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We investigate the evolution of grid turbulence under the action of a stable
(negatively buoyant), linear, temperature profile. The experiment was carried out in
a large, open circuit, low-speed wind tunnel 0.91 x 0.91 m? and 9.14 m in length
specially designed for the study of stratified turbulence. The temperature gradient,
formed at the entrance to the plenum chamber of the tunnel by means of an array
of 72 horizontal, differentially heated elements was varied from 0 to 55 °C/m, giving
a maximum Brunt-Vaiiséla frequency N of 1.3 s7*. The grid mesh M was 2.54 cm and
the mean velocity U was varied from 2.8 to 4.2 m/s. Thus the mesh Froude number
Fry, = U/(NM) was varied from oo to 84.8 for the passive and most stable case
respectively. We show that there are distinct stages in the evolution of the flow and
these are determined by the turbulence Richardson number Ri,, which is the square
of the ratio of the turbulence to stratification timescales (N7)%. For Ri, < 0.1 the flow
is dynamically passive and the vertical heat flux correlation coefficient p,, is
constant with a value of —0.7. From Ri, = 0.1 (where the turbulent potential energy
is approximately 5% of the vertical kinetic energy) to Ri, = 1 the heat flux begins
to decay under the action of the buoyancy forces and the vertical velocity variance
w? decays more rapidly than for the neutral case. By Ri, ~ 1 the turbulent potential
energy is nearly as large as the vertical kinetic energy and the magnitude of the ratio
of the buoyancy to mechanical dissipation terms in the kinetic energy budget reaches
a maximum and then rapidly diminishes as the heat flux completely collapses (by
Ri, = 2). For Ri, > 2 the heat flux remains small except for the most stable case
studied where a significant net counter gradient heat flux occurs. Here the vertical
velocity variance increases as it draws its energy from the potential energy field. For
all experiments the mechanical to thermal timescale ratio remains relatively
constant up until Ri, &~ 1 and then increases from 1.1 to a maximum value of 2. The
ratio of the r.m.s. longitudinal to vertical velocity fluctuations (F)i/ (w?)}, increases
from the passive value (of 1.1) to a maximum of approximately 1.6 at Ri, ~ 1 and
then decreases as the heat flux collapses. No direct evidence of internal waves is
found from the single-point measurements. The results are presented in terms of
relevant lengthscale ratios determined from auto-correlation functions, spectra and
from integrated quantities such as variance and dissipation rates. Particular
attention is paid to a comparison with previous work, especially that of Lienhard &
Van Atta (1990), the only other wind-tunnel experiment on strongly stratified grid-
generated turbulence without shear. It is shown that the evolution of the flow is very
sensitive to initial conditions and in order to collapse the data of different
experiments the turbulence time (1) rather than the elapsed clock time () must be
used, i.e. the data collapse well with Ri, but not with N (which is more traditionally
used).
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1. Introduction

The effect of stable stratification (density decreasing with height at faster than the
adiabatic lapse rate) is of profound importance in geophysical and environmental
flows. In the atmosphere the density decrease (resulting from a ‘temperature
invergion’, i.e. an increase in temperature with height) frequently suppresses the
turbulence and can reduce the effective diffusivity by as much as 10® (the ratio of the
turbulent diffusivity to molecular diffusivity). Clearly, accurate prediction and
control of pollution concentrations depends largely on an understanding of the
underlying turbulence dynamics for these conditions. Yet proper understanding of
the problem even for the simplest case, namely an initially isotropic turbulent field
evolving in a region in which the (potential) temperature is increasing linearly with
height is still wanting. The difficulty is most simply understood by recognizing that
there is a complex interaction of two dynamic scales, one due to the mechanical
turbulence, the other resulting from the stratification. We still do not have a
turbulence theory that can deal adequately with more than one dominant turbulence
scale be it for stratified turbulence or any other turbulent flow that is simultaneously
excited or forced at more than one wavenumber.

From an experimental viewpoint the decay of initially isotropic turbulence in
stratified flow also presents severe problems. For stratification effects to become
important the Richardson number (defined in §2 below) must be high, i.e.
lengthscales and density differences must be large compared with velocity differences
(or fluctuations). In the atmosphere the large vertical lengthscale generally ensures
that buoyancy effects play a major role, but in the laboratory, with its proscribed
lengthscale, strong stable stratification can only be achieved using large density
gradients and relatively small velocities. For this reason most stratified experiments
have been done using salt-stratified water. Much of this work is reviewed by Itswiere,
Helland & Van Atta (1986) and Hopfinger (1987). Recently, however, Lienhard &
Van Atta (1990) (see also Lienhard 1988) have shown that large temperature
gradients may be achieved in air tunnels and that this flow has many advantages
over stratified salt-water experiments. Their work and its relation to the present
experiment will be discussed after we briefly review the salt-water stratified
experiments.

Salt-stratified water experiments fall into two categories; transient, where the grid
is pulled or dropped through the stationary fluid, and steady state, where the fluid
is moving in a channel and the turbulence characteristics are not changing with time.
The former experiments, notably by Dickey & Mellor (1980), who dropped a biplane
grid through a stratified fluid and Britter et al. (1983), who dragged a grid through
the fluid, while yielding interesting data, particularly on the velocity decay rate,
provided relatively little information on turbulent transport and spectral charac-
teristics. Steady state salt-stratified experiments have been carried out by
Stillinger et al. (1983b) and by Itswiere et al. (1986) in a ten-layer, salt-stratified
water closed loop channel described by Stillinger et al. (1983a). These experiments
revealed new information on spectra, mass transfer and the evolution of the velocity
field. They showed that as the flow evolves the turbulence becomes fossilized and
internal waves appear. Their results are presented in terms of predictions of Gibson
(1980) and good agreement is found. Of particular relevance to the present work is
that regions of counter gradient mass flux were observed. However, these
experiments, too, have problems. As discussed in Itswiere et al. (1986), waves initially
generated at the grid affected the velocity fluctuation decay rates observed by
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Stillinger et al. (19835). Furthermore, Lienhard (1988) notes that scalar dissipation
is difficult to measure because of the small diffusivity of the salt, the experiments are
not truly steady since the density profile degrades with time, and sample times are
further limited because of bubble formation on the hot film sensors. Thus spectral
and variance data is lacking in accuracy because of the limited sampling duration.

Such considerations motivated the wind-tunnel work of Lienhard & Van Atta
(1990) as well as the present work. The two experiments have much in common
although they were conceived and carried out independently. It was while completing
our experiments that we received Lienhard (1988) and Lienhard & Van Atta (1990,
hereinafter referred to as LLV) and their work has had considerable influence on the
reporting of our own results. As far as we know LV and our experiment are the only
ones that investigate strongly stratified wind-tunnel turbulence, an earlier
experiment by Montgomery (1974) achieving only moderate stratification effects.
(Webster (1964) examined stratified wind-tunnel turbulence but his experiment also
contained shear, not the subject of the present work.)

The results of LV and the present experiment show qualitative similarity in the
evolution of the variances and fluxes and other single-point quantities, but there are
also some significant differences and one of our objectives here will be to compare the
two experiments critically. The apparatus for the experiments is quite different: LV
generated their gradient using a fin-tube cross-flow heat exchanger with a shear
controller (Lienhard 1988) while we used a system of heated rods, similar to the
toaster used by Sirivat & Warhaft (1983). The details of our apparatus are given in
§3. Given these differences in the mode of generation of the temperature gradient, as
well as the differences in tunnel characteristics, a comparison of the two experiments
provides insight into the sensitivity of the flow evolution to initial conditions, a
vitally important aspect in fluid mechanics.

Apart from experiments, there have been a number of numerical attempts to
examine the decay of stratified turbulence. Riley, Metcalfe & Weissmann (1981)
provide extensive results obtained from direct numerical solutions of the Navier—
Stokes equations. Métais (1987) has done a comparison of direct simulations,
large-eddy simulations and a two-point closure model (E.D.Q.N.M.) but their results
are less complete than Riley et al. (1981), and Sanderson, Hill & Herring (1987) have
used the direct interaction approximation to examine the problem. Recently Rogers
(private communication 1989) has carried out high resolution direct simulations. We
will compare our results with these simulations where appropriate.

The broad objective of the present paper is, then, to study experimentally the
effect of a stable density gradient in isotropic grid-generated turbulence. We pay
particular attention to initial conditions by both varying them in our own work and
comparing our experiment to LV, the only other strongly stratified wind-tunnel
experiment. Finally, we note, that the work in many respects is an extension of our
earlier experiment on the evolution of heat flux and temperature variance under the
action of a passive linear temperature profile (Sirivat & Warhaft 1983).

2. Governing equations and scale relations

In reporting our results emphasis will be placed on the evolution of single-point
quantities such as variances, co-variances and their related lengthscales and
timescales. Although a number of these lengthscales were originally determined from
dimensional considerations and simple physical models (Kolmogorov 1961; Ellison
1957 ; Dougherty 1961 ; Ozmidov 1965 ; Gibson 1987), their significance can best be
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seen from the governing second-order turbulence equations (Lumley & Panofsky
1964 ; Monin & Yaglom 1971 ; Hopfinger 1987 ; Lienhard & Van Atta 1990). Here we
outline the conceptual framework developed by the above workers in a form suitable
for the presentation of our data.

We consider the evolution of grid-generated turbulence under the influence of a
linear stable density profile. This is the simplest situation in which to study the
effects of stratification on turbulence ; there is no shear and the turbulence is initially
(before the buoyancy effects begin to play a role) close to isotropic. Assuming
homogeneity in the vertical (y, z)-plane (a sketch of the tunnel with the coordinate
system is glven in §2), the equatlons for the averaged turbulence kinetic energy k =

L(u® +v®+w?) and its components u*, }v* and 1w?, the kinematic vertical heat flux
fw and the mean squared temperature variance, 02 are (e.g. Lumley & Panofsky
1964),

Ug—’;=%m-e, (La)
Ua(gux“):_piop—g_z_ %7_% (1b)
r g?wg—:Jr%%, (1d)
U%P;E___ 2ﬁ+%02—i02’p, 2)
v4% g, 3)

Here U is the mean velocity (in the z-direction) which is constant throughout (except
in the boundary layers of the tunnel which are very small compared to the free-
stream region and are not of interest in this study); g is the acceleration due to
gravity (acting in the —z-direction), 7; and p, are the reference temperature and
density respectively; u, v and w are the longitudinal, transverse and vertical
fluctuating velocity components, 8 is the fluctuating temperature, § = d7/dz is the
vertical temperature gradient, p is the fluctuating pressure, ¢ is the dissipation rate
of the velocity fluctuations (= v(Ju,/dx;) (Ou,/0x;) where v is the kinematic viscosity)
and €, is the destruction rate of temperature variance by molecular smearing

=a(00/0x;) (06/0x;) where o is the thermal diffusivity). The overbars represent
averaging. Note that, from continuity, the pressure terms in the component kinetic
energy equations sum to zero in the total kinetic budget (equation (1a)). The
molecular diffusion and triple moment transport terms have been neglected in
equations (la), (2) and (3), since, using simple scaling arguments (Tennekes &
Lumley 1972), they can always be shown to be small compared with the other terms
in evolving grid turbulence (Budwig, Tavoularis & Corrsin (1985) estimated for their
passive temperature experiments in grid turbulence, that these terms are respectively
1077 and 10~° the production term). The neglect of the destruction term
(v+a)(00/0x;) (Ow/0x;) in (2) is less certain. It is negligible in high-Reynolds-number
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flows on the assumption that & and w are poorly correlated at the small scales (local
isotropy) but in this moderate-Reynolds-number flow, with stratification further
reducing the gap between the large and small scales, this term may not be negligible.
Unfortunately, it is difficult to determine experimentally. It should be noted that (as
a consequence of equation (2)) if the turbulence is homogeneous in the z-direction and
B is initially constant then £ will remain constant and is independent of z. This was
first pointed out by Corrsin (1952).

The physical significance of the terms in the above equations is described in the
standard texts (Lumley & Panofsky 1964 ; Monin & Yaglom 1971). The gravitational
terms (first term on the right-hand side of (1a) and second term on the right-hand
side of (2)) have a profound effect on the development of the velocity and thermal
fields. For the passive case these terms are negligible by definition. This situation has
been studied in detail by Sirivat & Warhaft (1983) (and by others referred to therein).
In particular Sirivat & Warhaft studied the influence of varying the thermal scale
relative to the velocity scale on the evolution of the flow. The sensitivity to initial
conditions will be a particular focus of the present study.

Equation (1a) shows that the change of turbulent kinetic energy is caused by
dissipation at the small scales and by the buoyancy term. This latter term is initially
negative (for passive flows the correlation coefficient between € and w, p,,, is around
—0.7 (Sirivat & Warhaft 1983 ; Budwig ef al. 1985). Thus we would expect that when
buoyancy plays a role the kinetic energy should decay more rapidly than for the
neutral case. However, the (negative) buoyancy causes the heat flux to collapse
(equation (2)) and may cause it to change sign, thereby turning the buoyancy
destruction term in equation (1a) into a source term. We will show this can result in
an increase in w? as the flow evolves.

Equation (3) can be rewritten as a rate equation for fluctuating potential energy
(PE) per unit mass (e.g. Riley et al. 1981)

o(PE)

=97~ _ 9
U = _TOB% To/,re,,. (4)

Notice that when the heat flux term is a sink in the vertical kinetic energy budget,
it is a source in the potential energy budget and vice versa. The sum of (1a) and (4)
give the total rate of change of energy per unit mass (%)

aE__l .
Uax— 76,3—69 €, (5)

where E = k+(g/T,)(6%) f7'. Of particular interest is the total vertical fluctuating
energy per unit volume, e, which is

e, = 4, (Iu_i+%9§ﬂ’1). (6)
0

While for the passive case there is only a single integral velocity lengthscale (the
separate thermal integral lengthscale does not affect that of the velocity field, Sirivat
& Warhaft 1983), the situation is much more complex for the active situation. For
the stratified case the imposed parameters for the flow are the mean velocity U, the
grid mesh length M and the stratification parameter. (Another parameter forming
the turbulence is the grid solidity, o. While M determines the integral scale of the
turbulence o determines whether the region close to the grid will be more ‘wake like’
or ‘jet like’. Nearly all workers (Comte-Bellot & Corrsin 1966; Hinze 1975) use a
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value between 0.3 and 0.4 (coalescmg wakes). See §2 below.) The stratification
parameter is usually expressed in the form of the Brunt-Viisdld frequency N =
—g/p,) 0p/02]F = [(9/T,) BT s~*. For the passive case N ~ 0. While the mesh size M
determmes the initial scale of the velocity fluctuations, their subsequent evolution is
determined by the complex interaction of the turbulence dissipation and the stable
stratification, the latter, we will show, assuming an ever increasing role as the flow
evolves (close to the grid the flow behaves passively).
In order to determine the relevant lengthscales for the stably stratified flow we
write (6) as

2.00 (1+(g/Th) '0—/_2 Y= %POF(1+(L0/Lh)2)~ (7)

where L, = /N and L, = (0%)1/8. Clearly, for L, € L, the flow is passive and all
the ﬂuctuatlng energy is k1net10 As L,/L, increases the buoyancy effects will become
significant. One of the main objectives of this work is to determine how the flow
dynamics vary as Ly/L, is increased. L, is known as the buoyancy lengthscale (see,
for example, Hopfinger 1987; Lienhard & Van Atta 1990) and is a measure of the
upper limit the particles having ambient kinetic energy can move in the vertical,
against the temperature gradient. L, is known as the over-turning scale and is a
measure of the local potential energy of the flow (Ellison 1957). Note that while for
a passive temperature gradient, L, - o0 and therefore is irrelevant, L, is still the
defining thermal lengthscale (Sirivat & Warhaft 1983). However, for the active case
the evolution of L, will vary quite differently from that of the passive case since, for
a fixed temperature gradient (£), the stratification destroys the heat flux (equation
(2)) and hence the production term for 6% (equation (3)) will also be diminished.

In grid-generated turbulence to be studied here, the turbulence energy containing
scale L (to be defined below) is set by the grid mesh and is initially independent of
Ly, and L, As the flow evolves L grows and L, diminishes. The ratio L,/L =
(w ) i/ (NL) defines the turbulence Froude number Fr,. For Fr,~ 1 the vert1cal
motion will be strongly affected by the buoyancy. Alternatively the ratio (L/L,)*

(g9/Ty) B/ (w?/L?) can be used to define a turbulence Richardson number, Ri,, for the
shearless flow. Another related Richardson number Ri, = (g/T,) 8/(u 2/L2 will be
used extensively in our analysis. We note that w?/u? is always of order one so Ri,
R,. Note that Ri, can be consudered to be the ratio of the square of the tlmescale of
the turbulence (1 = L/(u?)?) to that of the stratification (1/N).

While there is general agreement concerning the definition of L, and L, there are
a number of ways of defining the integral scale L. For passive turbulence these
various definitions are simply related but for the active case their relationship to each
other is less obvious.

(a) L can be obtained from the (time) velocity auto-correlation function by
integrating up to its first zero (for «) and second zero crossing (for w) (Comte-Bellot
& Corrsin 1971; Sirivat & Warhaft 1983). Taylor’s frozen hypothesis is used to
convert from a timescale to a lengthscale. The resultant integral scales are L; and L,
(sometimes called L, and L,,) for » and w respectively.

() L can also be obtained from the velocity fluctuations and the energy
dissipation rate e. There are two often used definitions; L, = ki/e and L, = (u®)/e.
In isotropic turbulence (u? & v? &~ w?) thus L, = 1.84 L,. For the stratIﬁed case the
turbulence is anisotropic and the ratio Lk/Lu varies with N and z. In the above
definitions of L, and L, the energy dissipation rate is determined from the velocity
spectrum (see §§3 and 4 below). We note that L, and L, are traditionally associated
with the notion of an inertial cascade in high-Reynolds-number turbulence. Here the
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flow is of moderate Reynolds number and moreover the buoyancy forces further
reduce the large- and small-scale separation. However, their definition is un-
ambiguous and their value can be measured precisely for this flow too. It is indeed
one of our objectives to examine how these scales depart from their values in neutral
grid turbulence.

In the work to follow we will study the relationship between the various definitions
of the integral scale. Their ratios are affected by the stratification but they are always
of order unity. Unless we specify, when we refer to L we will have in mind L, since
this one is the most commonly used in the literature.

There is yet one more scale effective at the low wavenumbers, the Dougherty—
Ozmidov Scale (Dougherty 1961; Ozmidov 1965)t; Ly, = (¢/N®3. At this
scale the buoyancy and inertial forces of the turbulence are approximately equal. For
Ly > L the turbulence is not affected by the stratification. This is similar to the
relation between L, and L. Note that (Lpo/Ly) = (¢/Nw?)i. If we write € = (u?)i/L,
and assume w? ~ u? (our results will show they are of the same order even for the
strongest stratification) then it follows that L;,/L, = (Fr,)t or L%, ~ L3/L,,. Thus
for L, > L,, Lpo <Ly and for L, < Ly, Lo > L,

At the high wavenumber region of the spectrum there is the Kolmogorov
dissipation scale 5 = (¥*/c)i. Fortunately, this is close to the thermal dissipation
scale, or Corrsin scale 7, = (k3/¢)¢ since « & v for air. Thus there is only one microscale
to consider.

The plethora of scales is daunting and part of the objective of this work is to
describe the flow in terms of the least number of ratios of these scales. It should be
apparent that it is the relation of the integral scale L to the buoyancy scale L, and
over turning scales L, that is of special significance. Thus, particular attention will
be given to the ratios L, /Ly, L,/L and L,/L.

3. Experimental apparatus and instrumentation
3.1. The wind tunnel and heater

The experiment was carried out in a new large, low-speed, low-background-
turbulence wind tunnel specially designed for stratified flow studies. A sketch of the
tunnel is shown in figure 1. Apart from the heater element section the tunnel is of
standard open circuit suction design. The test section was 91 x 91 cm? and 9.1 m
long. The large cross-section area allowed for a large homogeneous core to persist to
the end of the tunnel in spite of the development of the boundary layers. The mesh
length M of the square bar biplanar brass grid was 2.54 cm, giving a longitudinal
tunnel extent of 360M and vertical and horizontal dimensions of 36J{. The solidity
of the grid (ratio of closed to projected area) was 0.34. One of the sidewalls of the
tunnel was slightly divergent (pitch angle 0.3° maximum) to ensure a constant
centreline mean speed with the development of the boundary layer. The test section
was wooden (1.9 cm plywood) and covered with 5.08 cm thick fibre-glass insulating
sheets. Measurements were carried out by inserting the probes through 17 holes
(placed 20M apart) on the sidewalls and 9 holes on the top and bottom walls (the
latter for homogeneity measurements). The test section exited to a diffuser section
in which a smooth transition was made from the square to a circular section to house

1 This has been traditionally known as the Ozmidov scale. However, it was defined earlier by
Dougherty. The two derivations are somewhat different; Dougherty considers the turbulence
spectrum and works in wavenumber space while Ozmidov works in physical space. We thank John
Lumley for bringing the Dougherty paper to our attention.
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Fieure 1. Sketch of the stratified wind tunnel. Note, there are 72 heater elements (only 18 are
shown in the sketch).

a 48 in. diameter axial fan (Buffalo Forge Co.). Between the end of the test section
and the diffuser a fine screen was placed to avoid separation at the entrance to the
diffuser. For our experiment the mean test section velocity was varied from 3 to
6 m/s but the tunnel can achieve a velocity of up to 20 m/s. The hot air was exited
to a large laboratory bay. In some experiments it was exhausted through a window
to the outside to avoid unwanted feedback.

The design principle of the heater, plenum and contraction was to produce a linear
temperature profile in as low background turbulent flow as possible so that by the
time the flow reached the grid there would be a linear temperature profile in (almost)
laminar flow. Thus the temperature fluctuations in the test section would be due
solely to the action of the grid-generated turbulence against the temperature
gradient. This is the same as the ‘toaster’ approach used by Sirivat & Warhaft (1983)
although here, because of the larger gradient required, a different heater design was
necessary.

The heater, placed at the entrance to the plenum, consisted of 72 horizontal 2.74 m
long, equally spaced elements. They were nichrome ribbons inserted through
9.53 mm outsider diameter porcelain tubes. The ribbons were 0.127 mm thick and
6.35 mm wide for the top 32 elements (where more heat was required) and
0.1 mm x4.76 mm for the bottom 40 elements. Their resistances were 1.37 and
2.26 2/m respectively (at room temperature). Black aluminium plates of cross-
section area 20.3emx 1.6 mm were placed horizontally between every second
element to reduce radiation losses (see figure 1. Note that only 18 of the 70 elements
are shown in the sketch). The heater elements were differentially controlled to
produce the linear temperature profile. A trial and error ‘tuning’ approach was used
to obtain the linear profile. The top 32 rods could be heated to 5 kW maximum and
the bottom 40 rods to 2.5 kW. The total power required for the largest temperature
gradient used (55 °C/m) was approximately 60 kW. Three thin vertical aluminium
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Ficure 2. Mean temperature profiles at various downstream positions for g = 50 °C/m and
10°C/m, U=35m/s. O, z/M = 36.5; x, x/M = 156.5; +, /M = 276.5.

rods were equally spaced and fastened to the heating rods in order to stop sagging
of the elements. Further design details are in Yoon (1989).

The heated air produced by the elements first passed through an air filter which
removed all particles down to 1 pm. To reduce swirl and lateral mean velocity
fluctuations the air then passed through a low heat conductivity (polycarbonate) set
of honeycombs of 1.905 cm cell diameter and 15.24 cm length. This was followed by
eight fine wire screens in order to dampen the turbulence. The solidity of the screens
was 0.373, their wire diameter was 0.165 mm and their mesh size was 0.0794 cm.
They were placed 7.6 cm apart (i.e. approximately 100 screen mesh lengths) so that
ample decay occurred before the next screen (Weighart 1953). After the screens the
flow was accelerated through the 9:1 axisymmetric contraction. Both the plenum
chamber and the contraction section were insulated with fibre-glass sheets to avoid
heat loss.

3.2. The transducers and data acquisition system

Mean velocity and temperature were measured using standard Pitot tubes and
Chromel-Constantan thermocouples. The longitudinal and vertical velocity fluctu-
ations, 4 and w, were measured with a 90° cross-hot-wire array in conjunction with
Dantec 55 MO1 constant temperature bridges. The length to diameter ratio of each
of the 3.05 pm diameter tungsten wires was 200 and their spacing was approximately
1 mm. The fluctuating temperature was measured with a platinum wire with a
diameter of 1.27 pm and length to diameter ratio of 400. It was placed 0.5 mm from
the cross-array and connected to an a.c. fast response temperature bridge. All wires
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Fiaure 3. Profiles of the r.m.s. of the temperature fluctuations. (@) Transverse homogeneity ; (b)
vertical homogeneity. Solid symbols are for the case 50 °C/m, 3.5 m/s; open symbols are for
10°C/m, 3.5 m/s. @, 2/M =36.5; W, x/M = 156.5; A, x/M = 276.5; O, /M = 36.5; x,z/M =
76.5; O, x/M = 156.5; A, /M = 276.5.

lay in the vertical plane, the temperature wire normal to the mean flow and the cross-
wires 45° to the normal (Yoon 1989).

A special calibration tunnel was built in order to calibrate the cross- and
temperature-wires over the range of velocities and temperatures used in the
experimental flow. The cross-wire was rotated between —10° and 10° from the
normal probe position in order to determine the yaw angle coefficient. The method
of approach was similar to that of Champagne & Sleicher (1967) and Champagne,
Sleicher & Wehermann (1967). The cross-wire data was corrected point by point for
temperature fluctuation contamination using a modified form of King’s law with
temperature dependent coefficients (Perry 1982; Yoon 1989). The temperature wire
was operated at a sufficiently low overheat that no correction for velocity
contamination was necessary for the relatively small velocity fluctuations in this
flow. Full details of the calibration procedure are in Yoon (1989).

The three channels of amplified a.c. signals (cross-wire and temperature probe)
were digitized (DEC, ADV-11DA) within +10V scale and with a resolution of
4.88 mV (12 bits) and a maximum speed of approximately 45 kHz. The data was
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then analysed on a MicroVax II computer. The sampling frequency per channel was
varied between 2 kHz and 5 kHz (depending on the mean speed of the flow) so that
scales beyond the Kolmogorov scale could be resolved. Each block of data contained
2048 samples and 100 blocks were analysed at each measurement point. Thus
variance and co-variance estimates were made from 2.048 x 10® points. The co- and
quadrature-spectral estimates were determined by fast Fourier transforming each
data block. One hundred of these were averaged to produce the final spectrum. The
FFT procedure used was the same as that described in Bendat & Piersol (1971,
chapter 9).

3.3. Wind tunnel performance

The turbulence intensity (u?)7/U of the flow just before the grid was 0.25% and the
background temperature noise (heaters off) was approximately 0.025 °C r.m.s. The
centreline mean velocity (after adjusting the sidewall) varied by +0.5% over the
tunnel length. At the furthest downstream measurement station (340M) the
boundary layer was 6M, still providing a large core flow since the tunnel area is
36 x 36]1.

Figure 2 shows the mean temperature profiles for two cases ( = 10 and 50 °C/m).
The mean temperature (for a fixed 2) varies by less than 5% along the tunnel and
the gradient in the z-direction is remarkably stable and constant over at least 12/
in the z-direction (for the worst case). Figure 3 shows the transverse and vertical
temperature variance profiles for the above two cases. There is a small asymmetry
of approximately +4 % in the horizontal profiles (figure 3a) which is possibly due to
the proximity of the laboratory wall on the positive y-side of the tunnel. The vertical
homogeneity varies by about + 5% across the core of the flow, a value comparable
to that observed by Sirivat & Warhaft (1983) in their passive gradient experiments.
The variation of the velocity variances across the core of the flow was approximately
+4% in the vertical and horizontal directions (Yoon 1989).

4. The results

As explained in §2, the emphasis of this work will be on the evolution of single-
point quantities such as variances, co-variances and their related lengthscales.
Spectra and correlation functions will be used to provide insight into lengthscale
evolution but spectral dynamics will not be investigated in any detail. We will begin
by describing the velocity field and this will be followed by the temperature variance
and heat flux evolution. The various stably stratified cases will be compared with the
neutral case. In §5 we will show how the data may be collapsed using the various
scales described in §2 and we will compare our results to those of other workers using
these normalization procedures.

Table 1 lists the flow parameters for the neutral flow and the five stratified cases
investigated. A more detailed tabulation of the variances, co-variances, lengthscales,
ete. for these flows is given in an Appendix.T From here on we will refer to the various
flow stratifications in terms of the mean Froude number based on the grid mesh
length, Fr,, = U/(NM). The columns in table 1 are in order of increasing stratification
(decreasing Fr,,). The first column is for the passive case.

T Copies of the Appendix. which is not reproduced here. are available on request from either the
authors or the Editor.
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Fr,, U/(NM) o 253 192 127 114 84.8
U m/s 3.5 3.5 3.9 4.2 3.6 2.8
B dT/dz(°C/m) 0 9 20 55 50 55

T °C 23.8 25.3 335 45.1 48.5 45.1
Re,, UM /v 5780 5670 6040 6070 5100 4050
N 9B/ T, 0 0.544 0.799 1.30 1.24 1.30
r.m.s. u m/s(x 107%) 5.38 5.39 6.07 7.09 5.92 3.87
LS. W m/s(x 107%) 4.82 4.77 5.90 5.67 4.38 2.85
€ ., m¥s¥(x107) 931 9.53 10.64 16.06 9.75 2.85
L, (=(u%i/e) m(x107%) 16.7 16.4 21.0 22.2 21.3 20.4
A . m{x107) 8.47 8.48 9.22 9.09 9.84 1.8
7= (V3/e)i nl(?_f 1072) 0.790 0.798 0.802 0.762 0.877 1.18
Re, (@*RL, /v 58.5 56.4 777 89.6 70.3 44.9
Re, (u®)EA /vy 29.6 29.2 34.1 36.7 32.5 25.9
7. (8) 2k/e 0.811 0.784 1.00 0.814 0.917 1.34
r.m.s. °C — 0.115 0.222 0.684 0.597 0.562
€ °C?/s - 0.0194  0.0537  0.630 0.400 0.272
7,(s) 6%/, — 0.682 0.914 0.743 0.893 1.16
r Ty — 1.15 1.09 1.10 1.03 1.16
Ri, N2L2 ju? 0 0.0274 0.0764 0.166 0.199 0.471
w?/ Ut A 0.0712 00676  0.0631 — — —
=A@x/M)™ n 1.31 1.29 1.27 — — —
w?/U* A 0.0652 0.0615 0.0683 — — —
=A(@z/M)™ n 1.34 1.34 1.32 — — —

TaBLE 1. Flow parameters. M = 0.0254 m (turbulence parameters (r.m.s. , ¢, etc.) were calculated
at z/M = 76.5). ¢ and ¢, were calculated from spectra (see text for details); A is the Taylor
microscope.

A note on scaling

Traditionally in grid turbulence the flow field evolution is plotted as function of
2/M (Comte-Bellot & Corrsin 1966; Sirivat & Warhaft 1983). However, when
buoyancy effects are important it is more appropriate to normalize the elapsed time
from the grid (¢ = x/U) with the stratification timescale 75(=2n/N, the Brunt-
Viisdld period). Lienhard & Van Atta (1990) show that their data collapse well
using this normalization. We will show that our data also collapse well using this
scheme, however they are shifted (in the negative t/7g direction) with respect to the
data of LV. The reason for this mismatch will be described in detail in §5 where we
will show that the turbulence timescale 7 = L/(u?) rather than the clock time, ¢, is
the more appropriate parameter with which to describe the flow evolution in
stratified turbulence, i.e. we will use 7/75 (rather than ¢/75) as the non-dimensional
time. Here we note that if the turbulence decay follows a power law (¥? oc ™" where
n is constant) then 7oct. This is the case in passive grid turbulence after
approximately 30 mesh lengths from the grid where the power law decay begins.
However, close to the grid, a region that appears to be very important in determining
the subsequent development of the flow for the stratified cases (§5 below), the
turbulence energy decay is very rapid and does not follow a power law decay. Thus
the clock time and the turbulence timescales are not proportional. Furthermore, for
the stratified cases, the power law decay is violated far downstream and here, too, ¢
is not proportional to 7.

The procedure for plotting the data will be as follows. In §§4.1 and 4.2 we will use
/M and N't as the abscissa (where N' = N/2r), the former for passive data (N—0)
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Fr,, =114; +, Fr,, = 127; O, Fr,, = oo (passive case).

and for the velocity field. Following LV we will use N't for the stratified cases in order
to show that this provides a convenient framework for the data and in order to
contrast the differences between our work and that of LV, the only other wind-tunnel
stratified experiment. However, exceptions to this scheme will be made where we
wish to emphasize a particular aspect. Finally, in §5 we will show how all the data
can be made compatible using the turbulence rather than the clock timescale.

4.1. The velocity field

Figure 4 shows the evolution of the longitudinal and vertical velocity variances,

u%/U® and w?/TP, for the various stratified cases, plotted as a function of /M. The
straight line is the best fit for a number of passive experiments. The decay law for
the passive case (table 1) compares well with our previous results (Sirivat & Warhaft
1983) and those of other workers (Comte-Bellot & Corrsin 1966). For the active cases
the longitudinal variance tends to decrease at a slower rate than for the passive cases
far downstream (z/M > 200) and for the case with the lowest Fr,, (=84.8), i.e. the
highest stability, «?/U? drops shghtly below that of the passive case until
approximately x/M = 200 and then it rises above it. As would be expected the effects
of the negatlve buoyancy are far more pronounced for the vertical variance, although
the trend is similar to that of u?/U?. The data show three stages: initially the
variance decays at approximately the same rate as for the passive case, it then
decays more rapidly as the buoyancy effects become more pronounced and finally
(x/M =~ 200) the variance begins to decay at a much slower rate than for the passive
flow. Notice for the strongest stability, far downstream w? actually increases
indicating that vertical kinetic energy is being supplied to the flow, i.e. the kinetic
energy extracted earlier from the flow by the negative buoyancy is being fed back.
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Fiaure 5. The evolution of the vertical velocity spectra; «, £, («,) vs. log «,. (a) Fr,, = 253. The z/M
locations are 36.5, 76.5, 116.5, 156.5, 196.5, 236.5 and 276.5. (The peak of the curve decreases with
z/M.) (b) Fr,, = 84.8; z/M = 36.5 (1), 76.5 (2), 116.5 (3), 156.5 (4), 196.5 (5) and 236.5 (6).

Finally, for this case too the variance decreases. A similar oscillatory effect where
kinetic and potential energy are exchanged has been shown in the numerical
simulations of Riley et al. (1981). The above trends were observed by LV although
they did not observe the interesting case in which the vertical velocity variance
increases, as for our most stable case.

The striking increase in the vertical velocity variance for the most stable case is
evident when its spectra are contrasted with a weakly stratified case, figure 5. Here
we have plotted «, £, («,) where £, («,) is the vertical velocity spectrum defined such
that

J E, (k) d&, = w?
0

and «, is the wavenumber in the longitudinal direction. The magnitude of the curve
indicates the energy at that particular wavenumber. The peak of these spectra may
be viewed as an approximate measure of the integral scale (Lumley & Panofsky
1964). Notice that while for the weakly stable case (figure 5a) there is a monotonic
decrease in the magnitude of the spectra with downstream distance, for the active
case (figure 5b) the spectra first decrease and then increase with downstream
distance. In both cases the peak shifts to lower wavenumbers (as they must in grid
turbulence) although the shift is greater for the strongly stratified case. (This will be
discussed further below when we examine the evolution of the lengthscales.) Note
also that the width of the spectra do not appear to be significantly affected by the
stratification; figure 5(b) suggests that as the vertical kinetic energy budget is
replenished from the potential energy it occurs at all wavenumbers. This is also
confirmed by normalizing the spectra of figure 5 by the variance (equal area plots,
not shown here) although strict comparison is not possible since the flow speeds were
different (U = 3.5 m/s, Fry, = 253; U = 2.8 m/s, Fr,, = 84.8) and so the spectra for
the weakly stratified case should be slightly broader because it has a higher
turbulence Reynolds number (table 1).
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Figure 6 shows a plot of the ratio of the longitudinal to vertical r.m.s. velocity
fluctuations (u%)}/(w?)}, from here on referred to as I,,. We have plotted I, as a
function of Nt for the active case and as a function of /M for the passive case (where
N = 0). We have adjusted the two scales such that N't = x/M for the most active case
(Fry = 84.8), i.e. for this case either scale may be used (for the higher Fr,, cases the
tunnel is shorter in terms of N'f, but the measurements were all carried out to the
same downstream extent). This plotting procedure allows us to compare the active
and passive cases and will be used again in figure 8. For the passive case I, is a little
greater than 1.1 and slowly decreases with downstream distance, in accord with
previous workers (Comte-Bellot & Corrsin 1966). For the active cases I,,, increases
as the buoyancy extracts energy mainly from the vertical kinetic energy component.
The ratio then tends to unity as the velocity variance decay is attenuated (figure 4).
We will show below that at this latter stage the vertical heat flux has been destroyed
by the stratification. Notice that for the highest stability case (Fr,, = 84.8) the I,,,,
attains a value of unity far downstream. We also note that I,,, is frequently used as
an indicator of the anisotropy of the turbulence (Comte-Bellot & Corrsin 1966) with
a value of unity indicating isotropy. However, for the flow described here, with
multiple lengthscales and the possible existence of gravity waves, little can be
inferred about the isotropy from I,,,. Indeed we will show below that the ratio of the
vertical to longitudinal lengthscale obtained from the spectra indicate the flow is not
isotropic in the region far downstream where I,,,, approaches unity.

As discussed in §2, there are a number of ways of defining turbulence integral
scales and these are shown in figure 7. Figure 7(a) shows the evolution of the
longitudinal and transverse integral scales L; and L, respectively, for the active
and passive eases. To determine L, the auto-correlation function of u was integrated
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up to its first zero crossing and Taylor’s hypothesis was used to convert time to
length: L, = U#; where #; is the integral of the auto-correlation function. The same
procedure was followed for L, using the w time series, except here the auto-
correlation function was integrated to its second zero crossing (Comte-Bellot &
Corrsin 1971). Although there is considerable scatter, figure 7 (a) shows that L s tends
to be greater for the active than passive cases excepting for the most stable case
(Frp; = 84.8) where it tends towards the passive value as the flow evolves. L, (also
shown 1n ﬁgure 7a) appears to behave similarly to L. Figure 7 (b) shows the evolution
of L, 2)i/e. While its broad trend is similar to L rnotice that here the data for the
active cases is initially closer to the passive line (up until /M =~ 80) than it was for
L;. L, then departs from the passive line and becomes larger as the effects of the
stratification become more pronounced. Note also that as for L,, L, for the most
stable case (Fr,, = 84.8) is closest to the passive value except near the end of the
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tunnel (x/M > 200) where there is a departure (this may also be observed, but to a
much less extent, in the last two points of L, (figure 7a)). As stated in the
introduction, when we refer to ‘the integral scale’ it will be to L, (often to be written
as L) since we believe its value is better conditioned than L.

Figure 8 shows ratios of various integral scales. The ratio L;/L, (figure 8a) tends
initially to be greater than for the passive case and then falls below it but there is
much scatter. The essential point is that the ratio is always close to unity. The ratio
L,/L, (figure 8(b), where L, = ki/e) also does not depart substantially from the
passive value. Note for isotropic turbulence (u® = v? = w?) its value is 0.543. (In
passive grid turbulence ©® = w? < u? and its value is around 0.85). Figure 8 (c) shows
the ratio of the longitudinal integral scale to the transverse integral scale. There is
much scatter but there is a tendency for L,/L,, for the stratified data, to have a value
greater than that of the passive value (0.4) as the flow evolves. Finally figure 8(d)
shows the ratio of lengthscales determined from the (inverse) wavenumber peak of
the one dimensional energy spectra such as from those shown in figure 5. Here, too,
there is much scatter but there seems to be a significant departure from the passive
value for the most stable case for N't > 0.3 (x/M > 150). In this region the vertical
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lengthscale is enhanced relative to the longitudinal lengthscale. As already noted, a
suggestion of this is also found in figure 8(c). It appears, then, that when the stored
potential energy is being fed back to the vertical component of kinetic energy
(x.M) > 150, figure 4), the vertical lengthscale becomes larger than that of the
streamwise lengthscale. Notice that in this region the ratio of the intensities of the
u- and v-components tends towards unity (figure 6). The fact that energy is being fed
back into the w-component at larger scales than those of the longitudinal component,
far downstream (V¢ > 0.3), may be suggestive of wave motion although, as will be
shown below, there is no strong evidence of waves in the cross spectra. On the other
hand, it does not appear, from the spectra or correlation functions, for the region
Nt < 0.3 (where the vertical fluctuations are decaying more rapidly than for the
neutral case (figure 4) and I, is increasing (figure 6)), that the transverse scale is
significantly reduced relative to the longitudinal lengthscale (as would be expected)
although L,, /L., is slightly smaller than for the passive case (figure 8d).

Figure 9 shows the non-dimensional dissipation rate of the turbulent kinetic
energy. The dissipation rate was determined for the active cases from the two
dissipation spectra as follows:

o0

€= 10v f Eu,z(fcl)d/c1+2.5vf E, (k) dk;.
0 0
(£, ;and E,, , are the spectra of du/0x and Ow/0x respectively. We have transformed
the derivative time series using T Taylor 8 }lXpothesus ) Here, following Stillinger et al.
(1983b), we have assumed that v* = 4® > w? although the results are within a few per
cent of those obtained assumm&lsotropy (Yoon 1989). For the passive case the
relation € = —dk/d¢ where k = L(u®+ 2w?) was used since here w? = v? < u?. We also
confirmed that this estimate was within a few per cent of the value obtained from the
spectra. A passive normalization has been used in figure 9 in order to observe how the
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Fr,=114; +, Fr,, =127, @, Fr,, = 192; A, Fr,, = 253; , passive data (Sirivat & Warhaft
1083). The three data sets from Lienhard & Van Atta are: (J, Fr,, = 17.1; R, Fr,, =22; x,
Fr,, = 48.1. (The first two of these are for a two-inch grid and the third is for a one-inch grid.) The
line has a slope of —0.7 (see text).

active case departs from the passive (Lienhard 1988; Yoon 1989). For the passive
case, assuming isotropy, e/(u*U/M) = 3n(x/M)™'. The straight line in figure 9 has a
slope of —1. Notice there is a small but significant departure for the active cases
showing that the rate of dissipation is reduced by the buayancy. This was also
observed by LV. We will compare the dissipation rate to the other terms in the
energy budget in §4 below.

4.2. The temperature variance and heat flux

The evolution of the temperature variance and heat flux for a passive linear
temperature profile in grid turbulence was dealt with in detail by Sirivat & Warhaft
(1983). Figure 10 summarizes the temperature variance results for that previous
study and includes the present results both for a passive gradient and for various
degrees of stable thermal stratification. Also included in the figure are some results
of LV. We have plotted the data against /M in order to contrast the active and
passive cases and to emphasize differences in the work of LV and our own. The
temperature variance has been normalized by #?M?®. This passive normalization
results from solving equation (3) (for 6%), assuming a power law decay for the velocity
variance (u?/U? oc (x/M)™") and that the mechanical to thermal timescale ratio is
unity, i.e. €, oc #2/7. Using this procedure (Sirivat & Warhaft 1983; Yoon 1989) the
solution of equation (3) is: 82/(82M?) = C(x/M)* " where the constant C is determined
by the initial intensity of the thermal and velocity fluctuations. Thus for » = 1.3, the
slope for the passive line should be 0.7 : the best-fit line shown in the figure has a slope
of 0.8 indicating that the assumptions are reasonable. We will describe ways of
collapsing the active data in §4.
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Figure 10 clearly shows the effects of the thermal stability on the evolution of 62.
As N is increased 62 begins to depart from the passive line at earlier non-dimensional
downstream distances. The variance peaks and then rapidly decays as its production
term (—Bwp, equation (3)) is diminished by the stratification (the evolution of the
heat flux is discussed below, see figure 14). Notice that for the data of LV the
departure from the passive case occurs as early as z/M = 20, i.e. before the turbulent
wakes from the grid have become isotropic and the velocity power law decay is
established (Comte-Bellot & Corrsin 1966). We will discuss this aspect in more detail
below. Notice too that the data set of LV is shifted to the right of our passive line.
This is due to the differences in the intensity of the velocity decay for the two
experiments and will also be addressed in §5.

The one-dimensional temperature spectrum Ey(x,) (where |~ Eyx,)dk, = 67) is
plotted in figure 11 for the most stable case (Fr,, = 84.8). As for the vertical velocity
spectra (figure 5) we have multiplied E,(«,) by «, in order to provide an ‘energy ’ plot.
The magnitude of the peak varies with downstream distance, first increasing and
then decreasing in the same way as the temperature variance. Notice that the width
of the spectrum does not appear to decrease significantly as the low evolves and the
stratification effects become more dominant.

Kigure 12 shows the evolution of the temperature integral scale, L, derived from
the temperature auto-correlation function in the same way as L. As for L, (figure 7),
L, also appears to increase relative to the passive case as the buoyancy effects
become more pronounced. Notice, however, that for the strongest stability (Fr,, =
84.8) L, starts to decrease in the region where the vertical kinetic energy is being
provided with energy from the potential energy field (x/M = 200, see figure 4). Figure
12(b) shows the ratio of L/L,. There is much scatter but the plot, as a function of
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(@) Lp/M vs. x/M. Symbols are the same as for figure 10. The dashed line is for the passive case
(Sirivat & Warhaft 1983). (b) L,/L, vs. N't. Symbols are the same as in (a).

N’t, shows a small maximum for the three most stable cases at N't =~ 0.4. Sirivat &
Warhaft (1983) found that for the passive case L;/L; ~ 0.8 and remained relatively
constant as the flow evolved, although in that case too there was much scatter in the
data. It appears, then, that the buoyancy does not have a pronounced effect on this
ratio.

The destruction rate of 62, ¢,, is shown in figure 13 using a passive normalization
procedure similar to that used for 6°. ¢, was determined from the temperature spectra
using the relation ¢, = 3a f: E, ,dk, where a is the thermal diffusivity and Ej, , is the
spectrum of 06/0x (as for the calculation of ¢, Taylor’s hypothesis has been used).
Both our data and that of LV collapse well on a log-log plot with N't as the abscissa.
The break in the curve from the essentially passive state (¢; oc 1", n = 1.33) occurs
at N't & 0.2 where the decay exponent increases to approximately — 2. This is at the
peak of the temperature variance curve, i.e. the point where advection term in the
6® equation (left-hand term in equation (3)) changes sign due to the collapse of the
vertical heat flux, which will now be addressed.

The ability of stable stratification to inhibit turbulent mixing is most clearly
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manifest in the evolution of the vertical convective heat flux,t p,C,w@, which is
shown in figure 14(¢) normalized by the molecular heat flux —Kg (which is
constant). Here C', and K are respectively the specific heat at a constant pressure and
thermal conductivity of the air. The difference between our data and that of LV (also
plotted) will be discussed in a moment. Here we note the qualitative agreement
between the two data sets. By N't &~ 0.3 the vertical heat flux is close to zero and, for
the most stable case (Fr,, = 84.8), there is a small but significant region in which
there is a counter gradient heat flux. It is more illuminating to examine the
correlation coefficient of the kinematic heat flux p,,, = w8/((6%)¥(w?)¥) which is plotted
in figure 14 (b), Although here, too (apart from the counter heat flux case) there is
broad qualitative agreement with LV, their data are shifted by about 0.15N'¢ to the
right of our set. Clearly plotting p,,, as a function of N't does not collapse the data
of the two experiments. The reason for this will be given in the next section.
However, within each experiment, the data for various N collapse well when plotted
against this form of non-dimensional time. (An exception to this is the counter-
gradient heat flux case which only collapses with the rest of the data until N't =~ 0.3.
The reason for the bifurcation at N't ~ 0.3 as the stability increased is unclear. It will
be discussed further below.) Note that the non-dimensional time between the point
where the correlation coefficient begins to decay and its maximum value is about 0.3

+ Hunt (1985) and Pearson, Puttock & Hunt (1983) show that from a Lagrangian viewpoint the
vertical heat flux has two components : the first caused by the growth of the displacements of fluid
elements and the second caused by the mixing between fluid elements. They argue that in strongly
stably stratified flows most of the heat flux is caused by the second mechanism, i.e. by fluid
elements exchanging temperature during their bounded oscillations. Unfortunately our Eulerian
measurements are unable to separate these two effects.
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and is approximately the same for each data set. There are two other differences in
the data sets. First, for small N't (the approximately passive region) our value of p,,,
is —0.7 compared to —0.6 for LV. Sirivat & Warhaft found p,, = —0.7 for their
passive experiments, and Budwig et al. (1985) found a value between —0.7 and —0.8,
but less negative values have been observed by other workers (e.g. Venkataramani
& Chevray 1978). Secondly, and more significantly, for our strongest stratification
there is a pronounced region of counter gradient heat flux where p,, reaches a value
of 0.25, a result that was repeatable from further trials using the same initial
conditions. There is no comparable region where the net heat flux is counter to the
gradient in the experiment of LV. Regions of counter-gradient heat flux were
observed, however, in the salt-water experiments of Stillinger et al. (19834, b) and
Itsweire et al. (1986). Note that for the counter-gradient case observed here the peak
of p,, occurs at approximately the same value of N't(x0.35) as the peaks for our
other stable cases shown.

Figure 15 shows the co-spectra for a weakly stratified case (Fr,, = 253) and the
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Fiaurk 15. The evolution of the co-spectra of the kinematic heat flux. (x, Co,(k,) vs. logk,) (a)
Fr,, = 253, x/M = 16.5, 36.5, 56.5, 76.5, 116.5, 156.5, 196.5 (b) Fr, = 84.8; /M = 36.5 (1); 76.5
(2); 116.5 (3); 156.5 (4); 196.5 (5); 236.5 (6).

case where the counter heat flux occurs (Fr,, = 84.8). For the former case the
magnitude of the co-spectrum diminishes with downstream distance, mainly because
of the reduction in the vertical velocity and temperature variances (the cross
correlation coefficient remains essentially constant for this case (figure 14). However,
for the strongly stratified case the co-spectrum reverses sign, first at the lower
wavenumbers (x/M = 156.5) and then at all wavenumbers (x/M = 196.5) causing a
net counter gradient heat flux (figure 14). Finally as p,, comes to its second zero
crossing (figure 14) the low wavenumber end of the co-spectrum becomes negative
again.

The distribution of the phase angle between w and 6, Ph,, as a function of
wavenumber, is shown in figure 16, for the most stable case (with the countergradient
heat flux). Ph,, was determined from the one-sided cross spectral density function,
Guslky) = Cruplky) —3Q,6(k1), where C,4(k;) and Q,4(«,) are the co- and quadrature-
spectra, respectively. The phase of this complex function is defined such that tan
Ph,g = —Q,6(k1)/Cpelk,). In this work we have taken Ph,, = + 180 ° when w and 6
are out of phase by 180 ° (although — 180 ° is equally accepatble). C, 4(x;) and @,4(x,)
were determined using standard FFT procedures (Bendat & Piersol 1971). Early
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FioURE 16. The phase angle between w and 6 as a function of wavenumber. Fr, = 84.8. (a)
z/M =76.5; (b) «/M =116.5; (c) /M = 156.5; (d) /M = 196.5. The vertical arrow is when the
co-spectrum is approximately zero, to its right is noise.

in the flow development Ph,,, is 180° across the whole wavenumber range. Here
the turbulent heat flux is down the gradient, i.e. a negative (downward) fluctuation
in w is associated with a positive temperature fluctuation. Thus w and 8 are anti-
correlated (180° out of phase) and the quadrature spectrum is essentially zero. A
value of Ph,, ~ 180° was also observed for the passive case (Yoon 1989), but here it
remained at 180° for all downstream locations (as would be expected). For (down
gradient) turbulent heat transport to occur w and ¢ must be predominantly 180° out
of phase since by definition

wl = fw Ce(ky)

0

and the quadrature spectrum does not contribute to the heat flux. When the heat
flux begins to collapse, Ph,, appears to be scattered between 0° and 180° in the
energy containing range of the co-spectrum (figure 16¢). Finally for the counter-
gradient region w and @ are essentially in phase across the whole spectrum (Ph,, = 0°,
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Fiaure 17. The evolution of the coherence between w and 8 as a function of wavenumber. (a)
Fry,,=253: x/M = 36.5 (1); 76.5 (2); 116.5 (3); 196.5 (4). (b) Fr,, = 84.8; /M = 36.5 (1); 76.5 (2);
116.5 (3); 156.5 (4); 196.5 (5). ’

figure 16d). There does not appear to be any significant wavenumber region
where Ph,,, = 90° during the evolution of the heat flux, a value indicative of random
internal wave motion. As discussed by Stewart (1969) and used as a diagnostic tool
by Axford (1971), Caughey (1977), Hunt, Kaimal & Gaynor (1985) and others,
internal gravity waves should, if present, produce a large quadrature spectrum but
a small co-spectrum for # and w; i.e. there should be no transport of heat by the wave
motion and Ph,, =~ 90°. (Consider a pure sinusoidal disturbance of w and @ in a
stratified medium with no mixing.) Presumably internal waves do exist since there
is significant potential energy in the flow when the heat flux has collapsed (see § 5) but
they are either masked by the active turbulence or, single-point measurements are
insufficient to detect them. For the other strongly stratified cases the evolution of the
phase spectrum (not shown) followed the sequence of figure 16(a—) but then
remained scattered as in figure 16 (c) until the end of the tunnel. For these cases a
counter gradient heat flux was not observed. LV do not find significant regions in
which Ph,, ~ 90° for their stratified experiments either.

The lack of evidence of internal waves is further borne out by the coherence
measurements, figure 17. The coherence vZ,(k,) = (Colylk,) + Q%s(k1))/E nlky) Eglx,)
provides wavenumber information on the correlation between w and 6. If waves were
present a strong coherence should be observed even in the absence of a heat flux.
Figure 17 (a) shows that for the weakly stratified case, the coherence is high in the
energy containing region and this is consistent with the strong turbulent vertical
heat flux. For the most stable case, figure 17 (b), the coherence collapses with the heat
flux and there is no wavenumber band with significant coherence when the heat flux
decays to zero (a small coherence is observed with the counter gradient heat flux).
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Fiaurk 18. The turbulent Froude number Fr, (=L, /L) vs. N't. Symbols are the same as in
figure 10.

5. Discussion of the results

We will now discuss the results presented in §4 in terms of length, time and other
relevant dimensionless ratios. We will contrast different methods of scaling the data
noting that we have two objectives: first to provide a coherent picture of our own
experiment and secondly to relate our results to those of previous work, both
experimental and numerical.

Figure 18 shows the variation of the turbulent Froude number Fr, = L,/L
(=(w?)/NL) as a function of N't. The rapid decay reflects, of course, the approximate
power law decay of w? (figure 4). If we use the heat flux correlation coefficient p,,
(figure 14b) as an approximate guide as to the change in flow dynamics with stability
(noting that p,, ~ constant & —0.7 for the passive case) then it appears that the
transition from passive to stably stratified turbulence occurs at N't & 0.08, since this
is when p,, begins to decrease in magnitude. This corresponds to Fr, & 2 in figure 18.
By the time the heat flux has collapsed (or become counter gradient) at N't ~ 0.3,
Fr, =~ 0.3. Approximately the same transition Froude number (X 2) is seen in the
data of LV since p,, for their data does not begin to decay until N't & 0.15.

The plot of L, /L, (figure 19) shows that significant buoyancy effects occur when
this ratio is approximately 4 (and slightly less than 4 for LV); again we are using the
evolution of p,, as the criterion for the onset of buoyancy. Since (L,/Ly)? is the ratio
of potential energy to vertical kinetic energy (equation (7)) it is evident that
buoyancy begins to play a significant role when the fluctuating potential energy is
around 5% ((Lg/L,)® = 0.05 when Nt ~ 0.08) of the fluctuating vertical kinetic
energy. Both curves decline to minimum values, unity for LV (occurring at N't ~
0.45) and approximately 1.2 for the present work (at Nt & 0.3). Thus for LV the
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Figure 19. The ratio of the buoyancy to overturning lengthscale, L, /L, vs. N't. Symbols are
the same as in figure 10.

potential and vertical kinetic energy are equal at this stage (where the heat flux has
collapsed). Our data, on the other hand, shows that, even for the most stable case,
the vertical kinetic energy is always greater than the potential energy. The actual
values of fluctuating total turbulent kinetic energy, vertical kinetic energy and
potential energy are shown in figure 20 for two of our experiments, Frr,, = 84.8 and
114. Notice (figure 19) the oscillation of L, /L, for the most stable case (Fr,, = 86.4)
in the region where the counter heat flux occurs (figure 14). The peak value is at
Nt = 0.45.

The results of figures 19 and 20 compare favourably with the numerical simulations
of Riley et al. (1981) done for N = 1.57, a value close to our most stable case of
N =1.3;Fr, = 84.8. Asfor our experiment Riley ¢t al. find the potential energy peaks
(when L, /L, is at a minimum) at approximately 4 the Brunt—Vaisald period and the
vertical kinetic energy has its first peak at around Nt ~ 0.5 (when L,/L, is at a
maximum). The numerical simulations also show a similar region of counter gradient
heat flux to our experiment. Finally, Riley et al. find, as we do, that the fluctuating
potential energy is always less than the vertical kinetic energy, i.e. L,/l, > 1. On the
other hand, Métais (1987), using initial conditions taken from the salt-water
experiments of Itsweire et al. (1986) (but using a Prandtl number of unity), finds, in
accordance with the salt-water experiments, that L,/L, < 1 for a significant extent
of the evolution of his numerical solutions. »

Figure 21 shows two more lengthscale ratios, L,5/L, and Ly/L,,. The ratio of the
Dougherty—Ozmidov lengthscale L, to the buoyancy lengthscale L, has been shown
in the introduction to be approximately equal to F7# and this is evident if figure 21 (a)
is compared with figure 18. The ratio of the overturning lengthscale to the integral
lengthscale (figure 21b) tends to increase a little in the passive region of the flow since
L, is growing at a greater rate than L, (Sirivat & Warhaft 1983), and then decreases
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Fieure 20. The evolution of turbulent kinetic energy, vertical kinetic energy and potential energy.

(@) Fry, = 114: O; ¥22+w?), A; Wk, @; (g/T,)36%) /8. (b) Fr,, = 84.8: (symbols are the same as
in (a)).

as the temperature variance is destroyed by the stable stratification. The peak value
is about 0.75 for the data of LV and around 0.6 for our data.

All of the lengthscale ratios shown in figures 18, 19 and 21 show significant
quantitative differences between LV and the present experiment. It is this aspect to
which we now turn our attention.

-As noted earlier, the turbulence time, T = L/(u?)}, is proportional to the clock time,

= z/U, only when there is a constant exponent (n) velocity power law decay. Close
to the grid (/M < 40), and also further downstream, when stratification effects are
dynamically important, n varies and ¢ is not proportional to . Now as N is increased,
the stratification effects become significant at shorter elapsed clock time (or z/M)
from the grid. In the present work, for the most stable case (¥ = 1.3 s7%; F'r,, = 84.8)
buoyancy effects do not start to become significant until z/M ~ 40, i.e. after the
velocity field has settled to a constant power law decay. On the other hand, for the
most stable case of LV (¥ =2.42s7"), buoyancy effects begin to play a role at
approximately 10M from the grid (¥t & 0.1) and even for their least stable case the
distance at which buoyancy effects become important is at less than 303. Thus for
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Fioure 22. L, /L, and L,/L, vs. Ri,. (a) L,/L,. (b) L,/L,. Symbols are the same as in figure 10.

all of their experiments the buoyancy effects become dominant close to the grid
where the wakes of the grid bars are still coalescing and the turbulence decay rate is
faster (and hence # is greater) than the power law value observed further downstream.
The turbulence time is relatively faster here than the clock time and this explains
why the LV data is shifted to the right of our data when plotted as a function of N't.
These considerations suggest it may be more appropriate to use N'r rather than N'¢
to compare the data of the two experiments and this is done in figures 22 and 23
which are plots of L, /Ly, L,/L, and Fr, with (tN)? = NL,,/u® = Ri, as the abscissa
(note we use N = 2nN’ for these plots). The collapse is much better than the Nt plots
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(figures 18, 19 and 21): with the exception of counter heat flux case (for Ri, > 2), the
scatter within each data set is now comparable to the differences between the two
sets. In terms of the p,, criteria outlined above for the onset of buoyancy effects
(Fr, ~ 2;Ly/Ls ~ 4), and for the complete collapse of the heat flux (Fr, ~ 0.3), the
transition points in terms of Ri, are at 0.1 and 2 respectively. Notice that here, as
in the previous plots, no premonition of the counter heat flux region for our most
stable case is provided by the early evolution of these lengthscale ratios; all cases
collapse well up to Ri, ~ 2. Presumably insight into this process could be gained
from a study of the dynamics of the spectral transfer between the kinetic and
potential energy components at various wavenumbers. This is beyond the scope of
the present work. It is clear, however, that as N is increased for our experiments, w?
decays more rapidly (figure 4) and the oscillations in the L, /L, and Fr, curves at large
N't or R, become more pronounced (figures 19, 22a and 23).

As noted previously LV do not observe a counter heat flux in their experiments.
The reason for this difference is not clear but is presumably due to initial conditions.
One possibility is that, as has already been discussed, the buoyancy effects become
important very close to the grid in the LV experiment whereas in our work they only
become important when the turbulent wakes behind the grid bars have coalesced and
the turbulence is close to isotropic. Another possible explanation for this difference
between LV and the present work has recently been provided by the direct numerical
simulations of Dr M. Rogers (private communication). Rogers shows that if his code
is run with substantial initial temperature fluctuations, no counter heat flux occurs
downstream, while if the temperature fluctuations develop only as a consequence of
turbulent mixing against the temperature gradient (i.e. there are no background
temperature fluctuations), a counter heat flux develops at sufficiently high Froude
numbers. LV have substantial initial temperature fluctuations (they report values of
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the best fit to the present data set and that of LV in the early stages of the flow development
(Ri, <0.3).

+0.3 °C) compared with less than 0.1 °C in our work. If we use these values to
compare the initial fluctuating potential energy to the mean flow energy, g6%/ (87T, U?),
the value for LV is approximately five times ours for the most stable case of each
experiment. This, then, is another possible indication of the sensitivity of this type
of flow to initial conditions. o

Note also that Ri, = (N:L*/w?)(w?/u®) = (Fr,{,,)"% Thus in figure 23 the
departure of the data from a line of slope —0.5 (shown on the graph) indicates the
variation of 1, (figure 6) from unity.

The differences between the experiments of LV and our own are further elucidated
in figure 24 which is a plot of Ri, vs. N't. The best-fit line for the early stages of the
flow where buoyancy effects are not too pronounced shows a significant shift between
the two data sets: for the same value of ¥'t our experiment exhibits greater dynamic
stability in terms of Ri,,, and this is also consistent with the shift in the data of figures
18, 19 and 21.

Another important ratio, for flows with temperature fluctuations, is the mechanical
to thermal timescale ratio r = (2k/e)/(6%/e,). This has been studied extensively for
passive scalar turbulence by Warhaft & Lumley (1978) and Sirivat & Warhaft (1983).
The latter work shows that, for a passive linear temperature profile its value is
around 1.4, indicating that the characteristic timescales for the thermal and velocity
fields are approximately the same, at least after the initial thermal field has
equilibrated with its own gradient. Figure 25 shows that, for our experiment, the
passive value of r of approximately 1.1 is a little lower than for the Sirivat &
Warhaft’s data. As the flow evolves it remains approximately constant (in LV it
declines a little) until the buoyancy effects become very pronounced at Ri, ~ 1 (here
Ly, & Ly, figure 22a). The timescale ratio then begins to increase in the region where
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the heat flux has collapsed (or whether the counter heat flux occurs). We note that
there was a modest increase in the ratio of the thermal lengthscale to the velocity
lengthscale in this region also (figure 12b). This increase of L,/L; is consistent with
the increase in r. It is remarkable that r (and L, /L) remain relatively constant up
until such a high value of Ri, (or N't).

Our concern until now has been mainly with the interaction of the potential and
kinetic energy fields; here we turn our attention to the relative importance of the
terms within the rate equations for the turbulent kinetic energy and the fluctuating
temperature variance (equations (1) and (3) respectively). Figure 26 shows the ratio
of (g/T,) Ow, G, to the mechanical dissipation, ¢. In stably stratified turbulence G is
usually a sink term, but for this flow, it can be a source or sink of kinetic energy, as
the figure shows for the most stable case. The ratio initially declines (from its passive
value of zero) as the mechanical dissipation becomes less intense and the gravitational
term assumes a more dominant role. The minimum of approximately —0.13 is
reached at Ri, ~ 1 and the ratio then increases and approaches zero as the heat flux
completely collapses at Ri, = 2 (figure 28). For higher values of Ri, there is scatter
in the data but, for most cases, the ratio decreases as the gravitational flux term
begins to act as a sink of kinetic energy again. For the most stable case, however, G'/e
becomes positive in the counter heat flux region. Its large value of nearly 0.2 shows
that for a brief period the relative strength of the heat flux term as a source is greater
than its strength as a destruction term in any other (upstream) region of the flow.

Similar trends are shown in figure 27, which is the ratio of the flux gradient term

—0Bwp) to the thermal dissipation rate (g,), Gy/¢€q, ( equatlon (3)). Note that when

/6‘0 =1, the rate of destruction of temperature variance starts to exceed its

production rate and the advection term (left-hand side of equation (3)) changes sign.
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Fioure 28. The ratio of the turbulent heat flux to molecular heat flux (2) and the heat flux cross
correlation coefficient, p,,, (b) plotted as a function of Ri,. Symbols are the same as figure 10.

This occurs at Ri, &~ 1. Both in this and the previous figure there is good collapse of
our data with that of LV (with the exception of our counter-gradient heat flux case).

Finally, figure 28 shows the ratio of turbulent heat flux to molecular heat flux, and
the heat flux correlation coefficient, p,,, plotted as a function of Ri,. The agreement
with LV is better than when the data is plotted as a function of N't (figure 14), with
the exceptions (noted above) of the counter heat flux case and the higher initial p,,
in the present work.

6. Conclusions

The effects of stable stratification on the evolution of grid-generated turbulence
are profound, producing a complex interaction between the fluctuating kinetic
energy and potential energy fields that can completely suppress turbulent transport
and even result in regions of counter gradient heat flux. In this study, using a new
large low-speed wind tunnel, the mesh Froude number Fr,, = U/(NM) was varied (by
means of changing both the mean speed and temperature gradient) from oo (passive
temperature gradient) to 84.8 (d7'/dz = 55 °C/m). In terms of turbulence quantities,
Ri, (=N2L?/u?) extended to 10 at the furthest downstream station for the most
stable case. The data were found to scale best with R¢, (the square of the ratio of the
turbulent to stratification time), but, for comparison with previous work we have
also stated our results in terms of non-dimensional clock time, N't. First we will
summarize our results and we will then compare them with previous work.

Our main findings are as follows. Up until B¢, ~ 0.1 (N't = 0.08) the flow is close
to being dynamically passive; the heat flux cross-correlation coefficient p,,, remains
constant at approximately —0.7 (figure 14b) and turbulence field decays in the same
way as for neutral turbulence. Our results for this early region of the flow
development compare well with the passive linear gradient experiments of Sirivat &
Warhaft (1983). At Ri, = 0.1 the fluctuating potential energy has increased to

21 FLM 215
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approximately 5% of the vertical kinetic energy (L,/L, =~ 4, figure 22qa, Fr, ~ 3,
figure 23) and from there on its increasing importance results in the decay of the heat
flux (figure 14) and a more rapid decay of the vertical velocity variance (figure 4). The
ratio of the buoyancy to dissipation terms in the kinetic energy budget (figure 26)
also gradually decreases from its initial value of zero and reaches its minimum at
Ri, =~ 1; it then rapidly returns to zero.

By Ri, & 2(N't = 0.3) the heat flux has completely collapsed. Thereafter it either
reverses sign and becomes counter gradient or it gradually increases again (figures 14
and 28). The counter gradient heat flux only occurred for the strongest stratification
investigated (Fr,, = 84.8). For this case the data still scales well with the other data
up to Ri, = 2 (figures 22-28) but for higher R¢, (or N't) the correlation coefficient and
flux change sign (figure 14) and thus there are significant differences compared to the
less strongly stratified experiments. We do not know what parameter determines
when the heat flux will become counter gradient, apart from the fact that it occurs,
only for our most stable experiment and that it is associated with the rapid decay of
w? earlier in the flow development (figure 4). For this (counter-heat flux) case the
vertical velocity variance increases in the region where the counter gradient heat flux
occurs and the gravitational term (in the kinetic energy equation) reverses sign and
becomes a source of kinetic energy while the corresponding term in the potential
energy budget becomes a sink. For all the stably stratified cases, for Ri, > 2(N't >
0.3), the temperature fluctuation dissipation rate (figure 13) decays rapidly, with a
power law decay exponent of approximately —2 compared with —0.33 in the region
Ri, < 1, as the temperature variance is destroyed by the buoyancy (figure 10). There
is a significant, but less dramatic increase in the rate of dissipation of turbulent
kinetic energy in this region (figure 9).

The ratio of the longitudinal to vertical r.m.s. velocity fluctuations, I,,,, increases
from its neutral valve (of 1.1) as the buoyancy effects become pronounced, reaching
a maximum at approximately Ri, & 1 (N't & 0.3, figure 6) where the production to
dissipation has peaked (figure 26), thereafter decreasing as the heat flux collapses.
The results suggest that I, is not an indicator of anisotropy in a flow such as this.
The lengthscale ratios formed from the longitudinal and vertical autocorrelation
functions and spectra showed much scatter but there is some evidence that as the
heat flux collapses the vertical velocity fluctuations increase in size relative to the
longitudinal fluctuations (figure 8). '

Particular attention has been paid to comparing the present work with the results
of Lienhard & Van Atta (1990), the only other strongly stratified wind-tunnel
experiment that we are aware of. We show that when the two data sets are plotted
as a function of N't one data set is shifted with respect to the other (e.g. figures 18
and 19). However, if the turbulence time is used rather than the clock time, i.e. the
data are plotted as a function of R, (= (N7)?) the collapse of the data is much better
(e.g. figures 22 and 23). We attribute the difference between the data sets largely to
the higher values of N used by LV which causes the buoyancy effects to become
significant very close to the grid while the turbulence is still forming and the constant
power law decay has not yet been attained. Another significant difference between
the two experiments is that LV do not observe a region of net counter gradient heat
flux ; in their experiment |p,,| tends to fall to zero and then begins to increase again
(figure 14). Thus they do not find a region where w?® increases with downstream
distance, as we do. The reason for these differences is less certain but again may be
due to initial conditions. We note that the direct numerical simulations of Riley
et al. (1981) do show a region of counter gradient heat flux, and oscillations in %2, and
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these occur at approximately the same non-dimensional time as in our experiments.
Riley et al. also find, as do we, that the fluctuating potential energy never reaches the
level of the vertical kinetic energy while LV find these become equal (L, = L,) as N't
increases. On the other hand, the stratified salt-water experiments of Stillinger et al.
(1983) and Itsweire ef al. (1986) show L, becomes larger than L,, as do the numerical
simulations of Métais (1987). The salt-water experiments also exhibit regions of
counter gradient heat flux in common with our experiments. We note however, as do
LV, that there are many differences between the air and salt water experiments,
apart from the vastly different Prandtl numbers. In particular the salt stratified
experiments exhibit strong gravity wave effects while for the air experiments, of both
LV and the present work, direct evidence of them is lacking. Presumably more subtle
detection methods (such as multipoint measurements) will be needed to reveal them.
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