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ABSTRACT

The difference in turbulent diffusion between active
scalar (heat) and passive scalar (mass) in a stable ther-
mally stratified flow is investigated. The experiments
are conducted in an unsheared thermally stratified
water flow downstream of turbulence-generating grid.
Passive mass is released into the thermally stratified
flow from a point source located at 60mm downstream
from the grid. Instantaneous streamwise and vertical
velocities, temperature of active scalar and concentra-
tion of passive scalar are simultaneously measured us-
ing a combined technique with a two-component laser-
Doppler velocimeter (LDV), a resistance thermometer
and a laser induced fluorescence (LIF) method. Tur-
bulent heat and mass fluxes and eddy diffusivities for
both active heat and passive mass are estimated.

The results show that stable stratificaion causes the
large difference in eddy diffusivities between active heat
and passive mass. The difference suggests that an as-
sumption of identical eddy diffusivity for active heat
and passive mass, used in conventional turbulence mod-
els, gives significant errors in estimating heat and mass
transfer in a plume under stably stratified conditions.

INTRODUCTION

Flows in the ocean and the atmospheric boundary
layer are often density-stratified and the diffusion of
scalars such as heat and mass is strongly affected by
buoyancy. It is, therefore, of great importance to inves-
tigate the buoyancy effects on heat and mass transfer
in predicting the turbulent diffusion of scalar quantities
in the environment. In addition, it is of practical im-
portance in designing industrial heat and mass transfer
equipment.

For engineering purposes, time-averaged transport
equations for heat and mass:
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are solved to obtain local time-averaged temperature
and concentration, where T and C are the time-
averaged temperature and concentration, U; the time-
averaged velocity in the j—direction, « the thermal dif-
fusivity, D the molecular diffusivity of mass, u;0 and
w;c the turbulent heat and mass fluxes, respectively. To
numerically solve above equations, turbulent heat and
mass fluxes in (1) and (2) must be modeled. To de-
scribe the vertical turbulent heat and mass fluxes in a
stratified flow, the conventional gradient-diffusion mod-
els have been widely used,;
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where Ky and K are the vertical eddy diffusivities for
active heat and passive mass, respectively. Ky and Kgs
are usually assumed to be identical (e.g. Yamada and
Mellor 1975; Freeman 1977). However, for different ini-
tial and boundary conditions, a large difference in the
eddy diffusivities for active heat and passive mass un-
der stable conditions is expected (Pearson, Puttock and
Hunt 1983). If the eddy diffusivity is different between
active heat and passive mass, the predictions of turbu-
lent diffusion of pollutants by the conventional models
may have serious errors.
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The purpose of this study is to investigate the dif-
ference in turbulent diffusion between active heat and
passive mass in a stable thermally stratified flow. The
measurements were conducted using a combined tech-
nique with a two-component laser-Doppler velocimeter
(LDV), a resistance thermometer and a laser induced
fluorescence (LIF) method (Komori and Nagata 1996).

EXPERIMENTS

Figure 1(a) shows the measuring system and test ap-
paratus. The test apparatus used was a water tun-
nel made of polymethylemethacrylate (PMMA), 1 m in
length and 0.1 x 0.1 m in cross-section. A turbulence-
generating grid was installed at the entrance to the
test section, and it was of round-rod, square-mesh,
single-biplane construction. The mesh size M and the
diameter of the rod d were 2.0 x 1072 m and 3.0
x 1072 m, respectively. Thermally stratified water
flows were generated in the test section downstream of
turbulence-generating grid. Hot and cold waters were
separately pumped up from two big storage tanks to
the head tanks, and then passed through the contrac-
tion, which was separated by a splitter plate into up-
per and lower sections. The water was released as a
plume from an injection nozzle located on the center-
line of y = 0 and z = 0 and at 60 mm downstream
from the grid (z/M = 3) as shown in figure 1(b). To
enable us to determine the instantaneous concentration
of passive mass in the plume, sodium fluorescein dye
(C20H10Na205) was homogeneously premixed in the
ambient flow (in both the upper and lower streams)
with the initial concentration of 5.0 x 107° mol m~3.
Experimental conditions including the Reynolds num-
ber based on the mesh size, Rey (= Uave M/v), and
the bulk Richardson number, Ri, (= BgATM/UZ,.; B:
the thermal volumetric expansion coefficient) are listed
in table 1.

RESULTS AND DISCUSSION

To confirm the streamwise evolution of the mean con-
centration field, the mean concentration in a plume was
measured at the locations of z/M=10, 12, 14, 16 and
18 in neutral stratification (Run E-I). The vertical dis-
tributions of the mean concentration are shown in fig-
ure 2. Here, the mean concentrations and vertical dis-
tance are normalized by the mean concentration on the
plume axis, Cmaz, and half-width of the mean concen-
tration profile, ., respectively. The profile of the nor-
malized mean concentration at each location has the
same shape described in terms of the Gaussian func-
tion. The shape is in good agreement with that derived
from the similarity analysis for the mean concentration
field in neutral stratification. This suggests that a typ-
ical plume is formed in the test section in the region of
10 < /M < 18 and that the effects of disturbances by
the inserted nozzle on the evolution of the plume are
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Table 1. Flow conditions.

Run No. Uave Renm AT Riy
ms] [-] [K] (-]
E-1 0.125 2500 0.0 0.0
E-II 0.125 2500 30 7.8x1073
E-III 0.125 2500 15.0 3.9x107?
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Figure 1. Experfmental setup. (a) Measuring system
and test apparatus. (b) Injection nozzle and coordinate
system.

negligibly small.

Eddy diffusivities for active heat and passive mass
were estimated by (3) and (4). Figure 3 shows the
vertical distributions of the eddy diffusivities for active
heat and passive mass at /M = 14 in neutral, weak
and strong stratifications. The difference in the eddy
diffusivities exists even for the weakly stratified case.
The stronger stratification causes the larger difference
in the eddy diffusivities between active heat and pas-
sive mass. This means that the turbulent diffusion of
passive scalar is less affected by buoyancy than that of



active scalar.

The results show that the large difference in eddy
diffusivities in stable stratification is caused by stable
stratification, and the eddy diffusivity of passive mass
can never be given in stratified flows by the same value
as the eddy diffusivity of active heat.

CONCLUSIONS

The difference in turbulent diffusion between active
and passive scalars in stable thermal stratification was
investigated. The main results from this study can be
summarized as follows.

1. Turbulent diffusion of passive scalar is less affected
by buoyancy than that of active scalar when the
initial and boundary conditions for active and pas-
sive scalar are not identical.

2. For different initial and boundary conditions be-
tween active heat and passive mass, a stable strat-
ification causes a large difference in the eddy diffu-
sivities between active heat and passive mass. The
difference suggests that an assumption of the iden-
tical eddy diffusivity for active heat and passive
mass, used in conventional turbulence models, gives
significant errors in estimating turbulent diffusion
of heat and mass in a stably thermally stratified
flow.
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Figure 2. Vertical distributions of the normalized mean
concentration in a plume in neutral stratification (Run
E-I): A, z/M =10; A, z/M =12; @, /M = 14; O,
z/M = 16; B, £/M = 18. The solid line shows the
Gaussian curve.

0.1 T
!
00k ——f—cemmmo o N
!
0.1 :A (] A O +
1
—_ |
<02 F | A @ A0 +
3 :
> 03 | A o A O +
1
|
04} | A e a0+
|
|
0.5 : A ® AO +
1
-0.6 1 1 L L ' L
0

_ _ 3
Ku/UM, Ks/OM [ 1)

Figure 3. Vertical distributions of the eddy diffusivities
for active heat and passive mass at /M = 14: +,
K5 in neutral stratification (Run E-I); A, Ky in weak
stratification (Run E-II); O, Ks in weak stratification
(Run E-II); A, Ky in strong stratification (Run E-III);
@, K in strong stratification (Run E-III).
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