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Abstract

Turbulence characteristics of a natural-convection boundary layer in air along a vertical plate heated at high temperatures are exper-
imentally investigated. Two-dimensional velocity vectors and instantaneous temperature in the boundary layer at a wall temperature up
to 300 �C are measured using a particle image velocimetry and a cold wire. From the correlation between the local Nusselt number Nux

and the local Grashof number Grx, it was found that heat transfer rates even for a wall temperature of 300 �C are well expressed by an
empirical formula obtained for low wall temperature and the region of transition from laminar to turbulence does not change much with
an increase in wall temperature. In addition, the profiles of turbulent quantities measured at a wall temperature of 300 �C resemble those
observed at low wall temperatures, and thus the effects of high heat on the turbulent behavior in the boundary layer are quite small. The
measured velocity vectors and the higher-order statistics, such as skewness and flatness factors of fluctuating velocities and temperature,
also suggest that the structure of large-scale fluid motions in the outer layer of the natural-convection boundary layer, closely connected
with turbulence generation, is maintained even under high wall temperature conditions.
� 2006 Elsevier Inc. All rights reserved.
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1. Introduction

The turbulent natural-convection boundary layers
induced around highly heated bodies are frequently
encountered in engineering applications, e.g., the accurate
comprehension of the heat transfer characteristics is useful
for evaluating the heat removal capability of electric power
systems (Siebers et al., 1985; Sakamoto et al., 2000) and for
designing fireproof buildings (Yoshie, 1996). Also, through
the experimental results obtained under a relatively small
temperature difference, it was suggested that the turbulent
energy production near the wall is probably controlled by
a peculiar mechanism, i.e., the fluctuation of thermal
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energy is directly converted into turbulent kinetic energy
in the velocity field through density fluctuation (Tsuji
et al., 1991). It may be possible that the turbulent natu-
ral-convection boundary layer takes on different character-
istics, if the wall temperature increases and fluid properties
change significantly.

Nevertheless, research concerning the turbulent natural-
convection boundary layer induced by a large temperature
difference has been insufficient, because of the difficulty in
obtaining credible experimental data on flow and thermal
fields. To the authors’ knowledge, there are only two
papers (Siebers et al., 1985; Yoshie, 1996) on experiments
about the turbulent natural-convection boundary layer in
air along a vertical plate heated at high temperatures which
is one of the typical buoyant flows. Siebers et al. (1985)
conducted experiments at wall temperatures ranging from
60 to 520 �C and investigated the correlation between the
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Nomenclature

F(u), F(v), F(t) flatness factors of u, v and t

Grx local Grashof number, gbDTwx3/m2

g gravitational acceleration (m/s2)
h heat transfer coefficient (W/m2 K)
Nux local Nusselt number, hx/k
R spatial-correlation coefficient
S(u), S(v), S(t) skewness factors of u, v and t

T temperature (�C, K)
t temperature fluctuation (K)
U streamwise velocity (m/s)
u streamwise velocity fluctuation (m/s)
v transverse velocity fluctuation (m/s)
w spanwise velocity fluctuation (m/s)
x vertical distance from leading edge of flat plate

(m)
y horizontal distance perpendicular to flat plate

(m)
z spanwise distance from center line of flat plate

(m)

Greeks

b coefficient of volume expansion (1/K)
DTw temperature difference, Tw � T1 (K)
du integral thickness of velocity boundary layer,R1

0 U=U m dy (m)
dt integral thickness of thermal boundary layer,R1

0 hdy (m)
k thermal conductivity (W/mK)
g similarity variable for laminar boundary layer,

ðy=xÞGr1=4
x

m kinematic viscosity (m2/s)
h non-dimensional temperature, (T � T1)/DTw

Subscripts

m maximum value
w wall condition
1 ambient condition
ð Þ time-averaged quantities
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heat transfer rate and flow conditions. To account for
variable properties effects on the heat transfer rate, they
recommended the reference temperature method, and
reported that the effect of high wall temperatures on heat
transfer characteristics markedly appeared in the transition
and turbulent regions, whereas the effect was not so obvi-
ous in the laminar region. However, information on the
velocity field was not been reported, because their measure-
ments were limited to the thermal field. Then, to obtain
experimental data for verifying the capability of turbulence
models, Yoshie (1996) measured the turbulent quantities in
both velocity and temperature fields, such as standard
deviations of velocity and temperature fluctuations, the
Reynolds shear stress and turbulent heat fluxes, with a
laser-Doppler velocimetry (LDV) system and a thermocou-
ple (12 lm in diameter) at two different wall temperatures
(59 and 429 �C). From these measurements, he suggested
that the intensities of velocity fluctuations varied near a
wall increased with wall temperature. However, his study
did not identify turbulence structures in the boundary layer
nor clarify how turbulent quantities changed as wall tem-
perature increased, because the main objective of his study
was the development of numerical simulation methods for
boundary layer flows with high buoyancy. Thus, the explo-
ration of the effect of high heat on the turbulence charac-
teristics of the natural-convection boundary layers
induced around high temperature bodies remains a very
important subject of inquiry, and the accumulation of
experimental data has been eagerly awaited to better
understand the essential qualities of the boundary layer.

For the natural-convection boundary layer along a ver-
tical plate heated at relative low wall temperatures, turbu-
lent characteristics have been extensively investigated
(Smith, 1972; Cheesewright and Doan, 1978; Cheesewright
and Dastbaz, 1983; Kitamura et al., 1985; Tsuji and
Nagano, 1988a,b, 1992). These studies indicated that the
turbulence characteristics in the near-wall region of the
natural-convection boundary layer along a vertical heated
plate essentially differ from those of forced convection,
e.g., Reynolds shear stress is not necessarily negative but
almost zero in spite of the positive mean velocity gradient;
quasi-coherent structures such as the low- and high-speed
streaks and intermittent bursts seen in forced convection
cannot be clearly recognized. In addition, through the mea-
surements of turbulence statistics, it was found that such
peculiar characteristics exist in the natural-convection
boundary layer, regardless of wall temperature at
Tw < 100 �C. Multi-point simultaneous measurements of
the thermal field with several thermocouples (Cheesewright
and Doan, 1978; Cheesewright and Dastbaz, 1983; Tsuji
et al., 1992) and visualizations of the velocity field (Kitam-
ura et al., 1985) also revealed a fundamental difference
between the turbulence structures of the natural- and
forced-convection boundary layers. In particular, a large
eddy structure appeared in the outer layer strongly con-
nected with the generation of turbulent energy and domi-
nated the turbulence behavior for most of the boundary
layer. (Here, we refer to the region from the wall to the
maximum velocity location as the inner layer, and the
region between the maximum velocity location and the
edge of the boundary layer as the outer layer.)

The objective of the present study is to clarify the turbu-
lent behavior of the natural-convection boundary layer in
air along a vertical plate heated at high temperatures.
The instantaneous velocity vectors and temperature in
the boundary layer have been measured with a particle
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Fig. 1. Schematic of the experimental apparatus.
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image velocimetry (PIV) and a cold wire at various wall
temperatures ranging from 90 to 300 �C. To firmly grasp
the critical Grashof number of transitions from laminar
to turbulence under high temperature conditions, the devel-
opment of the thermal field in the boundary layer is ini-
tially investigated. Then, on the basis of the measured
turbulent quantities, including higher-order statistics such
as skewness and flatness factors, the effects of the wall tem-
perature on the turbulence characteristics of the boundary
layer are discussed, and the spatial-correlation coefficients
for velocity fluctuations are also examined to clearly spec-
ify the variation in turbulence structure with increasing
wall temperature.

2. Experimental apparatus and procedure

A schematic of the experimental apparatus is shown in
Fig. 1. The apparatus used in the present study was
designed to be applicable to experiments for natural-, com-
bined- and forced-convection boundary layers and has
been mainly used to examine combined-convection bound-
ary layers. Since the details of the apparatus were presented
in our previous reports (Hattori et al., 2000; Hattori, 2001),
the specifications for the natural-convection experiments
are described as follows. Fig. 2 shows the schematics of a
front and a cross-section of the heated surface. The heated
surface composed of an aluminum plate (4 m high, 0.8 m
wide and 0.02 m thick), heat-insulating materials, and elec-
tric heaters was placed vertically in the test section of a ver-
tical wind tunnel. To minimize the heat loss by radiation,
the plate surface was polished to a mirror finish. A total
of 20 electric heaters made of four sheath Nichrom wires
were horizontally attached to the backside of the plate with
cement and binding metals. The maximum output of each
heater was 4 kW, and the surface temperature of the plate
could be increased to about 500 �C. The surface tempera-
ture, monitored with 48 K-type sheath thermocouples,
was kept uniform by controlling the heating current of each
heater with digital indicating controllers and thirstier
regulators.

Two kinds of measurements for the boundary layer flow
were carried out. One was a cold-wire measurement and
the other a PIV measurement. The cold wire used to mea-
sure instantaneous temperature in the boundary layer
including the near-wall region was 3.1 lm diameter tung-
sten, and its sensitive length was 4 mm. For the amplified
temperature signals, the analog- to digital-conversion was
performed at a sampling frequency of 500 Hz, and the
instantaneous temperature was determined with digital
processing on a workstation. Then, the statistics were cal-
culated with about 4 min data for each measuring point.

The two-dimensional velocity field was measured with a
PIV technique. The boundary layer flow was seeded with
olive-oil mists as tracer particles illuminated by light sheets
(about 1 mm in thickness) discharged from a double pulse
Nd:YAG laser (90 mJ/pulse) system. The particle motions
were captured by a CCD camera (1 k · 1 k pixels) with an
85 mm f/2.0 lens. The flow fields were visualized in the
(x–y) plane perpendicular to the flat plate and in the
(x–z) plane parallel to the flat plate. The distances between
the lens and the object plane were approximately 0.7 m and
1.1 m for the measurements in the (x–y) and (x–z) planes,
respectively. The physical sizes of the measuring areas in
the (x–y) and (x–z) planes were 72 · 71 mm2and 113 ·
111 mm2, respectively. The time interval between the two-
pulsed illuminations was set at 400 ls [for the (x–y) plane
measurement] and 500 ls [for the (x–z) plane measure-
ment], so that the maximum displacement of successive
particle images became approximately 10 pixels on the
image plane. Visualized images captured by camera were
directly stored into a PC hard disk as bmp files at 10 frames
per second, and the local displacements of particle images
were calculated using a cross-correlation method (Raffel
et al., 1998) with interrogation windows of a size of
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32 · 32 pixels. The sub-pixel algorithm on the assumption
of a Gaussian profile for the spatial correlation was also
applied to improve the dynamic spatial range of velocity
vectors. About 2500 velocity vectors were obtained in each
pair of images. After calculating velocity vectors, incorrect
velocity vectors were removed with a median filter (Raffel
et al., 1998), and empty data grids were filled with interpo-
lated velocity vectors. Then, turbulence statistics were cal-
culated from velocity vectors obtained with about 1000
images.

In preliminary experiments, flow and thermal conditions
in the test section were verified. The uniformity of the sur-
face temperature was within ±5 �C even at Tw = 300 �C.
The heat loss by radiation from the heated surface and
the conduction through heat-insulating materials was esti-
mated to be approximately 15% of the electric power sup-
plied to the plate for Tw = 300 �C. The accuracy of
measurement was also demonstrated in the preliminary
experiments. The experiments with a hot- and cold-wires
and with a PIV were conducted for the natural-convection
boundary layer at a relatively low wall temperature
(Tw = 60 �C), and it was confirmed that the results for
the mean velocity, the intensities of velocity fluctuations
and the Reynolds shear stress obtained with the PIV agreed
excellently with the hot- and cold-wire measurements,
except g < 1, i.e., the estimated uncertainties (95% cover-
age) were 8% for U at maximum mean velocity location.
Also, from the frequency spectra of measured velocity fluc-
tuations, it was assured that the PIV could well capture
fluctuations dominant in the turbulent natural-convection
boundary (Tsuji et al., 1992). It is well known that the error
in velocity measurements with a PIV is caused by the large
velocity gradient, especially in the near-wall region of tur-
bulent forced-convection boundary layer. But, the velocity
gradient of natural convection is quite smaller than that of
forced convection, and the effects of velocity gradient on
the cross-correlation coefficient under the present experi-
mental conditions. Consequently, the PIV measurement
for the velocity field was judged to be reasonable, although
small-scale structures related to high-frequency fluctua-
tions could not be discussed. As to the temperature mea-
surement, the example of profile of measured mean
temperature in the near-wall region, which was used for
the estimation of local heat transfer rate, is demonstrated
in Fig. 3. The mean temperature profile can be approxi-
mated to a straight line, assuring that the present measure-
ments were highly accurate (Tsuji and Nagano, 1988b).

The experiments were carried out under the condition of
constant and uniform wall temperatures (Tw = 90–300 �C).
The ambient fluid temperature T1 was somewhat different
for each experiment, in the range of 20–30 �C. The cold-
wire measurement was conducted in the vertical center-
plane of the test section. To examine the development of
the boundary layer, the vertical distance x from the leading
edge of the flat plate to the measuring locations changed
from 0.265 m to 3.265 m. In the PIV measurement, the
CCD camera was fixed at x = 2.965 m to observe turbu-
lence behavior.

As the temperature difference between the wall and
ambient increases, the variable property effects on the nor-
malization of experimental data become significant, so that
some reference temperature methods have been recom-
mended. For the variable properties effects on the heat
transfer rates in the turbulent natural-convection boundary
layer, Siebers et al. (1985) indicated that the heat transfer
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rates were well correlated by employing all the properties
evaluated at the ambient temperature and a wall-to-ambi-
ent temperature ratio correction. In the present study, how-
ever, physical properties were evaluated at the film
temperature Tf [=(Tw + T1)/2] except for the coefficient
of volume expansion b (=1/T1) to demonstrate the exper-
imental results of heat transfer rates and turbulent statistics
as presented later. Thus, the local Grashof numbers Grx

ranged from 1.91 · 108 to 3.51 · 1011, and the dimension-
less temperature differences bDTw [=b(Tw � T1)] equaled
0.2 at Tw = 90 �C and 0.9 at Tw = 300 �C.

3. Results and discussion

3.1. Development of boundary layer

The experimental results of the heat transfer rate h for
various bDTw values, estimated from temperature gradients
near the wall measured with a cold wire, are shown in Fig. 4
in the relationship between Nux and Grx. In the figure, the
solid and dotted lines represent the empirical equations for
laminar flow and turbulent, respectively, which were
obtained in the experiment of Tsuji and Nagano (1988a)
under the condition of small bDTw values (Tw = 60,
100 �C). The heat transfer rates are well correlated even
for bDTw = 0.9 with the empirical equations, and the differ-
ences in Nux between the measurements and empirical equa-
tions are within 5%. It should be emphasized that the
transition region from laminar flow to turbulence does not
change much with bDTw values, and thus the transition
Grashof number for bDTw = 0.9 is roughly equal to that
for bDTw = 0.2.

For bDTw = 0.89, the temperature profiles of mean and
fluctuation intensity in the development of the boundary
layer are shown in Fig. 5. Since it has been reported that
the turbulence statistics near the wall in the turbulent
boundary layer are well correlated with the similarity vari-
ables used for the laminar natural-convection boundary
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Fig. 4. Heat transfer rate for various values of bDTw.
layer (Tsuji and Nagano, 1989), the profiles are normalized
with these similarity variables. In the present study, the
temperatures at the wall and ambient are almost constant
in the measurement, so that the value of Grx increases con-
sistently with x. At Grx = 1.91 · 108, the laminar boundary
layer forms along the plate, and the intensity of tempera-
ture fluctuation is almost zero. When the boundary layer
changes from laminar flow to transition with an increase
in Grx, the temperature fluctuation becomes quite large,
and so the maximum value of the dimensionless fluctuation
intensity reaches 0.15 at Grx = 4.54 · 109. Simultaneously,
the mean temperature profile begins to change, and the
boundary layer broadens abruptly. With a further increase
in Grx, the boundary layer grows to turbulence, and these
profiles are similar to those measured at relatively low wall
temperatures (Tsuji and Nagano, 1988a,b).

The change in waveforms of the temperature fluctuation t

observed for bDTw = 0.89 and Grx = 1.91 · 108–3.51 · 1011,
which are normalized by the relevant fluctuation intensities,
is displayed in Fig. 6. Obviously, the fluctuation in the lam-
inar boundary layer for Grx = 1.91 · 108 is extremely small.
As Grx increases, harmonic waves with a specific frequency
of about 12 Hz appear at Grx = 4.54 · 109. This Grx value
provides the beginning of change in the temperature profiles
of mean and fluctuation intensity as shown in Fig. 5. As
suggested by Polymeropoulos and Gebart (1967), Dring
and Gebart (1969), such harmonic waves characterize the
occurrence of transition from laminar to turbulence in the
natural-convection boundary layer. When Grx further
increases, the turbulent boundary layer develops along the
plate and long-period waves due to large-scale fluid motion
become dominant in the temperature fluctuation.

These results indicate that the transition to turbulence of
the boundary layer occurs at Grx = 109–1010, even for
bDTw = 0.89. This critical Grashof number agrees well with
that at relatively low wall temperatures (Grx = 1.1 · 109–
9.9 · 109 for Tw = 60, 100 �C) obtained by Tsuji and
Nagano (1988a). On the other hand, Siebers et al. (1985)
suggested that the critical Grashof number suddenly
decreases with an increase in wall temperature. This notice-
able discrepancy between both results may be caused by a
difference in the experimental conditions, especially in the
magnitude of disturbances included in the ambient fluid,
because the transition of the boundary layer strongly
depends on it (Schlichting, 1979). In the measurement of Sie-
bers et al., a wind tunnel horizontally placed in open-air was
used chiefly to examine the combined convection driven by
orthogonal buoyant and inertia forces. Thus, quite large dis-
turbances were probably involved in the test section. In the
present study, a vertical wind tunnel was used, and distur-
bances in the test section were suppressed to the lowest pos-
sible level.

3.2. Basic turbulence statistics

For Tw = 300 �C (bDTw = 0.89), the turbulence statis-
tics were measured with a PIV and a cold wire at x =
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2.965 m (Grx = 2.06 · 1011). Streamwise mean velocity and
mean temperature profiles are shown in Fig. 7. These pro-
files were normalized by the similarity variable for the lam-
inar natural-convection boundary (Tsuji and Nagano,
1989). Also shown in these figures are experimental results
of Yoshie (1996) for bDTw = 1.36 and Grx = 6.75 · 1010

with a LDA system and thermocouples, and hot- and
cold-wire measurements of Hattori (2001) for bDTw = 0.19
and Grx = 1.99 · 1011 and Tsuji and Nagano (1988a,b) for
bDTw = 0.15 and Grx = 1.80 · 1011. As seen in the figures,



0.01

0.02

Present ( ΔTw = 0.89, Grx = 2.06×1011)

Yoshie (  ΔTw = 1.36, Grx = 6.75×1010)

Tsuji and Nagano (   Tw = 0.16, Grx = 8.99×1010)

uv
  / 

 U
m2

  Δ

β

β

β

Y. Hattori et al. / Int. J. Heat and Fluid Flow 27 (2006) 445–455 451
despite the bDTw values, there is general agreement among
these profiles, although quantitative discrepancies exist in
the maximum mean velocity and boundary layer thickness.

Fig. 8 presents the intensity profiles of streamwise and
transverse velocity fluctuations, u and v, and temperature
fluctuation t. The profile of the Reynolds shear stress uv
is shown in Fig. 9. These profiles are normalized with the
maximum mean velocity Um and temperature difference
DTw. For comparison, the data of Yoshie (1996), Hattori
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(2001) and Tsuji and Nagano (1988a,b) are also shown in
the figures. The intensities of velocity fluctuations, u and
v, and temperature fluctuations agree well with those
obtained by Tsuji and Nagano (1988a,b) and Hattori
(2001) under low wall temperature conditions for most of
the boundary layer, and the maximum intensities of veloc-
ity fluctuations, u and v, occur in the outer layer beyond the
maximum mean velocity location, while the maximum
intensity of temperature fluctuation is observed in the
near-wall region of the inner layer. The Reynolds shear
stress uv becomes positive near the maximum mean velocity
location and almost zero in the inner layer as shown in
Fig. 9. This profile is very close to that of Tsuji and Nagano
(1988b), in which reliability was confirmed by comparing
the indirect measurements estimated from the integral
equation for momentum transfer.

These statistics on the turbulent natural-convection
boundary layer are indeed peculiar to the turbulent natu-
ral-convection boundary layer (Tsuji and Nagano,
1988a,b; Ampofo and Karayiannis, 2003). In particular,
the profile of uv, which becomes almost zero in the inner
layer of natural-convection boundary layer, indicates that
the turbulence generation near the wall of natural-convec-
tion boundary layer does not directly connect with the Rey-
nolds shear stress and the mean velocity gradient. Such
peculiar profiles of turbulent quantities observed under
the condition of low temperature differences appear even
in the boundary layer for bDTw = 0.89. Thus, the effects
of bDTw on the profile measurements are quite small and
similar profiles appear regardless of the bDTw values.

3.3. Structural characteristics

For bDTw = 0.89, the skewness and the flatness factors
of velocity and temperature fluctuations in the turbulent
boundary layer at Grx = 2.06 · 1011 are presented in
Fig. 10. Here, the distance from the wall y is normalized
by the integral thicknesses of the velocity and thermal
boundary layers (Tsuji and Nagano, 1989). These factors
differ somewhat from those for a Gaussian distribution.
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The skewness factor S(u) becomes positive in the near-wall
and outer layers and takes slightly negative values around
the maximum mean velocity location (y/du = 0.1), while the
flatness factor F(u) in the near-wall region substantially
exceeds the value of 3. The flatness factor F(v) takes posi-
tive values larger than F(u) and F(t) in the whole boundary
layer region, so that velocity fluctuation v is more intermit-
tent. On the other hand, the skewness factor S(t) becomes
negative near the wall and positive in the outer layer (the
maximum mean velocity location corresponds to y/dt =
0.65), and the profile of the flatness factor F(t) is roughly
similar to that of F(u). These profiles of skewness and flat-
ness factors are associated with large-scale structures,
which are peculiar to the turbulent natural-convection
boundary layer (Tsuji et al., 1992; Tsuji and Nagano,
1988a,b). To discuss the dependence of the higher-order
statistics on Tw, the skewness flatness factors of u and t

measured with cold and hot wires for bDTw = 0.19 and
Grx = 1.99 · 1011 (Hattori, 2001) are also shown for refer-
ence in Fig. 10. Despite the marked difference in bDTw, the
profiles are unaltered. Also, for the turbulent natural-con-
vection boundary layer flow in a square cavity, similar pro-
files of skewness and flatness factors of temperature
fluctuations were obtained with a 2D LDA and a thermo-
couple (Tian and Karayiannis, 2000), and thus the wall
temperature Tw has only a limited influence on the
higher-order statistics closely related to the structural char-
acteristics of the boundary layer.

For bDTw = 0.89 and Grx = 2.06 · 1011, the transverse-
and spanwise-correlation coefficients of velocity fluctua-
tions are shown in Fig. 11, compared with those obtained
with a PIV measurement for bDTw = 0.19 and Grx =
1.77 · 1011 (Hattori, 2001). The fixed point to calculate
the spatial-correlation coefficients is located at the
maximum mean velocity. Though the characteristics of
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the profiles are independent of bDTw, there is a quantitative
discrepancy between Ru(Dy) and Rv(Dy). With increasing
two-point separation, the value of Rv(Dy) decays more rap-
idly than that of Ru(Dy). On the other hand, there is an
overall similarity between the spatial correlations of u

and w in the z direction. The integral scale obtained from
the Ru(Dy) profile, regarded as a characteristic length
related to the large-scale structure, was estimated at about
0.3 when normalized by the integral thickness of the veloc-
ity boundary layer. This value agrees well with that
obtained from the experiment for the small bDTw (Tsuji
et al., 1992).
Fig. 12. Distributions of spatial correlation coefficients in (x–y) and (x–z) pl
velocity fluctuation v in (x–y) plane, (c) streamwise velocity fluctuation u in (x
The distributions of two-point spatial correlation coeffi-
cients for u and v in the (x–y) plane and for u and w in the
(x–z) plane are presented in Fig. 12. These correlation coef-
ficients are obtained for the fixed point located at the max-
imum mean velocity location in the (x–y) plan and at
y/du = 1 in the (x–z) plane, so as to observe fluid motions
in the region from the maximum mean velocity location
to the edge of the boundary layer. The distribution of spa-
tial correlation for u in the (x–y) plane is elongated in the x

direction and is inclined at a small angle to the wall as seen
in Fig. 12(a), which indicates an inactive propagation of
fluid motions in the y direction. The inclination of contour
anes. (a) Streamwise velocity fluctuation u in (x–y) plane, (b) transverse
–z) plane and (d) spanwise velocity fluctuation w in (x–z) plane.
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defined as the angle between the ridgeline and the wall has
been used to define the orientation of dominant flow struc-
tures. The average angle estimated from the contour is
about 7� and this value is approximately identical to that
for forced convection (Liu et al., 2001). On the other hand,
it was reported that the contour of spatial-correlation coef-
ficients for temperature fluctuation in the thermal-field of
natural-convection had a different value of inclination
(=15–20�) (Cheesewright and Dastbaz, 1983). This fact
indicates a poor relation between the structures in the
velocity and thermal fields of the natural-convection
boundary layer. As shown in the figure, high values of cor-
relation coefficients for u fluctuation also appear in the
inner layer. This implies that the large-scale fluid motions
have an effect on the structure very near the wall. In con-
trast to u, the contour of correlation coefficient for v, as
shown in Fig. 12(b), rapidly shrinks with an increase in
the spacing between two points, which indicates that the
scale of v is quite small. The shapes of these contours are
close to that was observed in the forced-convection bound-
ary layer. Thus, near the maximum mean velocity location
in the natural convection, the structure of the velocity field
seems to be fairly similar to that for forced convection.

In the (x–z) plane, the scale of u in the x direction is lar-
ger than that in the z direction (Fig. 12(c)), while the scales
of w in each direction become almost identical (Fig. 12(d)),
indicating the significant anisotropy of the large-scale
structure in the outer layer. This contour is significantly
different from that for forced convection, i.e., the correla-
tion contour for u fluctuation in the outer layer of natural
convection becomes positive in the whole visualized region
(ffidu · du), while that for forced convection alters from
positive to negative as the spacing between two points in
Fig. 13. Fluctuating velocity vectors in (x–y) plan
the z direction increases. Thus, the streaky structure as
observed in forced convection is not clearly detected in this
boundary layer.

Fig. 13 illustrates an example of fluctuating velocity vec-
tors consisting of u and v with instantaneous values of uv

and vorticity observed in the (x–y) plane. It is observed
in Fig. 13 that the winding of high momentum flows gener-
ates strong vorticies with scales beyond the thickness du in
the x direction. Also observed is the large-scale fluid mov-
ing at a high-speed (u > 0) toward the outer layer (v > 0),
which is the important ‘Q1 (u > 0, v > 0)’ motion contribut-
ing to the Reynolds shear stress. Such a fluid motion may
substantially contribute to the production of turbulent
energy, because uv takes a large positive value, the mean
velocity gradient is negative in the outer layer, and simulta-
neously vigorous vortices generate. Thus, it is confirmed
that the large-scale structures involving the Q1 motions
are directly related to the turbulence generation in the
outer layer of the boundary layer.

Also, an example of the fluctuating velocity vectors,
consisting of u and w with instantaneous vorticity observed
at y/du = 1 in the (x–z) plane, is shown in Fig. 14. Here, it
should be noted that these distributions were not captured
at one time. In the (x–z) plane, flow windings in the velocity
field due to low-speed fluid motions appear in the entire
visualized region, and vortices are generated by the flow
windings. The scales of such fluid motions correspond
approximately to the boundary layer thickness, and strong
vortices appear near the location where flow windings are
observed.

Consequently, it was found that, regardless of wall tem-
perature Tw, the large-scale structure entirely dominated
the velocity field in the outer layer, and large-scale fluid
e of outer layer (a) with uv (b) with vorticity.



Fig. 14. Fluctuating velocity vectors with instantaneous vorticity observed
at y/du = 1 in (x–z) plane.
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motions mainly generated the turbulent kinetic energy sus-
taining the turbulent natural-convection boundary layer.

4. Conclusions

The turbulent natural-convection boundary layer in air
along a vertical plate heated at high temperatures up to
300 �C has been measured using particle image velocimetry
and a cold wire. The results obtained may be summarized
as follows:

1. The heat transfer rates even for bDTw = 0.9 are well
expressed with the empirical equations obtained by the
experiments under the conditions of small bDTw values.
Moreover, the region of transition from laminar to tur-
bulence does not change much with bDTw values, and
the critical Grashof number for bDTw = 0.9 is roughly
equal to that for bDTw = 0.2.

2. The effects of a high heat on the structural characteris-
tics of the turbulent boundary layer are quite small,
and the profile measurements of turbulent quantities
for bDTw = 0.89 preserve the appearances observed
under the conditions of small bDTw values. That is,
despite a remarkable increase in the wall temperature,
the maximum intensities of velocity fluctuations, u and
v, occur in the outer layer, and the Reynolds shear stress
uv becomes positive at the maximum mean velocity loca-
tion and almost zero near the wall.

3. Wall temperature has only a limited effect on the higher-
order statistics, so the changes in the profiles of skew-
ness and flatness factors are quite small in spite of the
substantial difference in bDTw.
4. Regardless of wall temperature, the large-scale structure
corresponding to the boundary layer thickness entirely
dominates the velocity field in the outer layer and closely
relates to the generation of the turbulence kinetic
energy.
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