 69.9 mm× 2 mm each, electrica
resistance 35.4 Ohms) were stuck in line, using a glue
a high thermal conductivity, at the bottom of the aluminiu
plate. These ribbons were electrically connected in serie
an electrical generator and thermally isolated at their bottom
using 0.02 m of cork.

The average flow velocity and fluctuations were m
sured using a constant temperature hot wire anemom
The hot wire element (5 µm in diameter and 1.25 mm
length) was located between two prongs which were th
selves connected to a support. Characterisation of the
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bulence downstream of the promoters was performed u
a straight prong probe (DANTEC, 55P11) while measu
ments inside the boundary layer were performed using
“offset” prong probe (DANTEC, 55P15). Repeated calib
tions of the response of the hot wire system with resp
to air temperature ensured that the absolute error on
velocity measurements was less than+/−0.1 m·s−1. The
sampling frequency and duration for acquiring the veloc
signal were increased as the flow became more turbu
Sampling frequency ranged between 2 kHz and 10 kHz
recording duration from 1 to 5 s depending on the turbu
conditions.

For thermal experiments, temperature profiles ins
the boundary layer were measured using a thermoco
0.2 mm in diameter connected to a data logging syst
The thermocouple was carefully calibrated before e
experiment with an error of+/−0.1 ◦C.

A three-axis traversing system made it possible to
place the probe automatically (hot wire or thermocouple
an area of chosen dimension and location with a pre-sele
displacement step. The displacement step could be theo
cally as small as 0.01 mm. The probe location and resp
were recorded using a computer linked to the system.

The nature of the turbulence downstream of a perfora
plate cannot be determined theoretically but is known
depend on the plate perforation diameterΦg and on the
promoter perforated area,σg (expressed as a percenta
of the plate area). At a given distance from the promo
when the jets created by perforations have sufficie
mixed together the turbulence becomes nearly homogen
and isotropic. Then the intensity of turbulence decrease
exponentially with the distance from the promoter. The a
of this study was to generate successively values of
stream turbulence intensity between 1% and more than 2
Each level ofTu∞ had also to remain nearly constant
the flow direction all alongthe flat plate. To reach thi
goal, perforated plates with different values ofΦg and σg
were chosen using previous studies [2,3,18]. Turbule
intensities of about 6, 12 and40% were obtained along th
test chamber using plates whose characteristics and loc
are given in Table 1. Plates perforations were circular
aligned regularly in lines and columns for plates (1),
and (3) located downstream of the wind-tunnel contract
On plate (4) perforations were located on four concen
circles and one perforation was located at the centre
.

-

s

.

n

the plate. The distance between the turbulence prom
and the leading edge of the plate used for boundary l
measurements was 0.45 m for promoters (1), (2) or (3)
2.45 m for promoter (4).

Downstream of plates (1), (2) and (4) the average velo
was uniform in every cross-section of the test chamber.
free stream turbulence was a decaying turbulence. The rati
of the longitudinal component to the transverse compon
of the velocity fluctuation hasbeen measured in previou
studies downstream of promoters (1), (2) and (4) in sev
points along the experimental chamber using in addi
to the 90◦-wire probe a single rotated 45◦-wire probe [2,
18]. This ratio ranged from 0.8 to 1.2 depending on
promoter which is require (but not sufficient) for a flo
turbulence to be isotropic. Free stream turbulence intensi
decreased exponentially with the distance to the promo
1, 2 and 4. The length of the flat plate used for the bound
layer measurements was located in an area correspon
to the plateaus of these decreasing curves. Details on
flow downstream promoters (1), (2) and (4) and relati
which make it possible to connect the different turbul
scales are given in references [2,18]. Only the extre
values of these plateaus are given in Table 1. The proce
used to determine the turbulence integral length scales
turbulent spectra downstream of promoter (1), (2) and
are detailed in reference [18]. The use of two differ
turbulence promoters (2) and (4) (located either upstr
or downstream of the contraction area) to obtain a
stream turbulence intensity of 12% made it possible to re
different turbulent scales in the test chamber under a sim
value ofTu∞.

Downstream of promoter (3) the turbulent flow was n
fully uniform neither was it steady because the flat pla
was located in a region where jets had not finished to
together. Thus spatial differences in average velocity
existed in the cross-flow direction and along the flat pla
In this case, the calculatedTu∞ did not represent a well
defined value of the free stream turbulence intensity. It o
gave information on the level of the turbulent fluctuation
the flow direction. The signal of the fluctuation was record
and averaged until the ratiou′/U became stable. Records
the fluctuations on short durations showed that the main
of the averageu′ came from rapid fluctuations comparabl
to those originated from promoters (1), (2) and (4). Howe
larger scale instabilities were also inevitably included
ic

ic
Table 1
Characteristics and locations of the perforated plates used to promote turbulence. Free stream turbulence intensity and integral scale measured atX = 0.06 and
0.90 m

N◦ and location of the ϕg σg Free stream turbulence Flow

promoter [mm] [%] X = 0.06 m X = 0.90 m characteristics

Tu∞ [%] L [m] Tu∞ [%] L [m]

(1) Downstream contraction 18 46 6 0.015 3 0.027 Homogeneous and isotropic
(2) Downstream contraction 45 46 16 0.040 11 0.080 Nearly homogeneous and isotrop
(3) Downstream contraction 100 19 35 ? 50 ? Unsteady
(4) Upstream contraction 154 9 14 0.100 10 0.100 Nearly homogeneous and isotrop
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the calculations ofTu∞. Even if the flow downstream o
promoter (3) was not as well defined as those encount
downstream of promoters (1), (2) and (4), it was proba
closer to most of the flows encountered in industrial pla
Promoter (3) was used to see if results obtained underTu∞ �
12% can be extended to practical situations.

The measurement of a velocity profile began by instal
the chosen turbulent promoter inside the wind tunnel dra
The fan speed was fixed to reach an average air veloci
about 2.0 m·s−1 inside the test chamber (this air veloc
was measured accurately afterwards). Turbulence inte
and integral scale of the free stream flow were determi
The traversing system was reset to zero in the flow direc
(X) by conveying the tip of the hot wire prongs on a li
perpendicular to the flat plate surface and which crossed
stagnation point of the plate leading edge. Then the p
was conveyed at the middle-width of the plate (spanw
directionZ) and at a given distanceX of either 0.06, 0.14
0.30 or 0.90 m from the leading edge of the plate. T
hot wire prongs were brought into contact with the pl
wall, and the traversing system was reset to zero in
direction perpendicular to the plate surface (Y ). A telescope
(×24) was used to accurately locate the point of con
(error of this visual observation through the magnifyi
glass was+/−0.05 mm). From the point of contact upwa
the air velocity and fluctuation in the main flow directio
were measured every 0.1 mm until the frontier of
boundary layer was reached (average velocity value bec
constant).

Before measuring a temperature profile, the aluminium
part of the flat plate was heated by delivering an electrica
current of about 0.30 A through electrical ribbons. T
intensity of the electrical current in fact depended on
turbulence conditions and was fixed to obtain a differenc
temperature between the flow and the plate surface of a
2.0◦C. This difference was sufficiently large to minimize t
error on temperature measurements and sufficiently small t
avoid the heating of the plate introducing fluctuations in
controlled wind tunnel temperature. After these conditi
were set, several hours had to be waited for to reac
perfect steady state equilibrium. The traversing system
reset to zero in thex and y direction and the averag
temperature was measured every 0.1 mm from the plate
upward as for the velocity measurements. At each dista
y from the wall the average temperature was calcula
from 25 measurements performed during 5 seconds.
wall and free stream temperatures were measured usin
same thermocouple located either at the wall or outside
boundary layer. Temperature profiles were measured at m
locationsX than the velocity profiles, i.e., at 0.06 m, 0.1
0.14, 0.20, 0.40, 0.60 and 0.90 m from the plate lead
edge.
t

l

e

3. Results

Velocity measurements using hot-wires are known to
erroneous very close to the wall because of the influe
of thermal exchanges by conduction and radiation betw
the wall and the wire [19]. When moving away from t
wall, the velocity seems to decrease to a minimum
then to increase again. The existence of this minimum
well known to be a failure of hot wire anemometry
the vicinity of the wall and is impossible to avoid ev
when decreasing the temperature of the wire. Differ
methods of correction have been proposed in the litera
but they are very specific to the measuring conditions (w
material, air velocity range, overheat ratio. . .) and do not
take into account radiation exchanges [19]. In our ca
the corrections proposed by the literature did not fu
correct the near-wall non-physical variation. Thus the po
located before and the first point located just after
non-physical minimum were simply removed from the r
profiles (Fig. 1). As this false minimum existed whatev
the free stream turbulence intensity, the same criterion
applied to all cases.

Then the raw profiles measured every 0.1 mm step w
most of the time smoothed by averaging each measu

(a)

(b)

Fig. 1. Comparison between the rawvelocity profile (white diamonds
and the treated profile (black diamonds): (a) Typical profile obtaine
for Tu∞ � 12%, experimental points located left from the dashed
have been removed, (b)Tu∞ ≈ 50%, Rex = 126900 in this case th
experimental points were the more scattered.
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point with the three-to-five following ones (no smoothi
or little smoothing was used when the boundary layer wa
very thin, X = 0.06 m). Fig. 1(a) compares typical ra
and smoothed profiles obtained downstream of turbule
promoters 1, 2 or 4. The average difference between
smoothed values and the experimental values is equ
3% of the experimental value and it never exceeds
(Fig. 1(a)).

Downstream of promoter (3) profiles (mainly the velo
ity profiles) remained noisy despite the previous aver
smoothing. In this case, a further polynomial smoothing w
applied. Raw data and two step smoothed data are give
Fig. 1(b). The smoothed profile gives a faithful rendering
the shape of the raw data profile. The average difference
tween the smoothed values and the experimental valu
7% of the experimental value. However differences of 1
can be observed locally.

3.1. Free stream turbulence intensity of about 1%

The thickness of the velocity boundary layer at
different locationsX was determined from the velocit
profiles (U = 0.99U∞). Values were compared to th
thickness of a laminar boundary layer which would ha
-

started at the leading edge of the plate. The present vel
boundary layer obtained underTu∞ ≈ 1% was about 10–
15% thicker than the theoretical laminar boundary layer.

The ratio of the thermal-to-velocity boundary layer thic
nessδt/δv for a thermal boundary layer which develops
a flat plate with an unheated starting length can be calcul
from [20]:

δt

δv

= Pr−1/3

1.026

[
1−

(
ξ

X

)3/4]1/3

(1)

whereξ is the length of the unheated starting length wh
was 0.04 m in our case.

Thermal boundary layer thickness determined from
temperature profiles (T − Ts = 0.99(T∞ − Ts)) for Tu∞ =
1% at different locationsX was less than 5% different from
the values calculated from (1). Because of the unheated sta
ing length, the thermal boundary layer atX = 0.06 m was
much thinner than the velocity boundary layer. However
air (Pr = 0.7), thermal boundary layers thicken faster th
velocity boundary layers. Hence as soon asX � 0.50 m, the
thickness of the two boundary layers was of the same or

Profiles measured in the thermal and velocity bound
layers atX = 0.06 m (Rex = 8460) andX = 0.90 m (Rex =
126 900) are shown in normalised coordinates in Fig. 2.
(a) (b)

(c) (d)

Fig. 2. Comparison of the velocity and temperature profiles forTu∞ ≈ 1% with the solution of Blasius (full line): (a) velocity profile,X = 0.06 m
(Rex = 8460); (b) velocity profile,X = 0.90 m (Rex = 126900); (c) temperature profile,X = 0.06 m (Rex = 8460), (d) temperature profile,X = 0.90 m
(Rex = 126900).
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value of δv or δt used to calculateη is the real thicknes
of the thermal or of the velocity boundary layers measu
at the locationX. Comparison with the Blasius theoretic
profile shows that these measured average profiles are
close to those of a laminar boundary layer.

3.2. Modification of the average velocity profile with
turbulence

Mean velocity profiles measured in the boundary laye
X = 0.30 m (Rex = 42 300) andX = 0.9 m (Rex = 126 900)
for the different free stream turbulence intensities are sh
in Fig. 3(a) and (b). As previously noticed by Dyban a
Epik [15], the increase in turbulence intensity modifies

(a)

(b)

Fig. 3. Evolution of the velocity profile withTu∞ at: (a) X = 0.30 m
(Rex = 42300), (b)X = 0.90 m (Rex = 126900). Full line,Tu∞ = 1%;
white squares,Tu∞ = 6–3%; white dots,Tu∞ = 14–10%, promoter N◦4
upstream contraction area; black diamonds,Tu∞ = 16–11%, promoter N◦2
downstream contraction area, white diamonds,Tu∞ = 35–50%.
y

part of the boundary layer which is in contact with t
free stream. This part of the profile becomes progressi
“similar” to the “wake region” of a fully turbulent boundar
layer. This phenomenon is more striking here than in
experiments of Dyban and Epik and begins as soon asRex =
8460 andTu∞ = 6%. It becomes all the more pronounc
as the free stream turbulence intensity and Reynolds num
increase.

For Tu∞ ≈ 12% profiles measured downstream of
two different promoters are about the same (the sm
discrepancy can be explained by the difference inTu∞)
when Rex = 42 300 and very different forRex = 126 900.
Hence the wake region of the profile is affected by
turbulent scale but only when the boundary layer beco
thick.

For Tu∞ ≈ 50% andRex = 126 900, the velocity profile
is very different from the Blasius profile and measuremen
can be described using a power law [21]:

U

U∞
=

(
y

δ

)1/n

(2)

Exponentn is 4.4 and thus much lower than the value of
generally admitted for a fully turbulent boundary layer [2
Moreover the power law overestimates the values meas
in the near-wall region (forU/U∞ < 0.4).

The appearance of a “wake region” in the velocity pro
under free stream turbulence is accompanied by a l
increase in the thickness of the boundary layer (Fig. 4(
WhenTu∞ ≈ 1%, experimental thickness is close to Blas
solution. An increase in free stream turbulence from 1 t
6% leads to a considerable thickening of the boundary la
which is more pronounced for a further variation ofTu∞
from 6 to 12%. ForTu∞ � 12% the thickening of the
boundary layer is proportional toRex . BeyondTu∞ = 12%,
the effect ofTu∞ is less pronounced and is mainly observ
for values orRex lower than 30 000 (i.e., near the leadi
edge of the flat plate).

When the boundary layer is fully laminar or on t
contrary fully turbulent, the thickness to the distanceX ratio
is described by the following equation:

δv

X
= ARe−n

x (3)

A andn are equal to 5.0, 0.5 and 0.37, 0.2 for the lami
and turbulent boundary layer respectively [21]. Ratiosδv/x

make it possible to compare the results obtained at diffe
locations on the plate and under different air velocit
Experimental values ofδv/x measured under different fre
stream turbulence intensities are presented as a functio
Rex in Fig. 4(b). WhenTu∞ = 6% experimental result
can be fitted using relation (3) with a value ofn close to
0.5. On the contrary, whenTu∞ > 12%, the valueδv/x,
which is very important forRex = 8460, decreases ver
fast downstream. Relation (3) does not fit the experime
results well and parameters admitted for a fully turbul
boundary layer (A = 0.37,n = 0.2) cannot be used.
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(a)

(b)

Fig. 4. Variation of the velocity boundary layer thickness withTu∞: (a) δv
as a function ofRex , (b) δv/x as a function ofRex . Symbols are the sam
as in Fig. 2. Comparison of the present experimental results with re
calculated by Péneau et al. forU∞ = 1.23 m·s−1 andTu∞ = 10% using
Large Eddy Simulation [9].

The present results can be compared to those calcu
by Péneau et al. [17] using Large Eddy Simulations
an air velocity of 1.23 m·s−1 and a turbulence intensity o
10% (Fig. 4(b)). Péneau’s results are consistently locate
between present experimental results obtained forTu∞ =
6% and forTu∞ ≈ 12%. However the thickening of th
velocity boundary layer especially near the plate lead
edge, seems to be slightly greater in this study than in
large eddy simulations.

The displacementδ∗ and momentumδ∗∗ thicknesses als
increase with free stream turbulence intensity. A very la
increase ofδ∗∗ is particularly observed for a variation o
Tu∞ from 6% to about 12% (Fig. 5). However, contra
to what was observed forδv, displacement and momentu
thicknesses go on increasing forTu∞ > 12% andRex =
d

Fig. 5. Variation of the velocityboundary layer momentum thicknessδ∗∗/x

with Tu∞. Black dots represent the mean results obtained forTu∞ in
between 12 and 16% with the two types of turbulence promoters N◦2 and
4. Other symbols are the same as in Figs. 2 and 3.

40 000–120000 even if the variation is less pronounced.
shape factorδ∗/δ∗∗ which is close to the Blasius solutio
2.59 whenTu∞ = 1%, decreases withTu∞ and reaches
1.4–1.5 whenTu∞ > 12% andRex > 40 000. This remain
above the value of the shape factor (δ∗/δ∗∗ = 1.28) generally
admitted for a fully turbulent boundary layer.

The thickening of the velocity boundary layer withTu∞
is accompanied by a slight increase of the profile slop
the near wall region. This increase of slope is much
pronounced than in the experiments of Dyban and Epik
15] and falls into the range of our experimental errors.

3.3. Modification of the mean temperature profile with
turbulence

Mean temperature profiles measured inside the boun
layer atX = 0.06 m andX = 0.90 m under different free
stream turbulence intensities are shown in Fig. 6(a)
(b). As for the velocity profile, the increase in turbulen
intensity leads to the formation of a “wake region” in t
temperature profile which is all the more pronounced
theTu∞ and Reynolds numbers increase. This phenome
is accompanied by a large increase in the thickness o
temperature boundary layer. As soon asTu∞ � 12% and
X > 0.06 m, the thickness of the thermal boundary laye
more than three-fold the value ofδt calculated from relation
(1) using Blasius thickness forδv . However the thickening
of the boundary layer is always less pronounced for
temperature layer than for the velocity layer. For exam
for Tu∞ ≈ 50% andRex = 126 900, the thickness of th
velocity boundary layer is 60 mm while the thickness of
temperature layer is 45 mm. On the contrary, the incre
of the slope of the near wall profile is more pronounc
inside the thermal boundary layer than inside the velo
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Fig. 6. Variation of the temperature profile withTu∞ at: (a)X = 0.20 m,
(b) X = 0.90 m. Symbols are the same as in Fig. 2.

boundary layer. This large increase in the slope of
temperature profile expresses a strong increase in the
transfer coefficient value. Heat transfer coefficients hav
been calculated from the slopes of temperature pro
(Table 2). Calculations of slopes in the near-wall region
very sensitive both to errors on the exact location of the w
and to the choice of the points which are considered to
in the linear part of the curve. The slopes were calcula
taking into account the uncertainty on the wall location a
different numbers of points. Effect of these uncertainties
the calculated slope and thus on the determination of the
transfer coefficient was on average+/−15% of the given
results. The effect of a variation ofTu∞ on heat transfe
coefficient increases asRex increases. ForTu∞ ≈ 50% and
Rex = 126 900, the slope of the transfer coefficient value
more than three fold its value forTu∞ ≈ 1% (Table 2).
t

t

Table 2
Heat transfer coefficient values (W·m−2·K−1) as a function ofTu∞
calculated from the slope of the thermalprofiles at three different distances
from the promoters

Flow turbulence Distance from the leading edge [m]

0.2 0.4 0.9

Blasius 6.9 5.1 3.1
Tu∞ = 1% 8.9 8.7 4.9
Tu∞ = 6% 11.5 11.7 5.1
Tu∞ = 12% 22.0 18.9 10.7
Tu∞ = 40–50% 20.5 23.5 17.6

The joint increase of the slope of the thermal profile a
the formation of a “wake region” leads to variations ofδt*
andδ∗∗

t with Tu∞ which are not as regular as in the case
the velocity boundary layer.

The less pronounced thickening of the thermal bound
layer with Tu∞ in comparison with the velocity bounda
layer seems to contradict the results of Péneau e
[17]. The apparent contradiction between calculated
experimental results is probably due to the different star
conditions of development of the thermal boundary layer
the calculations made by Péneau et al., thermal and vel
boundary layers start at the same points. Thus even whe
free stream is laminar, the thermal boundary layer is alre
slightly thicker than the velocity boundary layer (Pr = 0.7).
On the contrary, in the present experiments in a laminar
stream, the thermal boundary layer remained much thin
than the velocity boundary layer up toX = 0.5 m, due to
the unheated starting length. Along this upstream len
(X < 0.5 m) the thermal boundary which was “inside” t
velocity boundary layer was not directly affected by t
turbulence being so far isothermal.

This supports our previous remark on the necessit
take into account the “upstream history” of the developm
of the thermal boundary layer to understand the ef
of free stream turbulence (see discussion in [5]). M
work is needed to compare theeffect of turbulence on th
thermal and velocity boundary layers taking into acco
this “upstream history”.

3.4. Measurements of the fluctuating velocity inside the
boundary layer

The measured root mean square of the velocity fluc
tion u′ divided by the free stream velocity is displayed
two Reynolds numbers:Rex = 8460 and 126 900 in Fig. 7.

Values ofTu measured forRex = 8460 are very simila
to those obtained by Dyban and Epik forRex = 6200
(Fig. 7(a)). The level ofTu inside the boundary laye
increases withTu∞. ForTu∞ ≈ 1%, the value of Tu remain
constant untilη � 4 decreases afterwards regularly do
to the wall. ForTu∞ = 6%, a clear maximum ofTu is
observed inside the boundary layer located atη ≈ 3. For
Tu∞ ≈ 14–16%, this maximum is still located atη ≈ 3
but is less pronounced. Moreover the curves obtained u
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Fig. 7. Root mean square velocity profile inside the boundary layer
vided by the free stream air velocity (Tu). (a) Rex = 8460; full line,
Tu∞ = 1%: white squares,Tu∞ = 6%; white dots,Tu∞ = 14%, pro-
moter N◦4 upstream contraction area; black diamonds,Tu∞ = 16%, pro-
moter N◦2 downstream contraction area; white diamonds,Tu∞ = 35%.
(b) Rex = 126900; full line,Tu∞ = 1%: white squares,Tu∞ = 3%; white
dots, Tu∞ = 10%, promoter N◦4 upstream contraction area; black d
monds,Tu∞ = 11%, promoter N◦2 downstream contraction area; whi
diamonds,Tu∞ = 50%.

the two different turbulent scales are similar. ForTu∞ ≈
35%, there is no maximum ofTu which remains constan
until η ≈ 3 and decreases afterwards sharply towards
wall. Disappearance of a maximum value ofTu inside the
boundary layer forTu∞ � 20% was also observed by Dyba
and Epik [15].

For Rex = 126 900, the variations ofTu are similar to
those observed forRex = 6200 (Fig. 7(b)). However th
maximumTu is located closer to the wall (η ≈ 1) and the
two curves obtained forTu∞ ≈ 11% are different dependin
on the upstream turbulent scale. Moreover forTu∞ ≈ 50%,
the valueTu seems to decrease slightly from the outside
the boundary layer untilη ≈ 1 before decreasing sharp
towards the wall. It is also worth noticing that the maximu
value obtained forTu∞ = 3% is very high and close t
that obtained forTu∞ ≈ 11%. The value of this maximum
cannot be connected with the local value ofTu∞ = 3%
and is probably explained by the upstream situation wh
the boundary layer is subjected to a free stream turbule
intensity of 6%.

4. Conclusion

Flat-plate boundary layers which develop under high f
stream turbulence levels at moderate Reynolds num
cannot be described using the two classical pattern
“laminar boundary layer” and “turbulent boundary laye
As already assumed in a previous paper [5], at mode
Reynolds numbers an increase in the free stream turbul
does not lead merely to rapid transition from the lami
boundary layer pattern to the turbulent boundary patt
New boundary layer structures develop features which
intermediate between the two well known patterns.

WhenTu∞ ≈ 1%, the average velocity profile inside th
boundary layer can be described by the Blasius solu
even if the boundary layer is 10–15% thicker and if th
is already penetration or production of turbulent fluct
tions inside that layer. ForTu∞ � 6%, the velocity bound
ary layer thickens a lot with the free stream turbulen
intensity as well as the displacement and momentum th
nesses. A “wake region” appears in the profile which
be affected, if the boundary layer is thick (Rex = 126 900,
Tu∞ ≈ 12%), by the turbulence integral scale. Experimen
results obtained forTu∞ = 6–12% are very close to thos
calculated by large eddy simulations forTu∞ = 10% [17].
They also confirm the production of turbulent energy ins
the boundary layer. In the present experiments, the e
of very high free stream turbulence intensities were inv
tigated. Our results show that forTu∞ = 30–50% the thick-
ening of the velocity boundary layer and the turbulence p
duction or penetration inside that layer goes on even
seems to be less intensive than forTu∞ between 1 and 12%

One of the main objectives of the present study w
to compare the effect of free stream turbulence on
thermal boundary layer in relation to the effect on
velocity boundary layer. As for the velocity bounda
layer, an increase of free stream turbulence thickens th
thermal boundary layer, it introduces a “wake region” in
“outside” temperature profile and it increases the slope
the near-wall profile. This increase of slope is much mo
pronounced for the temperature than for the velocity pro
while, contrary to what was observed by LES, the thicken
of the boundary layer is less pronounced for the ther



1100 A. Kondjoyan et al. / International Journal of Thermal Sciences 43 (2004) 1091–1100

of
nce
ice.
d in
hen
yer

ng
he

ients
r un

sity
and

r 38

t the
.
nts
nd
ow,

am
w of
–16.
lent
D,

yers.
y,

heat
100

ry
ntal

ary
is of

r
hear

e-
114

the
ient,

and

dans
usse

o
319.
ary
J.

on
,

,

fer,

ic
layer than for the velocity layer. This slower thickening
the thermal boundary layer is probably due to the existe
of an unheated starting length in our experimental dev
Unheated starting lengths are commonly encountere
practical situations. Thus they cannot be overlooked w
transposing results obtained on the velocity boundary la
to the thermal boundary layer.
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