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Turbulence structure in stably stratified open-channel flow
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The effects of stable stratification on turbulence structure have been experimentally
investigated in stratified open-channel flow and a theoretical spectral-equation model
has been applied to the stably stratified flow. The measurements were made in the
outer layer of open-channel flow with strongly stable density gradient, where the wall
effect was small. Velocity and temperature fluctuations were simultaneously measured
by alaser-Doppler velocimeter and a cold-film probe. Measurements include turbulent
intensities, correlation coefficients of turbulent fluxes and coherence—phase relation-
ships. These turbulent quantities were correlated with the local gradient Richardson
number and compared with the values calculated using a spectral-equation model
and with other laboratory measurements. In stable conditions, turbulent motions
approach wavelike motions, and negative heat and momentum transfer against the
mean temperature and velocity gradient occurs in strongly stable stratification.

1. Introduction

Fluids appearing in the environment are in motion, and usually the flow is
turbulent. In addition, since heat transfer on an environmental scale usually involves
buoyancy effects, it is important to know the interaction between buoyancy and
turbulence. One such flow configuration is stratified shear flow, which has been an
important subject of study in the atmospheric boundary layer, the ocean and in many
industrial operations. A large number of field investigations have been performed in
the surface layer under stable conditions by many geophysicists: Wyngaard, Cote
& Izumi (1971), Haugen, Kaimal & Bradley (1971), McBean & Miyake (1972) and
others. Laboratory experiments have been performed by Webster (1964), Young
(1975), Arya & Plate (1969), Arya (1975) and Piat & Hopfinger (1981) in wind tunnels
and by Ellison & Turner (1960), Schiller & Sayre (1975), Mizushina et al. (1978) and
Komori et al. (1982 a) in open channels. Of these measurements, the field observations
and some of the laboratory experiments (Arya & Plate 1969; Arya 1975) have been
conducted in the stably stratified boundary-layer flow generated by cooling the wall
or ground. In the stratified wall region or atmospheric surface layer with large
temperature and velocity gradients, the turbulence shear-production rate is strongly
affected by buoyaney, so that organized turbulent motions (bursting phenomena) are
extremely changed. Contrary to such stratified flow, Webster’s and Young’s flows are
grid-generated turbulent flows with vertical temperature and velocity gradients in
the outer layer in specially designed wind tunnels. Mizushina ef al. (1978) and Komori
et al. (1982a) also conducted the experiments in the developed stratified outer-layer
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flows generated by heating the top of the outer layer in an open channel, and Piat
& Hopfinger (1981) measured the turbulence quantities in a developing stratified
boundary layer generated by discharging the warm air above the cold lower stream
in a wind ~nnel. As discussed in a previous paper (Komori et al. 1982b), the stratified
outer-layer flows are relatively free of wall effects and can be presumed to be close
to a nominally homogeneous free shear flow in local equilibrium. Launder (1975) and
Gibson & Launder (1978) showed theoretically that the local gradient Richardson
number becomes a significant parameter for representing the stability in such a free
shear flow in local equilibrium; energy production by the combined effects of mean
shear and buoyancy being approximately balanced by viscous dissipation. Experi-
mentally, Webster (1964), Young (1975), Mizushina et al. (1978) and Komori et al.
(1982a) have confirmed that eddy diffusivities and some turbulence quantities are
well correlated with the local gradient Richardson number. Ueda, Mitsumoto &
Komori (1981) also observed the same stability dependences of eddy diffusivities in
the atmospheric boundary layer above the surface layer as those obtained in the outer
layer of a stratified open-channel flow (Mizushina et al. 1978). Although it is of interest
for both an experimentalist and a theoretician to clarify the detailed structure of such
stably stratified flow close to a free shear flow in local equilibrium, only a few
investigations of the detailed structure have been performed.

The purpose of the present paper is to clarify in more detail the buoyancy effects
on the turbulence structure in a developed stably stratified outerlayer in open-channel
flow. The present flow configuration is the same used in the previous works (Mizushina
et al. 1978; Komori et al. 1982a), and it may be similar to that of Piat & Hopfinger
(1981). Piat & Hopfinger (1981) investigated the effect of stratification on the
distributions of turbulence quantities during the developing process of the boundary
layer in a wind tunnel, whereas the present study was focused on the change of the
turbulence structure due to buoyancy effects in a developed flow close to local
equilibrium. To obtain the developed stable conditions, the present stratified flow was
produced by heating-the free surface (the top of the outer layer) of the open-channel
flow in the region where the flow had been a fully developed flow under neutral con-
ditions. Inthedeveloped stratified flow, turbulence quantites were measured and corre-
lated by the local gradient Richardson number defined by Ri = B¢(2T /y)/(©U /oy?),
where £ is the expansion coefficient, g the gravitational acceleration, 7 the
mean temperature, U the mean velocity and y the vertical distance from the wall.
In order to attain a theoretical insight into the measurements, a spectral-equation
model developed by Deissler (1958, 1967, 1971) was applied to a stably stratified shear
flow with constant temperature and velocity gradients, and compared qualitatively
with the experimental results.

2. Spectral-equation model

The present spectral-equation model is the same as that used in the papers by
Deissler (1958, 1971) and the previous work (Komori et al. 1982a, b). The spectral-
equation model is applicable to nominally homogeneous shear flow close to local
equilibrium, and has an important advantage in the prediction of pressure correla-
tions, which play a substantial role in the stratified flow but cannot be measured.
The basic equations are the Navier—Stokes, energy and continuity equations for
an incompressible flow with constant temperature and velocity gradients in the
vertical direction. Under the assumptions of homogeneity and the neglect of triple
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correlations, two-point correlation equations in the spectral form are written as
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where E;; is the spectrum function of (u;),(u;)p at two points 4 and B non-
dimensionalized by vr,/[/,(0U/dy)], E;s the spectrum function of (u;),(6)p non-
dimensionalized by v/[Jy(0T/0y)], Eg the spectrum function of (8),(0)y
non-dimensionalized by v(0U/2y)/[r,J,(0T/dy)?], k the wavenumber non-dimen-
sionalized by [v1,/(QU /Oy) 1t (= [k + (ky— k, T)2 + k2]}), k; the dimensionless wavenum-
ber component in the i-direction, 6 the temperature fluctuation, v the kinematic
viscosity, J, the constant that depends on initial conditions in the dimensional form
of (4), and Pr is the Prandtl number. In (1)-(3) term I is the change per unit of
time (or, in the developing steady flow, advection), term 1I the production by vertical
uniform velocity gradient or temperature gradient, term III the pressure-force
production, term IV the buoyancy production and term V is the dissipation. For
solving the spectral equations (1)—(3), the turbulence is assumed to be isotropic and
temperature fluctuation is assumed to be absent at a non-dimensional initial time
T = 0. The conditions are satisfied by (Deissler 1958, 1967, 1971)

1
By = 15 Gy k*—kiky) (1=0), (4)
Eig=FEp=0 (r=0). (5)

Under these conditions, (1)—(3) can be solved numerically by using a Runge—Kutta
method. By letting the distance between two points 4 and B be equal to zero and
integrating the spectral solutions at a terminal time 7, over the wavenumber k-space,
we can obtain the time-averaged turbulence quantities. The value of the parameter
7, was determined to be four from the comparison with measurements of the velocity
correlation values in neutral flow. Calculations were performed for Richardson
numbers ranging from 0 to 0.5 and a Prandtl number of 5.
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Figure 1. Experimental flume.

3. Experiment

The flows were set up in an open channel of square cross-section, as shown in figure
1. The inside width and the depth were 0.3 and 0.06 m respectively and the length
was 6.1 m. The sidewalls and the bottom were made of smooth stainless-steel plates
lined with 0.03 m thick glasswool to maintain adiabatic conditions. The details of the
experimental set-up used here are described in Komori (1980) and Mizushina et al.
(1978).

To obtain stably stratified flow, saturated steam at 373 K was mildly condensed
on the free surface of the open-channel flow in the region where the flow is a fully
developed turbulent flow. Steam was supplied from a steam box located at a distance
1.6 m downstream from the inlet of the flume.

The measurement station was located at the centre of the flume at a distance 3.0 m
downstream (x/d = 75, d is the flow depth) from the end of the steam box (z = 0).
At this station the stably stratified flow was approximately in a fully developed
condition. The temperature of the water recirculating through the flume was
controlled to within +0.05 K at a fixed temperature in a temperature-regulating
tank. For velocity and temperature measurements a DISA 55L laser-Doppler
velocimeter (LDV) and a miniature TSI 1264 conical cold-film probe operated by a
DISA 55M20 temperature bridge were used. The measuring technique and the
accuracy of the velocity measured by LDV in non-isothermal flow are described in
detail in an earlier paper (Mizushina et al. 1979). In the present experiment, the errors
were estimated to be about +1 9, for the mean temperature and velocity, less than
+29, for the r.m.s. values of the turbulent fluctuations, and about + 39 for the
turbulent fluxes. The voltage outputs from the instruments were converted to digital
signals and processed statistically by a digital computer.

Experimental conditions in the present investigation are listed in table 1. The flow
depth & was maintained at approximately 0.04 m throughout the flume, and the
Reynolds numbers Re (= 4RU,, /v) were 910017 000, where R is the hydraulic radius,
U,, the cross-sectional mean velocity and v the kinematic viscosity. The flows
investigated here were fully turbulent flows under hydraulically subcritical conditions.
In table 1 the bulk Richardson number Ri (= ggR(T,—T,)/U%,) is equal to the
reciprocal of the square of the densimetric Froude number, where the suffixes s and
b denote the free surface and the bottom of the flume respectively. The friction
velocity u* was evaluated by the velocity-profile method (Clauser 1954). Symbols
corresponding to experimental runs in table 1 will be used in the subsequent figures.
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Fiourk 2. Typical distributions of the mean velocity and temperature in a
strongly stable flow: O, /8 = 75; @, 63; RBi = 2.5x 1072, Re = 10000.

4. Results and discussion
4.1. Transport mechanism in stable flow

Figure 2 shows typical distributions of the mean velocity and temperature in a
strongly stable flow. In the figure, U,,, denotes the maximum mean velocity. A
temperature gradient is established in the outer layer where the velocity gradient is
comparatively small and constant, and the distributions of the mean velocity and
temperature do not change noticeably in the flow direction. From these facts, it can
be inferred that the present flow at the measuring station is close to a developed flow.

The turbulence kinetic-energy balance equation for two-dimensional stratified low
with high Reynolds number, in which the work by the viscous shear stresses of the
turbulent motion can be neglected, is given by

1Dg#2  _aU — 0 v q Ou; au,.) Ou;

where ¢? (= u+v? +w?) is the turbulence kinetic energy, u the velocity fluctuation
in the streamwise z-direction, v the velocity fluctuation in the vertical y-direction,
6 the temperature fluctuation, p the pressure fluctuation and p the density. The first
term on the right is the shear-production term, the second the buoyancy-production
term, the third the diffusion term, and the last is the viscous-dissipation term. Each
term in the above equation is made dimensionless with §/u*3, and plotted against
y/d in figure 3 for a neutral flow (run I), a mildly stable flow (run V) and a strongly
stable flow (run VIII) respectively. In these diagrams the viscous dissipation e was
estimated from the normalized power-spectral density S,,(x) of the streamwise
velocity fluctuation by using the Kolmogorov hypothesis for the inertial subrange,
ie.

(6)

Syulk) = el
where « is the wavenumber defined by « = 2nn/U (n is the frequency). The value
of o = 0.517, suggested by Gibson (1962), was used. The sum of the diffusion of
the turbulence energy and the advection was calculated as a residue of (6) on the
assumption that the flow is steady.

Under stable conditions, the shear production term is reduced significantly in the
outer region. In a strongly stable flow, a small negative contribution is observed
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Fiaure 3. Turbulence kinetic-energy balance in stable and neutral flows: (a) a neutral flow (run
I); (b) a mildly stable flow (run V); (c¢) a strongly stable flow (run VIII); —Q-—, shear production;
—-—A~--, buoyancy production; —— @—-—, dissipation; —--—--~. diffusion and advection.

in the region of y/8 2 0.5. This suggests that in strongly stable conditions momentum
is transferred by a buoyancy-driven motion against the mean velocity gradient, which
will be discussed later on. The buoyancy-production term fgv6 makes a negative
contribution in a mildly stable flow (run V), but in a strongly stable flow (run VIII)
it makes a large positive contribution in the outer layer of y/8 > 0.5. This means that
the buoyancy worksso as toreduce the turbulence kinetic energy in weak stratification,
and that in strongly stable conditions turbulence energy is generated by upward heat
transfer against the mean temperature gradient (a positive v6). This buoyancy
production is larger than the negative shear production, and the countergradient
heat transfer occurs in more weakly stable conditions than the countergradient
momentum transfer. The countergradient heat transfer was also observed by Piat
& Hopfinger (1981) in a stratified boundary-layer flow in a wind tunnel. Although
they did not explain this observation, they showed that by adding the molecular
transfer the total heat flux did not change sign. In the present experiments, the
countergradient momentum transfer was approximately compensated by molecular
transfer, but the countergradient heat transfer greatly exceeded the molecular
transfer. This suggests that in a strongly stable flow heat is supplied by advection
from upstream and this heat is pumped up against the temperature gradient. The
present stratified flow was obtained by steam condensation on the free surface of the
open-channel flow in the region where the flow had been a fully developed flow under
neutral conditions. In this flow configuration, the mean temperature gradient was
first formed, and then temperature fluctuations were generated from the interactions
of the mean temperature gradient with the existing velocity fluctuations. Thus, in
the present strongly stable flow with a large positive temperature gradient in the outer
layer, very positively skewed temperature fluctuations may be generated and may
be advected downstream.

In fact, very positively skewed spikes of temperature fluctuation are observed in
a simultaneous recording of 8, v and v6, as shown in figure 4. The intermittent positive
spikes of 6 are accompanied by positive peaks of », and the peaks result in the positive
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Fiaure 5. The ratio of the vertical heat flux by the intermittent upward motion of the hot eddies
to the total vertical heat flux and the time fraction of the appearance of the hot eddies in a strongly
stable flow (run VIII): —QO-. ratio of heat flux; —— @ ———, time fraction.

v@-products shown by the arrows in the figure. In order to estimate the contribution
of these positive v8-products to the total heat transfer, a threshold level was set with
the magnitude of the r.m.s. value of @ in the f-trace, as shown by a dashed line in
figure 4. The heat flux due to the intermittent eddies with higher temperature
fluctuations than the threshold level is calculated and divided by the total turbulent
heat flux. The ratio and the time fraction of the appearance of intermittent eddies
are plotted in figure 5. In the region of /8 2 0.7 or y/é < 0.5, the ratio and the time
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F1GURE 6. v-0 phase angles and coherences in a strongly stable flow (run VIII):
, conventional time average; ------- , conditional time average.

fraction are not plotted, since these spikes could not be distinguished in the
temperature traces. Although the time fraction of the appearance of the positive
spikes is less than 0.29, the ratio attains about 0.75 in the region near /8 = 0.6. This
supports the assumption that intermittent upward motions of the advected eddies
with the positive spikes of temperature fluctuation cause upward heat transfer
against the temperature gradient. The upward motion seems to be a kind of
buoyancy-driven motion, and it may trigger off a breakdown of wavelike motion
under strongly stable conditions.

The presumption can also be confirmed from the velocity—temperature coherence—
phase relationships. In the wave motions the v—6 coherence should be high and the
phase angle should be equal to +in, while the turbulent shear flow has a phase angle
near +7n (McBean & Miyake 1972). Figure 6 shows the v phase angles and
coherences as a function of wavenumber « for three positions in a strongly stable flow
(run VIII). In the almost neutral region, e.g. y/d = 0.2 and Ri = 0.01, ordinary
turbulent motions predominate, so that the phase angles are near —n except for the
range of high wavenumber. In stable stratification of Ri = 0.3 and y/d = 0.41, the
phase angles approach —in and the coherences become somewhat higher in the
wavenumber region of x < 50. The phase—coherence relationships suggest that the
turbulent motions become close to wavelike motions in stable conditions.

In strongly stable stratification of Bi = 0.91 and y/d = 0.61, the phase angles
approach zero in the lower-wavenumber region and coherences become extremely
high. These high coherences without phase shift show the appearance of buoyancy-
driven upward motion of the hot eddy. In order to investigate the background motion
during the absence of the buoyancy-driven motion, we eliminated the v- and §-signals
due to the buoyancy-driven motion by using a threshold level shown in figure 4 and
conditionally calculated the phase angles and coherences. The results show that the
phase angles approach —3n and the coherences become high even in strongly stable
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stratification of B = 0.91 and y/8 = 0.61, as shown by a dashed line in figure 6. These
suggest that also in strongly stable conditions background motion is wavelike motion
and the wavelike motion is intermittently broken down by a buoyancy-driven motion
of the hot eddy.

The countergradient momentum transfer may also be attributed to the buoyancy-
driven motion. However, it is difficult to explain experimentally the mechanism of
the countergradient momentum transfer, since the pressure effect may become
significant, as discussed later on.

In figure 3 the diffusion and advection term in the outer layer of y/§ 2 0.4 is small
under neutral and stable conditions, and the buoyancy and shear productions are
almost balanced by the viscous dissipation. However, the small diffusion and
advection become comparable to or exceed the shear and buoyancy productions in
the range where both the shear and buoyancy productions are close to zero. Thus
the present flow is not perfectly in local equilibrium, but it will be close to a free shear
flow in local equilibrium.

4.2. Correlation of turbulence quantities with local gradient Richardson number

The outer layer of the present flow is close to a free shear flow in local equilibrium,
as mentioned above. From this fact, together with other experimental results in free
shear flows (Webster 1964 ; Young 1975; Mizushina et al. 1978; Komori ef al. 1982a),
it is expected that Ri becomes a scaling parameter in the outer layer. The correlations
of turbulence quantities with R are shown in figure 7, compared with the predictions
of the spectral-equation model and other laboratory measurements (Webster 1964 ;
Young 1975). Here only values measured in the outer layer of 0.4 < y/8 < 0.75 were
adopted and correlated with Ri. In the outer layer the variations of the turbulence
quantities against y/é were very small in neutral conditions, so that the effect of y/4
were negligible.

The ratios of the root-mean-square values of the two velocity fluctuations »" /4’ and
w’/u’ are shown, compared with the other results, where ', v and w’ are the
root-mean-squares of «, v and w respectively, and w is the lateral velocity fluctuation.
The ratio of v /u’” decreases slightly as the stratification shifts from neutral to weakly
stable conditions and then increases as i becomes larger. Although these behaviours
are different from Webster’s and Young’s measurements, the fact that vertical
motions are induced more than horizontal motions under strongly stable conditions,
is very interesting and can be easily understood, since the buoyancy-production term,
which comes from the vertical heat flux in the »? transport equation, has a positive
contribution to 22 production (see figure 3¢). The change of sign of v8 is also predicted
by the present spectral-equation model, and calculations of the terms in the
turbulence kinetic-energy balance equation suggest that the contribution by buoyancy
production becomes positive in the strongly stable condition (figure 8). In contrast
with v'/w’, the ratio w’'/«’ is almost constant in the whole range of Ri.

The correlation coefficient of the Reynolds stress R, = —%w/u'v’ decreases with
increasing R: and has small negative values in the strongly stable range of Ri > 0.7.
A similar behaviour is seen in the distribution of the correlation coefficient of the
vertical heat flux R,, = —v0/v'60’, where 6’ is the r.m.s. value of the temperature
fluctuation 6. That is, the vertical transfers of momentum and heat are suppressed
in weakly stable conditions, and in the extremely stable range of Ri > 0.5-0.7 they
occur against their mean gradients. It can also be seen that the negative value of R,
is larger than that of R,, and the change of the sign of R,, occurs in more weakly
stable conditions. The present data of R, are in good agreement with the laboratory



Turbulence structure in stably stratified flow 23

[ ®

:\I <

= | X
o
&

10[

w
:R\A

el 3 el ool 1ol

o) 0 %P

!
I
<
©
[
TT1i7TT T 1T

T

—0.2 il

RN

Ll

ool el

TTTTTT]

I

- ~w —

0.8 : \\\\ »

0.6 |- N -

- o oL -

00 04f 5 Oy, o

- - o NN _

—u 0.2} o h -

o ——— — — — O—— ———— —  —

02 . F

04T o ol g Sile s e C
0.001 0.01 0.1 1.0 10 0.001 0.01 0.1 1

Ri Ri
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measurements by Young (1975). Webster’s data also show similar decreasing
behaviour with stability. The zero values of R,, and R,, suggest that the turbulent
motion approaches wavelike motion with increasing stability. The correlation
coefficients and the contribution terms in their transport equations (1) and (2) are
calculated by the spectral-equation model and shown in figures 7 and 9. The
calculations of the correlation coefficients are in qualitative agreement with the
measured values; in particular, the prediction of the negative correlation coefficients
is significant (figure 7). The predicted value of R, attains about —0.5 at Bi = 0.5,
although it is beyond the range of the figure. This large negative correlation seems
to support the experimental results; in strongly stable conditions buoyancy-driven
motions appear, so that the phase angles decrease (figure 6). From the calculations
it is also found that the variations of R, and R, are mainly due to the remarkable
increase in the buoyancy term (figure 9). The buoyancy-production terms in the
transport equations of —v8 and — %o are denoted by Sgf? and fgub respectively. The
budgets of these buoyancy terms are calculated by the spectral-equation model and
shown in figure 10. It can be seen that the increase of the buoyancy term fg6? in stable
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model: (2) budget of the shear stress non- dlmenswnahzed by vt (8, —1o) /[J ©@U/dy)]; () budget of

the vertical heat flux non-dimensionalized by vi(¢,—t,)}/[J,( aU/ay) (0T /%y)]; ——, mean-field
production; ——-—. buoyancy production; —---—, pressure-force production; ————, dissipation;
———, advection.

conditions is attributed to the contribution of the advection term. In the present
model, a constant temperature gradient is first formed in the existing isotropic field
at an initial time, and then the temperature fluctuations are produced by the
interactions of the mean temperature gradient with the turbulence (Deissler 1967).
This situation is similar to that of the present experiment, and also in the case of
the model very large temperature fluctuations will be generated from a large positive
temperature gradient in strongly stable conditions. The eddies (parcels) with the large
temperature fluctuations are advected (see the increase of the advection term in
figure 10) and then they are driven by buoyancy. These buoyancy-driven motions
result in the upward heat transfer against the temperature gradient, i.e. a positive v.
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Figure 10. Stability dependence of the budgets of buoyancy production terms calculated from the
model: (a) budget of Ag6? non-dimensionalized by v(t, —t,) (8T /3y)?/[J (0T /dy)]; (b) budget of Bgud
non-dimensionalized by vi(t,—t,)} (0T /3y)?/J,; , mean-field production; ———, buoyancy
production; —--—, pressure-force production; ———-. dissipation; ———, advection.

The increase in the buoyancy production term fgu8 in the transport equation of
—awis attributed to the increase in both the advection and pressure-force production
terms (figure 10). The pressure-force term works so as to reduce — @v in weakly stable
conditions, whereas in strongly stable conditions it makes a large positive
contribution. Although the mechanism of the interactions between pressure and
temperature is not clear, this behaviour of the pressure-force term may also be caused
by the buoyancy-driven motions mentioned above.

The ratio —vf/u of the vertical to the streamwise heat flux decreases rapidly
with increasing stability and ultimately crosses the zero value. Except under strongly
stable conditions, the present behaviour is in good agreement with Young’s and
Webster’s data. The behaviour predicted by the spectral-equation model is also in
qualitative agreement with the present measurements (figure 7).

5. Conclusions

Buoyancy effects on the turbulence structure in the outer layer of stably stratified
open-channel flow have been investigated experimentally and a theoretical consider-
ation has been added. The main results from this study can be summarized as follows.

(1) The outer layer of the present flow is close to local equilibrium, and there the
local gradient Richardson number B: becomes a significant parameter for representing
the buoyancy effects. Turbulence quantities in stable conditions are well correlated
with Ri, and their variations with Riare qualitatively predicted by a spectral-equation
model based on two-point correlation equations.

(2) Instable conditions, luctuating motions become close to wavelike motions, and
turbulent heat and momentum transfer against the mean temperature and velocity
gradients occurs in strongly stable stratification. Especially, the countergradient heat
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transfer in the vertical direction is remarkable, and it is due to the intermittent
buoyancy-driven motions: in the present flow configuration, the intermittent upward
motions of the advected eddies with higher temperature than the mean temperature.
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