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This study was conducted to clarify how two fluids with different temperature are mixed turbulently in a
cross-flow type T-junction. The characteristics of the velocity and temperature fields in the channel were
investigated experimentally, and the flow visualization was conducted to make clear the detailed behav-
ior of the interface between two flows in the flow-merging region. We extracted the dominant structures
of the velocity and concentration fields by proper orthogonal decomposition (POD). It is clarified that the
interface of two flows is oscillating vertically and several discrete longitudinal eddies are superposed on
it. We have concluded that the vertical oscillation of the interface is caused by the fluctuation of the
streamwise velocity component, and the mushroom-like eddies are caused by the vertical fluctuating
velocity; the former produces the turbulent heat flux in the streamwise direction, and the latter produces
that in the vertical direction.

� 2010 Elsevier Inc. All rights reserved.
1. Introduction

A cross-flow type T-junction in which two flows with different
velocities, temperatures, and/or concentrations are mixed turbu-
lently is encountered in various thermal equipment, e.g., chemical
reactor, combustion chamber, piping system in power plants. One
of the typical mixing T-junctions is found in the HVAC (Heating,
Ventilating, Air-conditioning) unit that is used for an automobile
air-conditioning system (Kitada et al., 2000). Fig. 1 shows a sche-
matic diagram of an automobile HVAC unit. It contains a fan, an
evaporator and a heater-core in a plastic case. Air taken by the
fan is once cooled to 5 �C by the evaporator to reduce humidity,
and a part of this cold air is heated to about 80 �C by the heater-
core. Since these temperatures of hot and cold airflows are fixed
in the automobile A/C system, the temperature of air blown into
the cabin is controlled by mixing them in the HVAC unit. The tem-
perature distribution of the mixed airflow requested in the cabin is
realized by controlling the flow-rate ratio of two flows, which is
determined by the opening of the air-mix door located between
the evaporator and the heater-core. In the bi-level mode shown
in Fig. 1, the hot and cold airflows impinge at nearly right angles,
and this situation can be modeled by the turbulent thermal mixing
of hot and cold airflows in the cross-flow type T-junction with rect-
angular cross sections as shown in Fig. 2.
ll rights reserved.

ta).
The flow field in the mixing T-junction is accompanied by the
flow separation and reattachment, secondary flow, and strong tur-
bulence. Therefore, it is expected that the turbulent heat transport
process between the hot and cold airflows is quite complex. More-
over, the downsizing of the HVAC unit is an important subject in
the development of the automobile A/C system, and the promotion
and control of the mixing of hot and cold airflows are key issues to
achieve it. In order to develop effective methods of the mixing pro-
motion and control, one has to fully understand the detailed flow
characteristics and mechanism of the thermal mixing of two flows
in the T-junction. In the studies on mixing T-junctions conducted
to date, the flow structure resulting from the interaction between
the main flow and the branch flow has been examined in detail
(Kelso et al., 1996; Haven and Kurosaka, 1997; Bruecker, 1997;
Wu et al., 2003). Moreover, the characteristics of the temperature
field have been investigated as well. In particular, the temperature
fluctuation near the channel wall has been examined to make clear
the mechanism of the thermal striping phenomena that occur in a
nuclear power plant (Kawamura et al., 2002; Igarashi et al., 2002;
Fukushima et al., 2003; Yuki et al., 2004; Nakajima et al., 2005; Ta-
naka et al., 2005). In the application to the automobile HVAC unit,
the heat transfer between the hot airflow and cold one is impor-
tant, but few data are available on the detailed mechanism of heat
transfer between two flows in a T-junction (Kok and van der Wal,
1996).

With these points as background, the authors have been con-
ducting experimental study on turbulent mixing of hot and cold

http://dx.doi.org/10.1016/j.ijheatfluidflow.2010.04.006
mailto:hirota@mach.mie-u.ac.jp
http://www.sciencedirect.com/science/journal/0142727X
http://www.elsevier.com/locate/ijhff


Nomenclature

A half-width of the channel
B height of the branch channel = H/2
C time-averaged local concentration
c fluctuating concentration
H height of the main channel cross section
T time-averaged local temperature of the mixed flow
DT initial temperature difference between the hot and cold

flows
t fluctuating temperature

U, V, W time-averaged velocity components in the X-, Y- and Z-
directions

U0 mean velocity in the main channel before the mixing
u, v, w fluctuating velocity components in the X-, Y- and Z-

directions
u0, v0, w0 root-mean-square of u, v and w
X, Y, Z coordinate system (see Fig. 2)
U eigenfunction of POD

Fig. 2. Schematic diagram of the test channel.

Fig. 1. HVAC unit for automobiles.
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airflows in a T-junction with rectangular cross sections and have
made clear the characteristics of the velocity and temperature
fields after the merging of two flows (Hirota et al., 2005, 2006).
The present study has been conducted to clarify experimentally
the detailed mechanism of turbulent heat transfer between hot
and cold flows that are mixed in a T-junction. After overviewing
the characteristics of velocity and temperature fields in the chan-
nel, the instantaneous structure of the mixing interface between
two flows is examined based on the results of the flow visualiza-
tion. The dominant structures of the fluctuating velocity and con-
centration (temperature) fields in the mixing layer are
investigated by analyzing the results of PIV and flow visualization
with the proper orthogonal decomposition (POD) (Hilberg et al.,
1994; Graftieaux et al., 2001). The detailed mechanism of turbulent
heat transport process between the hot and cold airflows mixed in
the T-junction is discussed synthetically based on these analyses of
the velocity and concentration fields.
2. Experimental apparatus and method

Fig. 2 shows a schematic diagram of the test channel and the
coordinate system. The horizontal channel is the main channel,
and the branch channel is joined to it at right angles to form a T-
junction. The airflows in both channels are mixed in the T-junction
after flowing through the heat exchangers, settling chambers and
contraction flow nozzles. The height of the main channel H is
60 mm and the width 2A is 120 mm. The height (X-way length)
of the branch cross section B is 30 mm and the width of the branch
is 120 mm. In most studies on the mixing T-junction conducted to
date, the diameter or width of the branch has been smaller than
that of the main channel. In the present study, the width of the
branch is the same as that of the main channel, and this is a geo-
metric feature of the HVAC unit. It is thought that this difference
of the channel geometry exerts considerable influences upon the
flow structure and resulting temperature field after the flow merg-
ing. The origin of the coordinate system is at the spanwise center-
line of the downstream edge of the T-junction. In a real HVAC unit,
the exit of the mixing zone corresponds to the location of X/B = 2–
3. The mean and fluctuating velocity components are denoted as U,
V, W, and u, v, w, respectively.

We made experiments keeping the Reynolds number of the
main-channel flow before the mixing (=U0dh/m, where dh denotes
the hydraulic diameter of the main channel) at 1.5 � 104. The bulk
velocity of the branch flow was set at the same value as that of the
main flow U0. The velocity distributions were measured by a 2-D
PIV system (TSI Inc.) under an isothermal condition. For a statisti-
cal analysis, the mean velocity and turbulence intensities were
computed by an ensemble average of 500 instantaneous velocity
fields. The time-averaged local temperature distributions were
measured by a thermocouple rake. Moreover, the simultaneous
measurements of the fluctuating velocity and temperature were
conducted by combining LDV (TSI Inc., Model 9000) and the
cold-wire thermometer (Tsukasa Sokken, HG-037A) (Hirota et al.,
2004) to make clear the distributions of turbulent heat fluxes,
which dominate the heat transfer between the hot and cold air-
flows. In these measurements of the temperature field, the bulk
temperature of the main-channel flow Tc and that of the branch
flow Th were set at 12 �C and 60 �C, respectively. Fig. 3a shows
the distributions of the mean velocity U and RMS of the fluctuating
velocity component u0, and Fig. 3b shows the mean temperature T;
they were measured in the symmetric plane of the channel (Z/
A = 0) at X/B = �3. Both the mean velocity and mean temperature
show uniform distributions over the region covering about 80%
of channel height H. The turbulence intensities in the core regions
are about 4% of the bulk velocities.

Then the flow visualization was conducted in the flow-merging
region to make clear the detailed behavior of the interface between
the main and branch flows. Particles of dioctyl sebacate generated
by a Laskin nozzle (Kaehler et al., 2002) were suspended in the
branch flow, and the mixing interface between two flows visual-
ized by a laser-light sheet was captured by the digital high-speed
video camera (Kodak, Motioncorder) as time-resolved images.
The typical frame rate was 250 frames/s. The captured images were
converted to the concentration distributions with a calibration of



(a) Mean velocity U/U0 and turbulence intensity u’/U0

(b) Mean temperature T 

Fig. 3. Inlet conditions before the T-junction (main channel, X/B = �3). (a) Mean
velocity U/U0 and turbulence intensity u0/U0. (b) Mean temperature T.

Fig. 5. Visualized image of the interface between two flows in Z/A = 0. (The solid
lines show the time-averaged interface between the main and branch flows
obtained by the flow visualization.)
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the intensity distribution in the laser sheet. As shown later, these
concentration distributions are analogous to the temperature dis-
tributions in the mixing layer. The dominant structures of the
velocity and concentration fields were extracted by applying POD
to the results obtained by PIV and the flow visualization.
(a) u’/U0
3. Results and discussion

3.1. Overview of velocity and temperature fields

3.1.1. Velocity field
In this section, we describe the global characteristics of the

velocity field measured by PIV. Although the flow field has a
three-dimensional structure, the results obtained in the symmetric
plane of the channel (Z/A = 0) are mainly addressed here for brev-
ity. More detailed characteristics of the flow field are described in
the literature (Hirota et al., 2005).

Fig. 4 shows the mean velocity vector diagram. The time-aver-
aged interface between the main and branch flows is shown by a
Fig. 4. Mean velocity vector diagram in the symmetric plane of Z/A = 0. (The solid
lines show the time-averaged interface between the main and branch flows
obtained by the flow visualization.)
solid line, which was obtained by the flow visualization. Fig. 5 is
an example of snapshots of the instantaneous interface of two
flows. The branch flow was seeded by oil mist and the images visu-
alized by a laser sheet were captured by a digital video camera.
They were converted to binary format images, and the time-aver-
aged interface between two flows was obtained as an ensemble
average of 100 snapshots of the instantaneous interface. In Fig. 4,
the upward velocity component is relatively large in the flow-
merging region (�1 < X/B < 0), but downward flows are observed
in the further downstream region of X/B > 3. The flow that enters
the main channel from the branch is separated at the downstream
edge of the T-junction (X/B = 0), and a large separation bubble is
formed along the bottom wall of the channel.

Next, the distributions of root-mean-square of the fluctuating
velocity components in the streamwise direction u0/U0 and the ver-
tical directions v0/U0 are shown in Fig. 6a and b, respectively. The
time-averaged interface between the main and branch flows is
shown by a red line. Fig. 7 shows the close-ups of u0/U0 and v0/U
0 in the flow-merging region of �1 < X/B < 0, and the upper and
lower boundaries of the thermal mixing layer are shown by blue
lines. These boundaries of the thermal mixing layer were defined
as locations at which the mean temperature gradient oT/oY be-
comes zero. In the flow-merging region, u0 attains the maximum
near the upper boundary of the mixing layer. In the downstream
region of X/B > 0, u0 increases remarkably in the shear layer around
the reverse flow region. The distribution of v0 is qualitatively sim-
ilar to that of u0, but v0 shows the local maximum around the center
of the mixing layer in the flow-merging region. In the region of
(b) v’/U0

Fig. 6. Contour maps of turbulence intensities in Z/A = 0.



(a) u’/U0

(b) v’/U0

Fig. 7. Close-ups of turbulence intensities in the flow-merging region. (The solid
lines show the upper and lower boundaries of the thermal mixing layer.)
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X/B > 2, however, v0 attains the maximum in the shear layer around
the reverse flow region.
3.1.2. Mean temperature distribution
The distributions of the time-averaged local temperature

(T � Tc)/DT obtained in the symmetric plane of the channel Z/A = 0
are shown in Fig. 8. The red lines in the figure correspond to the
upper and lower boundaries of the thermal mixing layer, and the
green line shows the location at which �oT/oY attains the maxi-
mum. The broken line near the bottom wall shows the boundary
of the reverse flow region. For the sake of visibility, the scale in
the X-direction is magnified by a factor of two in comparison with
that in the Y-direction. Just after the flow merging, the thickness of
the thermal mixing layer amounts to 25–30% of the channel height,
suggesting that the hot and cold flows are mixed quite quickly by
their impingement. Then the thermal mixing layer develops down-
Fig. 8. Mean temperature distributions in Z/A = 0. (The red lines show the upper and low
the maximum �@T/@Y. The broken line shows the boundary of the reverse flow region.
referred to the web version of this article.)
ward gradually as the flow proceeds downstream until its lower
boundary overlaps with the reverse flow region. On the other hand,
the upward development of the mixing layer is stagnant in com-
parison with the downward development.
3.1.3. Turbulent heat fluxes
Next, the distributions of the turbulent heat fluxes ut and vt are

presented. Fig. 9 shows the component in the Y-direction vt, which
is thought to dominate the turbulent heat transport between the
hot and cold flows in the mixing layer. It attains the local maxi-
mum near the center of the thermal mixing layer and decreases
to zero around the upper and lower edges of the thermal mixing
layer. A detailed observation of this figure reveals that the value
of this local maximum of vt is the largest in the flow-merging re-
gion and decreases gradually in the streamwise direction.

The streamwise component of the turbulent heat flux ut is pre-
sented in Fig. 10. In the flow-merging region, ut shows the maxi-
mum near the center of the thermal mixing layer. As observed in
the figure, the upper and lower boundaries of the thermal mixing
layer are inclined with respect to the X-axis in this region, thus
the mean temperature gradient oT/@X is in the same level as oT/
@Y. This means that ut as well as vt contributes to the turbulent
heat transport between the hot and cold flows in this region. It is
thought that these contributions of both ut and vt in the flow-
merging region bring about such a quick mixing of hot and cold
flows there as described above. After the flow-merging region, ut
shows large values while oT/@X is quite small. Therefore, ut pre-
sents no more than a passing of heat in the streamwise direction
there and does not contribute substantially to the turbulent heat
transfer between two flows. In this paper, attention is directed to
the mechanism of heat transfer between the hot and cold flows
in the flow-merging region, in which two flows are mixed quite
quickly.
3.2. Visualization of interface between main and branch flows

In order to make clear the detailed structure of the mixing inter-
face between the main and branch flows in the flow-merging re-
gion, we made the flow visualization. Oil particles were seeded
to the branch flow, and the interface of two flows visualized by a
laser-light sheet was captured by the digital high-speed video cam-
era at a rate of 250 frames/s to make clear its time-series behavior.

Fig. 11a shows an example of the snapshots captured in the
symmetric plane of the channel Z/A = 0. From the time-series
images, it was observed that the reversal of the branch flow to
the upstream side of the main channel and the inflow of the main
flow to the branch occurred alternately in time at the first (up-
stream side) edge of the T-junction. The interface of two flows
er boundaries of the thermal mixing layer, and the green line shows the location of
) (For interpretation of the references to colour in this figure legend, the reader is



Fig. 10. Turbulent heat flux in the streamwise direction ut. (The red lines show the upper and lower boundaries of the thermal mixing layer, and the green line shows the
location of the maximum �@T/@Y. The broken line shows the boundary of the reverse flow region.) (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

(a) Image in Z/A = 0 

(b) Image in X/B = 0 

Fig. 11. Visualized interface of two flows.

Fig. 12. Comparison of mean temperature and mean concentration distributions.

Fig. 9. Turbulent heat flux in the vertical direction vt. (The red lines show the upper and lower boundaries of the thermal mixing layer, and the green line shows the location
of the maximum �@T/@Y. The broken line shows the boundary of the reverse flow region.) (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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was deformed quite irregularly and orderly eddies such as those
generated by the Kelvin–Helmholtz instability were not observed.
The snapshot obtained in the cross section at X/B = 0 is shown in
Fig. 11b. Mushroom-like discrete longitudinal eddies (Hu et al.,
2000) are clearly observed along the interface of two flows. More-
over, from the observation of the time-series images, we found that
the whole interface of two flows was oscillating periodically in the
Y-direction (vertically). These results show that the interface of the
main and branch flows has complex three-dimensional unsteady
characteristics.

In this study, the results of the flow visualization were con-
verted to the concentration distributions by compensating the un-
even distribution of the light intensity in the laser sheet. Fig. 12
shows a comparison of distributions of the mean temperature
(T � Tc)/DT and mean concentration C/C0 measured in Z/A = 0,
where C0 denotes the mean concentration of the branch flow.
The mean concentration distribution was calculated by an ensem-
ble average of 1200 instantaneous concentration fields. It is con-
firmed that the distributions of the mean concentration in the
mixing layer agree closely with those of the mean temperature,
although the concentration mixing layer is shifted upward in com-
parison with the thermal mixing layer. This difference is caused by



(a) First mode Φc
(1)(x)

(b) Second mode Φc
(2)(x)

Fig. 13. Eigenfunctions for the fluctuating concentration c in X/B = 0.
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the centrifugal force exerted on oil particles in the branch flow. We
applied the proper orthogonal decomposition (POD) to the fluctu-
ating velocity and concentration fields in the flow-merging region
to extract dominant structures that contribute to the heat transfer
between the hot and cold airflows.

3.3. Proper orthogonal decomposition

In this study, we applied POD analyses to the fluctuating veloc-
ity components u and v measured by PIV and to the fluctuating
concentration c obtained by the flow visualization in the flow-
merging region. Here we briefly explain the outline of the direct
POD used in this study (Hilberg et al., 1994; Graftieaux et al., 2001).

In PIV or flow visualization, instantaneous velocity or concen-
tration can be measured at M points in space and N points in time,
i.e., a set of N snapshots. We define f(x, t) as a fluctuating velocity
or concentration in a finite spatial domain S, and f(x, t) can be ex-
panded into a finite series of M orthogonal eigenfunctions U(k)(x)
with time coefficients a(k)(t) as follows.

f ðx; tÞ ¼
XM

k¼1

aðkÞðtÞUðkÞðxÞ ð1Þ

aðkÞðtÞ ¼
Z

f ðx; tÞUðkÞðxÞdx ð2Þ

The eigenfunction U(k)(x), which represents the spatial structure of
the fluctuating velocity or concentration field, is obtained as a solu-
tion of the following equation.Z

S
Rðx; x0ÞUðkÞðx0Þdx0 ¼ kðkÞUðkÞðxÞ ð3Þ

Rðx; x0Þ ¼ 1
N

XN

i¼1

f ðx; tiÞf ðx0; tiÞ ð4Þ

R(x, x0) is the two-point spatial correlation matrix, and k(k) is the
eigenvalue of the kth mode that is ordered in a decreasing order
as k(1) > k(2) > k(3) > � � � . The superscript k denotes the eigenmode
(k = 1, 2, 3, . . . , M). The total ‘‘energy” of f(x, t), which is denoted
as E and defined below, is expressed as a sum of all the eigenvalues.

E ¼
Z

S
hf 2ðx; tÞidx ¼

XM

k¼1

kðkÞ ð5Þ

The bracket h�iin Eq. (5) denotes an ensemble average. The contribu-
tion ratio made by the kth mode to the total energy Ek is given by
the following equation.

Ek ¼ kðkÞ=
XM

k¼1

kðkÞ ð6Þ

From these definitions of the eigenmode and eigenvalue, it follows
that the structure expressed by the lower mode has a larger contri-
bution to the total energy. This means that a dominant structure of
the fluctuating velocity or concentration field can be reconstructed
by several lower modes extracted by the POD analysis. In the fol-
lowing, we show the results of the analyses that are applied to
the fluctuating velocity and concentration fields measured in the
flow-merging region, and discuss the mechanism of turbulent heat
transport between the hot and cold flows in the T-junction.

3.4. Results of POD

3.4.1. Fluctuating concentration field in a cross section
At first, the results of POD analysis applied to the fluctuating

concentration c measured in the cross section of X/B = 0 are pre-
sented; this cross section includes the second edge (downstream
edge) of the T-junction. Fig. 13a shows the eigenfunction of the
first mode Uð1Þc x, which represents the most dominant spatial
structure of the fluctuating concentration field. The region of neg-
ative sign is distributed almost uniformly in the spanwise direc-
tion. This distribution of Uð1Þc x corresponds to the vertical
oscillation of the mixing interface of two flows found by the obser-
vation of time-series images of the visualized flow as described in
Section 3.2. This means that the mixing interface is oscillating in
the Y-direction keeping a uniform structure in the Z-direction.

In the eigenfunction of the second mode Uð2Þc x shown in
Fig. 13b, the regions of positive and negative values are distributed
alternately in the spanwise direction. This Uð2Þc x corresponds to the
mushroom-like longitudinal eddies observed in Fig. 11b. These re-
sults of the POD applied to the fluctuating concentration field
mean that the interface of two flows in the flow-merging region
is oscillating vertically keeping a uniform structure in the spanwise
direction, and discrete longitudinal eddies are superposed upon
this oscillating interface. This enforces our observational results
of the time-series images of the mixing interface at X/B = 0.

3.4.2. Fluctuating velocity field in a cross section
Next, in order to make clear the mechanism that causes such a

complex behavior of the mixing interface of two flows described
above, we applied the POD to the fluctuating velocity component
in the Y-direction v measured by PIV in the cross section of X/
B = 0. Fig. 14a and b shows the eigenfunctions of the first mode
Uð1Þv x and of the second mode Uð2Þv x, respectively. In both eigen-
functions, the region of positive and negative values are distributed
alternately in the spanwise direction, and these results are qualita-
tively similar to Uð2Þc x shown in Fig. 13b. Therefore, it is thought
that the flow expressed by Uð1Þv x and Uð2Þv x causes the mushroom-
like longitudinal eddies on the mixing interface of two flows.



(a) First mode Φv
(1)(x)

(b) Second mode Φv
(2)(x)

Fig. 14. Eigenfunctions for the fluctuating velocity component v in X/B = 0.

Fig. 16. Mechanism of vertical oscillation of the mixing interface by u. Left: u > 0,
c < 0, right: u < 0, c > 0.
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In the POD analysis of v, however, the flow structure that was
expected to cause the two-dimensional oscillation of the mixing
interface in the Y-direction expressed by Uð1Þc x was not extracted
in higher modes. Hence, in order to clarify the flow structure that
causes this oscillation, we applied POD to the streamwise fluctuat-
ing velocity component u measured in Z/A = 0 in the flow-merging
region.
(a) Result of u measured at X/B = -0.5 and Y/H = 0.6 in Z/A = 0 
3.4.3. Fluctuating velocity field in a symmetric plane
Fig. 15 shows the result of the eigenfunction of the first mode

Uð1Þu x. The blue line shows the upper boundary of the thermal mix-
ing layer. It shows positive values over a large area around the mix-
ing layer in the flow-merging region. This result means that the
merging of two flows in the T-junction causes large-scale oscilla-
tion of the mixing interface in the X-direction. It is noticeable that
Fig. 15. Eigenfunction of the first mode for u ðUð1Þu xÞ in Z/A = 0.
Uð1Þu x shows relatively large value in the region before the first edge
of the T-junction. This suggests that the streamwise oscillation of
the mixing interface is caused by the reversal of the branch flow
to the main channel and the inflow of the main flow to the branch
found at this edge by the flow visualization (described in Section
3.2).

From these results of POD for u and v, it follows that the oscil-
lation of the mixing interface in the Y-direction suggested by Uð1Þc x
in Fig. 13a is caused not by v but by u. The mechanism of this ver-
tical oscillation of the mixing interface caused by the streamwise
fluctuating velocity component u is illustrated in Fig. 16. Since
the interface of two flows in the flow-merging region is inclined
with respect to the X-axis, this interface seems to move downward
in X/B = 0 when u is positive, and vice versa. This idea is supported
by the fact that the peak frequency of the concentration fluctuation
reconstructed by the first mode of POD agreed well with that of u
measured by the hot-wire anemometer in the flow-merging re-
gion. Fig. 17a shows the power spectrum of u measured by a
hot-wire anemometer at X/B = �0.5 and Y/H = 0.5 in Z/A = 0. The
ordinate has an arbitrary scale. The local peak frequency is found
around 40 Hz. The power spectrum of concentration fluctuation
reconstructed by the first mode of POD obtained in the cross sec-
tion of X/B = 0 is shown in Fig. 17b. This result was obtained by
FFT of the time coefficient a(1)(t) for Uð1Þc x shown in Fig. 13a. The
peak frequency in Fig. 17b agrees well with that observed in
Fig. 17a. These results suggest that the vertical oscillation of the
(b) Result of the time coefficient a(1)(t) for Φc
(1)(x) in X/B = 0 

Fig. 17. Power spectra of fluctuating velocity and fluctuating concentration.
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mixing interface observed in X/B = 0 is caused by the streamwise
fluctuating velocity component u.

In conventional studies on turbulent mixing conducted to date,
the scalar transport has been discussed in relation to the Kelvin–
Helmholtz spanwise vortices generated along the interface be-
tween two flows (Hu et al., 2000; Pickett and Ghandhi, 2001,
2002). In the present study, however, the flow structure corre-
sponding to those spanwise vortices is not extracted by POD in
the flow-merging region, and vt is caused by the longitudinal ed-
dies generated upon the oscillating interface of two flows. This
mechanism of vt production is distinctive of the flow-merging re-
gion in this T-junction. As observed in Fig. 5, the structure corre-
sponding to the Kelvin–Helmholtz spanwise vortices appears in
the region of X/B > 1, and it is thought that these vortices would
play an important role in turbulent heat transfer between the
hot and cold flows in that region. Moreover, as described in Sec-
tion 3.1.3., ut as well as vt contributes to the heat transfer be-
tween two flows in the flow-merging region, and ut is produced
by the large-scale oscillation of the mixing interface in the X-
direction. This mechanism of heat transfer in the streamwise
direction would be also a unique feature of turbulent mixing in
a flow-merging region of the T-junction. The contribution of the
streamwise turbulent heat (mass) flux to the mixing of turbulent
jet discharging into fluid was also pointed out by Law and Wang
(2000). These results suggest that the turbulent mixing in the
flow-merging region of the T-junction can be promoted efficiently
by intensifying the streamwise oscillation of the main flow and/or
increasing the generation of mushroom-like longitudinal eddies
in the branch flow.
4. Conclusions

Experimental study has been conducted on turbulent thermal
mixing of hot and cold airflows in a T-junction. The cross sections
of the main channel and the branch are 120 mm � 60 mm and
120 mm � 30 mm, respectively. The Reynolds number of the
main-channel flow before the mixing is 1.5 � 104, and the bulk
velocity of the branch flow is set at the same value as that of the
main flow. The bulk temperature of the main-channel flow and
that of the branch flow are set at 12 �C and 60 �C, respectively.
The dominant structures of the velocity and concentration (tem-
perature) fields in the flow-merging region have been extracted
by POD, and the mechanism of turbulent heat transfer between
two flows has been discussed synthetically based on these analyses
of the velocity and concentration fields. The main conclusions are
as follows.

(1) The flow that enters the main channel from the branch is
separated at the downstream edge of the T-junction, and
a large separation bubble is formed on the bottom wall.
The turbulence intensities u0 and v0 show the local maxi-
mums in the mixing layer just after the merging of two
flows, but they attain the maximums in the shear layer
around the separation bubble in the further downstream
region.

(2) Just after the flow merging, the thickness of the thermal
mixing layer amounts to 25–30% of the channel height. This
suggests that the hot and cold flows are mixed quite quickly
by their impingement. Then the thermal mixing layer devel-
ops downward gradually as the flow proceeds downstream,
but the upward development is stagnant in comparison with
the downward development.

(3) In the flow-merging region of �1 < X/B < 0, the turbulent
heat fluxes ut and vt attain the maximums near the center
of the thermal mixing layer. Since the thermal mixing layer
is inclined with respect to the X- and Y-axes in this region,
both ut and vt contribute to the turbulent heat transfer
between the hot and cold flows. These contributions of ut
and vt bring about a quick thermal mixing of hot and cold
flows in this region.

(4) The POD analyses applied to the fluctuating velocity and
concentration fields in the cross section of X/B = 0 reveals
that the interface of two flows in the flow-merging
region is oscillating vertically keeping a uniform struc-
ture in the spanwise direction, and discrete mushroom-
like discrete longitudinal eddies are superposed upon
this oscillating interface. These longitudinal eddies are
directly produced by the fluctuating velocity component
v and contribute to the turbulent heat transport in the
Y-direction.

(5) In the flow-merging region, a large-scale oscillation of the
mixing interface in the X-direction occurs and it causes the
vertical oscillation of the mixing interface observed in X/
B = 0. This streamwise oscillation of the mixing interface is
caused by the reversal of the branch flow to the upstream
side of the main channel and the inflow of the main flow
to the branch at the upstream edge of the T-junction, and
contributes to the turbulent heat transport in the X-
direction.
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