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Abstract. The cross-correlation technique and Laser Induced Flu-
orescence (LIF) have been adopted to measure the time-dependent
and two-dimensional velocity and temperature fields of a stably
thermal-stratified pipe flow. One thousand instantaneous and simul-
taneous velocity and temperature maps were obtained at overall
Richardson number Ri=0 and 2.5, from which two-dimensional
vorticity, Reynolds stress and turbulent heat flux vector were evalu-
ated. The quasi-periodic inclined vortices (which connected to the
‘crest’) were revealed from successive instantaneous maps and tem-
poral variation of vorticity and temperature. It has been recognized
that these vortices are associated with the ‘crest’ and ‘valley’ in the
roll-up motion.

List of symbols

A Fraction of the available light collected
C Concentration of fluorescence

D Pipe diameter

1 Fluorescence intensity

L Sampling length along the incident beam

I, Intensity of an excitation beam

I1.(T) Calibration curve between temperature and fluorescence
intensity

I Reference intensity of fluorescence radiation

Re, Reynolds number based on bulk velocity, U,D/v

Ri Overall Richardson number based on velocity difference,
BgDAT/AU?

t Time

At Time interval between the reference and corresponding
matrix

T Temperature

Ty, T, Temperature of lower and upper layer

T* Normalized temperature, (T—T,)/AT

T.(I) Inverse function of temperature as a function of I,

Tt Reference temperature

AT Temperature difference between upper and lower flow,
T,—T,

U, Velocity of lower stream

U, Velocity of upper stream

U, Bulk velocity

U, Streamwise mean velocity at Y/D=0

aU Streamwise velocity difference between upper and lower
flow, U, —U,

u,v, T' Fluctuating component of U, V, T’

u,v Velocity component of X, Y direction
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Streamwise distance from the splitter plate
Transverse distance from the centerline of the pipe
Spanwise distance from the centerline of the pipe
Quantum yield

Absorptivity

vorticity calculated from a circulation

Kinematic viscosity

circulation
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1 Introduction

Heat and momentum transfer in pipe flow accompanying
thermal buoyancy as an active scalar, such as a thermal-
stratified flow is encountered in many technological sys-
tems. In the stable thermally stratified pipe flow, the
temperature difference between upper and lower layers
yields a buoyancy force, which suppresses the momentum
and/or heat transfer between the two layers. At high
Richardson number (=ratio between buoyancy and iner-
tial force), the temperature gradient and a turbulent heat
flux are not always related, but even a turbulent heat flux
of a counter gradient diffusion type appears in the down-
stream region. Kobayashi et al. (1990, 1991) reported
a mechanism of counter-gradient diffusion. They classified
turbulent heat flux (v't') on «'—v' planes, and concluded
that the turbulent lumps of higher temperature fluid move
into the lower layer of lower temperature and then return
to the upper layer due to a buoyancy force. However,
a relationship between the counter-gradient diffusion and
the large-scale coherent structure, which requires spatio-
temporal information of the flow field, has never been
discussed. A purpose of this works is to study the spatio-
temporal heat and momentum transport in a thermal-
stratified pipe flow. We experimentally measured insta-
ntaneous velocity and temperature distributions and their
temporal variations by an image processing technique.
In order to obtain two-dimensional velocity distribu-
tions, several techniques were considered. Particle Image
Velocimetry (PIV) and Laser Speckle Velocimetry (LSV)



are based on the pulsed laser photography of many par-
ticles undergoing short displacements. They have the ad-
vantage of high resolution in time and space (Adrian
1986). The use of optical-mechanical techniques, however,
cause difficulty for time-dependent measurement of velocity
fields. Recording particle images on video-recorders is ex-
pected to overcome the difficulty of PIV and to still provide
enough data for statistical quantities. By a cross-correlation
technique in analyzing image data, one can realize
a measurement of time dependent velocity fields. It has
a much simpler measuring procedure than other conven-
tional techniques, e.g. particle tracking velocimetry which
traces individual particle, and can yield velocity maps in
a higher density tracer (Sakakibara et al. 1992, Yano 1983).

Planar Laser Induced Fluorescence (LIF) is attractive
for measuring passive scalar such as temperature or con-
centration. It is non-intrusive, instantaneous and can yield

» information in a planar form. This technique was success-

fully applied to the shear layer in detecting mixing surface
(Jimenez et al. 1985), concentration of two species in
a turbulent flow (Komori et al. 1989) and temperature in
flames (Joklik et al. 1991). In water, the temperature is
evaluated from the fluorescence radiation intensity de-
pending on the temperature. The velocity and temper-
ature measurements using LDV has been made also
employing LIF by Nakajima et al. (1990).

In the present work, a technique of time-dependent
measurements of the two-dimensional velocity and tem-
perature field was developed. Images were taken with two
conventional CCD cameras, recorded on VTRs, and
digitized by a digital image grabber for further data pro-
cessing on the computer. Instantaneous and successive
temperature and velocity maps in X-Y plane were ob-
tained utilizing LIF for temperature and a cross-correla-
tion technique for velocity. Subsequently, instantaneous
and temporal variation of vorticity, Reynolds stress and

»~ heat flux vector distributions were evaluated from these

maps. The spatio-temporal evolution of the turbulent
structure were then investigated.

2 Experiments

2.1 Temperature measurement

The Laser Induced Fluorescence (LIF) was used for the
measurement of concentration in a turbulent flow field
with chemical reaction, where the fluorescence intensity
was dependent on the concentration (Komori et al. 1989,
Walker 1987 etc.). The fluorescence intensity also depends
on the temperature. The fluorescence intensity (I) can be
described by the following equation:

I=IoA¢eLC 1)

where I is the intensity of excitation beam, C is the
concentration of fluorescence, ¢ is the molar absorptivity,
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Fig. 2. Relation between the fluorescence intensity and temperature

¢ is the quantum yield, A4 is the fraction of the available
light collected, and L is the sampling length along the
incident beam. When the concentration and the absor-
ptivity are constant, the fluorescence intensity has
negative correlation with temperature. The fluorescence
intensity becomes lower as increasing temperature of the
fluorescence dye. The fluorescence used in the present
experiment was Rhodamine B which absorbs green light
and emits orange light as shown in Fig. 1, and its intensity
varies with temperature, by about 2%/K at 300 K. Oxy-
gen molecules or metal ions act as a contaminant and
decrease the intensity of fluorescence as reported by
Guilbault (1973). The intensity also decreases exponenti-
ally with the lapse of time after preparation. In order to
avoid these effect the experiments were carried out using
boiled water prepared one day before experimentation.
Figure 2 indicates the relation between temperature
and fluorescence intensity of Rhodamine B. The calibration
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curve was obtained from the following procedure. The
Ar-Ion laser beam was expanded by a cylindrical lens and
exited the Rhodamine B solution contained in a grass
vessel on a Peltier device which varied the temperature.
The CCD camera faces the illuminated (by the laser) part
of the fluorescence in the grass vessel. The signal from the
CCD camera (SONY XC-77RR) was stored in the com-
puter’s memory via an image grabber. The temperature of
the solution was measured by a C-C thermocouple and
the excitation beam power was monitored by a photo-
detector which additionally corrected any fluctuation of
the laser power. This information was recorded on a per-
sonal computer. The temperature of the solution was
varied from approximately 290 K to 340 K, and the detec-
ted radiation intensity was normalized by the intensity at
303 K. A calibration curve between temperature and flu-
orescence intensity I, was approximated by a second-
order least-square method, based on more than 70
measurements for several concentrations of the solution
(0.1 ~1 mg/1) and several excitation beam intensities. The
dotted line in the figure shows the standard deviation.

The ratio between the measured intensity I and refer-
ence intensity I,.; of known temperature T, shows the
relative intensity of the fluorescence depending on the
temperature. The temperature field was computed by fol-
lowing equations.

@

T(X, y)= Tc <Ic(Tref) I(x’ y) )

Iref(x, y)

where T, is an inverse function I,. A distribution of I, was
recorded together with T, measured by a thermo-couple
under the iso-thermal condition.

The local pixel value were estimated from an averaged
intensity of several pixels of the CCD camera. Since non-
linearity between the input and output of the CCD cam-
era is significant at lower light intensities, the measured

Displacement

Reference Matrix(t=t )

Interrogation window (t=t +At)

intensity was compensated by using a calibration curve
accounting for the non-linearity.

2.2 Velocity measurement

The cross-correlation technique was employed to obtain
the velocity vectors for each location. Figure 3 graphically
shows the principle of the method. The small area at t=t,,
the reference matrix, was searched over an interrogation
window at t =t,+ A4t. The corresponding matrix was iden-
tified by the maximum coefficient of the cross-correlation
between the reference matrix and the small area in interro-
gation window. The velocaity vector was evaluated from
the displacement and time interval (4t) between the refer-
ence matrix and the corresponding matrix. The initial size
of the correlated area was variable, so that the best size for
this pattern area might be dictated by the density of the
tracer particles and local strain rate in a flow. When the
density of particles was not enough, the reference matrix
contained little valid information and the number of er-
roneous vectors increased due to the difficulty of finding
the maximum correlation coefficient. At minimum, the
reference matrix had to have at least 34 particles in it.
The technique assumed that the image of the local flow
pattern is not substantially differ from that of the previous
picture, i.e., the number of erroneous vectors increased
with an increase in strain rates (Yamamoto et al. 1989).
The actual size of the reference matrix will be discussed in
Sect. 2.5.

There are some cases where the correlation value of
another vector exceeds that of the correct vector. To
estimate the correct vectors, a verification procedure was
established. As a first step, the vectors are calculated over
the entire plane while memorizing the second and third
highest correlation values and it’s displacements. A result
with erroneous vectors is caused by wrong particle pair-

ing. If a vector is considerably different from the average —

~ Corresponding matrix

Fig. 3. Schematic of the correlation
technique
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vector calculated from the surrounding vectors, the most
similar vector was chosen out of the second and the third
vector. In the present study the verification procedure was
repeated 5-6 times and found sufficient as did Landreth
& Adrian (1988). After the procedure, however, still re-
mained some unacceptable vectors. These vectors are re-
calculated changing the size of reference matrix from 5 x 5
to 30 x 30 pixels. If a more preferable vector is obtained in
this re-calculations, it is replaced the previous vector. The
re-calculation procedure was repeated 2 times.

2.3 System setup

Figure 4 illustrates the system set-up. The flow was
marked with tracer particles for velocity and with the
fluorescence dye, Rhodamine B, for temperature measure-
ments. A plane which was normal to the spanwise direc-
tion in the pipe was illuminated by a laser sheet (4 W
Ar-Ion laser, INNOVA 70). The pulse width and time
interval of the laser sheet are controlled synchronously
with two CCD cameras (XC-77RR, NTSC 768 x 493 pixel,
SONY) which view the same measuring region simultan-
eously. To generate the synchronized stroboscopic illu-
mination, an acoustic optical modulator (AOM) cell
(Model A-160, HOYA) chopped the laser beam. The
AOM was synchronized with the vertical signal of the
CCD cameras. Video signals from the CCD cameras were
recorded on separate VTRs (AG-5700, S-VHS,
Panasonic). A simple scheme to tag the image frames was
developed to identify the individual planes; a bar-code
field number was superimposed on the left side of each
video field. The bar-code consisted of a 24 bits binary,
where one bit was 8 by 8 pixels square colored black or
white corresponding respectively to 0 and 1. This bar-
coded number was incremented with the CCD vertical

| LAN
interface

Optical Disk

N~ Fig. 4. Hardware setup
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Fig. 5. Illumination timing of the laser sheet

signals at the start of every video field. The laser sheet was
synchronized with the even numbers of the bar-code and
illuminated a single pulse in one video frame. This tech-
nqiue allowed one to take the same image for both the odd
and even fields as shown in Fig. 5.

To capture the expected planes after recording, the
image grabber (512 x 512 pixels, 8 bit, 4 planes) continu-
ously overwrote the images from the VIR to the video
memory, and the personal computer simultaneously read
the bar-code number from the video memory. When the
field number coincided with the expected field number, the
image grabber stopped writing and held the image in the
video memory. From these images, the temperature distri-
bution and the velocity vectors were evaluated using LIF
and the cross-correlation technique by employing a DSP
(Digital Signal Processor, Texas Inst, TMS320C30)
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which was installed in the personal computer. With the
smaller computer system used in the laboratory, the pro-
cessing procedure should be accelerated to obtain the
velocity and temperature as soon as possible while con-
ducting the experiments. Sequential handling and the cal-
culation used in processing was accelerated by the DSP.
The personal computer transported the reference matrix
and interrogation matrix from video memory to the DSP
local memory. The DSP computed the correlation coeffi-
cients simultaneously with the data transfer. After the
corresponding matrix displacement positions were cal-
culated, the velocity was computed from the displacement
distance (Maeda et al. 1992). The temperature was evalu-
ated from intensity distribution of the fluorescence im-
ages. These results were stored onto a magnetic optical
disk (MO Disk). The sequence of capturing the expected
images and the image processing was performed auto-
matically and continuously without human iterration.
The time-dependent 2-D velocity and temperature data-
set accumulated in the computer stage was transferred to
an engineering work station (EWS) via Ethernet, and the
mean values, fluctuations, correlations, and other statist-
ical values were therein calculated.

2.4 Comparison between image processing
and point measurement

Laser Doppler Velocimetry was also used simultaneously
to measure velocity of the flow for verifying the results of
this measuring system. The image processing results were
presented for the thermally stratified pipe flow at the point
5 mm upstream from an LDV measurement point, avoid-
ing the interference by illumination of LDV beams. Figure
6a shows the time-series streamwise velocity fluctuations
simultaneously measured by the present system and LDV.
Both results has a good agreement to reveal the large scale
motion of the fluid. Higher frequency velocity fluctuations
were not obtained by the present image processing as
measured by the LDV system. This result would be caused
by the difference of the time resolution between LDV and
image processing. Measurements by LDV indicates the
instantaneous velocity every 1/30th of a second, while the
image processing gives the time-averaged velocity within
the interval of 1/30 s. The temperature measurement com-
pared with a point data by a thermocouple is also in good
agreement and confirmed reliable results for the evalu-
ation of fluctuation as shown in Fig. 6b.

2.5 Flow configuration

The experimental apparatus is schematically illustrated in
Fig. 7. The test section of constant diameter D =60 mm
and a total length of 1640 mm is set horizontally. The
higher temperature water at lower velocity flows into the
upper settling chamber, and the lower temperature water

20 Image Processing

o;\ﬂn/\/\ S g
\/V VW VV\HUW W

U'[mm/s]

U' [mm/s]
=)
=2
=
<
]
\
<
=
<N
e

-]

Time [s]

50 - Laser Induced Fluorescence

2 I MUAAAM

o o o

2]

3
25+

Temperature [°C]

1 1

50 Thermocouple

2 WA

[

3
25

o

Temperature [°C]

Fig. 6a and b. Comparison of the results between the image pro-
cessing and the point-measurements; a Correlation technique and
LDV; b LIF and thermocouple

Splitter Plate  Nozzle Y

\ Measuring Window
HOT 3| \
X | =|IY
COLD ¥ E
1640
1

Fig. 7. Flow system and coordinates

at high velocity flows into the lower chamber. Both flows
pass through the nozzle and form an uniform velocity and
temperature distributions at the end of the splitter plate. It
was then led to the measurement region which was
located at a fixed position X/D=12. Cartesian coordi-
nates were adopted with the origin fixed at the trailing
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Fig. 8. Test section and camera arrangement
edge of the splitter plate. In the experiments, the bulk

Reynolds number Re,=U,D/v was set at 7400, where
U, denotes a bulk velocity, v denotes the kinematic viscos-

7~ ity evaluated at a temperature corresponding to the flow

in the lower half. The velocity of upper and lower stream
U,, U, were 100 mm/s and 140 mm/s, respectively. Under
stratified condition, the temperature of the flow in the
lower half T was 294 [K], and the temperature difference
between hot and cold streams AT was 22 K. The overall
Richardson number Ri=pgDAT/AU? is 2.5, where
AU=U;—U,. Polystyrene particles of 5 ym mean dia-
meter were used as the tracer particle, and 0.5 mg/1 fluor-
escence dye (Rhodamine B) was mixed in the solution.

In order to eliminate the reflection from the laser light
sheet at the surface of the circular pipe, a measuring
window was specially designed; a slit was machined along
the measurement width of the pipe and coated there with
a thin poly-carbonate film whose thickness was 0.4 mm.
This slit with the thin film was enclosed in an acrylic duct
filled with water as illustrated in Fig. 8.
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Two CCD cameras faced each other across the pipe,
and faced the same plane which was illuminated by a laser
sheet projected from the lower side of the pipe. To find the
correspondence between actual length and pixel length in
the images, parallel beams of the He—Ne laser with a width
of 25.0 mm was put in the measuring plane and the pixel
width of two beams in a image was measured on the image
grabber. In the present experiment, 126 pixels correspon-
ded to 10 mm for the particle image, 129 pixels to 10 mm
for the fluorescence image. The correspondence between
actual position and pixel position was also determined by
cross beams with the same laser inserted in the measuring
region. These operations enabled a complete matching
between both planes of velocity and temperature. The size
of reference matrix in particle image was 28 x 28 square
pixels, and the avaraging area of the fluorescence image
was 8 x 8 square pixels. The time interval between the
reference image and the target image (4t), and that be-
tween the successive velocity and temperature field was
1/30th of a second, respectively. One thousand velocity
and temperature maps under isothermal and stratified
condition were obtained respectively.

3 Results and discussion

3.1 Time-averaged velocity and temperature profile

Figure 9 shows a time-averaged streamwise velocity, and
turbulent intensities at the location X/D=12.3. A temper-
ature profile at the same location is given in Fig. 10. At
this measured position, the mixing layer is fully developed
and it is known that its thickness is constant in this region
of a stratified pipe flow (Kobayashi et al. 1990). The local
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Fig. 9. a Distribution of time-averaged streamwise velocity at X/D = 12.3; b distribution of turbulent intensities at X/D = 12.3
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lent intensities at X/D=12.3

velocity and temperature are normalized by the bulk
velocity (U,) and temperature difference between upper
and lower layers (4 7). The velocity gradient at the center
of the pipe is larger for Ri=2.5 than for Ri=0. The
minimum velocity is observed in the velocity profile and it
is located at ¥Y/D =0.13 for Ri=2.5 where a strong stratifi-
cation exists. This is caused by the existence of the min-
imum velocity in the inlet velocity distributions
(Kobayashi et al. 1990). The turbulent intensity also be-
comes smaller for Ri=2.5 than for the isothermal condi-
tion, Ri=0, because the buoyancy force suppresses the
mixing. These results are in a qualitative agreement with
characteristics measured by LDV and thermocouple
(Kobayashi et al. 1990).

3.2 Instantaneous velocity, vorticity and temperature
maps

Figure 11 shows an instantaneous velocity map
(U(X, Y,0,t), V(X, Y,0,t)) under isothermal condition.
The position and velocity vectors are dimensional in order
to show the actual size of the measured region and ve-
locity range. As the convection velocity is far larger than
the fluctuating velocity, all vectors have almost the same
length and direction, so that it is difficult to recognize the
difference between each vectors in the figure. For a better
presentation, the constant velocity U,, which is a time-
averaged streamwise velocity at Y/D =0, was subtracted
from the streamwise velocity component U. Figure 12a
shows the resulting velocity vector map (U(X, Y, 0, 1)
—U,)/Us, V(X,7,0,t)/U,). The flow structures are rep-
resented more clearly. The velocity vectors are non-
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Fig. 11. Instantaneous velocity map under isothermal condition
(Ri=0) with dimensional size and range of velocity

dimensionalized by the bulk velocity U,. Figures 12b and
c are successive maps with a 2/30th seconds time interval
after Fig. 12a. In these figures, the spanwise vorticity maps
are superposed in gray-scale. Spanwise vorticity was com-
puted from circulation to eliminate an error caused by
differencing as follows,

v du
fA(E‘@)‘lA_%(udxwdy)
A N A

CO—F—
_A_

where A is the area of a region surrounded by S. In the
present case, 4 is 7.3 mm? in an actual plane.

In Fig. 12a, a long vortex of positive vorticity (marked
by (1) in the figure) is observed, which extends from
X/D=12.15, Y/D=0.2 to X/D=12.50, Y/D=0.03. Con-
vecting feature of this flow pattern can obviously be ob-
served from a time change of velocity maps. In Fig. 12b,
the vortex (1) is convected downstream, and the tail of the
vortex is observed at X/D=12.4. The other vortex (2),
which extends from X/D=120, Y/D=005 to
X/D=1235, Y/D=0.15, appears from the upper stream.
In Fig. 12c, the vortex (1) disappear downstream. Down-
ward and slower velocity vectors (4) are observed in the
upper layer, and upward and faster velocity vectors (3) are
observed in the lower layer. The vortex (2) is induced by
these upper and lower stream (3) (4).
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Figure 13 shows successive maps of instantaneous
temperature distributions with a time interval of 2/30th
seconds under stratified condition. Simultaneous velocity
map is overlaid for each temperature distribution. The
color scale denotes the temperature T* normalized by the
temperature difference AT. Generally in these figure (a) to
(c), the velocity is lower and temperature is higher in the
upper layer than in the lower layer. In Fig. 13a—c, a lump
of T#=0.7~0.8 (yellow, marked by 5), is elongated into
a part of T*=1.0 (red) at ¥/D =0.08 from right to left. We
call this a ‘crest’. Similarly (but in the lower layer), a part of
T*=0.1~0.2 (blue, marked by 6), is entrained into a part
of T*=0 at X/D=12.3 from left to right. We call this
a ‘valley’. The elongation of the ‘crest’ and ‘valley’ are most
likely by a roll-up motion of fluid induced by the mean
shear. This flow structure is convected to downstream,
Fig. 13a—.

Corresponding vorticity maps are presented in
Fig. 14a—c. Figure 14a shows two elongated vortices, one
(7) extending over the ‘crest’ and the other (8) from the left
and beneath the ‘crest’. It shows a strong inclination on
the right of the area of view. After 2/30th seconds
(Fig. 14b) the vortex (7) moves downstream, and the vor-
tex (8) lies along a boundary of 7*=0.7 and 0.9 (yellow
and red), with an included part having been connected
and disappeared out of the area of view. The subsequent
inclined vortex (9) which appears from the left side of the
area of view, in Fig. 14b, extends along the left side slope
of the ‘valley’. In Fig. 14c, the vortex (7) has almost disap-
peared, the vortex (8) and (9) are connected together at the
left side. This sequence will be discussed in the next section.

3.3 Temporal variation of velocity, vorticity
and temperature

In order to see a temporal variation of the temperature
and velocity fields, vertical distributions of velocity, vor-
ticity and temperature profiles at X/D=12.3 are plotted
on the Y-t plane using a color scale (Figs. 15-17). The time
coordinate can be approximately converted to a stream-
wise distance by the relation X = — U t. Each figure does
not necessarily display the flow along the test section.
However, it can be expected that a picture of this sort for
a short period of time and short span of space can be
displayed in this form of representation.

Figure 15 is a vorticity variation for isothermal condi-
tion (Ri=0). The vorticity value is presented by the color
scale. Simultaneous velocity vectors are superposed on
this figure. The vortices of positive vorticity appear irregu-
larly, most of which are short. Some other long ones,
however, are roughly parallel, extending over the whole
height between the top and bottom. The vortices in
Fig. 12 are observed at t=2.0—2.3 (marked by 1, 2).

Figure 16, for a stratified condition (Ri=2.5) shows
a significant difference on the appearance of vortices of

positive vorticity. The vorticity and velocity scales are
same as that of Fig. 15. Temporally, it looks more period-
ical. On the figure, these vortices start in the upper layer,
roughly at Y/D~0.15 and extends near to Y/D~ —0.2.
Spatial extension and inclination of vortices (7, 8,9) in
Fig. 13a—c are well understood at t=2.0-2.3. Connection
of these vortices are observed at Y/D=0 to 0.1 and the
vortices of high vorticity (red) can be seen at this region.

The time-averaged vorticity values and their RMS
values are given in Figs. 18a and b for isothermal and
stratified conditions. Under stratified condition (Ri=2.5)
the vorticity has a large peak at Y/D =0.05 corresponding
to a large velocity gradient, in Fig. 9. But its RMS value is
smaller than for Ri=0. This implies that the shedding of
strong vortices are suppressed by buoyancy force, in spite
of the larger velocity gradient.

The temperature variation is shown in Fig. 17. The
series of ‘crests’ (which appears around Y/D=0.05) and
‘valleys’ (~ Y/D= —0.1) from a ‘saw-tooth’ pattern on the
thermal interface. This temperature pattern corresponds
quite well to the inclined vortices in Fig. 16. The lines
marked in Fig. 16 are overwrote by 7, 8, 9. Moreover, it is
consistent with the aspects discussed for instantaneous
temperature and vorticity maps in Sect. 3.2. The inclined
vortices are aligned by left side of the ‘crest’ and ‘valley’.
This kind of structure is characteristic of the stratification.
As the buoyancy force suppresses the mixing, the mean
velocity gradient becomes steeper and results in the
stronger shear rate at the thermal interface. This produces
the inclined positive vortices.

3.4 Temporal variation of Reynolds shear stress

Temporal variation of the instantaneous Reynolds shear
stress are given in Figs. 19 and 20 corresponding to the
isothermal and the stratified conditions respectively. For
the isothermal condition, strong positive and negative
Reynolds stress appears irregularly over the measured
region. The width of these region is roughly 0.1-0.2 D. The
absolute value of the Reynolds stress is relatively small
under stratified conditions and the width is also smaller
than that under isothermal conditions. The appearance of
the high Reynolds stress region is less frequentry. High
Reynolds stress regions can be observed above the ‘crest’.
The momentum is mainly transported by large coherent
structure like ‘crest’ and ‘valley’ under stratified condition.

3.5 Instantaneous turbulent heat flux vector maps
and its temporal variations

For understanding the transport of heat, distributions of
turbulent heat flux vectors (u'T”", v'T") are shown in Fig. 21
with the overlaid temperature map of Fig. 13b. The down-
ward heat flux vectors (co-gradient type, marked by 10)
are concentrated just above and below the centerline. It is
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observed that the ‘crest’ and ‘valley’ are associated with
upward heat flux vectors (counter-gradient type, 11, 12).
Figure 22 shows the temporal variation of the heat flux
vector. Occurrence of the larger values of absolute heat flux
is roughly coincident with that of the ‘crest’ and ‘valley’.
It is considered that the strong heat exchange and
momentum transfer occurs near the ‘crest’ and ‘valley’.
If the ‘crest’ and ‘valley’ flow up away from center-
line by roll-up motion induced by mean shear, co-gradient
type momentum and heat transport would become domi-
nant. The counter-gradient type diffusion would occur,
when the ‘crest’ and ‘valley’ return to the centerline
due to a inertial motion and presumably buoyancy forces.
At the location where the counter-gradient diffusion
occurs (Kobayashi et al. 1990), the return motion of
the ‘crest’ and ‘valley’ may be more dominant than that
moving away from the centerline. This unbalanced flux of

<,

Fig. 18a and b. Distributions of time-averaged vorticity (a) and its
RMS value (b)

Fig. 19. Temporal variations of Reynolds shear stress at X/D=12.3
under isothermal condition

Fig. 20. Temporal variations of Reynolds shear stress at X/D=12.3
under stratified condition

95

heat and momentum might be caused by the existence of
a long internal wave in the pipe.

4 Conclusion

Two-dimensional time-dependent velocity and temper-
ature fields of a stable thermally stratified pipe flow was
measured by using an image processing technique (cor-
relation technique and LIF) to capture the instantaneous
structure of turbulent mixing accompanied by the heat
and momentum transfer. One thousand instantaneous
velocity and temperature distributions were obtained suc-
cessively. The vorticity, Reynolds stress and heat flux
vectors were estimated.

A roll-up motion at the thermal interface was observed
under stratified conditions. The colder, bulk water enter-
ing the hot layer are recognized as a ‘crest’ and the hot
water entering the cold layer as a ‘valley’. They are located
above and below the centerline, and were elongated back-
wards and forwards respectively. The elongated and in-
clined vortices extend from the bottom of the ‘valley’ to
the top of the ‘crest’, being attached to the ‘crest’ and
‘valley’. They are connected together at the lower part of
the ‘crest’. Many of these structures were also observed in
temporal variations of vorticity and temperature, which
appeared more quasi-periodical than that under isother-
mal conditions. This structure is caused by buoyancy
force. As the buoyancy force suppresses the mixing, the
mean velocity gradient becomes steeper and results in the
stronger shear rate at the thermal interface. This produces
the inclined positive vortices.

The instantaneous distributions of the heat vectors and
temporal variations of the heat vectors and Reynolds shear
stress showed the strong exchange of heat and momentum
occur through the ‘crest’ and ‘valley’. Instantaneous co-
gradient and counter-gradient type of diffusion of heat and
momentum have been recognized in the ‘crest’ and ‘valley’.
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