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The effects of molecular diffusivities of heat and mass on the counter-gradient
scalar and momentum transfer in strongly stable stratification are experimentally
investigated in unsheared and sheared stratified water mixing-layer flows down-
stream of turbulence-generating grids. Experiments are carried out in two kinds
of stably stratified water flows. In the case of thermal stratification, the difference
between the turbulent fluxes of an active scalar (heat with the Prandtl number
of Pr ~ 6) and a passive scalar (mass with the Schmidt number of Sc =~ 600)
is investigated. In the case of salt stratification, the effects of the molecular dif-
fusion of the active scalar (salt) with a very high Schmidt number of Sc ~ 600
on the counter-gradient scalar transfer is studied. Comparisons of the effects of
molecular diffusivities are also made between thermally stratified water and air
(Pr = 0.7) flows. Further, the effects of mean shear on the counter-gradient scalar
and momentum transfer are investigated for both stratified cases. Instantaneous
temperature, concentration and streamwise and vertical velocities are simultane-
ously measured using a combined technique with a resistance thermometer, a laser-
induced fluorescence method, and a laser-Doppler velocimeter with high spatial
resolution. Turbulent scalar fluxes, joint probability density functions, and cospectra
are estimated.

The results of the first case show that both active heat and passive mass de-
velop counter-gradient fluxes but that the counter-gradient flux of passive mass is
about 10% larger than that of active heat, mostly due to molecular diffusion effects
at small scales. The counter-gradient scalar transfer mechanism in stable stratifi-
cation can be explained by considering the relative balance between the available
potential energy and the turbulent kinetic energy as in Schumann (1987). In ther-
mally and salt-stratified water mixing-layer flows with the active scalars of high
Prandtl and Schmidt numbers, the buoyancy-induced motions with finger-like struc-
tures first contribute to the counter-gradient scalar fluxes at small scales, and then
the large-scale motions, which bring fluid back to its original levels, generate the
counter-gradient fluxes at large scales. The contribution of the small-scale motions
to the counter-gradient fluxes in stratified water flows is quite different from that
in stratified air flows. The higher Prandtl or Schmidt number of the active scalar
generates both the stronger buoyancy effects and the longer time-oscillation period
of the counter-gradient scalar fluxes. The time-oscillation occurs at large scales but
the counter-gradient fluxes at small scales persist without oscillating. The mean
shear acts to reduce the counter-gradient scalar and momentum transfer at large
scales, and therefore the counter-gradient fluxes in sheared stratified flows can be
seen only in very strong stratification. The behaviour of the counter-gradient mo-
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mentum flux in strong stratification is quite similar to that of the counter-gradient
scalar flux.

1. Introduction

Density-stratified flows often occur in the ocean, the atmospheric boundary layer,
and in many industrial operations, and the diffusions of scalars such as heat and
mass in stratified flows are strongly affected by buoyancy. It is, therefore, of great
practical interest to investigate the buoyancy effects on heat and mass transfer when
predicting the turbulent diffusion of scalar quantities in the environment and designing
industrial heat and mass transfer equipment. Extensive studies on buoyancy effects
in density-stratified turbulent flows have been done in the past two decades, but
complicated problems such as the eddy scales causing counter-gradient scalar transfer
in strongly stable stratification still need elucidation (Kaltenbach, Gerz & Schumann
1994).

Counter-gradient heat and momentum transfer in laboratories was first observed
by Komori et al. (1983) in a thermally stratified open-channel water flow with weak
shear. Stillinger, Helland & Van Atta (1983), Itsweire, Helland & Van Atta (1986)
and Rohr et al. (1988) have also observed counter-gradient mass transfer in lin-
early salt-stratified grid-generated turbulence. However, the previous studies on
homogeneously stratified water flows have not clarified the details of the counter-
gradient scalar and momentum transfer mechanism. Komori et al. (1983) studied
only the time-averaged turbulence quantities such as heat and momentum fluxes
and their correlation coefficients, but they did not investigate the details of the
counter-gradient transfer mechanism in the frequency domain. Rohr et al. (1988)
measured the cospectra of instantaneous momentum and mass fluxes, but the
cospectra in stable stratification were too scattered to precisely determine which
scale motions contribute to counter-gradient transfer. In particular, the contri-
bution of small-scale motions to counter-gradient scalar and momentum trans-
fer was not fully discussed (Rohr et al. 1988). For air, Lienhard & Van Atta
(1990), Yoon & Warhaft (1990), Jayesh, Yoon & Warhaft (1991) and Kanzaki
& Ichikawa (1995) observed counter-gradient heat flux in unsheared thermally
stratified grid-generated turbulent flows with both initial linear and step temper-
ature profiles. They have shown that in strong stratification the large-scale mo-
tions contribute to counter-gradient heat transfer but the small-scale motions do
not generate counter-gradient heat flux. They also have suggested that the in-
fluence of the Prandtl number on counter-gradient heat transfer should be in-
vestigated through comparisons with measurements in thermally stratified water
flows.

On the other hand, a number of numerical and theoretical studies on stratified
turbulent flows have been developed. Deissler (1962) first applied the linearized
two-point correlation equations to homogeneous stratified weak turbulence, and he
theoretically predicted the presence of counter-gradient scalar transfer in strong
stratification. Further calculations have shown that the contributions of large- and
small-scale motions to counter-gradient transfer are quite different for high and
low Prandtl number flows. Komori et al. (1983) and Komori (1980) also used the
same linearized two-point correlation equations and showed that the qualitative vari-
ations of the measured turbulence quantities with the local gradient Richardson
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number are well explained by the two-point correlation equations. Hunt, Stretch
& Britter (1988) applied a rapid distortion theory (RDT) to homogeneous strati-
fied flows and they have shown similar dependencies of turbulence quantitics on
the local gradient Richardson number to Deissler’s (1962) calculations. Recently
Hanazaki & Hunt (1996) were stimulated by numerical simulations (Kaltenbach
et al. 1994) and the present experimental results to predict the effects of the Prandtl
number and initial turbulence spectra by analytically solving the RDT equations.
Comparing qualitatively their calculations with the present measurements, they sug-
gested that the counter-gradient scalar transfer spectra can be explained by linear
processes.

Recently, some direct numerical simulations (DNS) were made of sheared and un-
sheared homogeneous thermally stratified flows with linear temperature and velocity
profiles {Gerz, Schumann & Elghobashi 1989; Gerz & Yamazaki 1993; Holt, Koseff &
Ferziger 1992) and a large-eddy simulation (LES) was also applied to stratified flows
by Kaltenbach er al. (1994). The simulations predicted counter-gradient scalar and
momentum fluxes and suggested the effects of molecular diffusivities on the counter-
gradient transfer. However, the application of DNS to stratified water flows with high
Prandtl or Schmidt numbers is still controversial because of the spatial resolution
of the DNS. More recently Gerz & Schumann (1996) proposed a conceptual model
for a homogeneous stratified flow, based on both the results of the LES (Kaltenbach
et al. 1994) and measurements by Rohr et al. (1988), and they tried to explain the
contribution of turbulent motions with different scales to counter-gradient scalar
and momentum transfer as well as the influence of the Prandtl number. Although
their conceptual model is given for a homogeneous stratified flow, it is of interest to
examine whether it is aiso applicable to a slightly inhomogeneous mixing-layer type
of stratified flow. Besides DNS, a number of turbulence closure models have been
developed for stratified flows (e.g. Yamada & Mellor 1975; Andre et al. 1978; Gibson
& Launder 1978; Schumann 1987). In order to examine the second- or third-order
closure models, it will also be of importance to clarify experimentally the effects of
molecular diffusivity on counter-gradient transfer.

In addition to the problem of counter-gradient transfer, the difference in the
diffusion of active heat and passive mass is another interesting problem in thermally
stratified flows. Pearson, Puttock & Hunt (1983) and Hunt (1985) first predicted the
difference in the eddy diffusivities of active heat and passive mass. However, this
problem has not been experimentally investigated in stratified flows where both active
heat and passive mass are simultaneously diffused, since it has been very difficult to
measure simultaneously instantaneous temperature, concentration and velocity.

Thus, precise measurements of counter-gradient scalar and momentum fluxes in
strongly stratified water flows with high Prandtl or Schmidt numbers are required
both to clarify the counter-gradient transfer mechanism and to examine the DNS,
closure models or other models. The purpose of this study is, therefore, both
to experimentally investigate the counter-gradient scalar and momentum transfer
mechanism in a mixing-layer type of density-stratified water flow and to clarify the
effects of molecular diffusivities of active scalars and mean shear on counter-gradient
transfer. This study also aims to investigate the difference in the diffusion of active heat
and passive mass in thermal stratification. The measurements were conducted using
specially developed combination of laser-fluorescence, laser-Doppler, and thermo-
resistance techniques with spatial resolutions far smaller than the dissipation scales.
Preliminary results in unsheared thermally stratified water flows are presented in
Komori, Nagata & Murakami (1996).
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2. Experiments

Figure 1 shows the measuring system and test apparatus. The test apparatus used
was a water tunnel made of polymethylemethacrylate (PMMA), 1 m in length and
0.1 x0.1 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 0.02 and 0.003 m, respectively.
Two kinds of stratified water flows were generated in the test section downstream of
turbulence-generating grids.

The first was a thermally stratified water flow with a Prandtl number of Pr ~ 6.
For this stratified flow, cold and hot water were separately pumped up from two big
storage tanks to the head tanks, and then passed through the contraction, which was
separated by a splitter plate into upper and lower sections. The high-temperature
water in the upper stream was heated by a boiler and the temperature was regulated
in the storage tank by an electric heater connected to a thermometer. Thus, stable
thermal stratification with an initial step temperature profile was formed behind the
grids, and the step profile was used to get stronger stratification on the centreline
of the test section than a linear profile. To investigate the difference in the diffusion
of passive scalar (mass) and active scalar (heat) in thermal stratification, sodium
fluorescein dye (CyoH9Na,Os) of Sc &~ 600 was homogeneously premixed only into
the upper high-temperature stream (C; = const. and C, = 0 in figure la). Three
stratified conditions, namely weak, moderate and strong stratification, were used
and the initial temperature difference between upper and lower streams, T, — T, ,
corresponded to 3 K, 7 K and 15 K, respectively. Stronger thermal stratification
with the initial temperature difference larger than 15 K could not be achieved,
because of the significant heat release from the high-temperature stream to the
ambient.

The second flow was a salt-stratified water flow with the active scalar (salt) having
a high Schmidt number of Sc¢ ~ 600. To make the salt-stratified flow, salt water with
a constant concentration of NaCl (C, = const.) was used for the lower stream, and
fresh water (C; = 0) for the upper stream. The initial density differences between the
upper and lower streams, AC(= C, — C;) , were 18, 95 and 133 mol m™ and they
were prepared to correspond to the temperature differences of 3 K, 15 K and 20 K,
respectively. To enable us to measure the instantaneous concentration of the active
scalar (salt), sodium fluorescein dye was premixed with the fresh water in the upper
stream. In this case, the salt concentration normalized by the initial concentration C,
was given by subtracting the sodium fluorescein dye concentration normalized by the
initial concentration C, from 1.0, since the Schmidt number is almost the same for
the salt and the sodium fluorescein dye.

Mean velocities of the upper high-temperature and lower low-temperature streams,
U, and U,, were set to the same value of 12.5 cm s~! for unsheared stratified flows,
and for sheared stratified flows the initial velocity difference between upper and lower
streams, AU(= U, — U,), was set to 2 or 3 cm s~! by fixing the cross-sectionally
averaged velocity U,,. to a constant value of 12.5 cm s~!. Therefore, the Reynolds
number based on the mesh size, Reys, was 2500 for both unsheared and sheared flows.
The turbulence Reynolds number based on the microscale, Re,, was estimated to be
about 20 at x/M = 6 for unsheared flows. To investigate the influence of the Reynolds
number on the scalar transfer mechanism an unsheared thermally stratified water
flow with U,,, = 250 cm s™! and Re; ~ 35 was added. The experimental conditions
including the Brunt—Viisili frequency estimated at x/M = 6, Ny, are listed in table 1.



(a)

Velocity

He-Ne laser

Effects of molecular diffusivities on counter-gradient transfer 209

Temperature

Bandwave
pass filter

Shortwave
pass filter

(b)

IS

Constant-current
temperature bridge

‘ ch3
converter
PM3 Concentration ch.2
PM.2
ch.i Digital
recorder
Workstation
Frequency Frequency
shifter tracker {
Output
He—Ne laser
/V -
lcom L I

—_

10 cm

|

__/

.
[__

—

7205 cm | Scm
- Scm

Quiescent water premixed
with sodium fluorescence dye

Ar" laser

FIGURE 1. () Measuring system and test apparatus. (b) A small water cell for estimating the
measurement errors due to the refractive index fluctuations in stratified flows.
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Run No. Active scalar Passive scalar U e AU AT AC Ny Rey
(ecms™) (ems™!) (K) (molm™?) (s

1 heat (Pr = 6) Sodium fluorescein  12.5 0.0 3.0 - 0.67 2500
2 heat (Pr = 6) Sodium fluorescein  12.5 0.0 7.0 - 1.17 2500
3 heat (Pr = 6) Sodium fluorescein  12.5 0.0 15.0 - 1.75 2500
4 heat (Pr = 6) Sodium fluorescein  12.5 2.0 150 - 1.61 2500
5 heat (Pr = 6) Sodium fluorescein  12.5 30 15.0 - 1.47 2500
6 heat (Pr = 6) Sodium fluorescein  25.0 0.0 15.0 - 1.61 5000
7 salt (Sc = 600) - 12.5 0.0 - 18.0  0.67 2500
8 salt (Sc = 600) - 12.5 0.0 - 95.0 1.75 2500
9 salt (Sc¢ = 600) - 12.5 2.0 - 95.0 1.66 2500
10 salt (S¢ = 600) - 12.5 3.0 - 95.0 1.53 2500
11 salt (Sc = 600) - 125 0.0 - 1332 2.17 2500
12 salt (Sc = 600) - 12.5 2.0 - 1332 2.09 2500
13 salt (S¢ = 600) - 12.5 3.0 - 133.2 1.94 2500

TaBLE 1. Experimental conditions.

Here, the Brunt-Viisili frequency N is defined by N = [—(g/po)(@p/dy)]*, where
po 1s the bulk-averaged density.

Instantaneous velocities, temperature and concentration of passive mass in ther-
mally stratified water flows were simultaneously measured using a combined mea-
suring technique as shown in figure 1(a). For the salt-stratified flows, instantaneous
velocities and salinity were simultaneously measured. The measuring technique com-
bined a two-component laser-Doppler velocimeter with a resistance thermometer and
a laser-induced fluorescence method. The laser-Doppler velocimeter used here was a
DANTEC 55X Modular system with a polarization beam splitter (55X24), a 40 MHz
Bragg cell and a beam expander, and the laser was a 5 mW He-Ne laser with a 632.8
nm wavelength (Spectra Physics Model 106-1). For temperature measurements, a
cold-film I-probe of 10 um diameter (TSI 1260-10W ) operated by a constant-current
temperature bridge (DANTEC 55M) was used, and it was located just behind the
measuring point of velocity and concentration. A gap of about 4 = 0.5 mm between
velocity and temperature measuring points was compensated by giving a time lag of
A/U to the time records of the instantaneous temperature. For concentration mea-
surements, a laser-induced fluorescence method was used, and the sodium fluorescein
dye diffusing in the flow was illuminated by a high-power single-line mode argon-ion
(Ar™) laser of 0.8 W power and a 488 nm wavelength (LEXCEL model 95-4). The
He-Ne laser beams for velocity measurements were shone from the sidewall of the
test section, and a single-beam of an Ar™ laser for concentration measurements was
shone from the bottom wall. Both beams were focused by convex lenses and inter-
sected perpendicularly at a measuring point. The fluorescence from the measuring
point was collected using an optical system (DANTEC 55X34). The focused and
magnified fluorescence passed through a pinhole of 0.1 mm diameter, and it was
received by a photomultiplier (HAMAMATSU R-777). The Doppler signals for
velocity measurements were collected by another optical system (DANTEC 55X34)
connected to photomultipliers (DANTEC 55X08). The wavelength difference between
the Doppler signals from the scattered particles and the fluorescence from the sodium
fuorescein dye was about 100 nm and therefore the two lights could be separated by
installing optical filters between the optical system and the photomultiplier. Short-
wave and bandwave pass filters were installed in front of the photomultipliers for the
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concentration and velocity measurements, respectively. The details of the spectra of
fluorescence and scattered light, transmittance of optical filters and spatial resolution
are described in Komori ef al. (1993). The spatial resolutions of velocity, temperature
and concentration measurements were 1.2 mm, 500 pm and 120 pm, respectively,
and they were far smaller than the dissipation scales of velocity, temperature and
concentration fluctuations estimated from their dissipation spectra.

The measurements were made mainly on the centreline in the region 6 < x/M < 20.
The sampling interval and the sample size were 0.00025 s and 240000, respectively,
and this gave reliable statistics. Statistical processing of the digitized data was done
by a computer (SUN SPARC 10).

In addition, flow visualization was done to investigate the flow structure. The laser-
induced fluorescence method using sodium fluorescein dye and a vertical Ar*-laser
sheet was used.

For velocity and concentration measurements by a non-contacting laser technique
in a density-stratified flow, measurement errors due to refractive index fluctuations
should be carefully estimated. Fluctuating movements of a laser beam at a receiver
point are generated by integrating the effects of the density fluctuations along two
light paths between an incident point and a measurement point and between a
measurement point and a receiver point. Therefore, the effects of the refractive index
fluctuations on the present laser technique depend on both the turbulence structure
and density gradients along the light paths in stratified flows. Thus, the best way for
approximately estimating the errors is to measure apparent velocity and concentration
fluctuations due to the refractive index fluctuations by using a small isolated water
cell fixed in a density-stratified flow (see figure 1b), and then to compare the apparent
fluctuations with the velocity and concentration fluctuations measured in a normal
stratified flow without using the water cell.

A small cell with the spanwise thickness of 1 cm, made of a thin polymethylemetha-
crylate plate, was vertically fixed along the centreline of the test section floor (figure
1b). To equate a distance between the sidewall of the small water cell and the wall
of test section to a distance between a normal measurement point and the sidewall
of the test section, the water cell was located at z = +0.5 cm or z = —0.5 ¢cm
from the centreline of the test section. The estimation of the errors was conducted
for these two locations. Water premixed homogeneously with sodium fluorescence
dye was quiescently put in the cell, and this quiescent water did not have velocity
and concentration fluctuations. However, when the quiescent water cell is put in
a stratified flow, the refractive index fluctuations along receiving and incident light
paths in the ambient stratified flow generate apparent velocity and concentration
fluctuations despite the quiescent water in the cell. The comparisons between the
apparent and normal measurements have shown that the measurement errors due to
the refractive index fluctuations are 0.3% and 0.7% for the mean squared values of
velocity and concentration fluctuations, respectively. Thus, the accuracy of the present
combined laser-Doppler and laser-induced fluorescence technique was satisfactory for
this study.

However if this kind of non-contacting laser measurement technique is applied
to a more three-dimensional density-stratified turbulence such as density-stratified
oscillating-grid-induced turbulence (e.g. Fernando 1988) than the present mixing-
layer type of stably stratified flow, greater errors may be generated even for smalil
density gradients, since a great number of grid-generated energy-containing eddies
along light paths cause significant refractive index fluctuations. In this case, we
will need a sophisticated matching method for the refractive index such as used in
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Hannoun, Fernando & List (1988). However, for a thermally stratified mixing flow,
it is inherently impossible to apply such a matching method based on the usage of
alcohol as in Hannoun et al. (1988), since the difference in molecular diffusivities
of heat and alcohol is quite large. To demonstrate these points, we estimated the
measurement errors in an unstably stratified flow with an initial temperature difference
of 15 K by using the above small isolated water cell. An unstably stratified flow was
produced in the present apparatus by replacing the high-temperature upper stream by
the low-temperature lower stream, and the mean temperature gradient in the vertical
direction was smaller than that in the present stably stratified flow but with the same
initial temperature difference of 15 K. The measurement errors were 10% for the
mean-squared values of both velocity and concentration fluctuations and they were
much greater than those in the present stably stratified flow with the same initial
temperature difference. This fact showed that despite the same initial temperature
difference and small temperature gradients the errors due to the refractive index
fluctuations are quite different for stably and unstably stratified flows, depending on
the turbulence structure. Thus, it should be noted that whether a non-contacting
laser technique is applicable to a density-stratified flow cannot be determined only
from the magnitude of the mean density gradient: measurement errors should also
be estimated by the present method based on the usage of a small isolated water cell.

Besides the errors due to refractive index fluctuations along light paths, signal
dropout due to the movements of the measuring volume may occur in a large-
density-gradient flow. Of course, the erroneous signals due to small movements of the
measuring volume that do not cause signal dropout could be approximately estimated
by using the above small isolated water cell. However, when the movements of the
measuring volume are violent, they prevent us from catching the measuring volume
in the pinhole of a photomultiplier and they result in signal dropout. For such violent
movements, the present non-contacting laser technique cannot be applied with a
satisfactory accuracy. Fortunately, for the present stratified flows with low turbulence
and initial temperature differences of less than 20 K, the change of the signal dropout
ratio was negligibly small compared to neutrally stratified flows. Thus, we could
avoid the problem of signal dropout in the present stratified flows.

3. Results and discussion
3.1. Counter-gradient scalar transfer in unsheared stratified flows

Figure 2 shows typical vertical profiles of the mean temperature and salinity at the
locations x/M = 6, 14 and 20 in unsheared strongly stratified flows (Ny = 1.75 s71).
Here Ny is the value of the Brunt-Viisald frequency N at x/M = 6. In the central
region |y/M| < 0.2, both temperature and salinity profiles are rather close to linear
profiles.

Figure 3 shows the streamwise distributions of the vertical fluxes of the active heat
and salt in unsheared thermally and salt-stratified flows, normalized by the product
of the mean velocity U and the initial temperature or concentration difference,
AT(= T, — Ty) or AC(= C, — C;). They are shown for four stratified conditions
with Ng = 0.67, 1.17, 1.75 and 2.17 s7’. Both the heat and salt fluxes are suppressed
with increasing stability. In strong stratification (Np > 1.75 s71), both the heat and
salt fluxes change their signs despite the persistent negative mean-density gradients in
the upward direction (see figure 2). This means that counter-gradient heat and salt
transfer occurs in the strong stratification. In particular the counter-gradient salt flux
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FIGURE 2. Typical vertical profiles of the mean (a) temperature and (b) salinity in unsheared
strongly stratified water flows (Ny = 175 s71): O, x/M=6; A , x/M=14; O, x/ M=20.

is more notable than the heat flux even for the same Brunt—Viisala frequency of Ny =
1.75 s7!. This difference will be discussed later together with the effects of molecular
diffusion on counter-gradient transfer. When we replot the heat and salt fluxes in
correlation coefficient form against the local dimensionless time Nt(= Nx/U), the
distributions of R,g(= v0/v'’) and R,.(= bc/v'¢’) can be shown for Nt < 4 by an
unique curve, as shown in figure 4.

To investigate the counter-gradient scalar transfer mechanism, the joint probabil-
ity density function (p.d.f) of the vertical velocity fluctuation v and temperature
fluctuation 6 was computed and the distributions of the p.d.fs at x/M = 14 are
shown in figure 5 for unsheared weakly and strongly stratified flows. In weak strat-
ification where the down-gradient transfer (—v > 0) is dominant, the p.d.f. prevails
in the second and fourth quadrants (figure Sa), whereas in strong stratification the
p.d.f. strengthens almost equally in the first and third quadrants (figure 5b). This
means that counter-gradient heat transfer is generated by both the upward motion
of the hot fluid and the downward motion of the cold fluid (Gerz et al. 1989). The
behaviour of the p.d.f. of v and # was quite similar to that of v and ¢ in salt-stratified
water flows.

In addition to the joint probability density functions, figures 6 and 7 show the
normalized conditional heat and salt fluxes in weakly and strongly stratified flows.
The conditional fluxes (¢0]0) and (vc|c) are defined by the conditionally averaged
fluxes for a temperature fluctuation ¢ and a concentration fluctuation ¢ (see Jayesh
& Warhaft 1994). For weakly stratified flows, the conditional fluxes follow inverted
parabolas well:

(v016)/108] = —(0/0')’, (3.1)
and

{vele)/[vel = —(c/¢). (3.2)
The inverted parabolas can be derived from joint normal distributions of v and

0 and v and ¢ for a passive linear scalar profile in isotropic grid turbulence (see
Jayesh & Warhaft 1994). In strong stratification, the conditional fluxes deviate
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FIGURE 3. Streamwise distributions of the normalized vertical fluxes of the active heat and salt in
unsheared thermally and salt-stratified water flows: O, heat flux for Ny = 0.67 s~ !; A, heat flux for
No = 1.17 s71; O, heat flux for Ny = 1.75 s7'; @, salt flux for Ny = 1.75 s™!: ®, salt flux for Ny =
217 571

considerably from inverted parabolas, and (v6|6) and (vc|c) become positive in the
region [0/6'| > 0.5 and |c/c'| > 0.5, whereas the conditional heat flux of Jayesh &
Warhaft (1994) in thermally stratified air flows becomes positive only in the region
16/6'| > 3. The difference suggests that the counter-gradient scalar transfer in stratified
water flows is far larger than in stratified air flows.

Thus, it is found that counter-gradient scalar transfer in strong stratification is
generated by both the upward motion of the low-density fluid and the downward
motion of the high-density fluid. The buoyancy-induced motions obviously promote
the intensity of the vertical velocity fluctuations in the region x/M > 10 as shown in
figure 8, whereas the intensity of the longitudinal velocity fluctuation hardly changes
compared to the neutral case.

To find at what scale the counter-gradient scalar transfer occurs, the cospectra
of v and 8, Cs,, were computed. Figure 9 shows the cospectra of v and 6 at the
four locations x/M = 6, 10, 14 and 16 under the three stratified conditions Ny
= 0.67, 1.17 and 1.75 s™!. The cospectra at x/M = 10 and 14 in strong thermal
stratification (Ng = 1.75 s™!) are magnified in figure 9(d) for clear comparison. The
area of the cospectra multiplied by the frequency f indicates the quantity of heat
flux, and negative and positive values of Cs,y correspond to down-gradient heat flux
and counter-gradient heat flux, respectively. In weak stratification (Ng = 0.67 s7!) the
cospectra at all locations are always negative in the whole frequency region (figure
9a). The negative cospectra show that at all scales down-gradient transfer is dominant
in weak stratification. In strong stratification (Ny = 1.75 s7!), the cospectrum starts
to change its sign from the higher frequency range at x/M = 10 and the cospectrum
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FiGuUre 4. Time variations of the correlation coefficients of the vertical fluxes of the active heat
and salt in unsheared thermally and salt-stratified water flows. Symbols as in figure 3.
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FIGURE 5. Joint probability density function of the vertical velocity and temperature fluctuations at
x/M=14: (a) in weak thermal stratification (Ny = 0.67 s~'); (b) in strong thermal stratification (Ng
= 1.75s71).

at x/M = 14 becomes positive in the whole frequency range (figure 9¢,d). This
means that in strong stratification counter-gradient transfer first becomes dominant
at small scales and then it spreads to large scales. In fact the flow visualization
based on the laser-induced fluorescence technique shows that the smalil-scale motions
{buoyancy-induced upward and downward finger-iike structures), returning to their
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FIGURE 6. The normalized conditional heat flux in unsheared (a) weakly (No = 0.67 s!) and (b)
strongly (No = 1.75 s7!) thermally stratified flows: O, x/M=6; A, x/M=10; O, x/M=14. The
solid line shows equation (3.1).
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FiGURE 7. As figure 6 but for the normalized conditional salt flux in unsheared salt-stratified flows.
The solid line shows equation (3.2).

original levels, are generated in the region near x/M = 10 (see the elongated tail
indicated by an arrow in figure 10) and the large-scale motions are pushed back by
buoyancy to their original levels in the region near x/M = 14. At x/M = 16 in
strong stratification, the counter-gradient heat flux begins to decrease (figure 9¢) and
this results in an oscillation of the heat flux in figure 3. The time oscillation of the
counter-gradient scalar flux appears more clearly in the cospectra of v and ¢ in very
strong salt-stratification as shown in figure 11. The counter-gradient flux oscillates at
large scales, but the counter-gradient flux at small scales persists without oscillating.
This qualitatively agrees with Gerz & Schumann (1991).

When we deduce the buoyancy-driven motions from the above results (figures 3, 5
and 9), we obtain a sketch of the buoyancy-driven motions in strong stratification,
as shown in figure 12. In the initial mixing region x/M = 6, the vertical turbulence

kinetic energy (VKE = »2/2) in strong stratification (Ny = 1.75 s7!) is comparable
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FIGURE 8. Streamwise distributions of the turbulence intensities of the vertical and longitudinal
velocity fluctuations in unsheared strongly (a) thermally and (b) salt-stratified flows (Ny = 1.75 s71):

O, ﬁ/Uz; A, E/Uz. The solid and dashed lines show Zﬁ/‘lj2 and EE/U2 in the neutrally stratified
flow, respectively.

to the available potential energy (APE = ﬂgaz/%(aT/(?y); 0T /dy = constant in the
central region |y/M| < 0.2 (Holliday & Mclntyre 1981)) as shown in figure 13, and
therefore the turbulent motions which are responsible for the down-gradient transfer
are still predominant (figure 12a). However, the turbulence decays, and at about
x/M = 10, the available potential energy becomes larger than the turbulence energy.
When we consider the mean field production and buoyancy production terms in the
transport equation of the heat flux —v0:

D - =aT ol a0 v pao é (__ pb

we can infer that the relative increase of APE with respect to VKE causes the
counter-gradient transfer. Of course, there exists a time delay between the relative
increase of APE and the change of the sign of —v0 (figure 3) because of buffer effects
due to other terms on the right-hand side in (3.3). The ratio of the spectrum of APE
to that of VKE, Spr/SvkE, 1s shown for two stratified cases in figure 14. The ratio of
APE to VKE first increases at small scales upstream of the region of counter-gradient
heat flux in figure 3, and then it rapidly increases at large scales. The reason why
APE/VKE first increases at small scales lies in the fact that for high Prandtl numbers
greater than 1.0 the dissipation rate of velocity fluctuation is faster than that of
temperature fluctuation. The relative increase of APE at small scales induces small-
scale upward and downward finger-like motions of the low- and high-density fluids,
respectively, and the counter-gradient heat transfer due to the finger-like motions
results in the positive cospectra in the high-frequency region in figure 9. The DNS
by Nagata & Komori (1996) and Komori (1996) showed very similar results for
APE/VKE and S,pg/Syke to these measurements. In addition to the small-scale
motions, the large-scale motions are also strongly affected by buoyancy (see the rapid
increase of APE in figure 14 and rapid decrease of the down-gradient heat flux at
large scales in figure 9) (Gibson 1981). However, the large-scale energy-containing
motions generating the down-gradient transfer are still dominant compared to the
large-scale buoyancy-driven motions contributing to the counter-gradient transfer in
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FIGURE 9. Cospectra of the vertical velocity fluctuation and temperature fluctuation: (a) in weak
thermal stratification (Ny = 0.67 s71); (b) in moderate thermal stratification (Np = 1.17 s71);
(¢) in strong thermal stratification (No = 1.75 s7!); (d) magnified distributions in strong thermal
stratification (Ng = 1.75 s™'). The cospectra are normalized by UAT.

the region x/M < 10 (figure 12b) and therefore the change in the sign of the heat flux
at large scales occurs later than at small scales (figure 12¢). In the region downstream
of x/M > 10, buoyancy-driven motions are dominant at both small and large scales.
This generates the positive values of the cospectra in the whole frequency region in
figures 9(c) and 9(d).

The counter-gradient scalar transfer mechanism is the same for the thermally strat-
ified water flow with the high Prandtl number and the salt-stratified flow with the
high Schmidt number. However, the contributions of the small-scale and large-scale
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FIGURE 10. Photograph of the fluid motions visualized by the laser-induced fluorescence method in
the region 10 < x/M < 14. An arrow indicates the small-scale finger-like structure.
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FIGURE 11. Cospectra of the vertical velocity fluctuation and concentration fluctuation in very
strong salt-stratification (N, = 2.17 s7!). The cospectra are normalized by UAC.
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FIGURE 12. Sketch of the buoyancy-driven motions that contribute to the counter-gradient scalar
transfer in strong stratification (Ng = 1.75 s71): (a) at x/M = 6; (b) at x/M = 10; (c) at x/M = 14.
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FiGURE 13. The ratio of the available potential energy to the vertical turbulence kinetic energy in
thermal stratification: [, Ny = 0.67 s™'; A, Ng = 1.17s7; O, Ny = 1.75 571
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FIGURE 14. The ratio of the spectrum of the available potential energy to that of the vertical
turbulence kinetic energy: () No = 1.17 s71; (b) Ny = 1.75 s7L.

motions to the counter-gradient scalar fluxes are quite different for the unsheared
stratified water flows in this study and the unsheared thermally stratified air flows in
the previous studies, as shown for the profiles of the cospectra of v and 0 in figure
15. In the unsheared homogeneous stratified air flows with low Prandtl numbers of
Pr ~ 0.7 (Lienhard & Van Atta 1990; Yoon & Warhaft 1990; Jayesh et al. 1991), the
counter-gradient heat flux due to the small-scale finger-like motions was not seen (fig-
ure 15d—f), since the relative molecular diffusion of heat is faster for air than for water
(see the sketch in figure 16). That is, small-scale buoyancy-driven motions cannot
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FiGure 15. Comparison of the cospectra of v and 6 between unsheared thermally stratified water
and air flows versus the dimensionless time Nt: (a) Nt = 1.75 in the stratified water flow with Ny =
1.75 s71; (b) Nt = 2.47 in the stratified water flow with Ny = 1.75 s71; (¢} Nt = 3.79 in the stratified
water flow with Ny = 1.75 s7'; (d) Nt = 1.71 in the stratified air flow (Lienhard & Van Atta 1990)
(e) Nt = 2.56 in the stratified air flow (Lienhard & Van Atta 1990) (f) Nt = 3.17 in the stratified
air flow (Lienhard & Van Atta 1990) The cospectra in (a)-(c) are normalized by UAT.

be generated in air flows because of the large smearing effect of molecular diffusion.
For air, counter-gradient heat transfer occurs only at large scales (figure 15f) and
the small-scale motions always contribute to the down-gradient transfer even in the
strong stratification with the counter-gradient total flux of —vf < 0 (Lienhard & Van
Atta 1990; Yoon & Warhaft 1990; Jayesh er al. 1991; Jayesh & Warhaft 1994). The
difference in the counter-gradient scalar transfer mechanism due to the Prandtl num-
ber has been suggested by the numerical predictions for homogeneous stratified flows
by Deissler (1962), Hunt et al. (1988) and Gerz et al. (1989). A RDT of Hanazaki &
Hunt (1996) based on linear processes showed that in high Prandtl number (Pr > 1)
flows the counter-gradient scalar flux is strengthened at high wavenumbers, while in
low Prandtl number (Pr < 1) flows the counter-gradient flux at high wavenumbers is
suppressed. Their results also showed that stronger counter-gradient transfer is gen-
erated for higher Prandtl numbers. Although our measurements showed significant
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FIGURre 16. The difference in the small-scale motions of stratified water and air flows. (a) The
buoyancy-induced finger-like motion contributes to the counter-gradient scalar transfer in the
stratified water flow. (b) The small-scale finger-like motion is not generated because of the smearing
effect of the molecular diffusion.

effects of the Prandtl or Schmidt numbers on counter-gradient transfer at all scales,
they are in qualitative agreement with the calculations of Hanazaki & Hunt (1996).
In order to illuminate the influence of molecular diffusion on counter-gradient
scalar transfer, the vertical turbulent fluxes of the active scalars are compared in three
stratified flows with different molecular diffusivities in figure 17. Here the heat and salt
fluxes are made dimensionless in the correlation coefficient forms of R,y = v8/v'#’ and
R,. = v¢/v'c’, and they are plotted against the dimensionless time Nt (= Nx/U). The
correlation coefficients intersect zero around Nt = 2.5, The value of Nt = 2.5 falls be-
tween Nt ~ 2.0 predicted and measured by Riley, Metcalfe & Weissman (1981), Hunt
et al. (1988), Hanazaki & Hunt (1996) and Yoon & Warhaft (1990) and Nt ~ 3.0
measured by Lienhard & Van Atta (1990) and Itsweire et al. (1986) for homogeneous
stratified flows. The counter-gradient scalar transfer is more pronounced for high
Prandt! and Schmidt numbers and the salt flux with the highest Schmidt number veri-
fies the oscillating behaviour Nt > 3 that has been predicted by the numerical simula-
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FIGURE 17. Comparisons of the correlation coefficients of the scalar fluxes between three unsheared
stratified flows: O, Ry in the thermally stratified water flow with Ny = 1.75 s7!; @, R,. in the
salt-stratified flow with Ny = 2.17 s7!; 4, R,g in the thermally stratified air flow with Ny = 2.42 s™!
(Lienhard & Van Atta 1990); x, R, in the thermally stratified air flow with Ny = 2.68 s~ (Jayesh
et al. 1991).

tions. At the initial stage Nt = 2 ~ 3, the coefficients of the present heat and salt fluxes
are close to the measurements of Lienhard & Van Atta (1990) and Jayesh et al. (1991)
for air. In particular, it should be noted that the larger Prandtl number or Schmidt
number lengthens the first buoyancy oscillating period of the counter-gradient fluxes.
Thus, we can see the strong influence of molecular diffusion on counter-gradient trans-
fer for Nt > 3, but it has been controversial whether it is the molecular diffusivity
or the Reynolds number that has more influence on counter-gradient transfer (Gerz
et al. 1989; Holt et al. 1992). It is especially uncertain whether counter-gradient scalar
transfer at small scales is a characteristic of low Reynolds number flows that occur
even in stratified air flow with Pr =~ 0.7. To investigate the influence of the Reynolds
number, the cospectra of v and 0 were measured in thermally stratified water flow
with the higher Reynolds number of Re, ~ 35 at x/M = 6 (Rey = 5000) and the ini-
tial temperature difference of AT = 15 K (see table 1). The value of Re, ~ 35 is close
to that for most of the data obtained in the thermally stratified air flows of Lienhard
& Van Atta (1990) and Jayesh et al. (1991). In the thermally stratified water flow with
Re, ~ 35, counter-gradient heat flux is not observed for x/M < 20 (Nt < 2) where
the present measurements were limited, as shown in figure 18. However, it seems
evident from the cospectrum at x/M = 20 in figure 19 that counter-gradient transfer
begins to occur at small scales even for Re, ~ 35. This together with the cospectra in
Lienhard & Van Atta (1990) and Jayesh et al. (1991) suggests that counter-gradient
scalar transfer at small scales is a mechanism characteristic of high Prandtl or high
Schmidt number flow. Further our recent direct numerical simulations of thermally
stratified air and water flows with the same turbulence Reynolds number (Nagata &
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FiGURE 18. Correlation coefficient of the vertical heat flux in unsheared strongly thermally stratified
flows with different Reynolds numbers: (O, Re; = 20 and Rey = 2500; B, Re, ~ 35 and Rey =

5000.
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FIGURE 20. Typical vertical profiles of the mean (a) velocity, (b) temperature and (c) salinity in
sheared thermally and salt-stratified flows with the initial velocity difference of AU = 2 cm s~ and
the initial density difference corresponding to AT = 15 K: O, x/M = 6, A, x/M = 10; O, x/M
= 14.

Komori 1996; Komori 1996) have predicted a quite similar influence of the Prandtl
number on counter-gradient heat transfer. Also Gerz & Yamazaki (1993) predicted
this influence of Pr. On the other hand, Gerz & Schumann (1991) suggested that
for much higher turbulent Reynolds numbers counter-gradient transfer may occur
at small scales even in a stratified air flow. When we consider the violent mixing
at small scales in much higher turbulent Reynolds number flows, together with the
generation mechanism of the counter-gradient scalar transfer (figure 12), we expect
counter-gradient transfer in air at small scales. Although it may be difficult to get
strong stratification in very high Reynolds number flows, it would be of interest to
investigate counter-gradient transfer in a wind tunnel in a future study.

3.2. Effects of mean shear on counter-gradient scalar and momentum transfer

Figure 20 shows typical vertical profiles of the mean velocity together with mean
temperature and salinity profiles in sheared thermally and salt-stratified flows with
the initial velocity difference of AU = 2 cm s~ and the initial density difference corre-
sponding to AT = 15 K. Here AT = 15 K corresponded to a salinity difference of AC
= 95 mol m~3. For the present small velocity difference, the mean velocity, tempera-
ture and concentration profiles at x/M > 6 become almost linear in the central region
[v/M| < 0.2, and therefore the present flow structure may be rather closer to that in
a homogeneous stratified flow. In fact, flow visualization has shown that the structure
of the roll-up characteristic of a mixing-layer flow appears clearly for x/M < 4 just
behind turbulence-generating grids, but for x/M > 6 it rapidly disappears because
of weak shear, as inferred from turbulence kinetic energy budget in figure 21. In the

energy budget, each term is normalized by [ /M and the dissipation was roughly
estimated under the assumption of isotropic and frozen turbulence. The magnitude of
the dissipation normalized by #2U /M was comparable to the previous measurements
(Lienhard & Van Atta 1990; Itsweire et al. 1986; Stillinger et al. 1983). For reference
the streamwise variations of the local gradient Richardson number are shown in
figure 22. The variations are not large and therefore they show that the present
stratified flows are close to sheared homogeneous stratified flows for x/M > 9.
Figures 23(a) and 23(b) show the streamwise distributions of the vertical heat and
salt fluxes versus mean shear in thermally and salt-stratified water flows with the
same initial density difference corresponding to AT = 15 K. Figures 24 and 25 show
the cospectra of the vertical heat and salt fluxes at x/M = 10 and 14 in these sheared
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FIGURE 21. The normalized turbulence kinetic energy budget in sheared (a) thermally and (b)
salt-stratified flows with the initial velocity difference of AU = 2 c¢m s~ and the initial density
difference corresponding to AT = 15 K: O, viscous dissipation; @, shear production; A, buoyancy
production.
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FIGURE 22. Streamwise distributions of the local gradient Richardson number in sheared thermally
and salt-stratified flows with the initial velocity differences of AU = 2 cm s™' and 3 cm s~! and the
initial density difference corresponding to AT = 15 K: O, thermal stratification with AU = 2 cm
s71; A, thermal stratification with AU = 3 cm s7'; @, salt stratification with AU = 2 cm s™!; A,
salt stratification with AU = 3 cm 5.

stratified flows. It is seen that the mean shear acts to reduce the counter-gradient
scalar fluxes mainly at large scales. When the heat and salt fluxes are plotted against
Nt as shown in figure 26, their fluxes are roughly correlated by a unique curve.
Figures 27(a) and 27(b) show the normalized momentum fluxes with the scalar flux
in sheared thermally and salt-stratified flows with the same initial density difference
of AT =15 K and AC = 95 mol m—> and the initial velocity difference of AU = 2
cm s7!. It should be emphasized that counter-gradient momentum transfer is more



228 S. Komori and K. Nagata

T

—_
N

~vc/U AC
& o
[ S R R [ Nt H S R RS S S Bt HE R B I S
i

(@)

—~
X
—
<
&
~

—v0/UAT

[=

PN
X
—
<
—_
LS Y
T I B S S B G B U S S S S S B B
i
.
4

TR HN SRS AN N T U N N B Y S
TN S SN N NG SUNS SR S R B

|
N

|
N

(=
W
—
<
—
wh
[\
(=
N
W

5 10 15 20 25
x/M x/M

FIGURE 23. (a) Streamwise distributions of the normalized heat flux versus x/M in sheared and
unsheared thermally stratified flows with the initial density difference corresponding to AT = 15
K: O,AU =0cms™; V,AU =2 cm s7!; O, AU = 3 cm s7L. (b) Streamwise distributions of
the normalized salt flux versus x/M in sheared and unsheared salt stratified flows with the initial
density difference corresponding to AT = 15K: @, AU =0cms!; ¥, AU =2 cm s!; ¢, AU
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FIGURE 24. Cospectra of the vertical heat flux in the sheared thermally stratified flow with the
initial temperature difference of AT = 15 K; (a) at x/M = 10; (b) at x/M = 14. The cospectra are
normalized by UAT.

clear in salt stratification than in thermal stratification. For reference, the momentum,
heat and salt fluxes are compared in the correlation coefficient form in figure 28. The
correlation coefficients of the vertical heat and salt fluxes, R,y and R, are close to
those of the vertical momentum flux, R,,, whereas the correlation coefficients of the
longitudinal heat and salt fluxes, R4 and R, are larger than R,g, R, and R,,.

To interpret the counter-gradient momentum transfer mechanism, the strongest salt-
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HGURE 25. Cospectra of the vertical salt flux in the sheared salt-stratified flow with the initial
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FIGURE 26. Streamwise distributions of the normalized heat and salt fluxes versus Nt in sheared
density-stratified flows with the initial density difference corresponding to AT = 15 K: V, thermal
stratification with AU = 2 cm s™!; ©, thermal stratification with AU = 3 cm s™!; ¥, salt stratification
with AU = 2 cm s™!; @, salt stratification with AU = 3 c¢m s~L.



230

10

S. Komori and K. Nagata

10

x 1072 b x 1072 i
( ) (a) ] ( r )
8 8 I B
(IS 1 % f 1
3 1 3 '
T v . T ¥ 1
I 4 4 10 4L .
< ¥ J < v 4
12 v ‘E] r
= 2 — = 2t L 4 -
17 v N
J [ Vg T ] = Vv 4
0 VY o g o 0 - X
v Ev Vv
-2 L 1 L -2 i K 1 bl
0 5 10 15 20 25 0 5 10 15 20 25
xIM xIM
FIGURE 27. (a) Streamwise distributions of the normalized momentum and heat fluxes in the

sheared thermally stratified flow with the initial velocity difference of AU = 2 cm s~! and the initial

temperature difference of AT = 15 K: V, —iw/ AT’ ; V, —08/AUAT. (b) Streamwise distributions
of the normalized momentum and salt fluxes in the sheared salt-stratified flow with the initial
velocity difference of AU = 2 cm s™! and the initial salinity difference of AC = 95 mol m™3: V,

—#/AT; ¥, —5¢/AUAC.
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Figure 28. Distributions of the correlation coefficients versus Nt in sheared (a) thermally and (b)
salt-stratified flows with the initial velocity difference of AU = 3 cm s™! and the initial density
difference corresponding to AT = 15 K: O, Ry, = @/u'v' ; A, Ryp = v0/0'¢; 0, Ryg = uf/u't/; @,
R, =uw/uv'; A, R, =7v¢/v'c’; B, R, =uc/u'c.

stratified flow with the initial density difference of AC = 133 mol m~ corresponding
to the temperature difference of AT = 20 K and the initial velocity difference of
AU = 2 cm s! was analysed. The counter-gradient momentum and salt fluxes were
clearly observed in the region 10 < x/M < 15. Figure 29 shows the cospectra of u
and v, Csy,, at x/M = 6, 10 and 14. When the cospectra Cs,, are compared with the
cospectra Cs,, in the same flow (figure 30), it is found that for sheared stratified flows
the counter-gradient momentum transfer mechanism is quite similar to the counter-
gradient scalar transfer mechanism. That is, the counter-gradient momentum flux first
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FIGURE 29. Cospectra of u and v in the sheared salt-stratified flow with the initial velocity difference
of AU =2 cm s™! and the very large initial density difference of AC = 133 mol m~3: (a) at x/M
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FIGURE 30. Cospectra of v and c in the sheared salt-stratified flow with the initial velocity difference
of AU = 2 cm s7! and the very large initial density difference of AC = 133 mol m™: (a) at x/M
= 6; (b} at x/M = 10; (¢) at x/M = 14. The cospectra are normalized by AUAC .

appears at small scales, and it prevails to large scales. The physical mechanism can
easily be understood, if we consider buoyancy-driven small- and large-scale motions
of the accelerated low-density fluid (¢ > 0,p < 0) and the decelerated high-density
fluid (u < 0, p > 0) as well as the counter-gradient scalar transfer mechanism shown
in figure 12. The momentum transfer mechanism has been qualitatively supported by
LES of Kaltenbach er al. (1994) but the present results are different from the results
of Rohr er al. (1988) which show little counter-gradient transfer at small scales. It
should be particularly noted that in the measurements of Cs,, by Rohr et al. (1988)
the counter-gradient momentum transfer occurs at small scales in neutral stratification
and the conceptual model of Gerz & Schumann (1996) also supports counter-gradient
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are normalized by AT .

transfer at small scales. However, the present measurements do not show any counter-
gradient transfer at small scales in neutral stratification, as shown in figure 31. The
difference may be due to the difference in the flow structure between homogeneous
stratified flows (Rohr et al. 1988; Gerz & Schumann 1996) and the present stratified
mixing-layer flows. However, linearized two-point correlation equations of Deissler
(1961) have shown that down-gradient momentum transfer occurs at small scales in
neutral stratification as well as in the present measurements. Of course, we should
discuss whether the small-scale momentum transfer in neutral stratification can be
described by a linear process (Gerz & Schumann 1996; Hanazaki & Hunt 1996). In
the flow of Rohr et al. (1988) in an open channel with a low aspect ratio, the sign
of the mean velocity gradient may slightly change due to the retardation effect of
the free surface. Thus, it will be of interest to investigate more carefully whether
the difference in the counter-gradient transfer mechanism at small scales in neutral
stratification is caused by the difference between homogeneity and inhomogeneity.

3.3. Difference in diffusion of active heat and passive mass

Figure 32 shows the streamwise distributions of the normalized vertical fluxes of the
active heat at Pr ~ 6 and the passive mass at Sc ~ 600 (sodium fluorescein dye)
in unsheared strong thermal stratification. The difference between the fluxes clearly
appears for x/M > 8 where counter-gradient transfer begins to occur. The counter-
gradient flux of the passive mass is about 10 % larger than that of the active heat. The
difference is more obvious in the counter-gradient fluxes in strong stratification than
in the neutral case with large down-gradient fluxes, since the difference is attributed to
the difference in the molecular diffusivities of the passive mass and active heat. Hunt
(1985) has suggested a larger difference between active heat and passive mass, but the
large difference between active and passive scalars is expected for different initial and
boundary conditions as shown by Kaltenbach et al. (1994). The present thermally
stratified flows have the same initial and boundary conditions for the active heat
and the passive mass, i.e. the passive mass is well premixed in the high-temperature
upstream (see figure 1). Therefore, the difference in the diffusion of the active heat
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FIGURE 32. Streamwise distributions of the normalized vertical fluxes of the active heat and passive

mass in the unsheared thermally stratified flow with Ny = 1.75 s71: O, —v8/UAT ; @, —v¢/UAC.

and the passive mass is small, and it occurs mainly at small scales as shown by the
cospectra in figure 33(a). Figure 33(b) shows the coherence between the temperature
fluctuation of the active heat and the concentration fluctuation of the passive mass
at x/M = 14 in the same stratified flow. The coherence indicates that the correlation
between the passive mass and the active heat rapidly decreases in the high-frequency
region f > 10 s™1. The rapid decrease of the correlation at small scales is generated by
the large difference between the molecular diffusivities of the active heat and passive
mass, since the present decaying turbulence is weak and suppressed by buoyancy
in strong stratification. This can also be confirmed from the power spectra of the
active heat and passive mass shown in figure 33(c). In addition to the difference in
the magnitudes of two spectra, the cutoff frequency of the spectra clearly shows the
effect of the molecular diffusivity. The influence of the molecular diffusivity is also
significant in the scalar dissipation rates as shown in figure 34, and therefore the
mean-squared temperature fluctuation decays more rapidly in the downstream region
than the mean-squared concentration fluctuation as shown in figure 35.

4. Conclusions

The effects of molecular diffusivities and mean shear on counter-gradient scalar
and momentum transfer were investigated in both sheared and unsheared density-
stratified mixing-layer flows downstream of turbulence-generating grids. The main
results from this study can be summarized as follows.

(i) The counter-gradient scalar and momentum transfer in stable stratification is
strongly affected by the molecular diffusivity of the active scalar. For stratified water
mixing-layer flows, the counter-gradient scalar and momentum fluxes are first ob-
served at small scales, and then they spread to large scales. The counter-gradient
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fluxes are generated by buoyancy-induced motions and in particular finger-like mo-
tions are significant at small scales in stratified water flows. The counter-gradient
scalar transfer mechanism is quite different for unsheared stratified water and air
flows with different Prandtl or Schmidt numbers, since the small-scale motions in
air flows more rapidly lose their available potential energy by molecular diffusion
than the motions in water flows. Larger Prandtl or Schmidt numbers increase the
buoyancy-oscillation period of the scalar fluxes. The time-oscillation of the counter-
gradient scalar fluxes appears at large scales and the counter-gradient scalar fluxes at
small scales persist without oscillating.

(ii) The mean shear acts to reduce counter-gradient scalar and momentum trans-
fer in sheared stratified flows, but momentum transfer is generated by a similar
mechanism to scalar transfer in unsheared stratified flows. In neutrally strat-
ified mixing-layer flows, counter-gradient momentum transfer does not occur at
small scales, which is in contrast to the previous studies of sheared homogeneous
flows.

(ii)) The difference in diffusion between active and passive scalars appears in strong
thermal stratification. When the same initial and boundary conditions are applied to
temperature and concentration fields, the counter-gradient flux of the passive mass
becomes about 10% larger than that of the active heat. The difference is largest at
small scales.
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