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Abstract We study experimentally stably stratified sheared turtzdesmd large-scale flows and waves in a lid driven cavity with a
non-zero vertical mean temperature gradient. Geomeficglerties of the large-scale vortex (e.g., its size anehf@nd the level of
small-scale turbulence inside the vortex are controllethieybuoyancy (i.e., by the temperature stratification). dlserved velocity
fluctuations are produced by the shear of the large-scatextoht larger stratification obtained in our experimenke strong turbu-
lence region is located at the upper part of the cavity wheeddrge-scale vortex exists. In this region the Brunt-#&isrequency is
small and increases in the direction outside the largeesaatex. This is the reason of that the large-scale intagreality waves are
observed in the regions outside the large-scale vortex.oided these waves by analyzing the non-instantaneous atorefunctions

of the temperature and velocity fields. The observed lacgéesvaves are nonlinear because the frequency of the watesrdned
from the temperature field measurements is two times sntaerthat obtained from the velocity field measurements. rasured
intensity of the waves is of the order of the level of the terapge turbulent fluctuations.

EXPERIMENTAL RESULTSAND COMPARISON WITH THE THEORETICAL PREDICTIONS

A number of studies of turbulent transport in lid-driven itgflow have been conducted in the past, because the lickalriv
cavity is encountered in many practical engineering andstrial applications, and serves as a benchmark problem for
numerical simulations. Detailed discussions of the sthtbeart of the different studies of isothermal and temperat
stratified lid-driven turbulent cavity flows have been psbéd in several reviews (see, e.g. Refs. [1, 2]).

The main goal of this study is to investigate experimenttiiply stratified sheared turbulent flows in a lid driven tawi
order to identify the parameters governing the mean andikembflows and to understand their effects on the momentum
and heat transfer. The experiments have been carried olititgven turbulent cavity flow generated by a moving wall
in rectangular cavity filled with air. Heated top wall and bbottom wall of the cavity impose a temperature gradient i
the flow which causes temperature stratification of the aidmthe cavity. The velocity field have been measured using
a digital Particle Image Velocimetry (PIV) system. We haetedmined the mean and the r.m.s. velocities, two-point
correlation functions and an integral scale of turbulemomfthe measured velocity fields. The temperature field hes be
measured with a temperature probe equipped with twelveeBrtbcouples (for details see Ref. [3]).

These experiments demonstrate strong modification of ttenrflew patterns with an increasing temperature difference
AT between the hot top wall and the cold bottom wall of the caftityat implies an increasing of the bulk Richardson
numberRi, = gaATH,/UZ). Herea is the thermal expansion coefficieif, = 118 cm/s is the lid velocityH, =

24 cm is the vertical height of the cavity andis the gravitational acceleration. In isothermal flow tharary mean
circulation (the main vortex) occupies the entire cavityd &vo weak secondary mean vortexes are observed at the lower
corners of the cavity. WheAT is gradually increased, the position of the main vortex iftesth to the left, while the
position of the right weak secondary vortex is shifted uplsaand its size increases. Note that the top wall of the cavity
moves in the left direction. At a further increase of the tenagure difference the main vortex is pushed upwards,z&s si
decreases, and the weak secondary mean flow is also strdvagiged.

There are three regions in the mean flow for large stratiicata relatively strong mean flow in the upper part of the
cavity including a main vortex in its left side, a mean shddlew with a lesser mean velocity in its right side, and a very
weak mean flow in the rest of the cavity. Therefore, when thength of stable stratification increases, the main vortex
tends to be confined to a small zone close to the sliding toandito the left wall of the cavity. The stable stratification
suppresses the vertical mean motions, and, thereforempact of the sliding top wall penetrates to the smaller depth
into the fluid. Temperature varies strongly in the bottongstmt part of the flow with a stable stratification.

There are two regions in the flow where the magnitude of tertutinetic energy differs significantly for stronger strat
ifications. Strong (weak) turbulence is observed in regieitis strong (weak) mean flow. For instance, in the case with
the largest stratificationT = 54 K (Ri, = 0.29) obtained in our experiments, the turbulent kinetic enengihé strong
turbulence region is by a factor 30 larger than that in thekwaebulence region. The strong turbulence is produced by
the shear of large-scale vortex. The size of the shear-peatiturbulence region due to the main vortex decreases with
increase of the stratification.

To characterize the change in the mean flow pattern with ttre&se of the stratification, we determined the maximum
vertical sizeL, of the main (energy containing) large-scale circulatiorsus the temperature differengel’ between

the bottom and the top walls of the chamber obtained in therxgnts. The lengtlh, is determined directly from the
measured mean flow energy values as a location in the flow whemmean flow energy is by a factor 10 smaller than
the maximum mean flow energy. We found that the maximum \&@rize L, of large-scale circulation is nearly constant



whenAT < 25K, and it decreases WithT asL, « 1/AT for AT > 25 K.

This scaling can be understood on the base of the budgetieqsiédr the mean velocity and temperature fields. Indeed,
using the budget equation for the mean kinetic enéfgy= pU? /2, we obtain that the change of the mean kinetic energy
§Ey is of the order of the work of the buoyancy fore&/? /2 ~ p3(dT) L., wherep is the fluid density3 = g/T is the
buoyancy parametér, is the mean temperature with the reference vélyeandJdT is the change of the mean temperature
over the size of the large-scale circulatibp. On the other hand, the budget equation for the squared reagretature,
T2, shows that the change of the mean temperatiirever the size of the large-scale circulatibp is of the order of

the temperature differena®7 between the bottom and the top walls of the chamber. Thigyitle following scaling:

L, ~U?/BAT.

This implies that the size of the shear-produced turbuleeg®mn due to the main vortex decreases with increase of the
stratification. In this region, the component of the mearoigy along the moving wall of the cavity/,, is nearly
constant (it does not change witkiI"). Substituting the vertical size of the turbulence regibp, into the mean shear

S =dUy/dz ~ Uy/L., we obtaindU, /dz ~ U,BAT/U?* ~ BAT/U, where we have taken into account thgt~ U.
Therefore, the value of shear increases with, and, consequently, the shear production fate v,.S? increases with

the increasing of the stratification, where ~ ¢.u, is the turbulent viscosity and, is the integral scale of turbulence
in the vertical direction. Now let us estimate the turbulkimetic energy,ou?/2, using the budget equation for this
quantity: pu?/2 ~ 110, Ju, ~ ¢25% ~ (2(BAT/U)?, whereu is the turbulent r.m.s. velocity. Since the mean velocity
is nearly constant foAT" > 25 K, andu ~ (. BAT/,/pU (see the above estimate), the turbulent velocity increaites

the increase of the stratification. Here we have taken intowat the results of our measurements which show that the
integral scale of turbulence in vertical direction doescatange strongly with the change Afl’ whenAT > 25 K.

The internal gravity waves with the frequency= Nk, /k can be excited in stably stratified flows, whéres the wave
number,k;, is the horizontal wave number and = (3 V.7T)'/? is the Brunt-Vais&la frequency. In our experiments
in the region of the cavity with a weak turbulence we obsethedarge-scale internal gravity waves with the period of
about 22 seconds. In particular, we found that the normdiliree-point non-instantaneous correlation functitir) =
(6T (2,t)0T (2,t + 7)) /{6T?(z,t)) of the large-scale temperature field determined for diffeteversus the time has a
form of the Lorentz functionR(7) = exp(—7/79) cos(woT) With 70 = 13 s andwy = 0.286 s~!, which corresponds to
the period of the waver/w, = 22 seconds. HeréT = T — T, andT is the sliding averaged temperature (witB5
seconds window averagd), = (T)(** and{...)*®) is the 6.7 minutes average. Such form of the correlationtfanc
R(7) indicates the presence of the large-scale waves with ramfases. The memory or correlation time for these
waves is about1 s. In our analysis the temperature field is decomposed ie tfifeerent parts: small-scale temperature
fluctuations, the mean temperature field and the large-sealperature field corresponding to the large-scale interna
gravity waves.

We also performed similar analysis for the vertical largatls velocity field. In our analysis the velocity field is de-
composed in three different parts: small-scale velocitgtélations, the mean velocity field and the large-scale ¥gloc
field corresponding to the large-scale internal gravity@avComparison of the normalized one-point non-instaioiase
correlation functionR,,(7), of the vertical large-scale velocity field with that of thertperature fieldR(r) shows that

for short time scalesr(< 10 s) these correlation functions are different. This impthest for these time-scales the wave
spectra of the large-scale velocity and temperature figlelslifferent. Indeed, the spectral analysis of these caticel
functions shows a single peak for the vertical large-scaleoity and the large-scale temperature field, with 2:1deswy
ratio for these fields. The reason for such behaviour may teranpetric nonlinear excitation of these waves and inter-
action of the wave temperature and velocity fields. This akso be an interaction of nonlinear internal gravity waves
and the large-scale Tollmien-Schlichting waves in she&udsllent flows (see Ref. [4]). The observed features can be
interpreted as a combination of standing and propagativgswahich can be excited by the interaction of the mean flow
and the walls of the cavity.

We found that the level of the intensities of turbulent terapgre fluctuations are of the same order as the energy of
the large-scale internal gravity waves. These turbulewctidhtions are larger in the lower part of the cavity where the
mean temperature gradient is maximum. In the upper parteofahity the shear caused by the large-scale circulation is
maximum, and the mean temperature gradient is decreased.
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