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Abstract—The flow evolving in a water-filled square cavity which is suddenly heated and cooled on the
opposing sidewalls is observed by using the shadowgraph technique. The horizontal boundaries of the
cavity are thermally insulating, while the heated and cooled vertical sidewalls are conducting. In a previous
publication, the emphasis was on the very early stages of the flow development. As part of this initial
evolution, two travelling wave groups were observed. The present paper continues the description of the
flow development until a steady state is reached. A clear visualization of the interaction between the second
wave group and the laminar intrusion flow across the roof of the cavity is given. The subsequent decay of
the horizontal intrusion triggering the thermal stratification in the cavity core and the adjustment of the
vertical boundary layer are also observed. The final state is characterized by waves which continuously
travel along the boundary layers. Copyright © 1996 Elsevier Science Ltd.

1. INTRODUCTION AND BACKGROUND

When a fluid-filled rectangular cavity is differentially
heated and cooled from the opposing sidewalls, a com-
plex flow develops. This is one of the classical heat
and mass transfer problems with significance for fun-
damental fluid mechanics, as well as for engineering
and geophysical applications. Industrial cooling
systems, crystal growth procedures, building insu-
lation and buoyancy-induced horizontal mass transfer
in geophysical flows all fall into this category. In many
of these applications, the imposition of the horizontal
temperature gradient is time-dependent, therefore an
understanding of both the temporal development of
the flow and of the corresponding heat transfer
properties is as equally important, as is the inves-
tigation of the final steady state. Most of the more
recent research, both experimentally and numerically,
has been focused on either the transient start-up flow
following the sudden heating and cooling of the side-
walls [1-9], or the transition from laminar to time-
dependent flow and the route to chaos [10-15].

The experimental system under consideration is
that of an initially isothermal and motionless fluid,
which is contained in a square cavity with thermally
conducting vertical sidewalls and insulating top and
bottom boundaries. The flow is started by suddenly
raising and lowering the temperatures of the opposing
sidewalls by the same amount AT, and then main-
taining those temperatures. The evolving flow consists
of narrow vertical boundary layers adjacent to the
heated and cooled walls, which exit into horizontal
intrusions travelling across the roof and floor of the
cavity before meeting with the opposing wall bound-
ary layers. The complex interactions between the
incoming intrusions and the receiving boundary layers

establish the means by which the core region of the
cavity stratifies. For a sufficiently low Rayleigh
number, a laminar time-independent flow is-eventually
achieved. At a higher Rayleigh number, however, a
time-periodic flow may result, or if the Rayleigh num-
ber is sufficiently high, the flow becomes turbulent (for
a further discussion, see ref. [1]).

Among the many phases of the flow development
from the motionless and isothermal condition to one
characterized by a variety of length and velocity scales,
one particularly striking sequence of events in the
early part of the flow has attracted a great deal of
recent attention. That is the presence of two separate
groups of short-lived travelling waves observed on
both the vertical boundary layers and the intrusion
flows. The first group of waves follows start-up, and
the second group emerges from the first interaction
between the incoming intrusion and the opposing
boundary layer. The presence of these waves was
identified from experimental and numerical obser-
vations [5-9, 16]. Of additional interest are the hori-
zontal intrusion flows, which also show some striking
characteristics. One is a complex flow separation near
the exit from the vertical boundary layer after the flow
has become established. There has been an extensive
discussion about the nature of this flow divergence,
but no unambiguous explanation has yet been pro-
vided (see e.g. refs [3-5, 7, 12, 17]). Another one is the
interaction between the intrusion flow and the vertical
boundary layer, especially how the impact of the two
travelling-wave groups lead to complete changes in
the intrusion behaviour [5, 6, 9]. Finally, the intrusions
show a strong similarity to classical gravity currents
(for the latter, see e.g. ref. [18]), and a possible con-
nection has been discussed recently [9].

The experimental investigations mentioned above

3497



3498 W. SCHOPF and J. C. PATTERSON
NOMENCLATURE
d thickness of isothermal fluid layer y vertical distance from the bottom left
g acceleration due to gravity corner.
g reduced gravity, gAp/p,
h height and width of the cavity
Pr Prandtl number, v/x Greek symbols
Ra  Rayleigh number, gai’ AT vi o coeflicient of thermal expansion
t time K thermal diffusivity
T period of internal waves v kinematic viscosity
T, ambient temperature Po mean density of the working fluid

AT  temperature difference between
ambient and one wall

AT, temperature difference between
ambient and intrusion

v wave velocity

X horizontal distance from the bottom

left corner

Ap  density difference between ambient
and intrusion.

Subscripts
1,2 fluid layer 1 and 2
sl, s2,...,530 steady-state waves 1, 2, ..., 30

could confirm the features of interest only indirectly.
Evidence of the travelling waves for example was given
by isolated temperature measurements using ther-
mistors which were placed inside the hot vertical
boundary layer and in the top horizontal intrusion [6,
8]. From these temperature time series taken at one
or more fixed locations, only localized properties
could be obtained. Since the properties of the waves
and especially of the intrusion alter as they move
downstream [7, 16], their true character is only
revealed when using many sampling locations.
However, the number of thermistors is usually restric-
ted to about five to 10. The visualization techniques
used in refs. [3, 6, 8] could reveal an overall picture of
the large-scale flow field, but the timing for the streak
photographs was not appropriate for resolving the
relatively fast travelling waves and the spatial reso-
lution was not fine enough to characterize the
intrusion flow.

To overcome those problems, we have used the
shadowgraph technique as a means of flow visual-
ization. Rather than yielding temperature time series
only at specific locations, the shadowgraph images
give an overall (two-dimensional) map of the tem-
perature signal. Although for our experiment this
technique cannot be used as a tool for quantitative
temperature measurements, its high quality has helped
identify new and unexpected flow features.

In a previous publication [9], we have applied this
method to the first stages immediately following the
flow initiation. For the first time, the two groups of
travelling waves could be made visible and followed
through their journey along the boundary layer. Prob-
ably the most striking result was the visualization of
the intrusion flow, revealing a strong similarity with
gravity currents, even though the intrusion is stratified
and formed in a different way to the classical gravity
current experiments. Some of the features of the

intrusion predicted by numerical simulations and
streak photographs, such as the region of flow separ-
ation, were confirmed with greater clarity than pre-
viously. Also a clear picture of the interaction between
the first group of waves and the intrusion was given.
Additionally, some new features such as the distinct
temperature structures inside the intrusion head were
identified. Previously measured temperature signals in
this region have been interpreted as the remnants of
the boundary-layer waves [6, 8], however, according
to our measurements there is no clear connection
between these two features.

For a typical temperature difference AT of about 4
K (between one wall and the ambient), this first phase
of the flow development is over after about 2 min. In
this paper, we continue the description of the flow
evolution by covering a much larger time frame until
a steady state showing no further qualitative changes
is reached. In Section 2, we discuss the experimental
setup including the optics and the shadowgraph tech-
nique. In order to define a starting point, we briefly
address the second group of travelling waves, and
the established intrusion prior to the impact of these
waves. The new results are then presented and dis-
cussed in three steps: Section 3 deals with the inter-
action between the second group of waves and the
intrusion ; the decay of the intrusion triggering the
core stratification and the subsequent change of the
vertical boundary layer are the topics of Section 4 ; and
the final state which is characterized by continuously
travelling waves along the vertical boundary layers is
described in Section 5. We conclude the paper with
some outlooks and motivations in Section 6. We
would like to emphasize that, like ref. [9], the present
paper is of observational nature and reports in a quali-
tative way the development of a transient flow which
is remarkably rich in features. Quantitative models
for the underlying physics controlling these features
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are in many cases not available at this stage, and are
beyond the scope of this paper.

2. EXPERIMENTAL SETUP

2.1. Experimental tank and fluid properties

The experimental system of interest is that of an
initially motionless Newtonian fluid, which is con-
tained in a square cavity of height and width A and
held at the ambient temperature 7,. The horizontal
upper and lower boundaries are thermally insulating,
while the vertical sidewalls are assumed to be perfect
heat conductors. The flow is initiated by suddenly
changing the temperatures of the opposing sidewalls
from Tyto To+ AT and T,— AT, respectively. The flow
is assumed to be two-dimensional with the relevant
coordinates being x in the horizontal and y in the
vertical direction, and the origin lying in the lower hot
corner. The nondimensional parameters describing
this problem are the Rayleigh number and the Prandtl
number :

WAT
Al gl )
KV K

Ra

where g is the acceleration due to gravity and a, v and
Kk are, respectively, the coefficient of thermal expan-
sion, the kinematic viscosity and the thermal diffu-
sivity of the fluid. For a rectangular, nonsquare cavity,
another relevant parameter would be the aspect ratio.

The experimental rig is that described in ref. [6]
with some improvements according to ref. [9], there-
fore only a brief description is given. The cavity con-
taining the working fluid is constructed from perspex
in order to model the insulating boundary conditions,
except for the conducting sidewalls which are made
from copper of thickness 1 mm. The size of the two-
dimensional working region is 24 x24 cm and the
extent in the third dimension is 50 cm. Adjacent to
each copper wall is a large reservoir containing heated
and cooled water, which, respectively, are maintained
at the desired temperatures of the hot and cold walls.
These reservoirs are separated from the copper walls
by removable gates and an air gap. Upon initiation,
the gates are raised simultaneously in order to provide
a sudden thermal contact between the heated and
cooled water and the copper walls, thus leading to the
desired step change in the thermal boundary
condition.

The experiments reported here have been carried
out with water as the working fluid. The mean tem-
peratures ranged from 7, = 20.4 to 20.8°C, giving
Prandtl numbers between Pr = 7.0 and 6.9. The tem-
perature differences between the vertical sidewalls and
T, usually ranged from AT =3.2 to 3.5 K cor-
responding to Rayleigh numbers between Ra =
6.9%x10® and 7.3 x 10%, except for one experiment,
where AT =2.35 K corresponding to Ra =4.9x
10%. The respective values are given below when the
individual measurements are discussed.
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2.2. Optical setup and shadowgraph technique

Since the flow is driven by temperature gradients
inside the fluid, the well-known shadowgraph tech-
nique is best-suited for visualization purposes. A gen-
eral discussion is given in ref. [19], for various appli-
cations see e.g. refs. [20-22], and especially for the
system considered here see ref. [9]. The principles are
rather simple: the temperature variations with space
and/or time inside the fluid lead to a modulation of
the refractive index of the fluid, which in turn leads
to deflections of the incoming parallel light beam.
Therefore, the distribution of the light intensity in the
shadowgraph image is a representation of the spatial
temperature field inside the fluid, while a time series
of images can reveal its temporal evolution.

The optical setup is the same as used in ref. [9] and
is sketched in Fig. 1. A point light source is generated
by placing a pinhole in front of a halogen lamp. The
light is made parallel by means of a spherical mirror,
which has a diameter of 30 cm and a focal length of
about 2.4 m; The resulting parallel light beam shines
through the experimental tank in such a way that
the two-dimensional working region is illuminated.
A second mirror, which is identical to the first one,
converges the transmitted light at a CCD-camera,
leading to the Z-shaped setup shown in Fig. 1. As
has been discussed in ref. [9], in our experiment this
method cannot be used for a quantitative measure-
ment of the temperature field, however, the resulting
images are very good qualitative representations of
the temperature field yielding a very high quality of
flow visualization (see Fig. 2). In cases where the heat
transport is mainly by convection rather than by con-
duction, the shadowgraph images are also a very good
representation of the velocity field in the fluid.

The pictures taken by the black-and-white CCD-
camera are digitized by a frame-grabber board
implemented in a PC/AT-80486 computer. This pro-
cedure results in individual images consisting of arrays
of 512 x 512 pixels of 8-bit grey-scale values, which
are stored on the computer hard disk for further pro-
cessing. The time elapsed between consecutive pictures
is very accurately determined by a quartz-oscillator
and varies from experiment to experiment. Alter-
natively, the whole flow evolution as seen by the
shadowgraph method can be recorded for further
inspection on tape by a videorecorder.

2.3. Examples of shadowgraph images

Due to the diameter of the spherical mirrors (30
cm), it is not possible to display the whole working
region with its diagonal dimension of 34 cm. There-
fore, we will use only a little more than the heated
half, a typical example of which is shown in Fig. 2.
Here, the temperature difference is AT = 3.5 K cor-
responding to Ra = 7.2 x 108, This particular image is
taken 106.92 s after start-up, just before the first wave
of the second group hits the top intrusion. The hot
vertical wall is to the left with the bright line rep-
resenting the inner edge of the boundary layer. The
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Fig. 1. Schematic layout of the optical setup as explained in the text.
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Fig. 2. Typical example of a shadowgraph image as used for
composing Figs. 3-8. The Rayleigh numberis Ra = 7.2 x 10%,
and the image is taken 106.92 s after start-up.

origin for the system of coordinates as used through-
out this paper lies in the lower left corner, with x
increasing to the right and y upwards. The labels at
the left-hand side and at the top in Fig. 2 and also in
Figs. 3-8 indicate the distances in cm from the bottom
and from the hot (left) wall, respectively.

The feature at about 16 cm up the boundary layer
is the first wave of the second group, which results
from the impact of the incoming cold bottom
intrusion on the hot boundary layer. At this stage,
after the first wave group has gone through, the
intrusion flow itself is laminar. The left half of the hot

intrusion is represented by the black strip along the
top. A strong temperature gradient exists between this
hot fluid and the colder, still isothermal, interior of
the cavity and is identified by the bright line separating
the intrusion from the core. The very bright feature at
the top wall, about 5 cm away from the hot corner, is
associated with a flow separation which is responsible
for the wavy line of the intrusion (for more details,
see ref. [9]). At the downstream end of the intrusion
(shown at the bottom for the cold intrusion), the
gradient towards the core region has weakened. The
small deflection at about 7 cm up the boundary layer
is the result of the ‘piling up’ of cold fluid as suggested
in ref. [1] and further discussed in refs. [4, 6, 9]. The
feature in the upper half of the picture near the right
end is a small stirrer, which has been introduced into
the cavity as part of the preparation for each exper-
iment (see ref. [9]). At the top of the picture, it indi-
cates the mid-point of the cavity corresponding to
x=12cm.

For the remainder of the paper, parts of different
shadowgraph images have been grouped together in
form of time series. In order to introduce this kind of
representation, but also to make the connection to
our previous publication and to simplify further dis-
cussions, we repeat with Fig. 3 one of the figures
already shown in ref. [9]. Each part shows the same
narrow vertical strip (® 1.1 cm wide) covering the hot
boundary layer, and is extracted from a full image
similar to Fig. 2, each one taken at a different instant
in time. The hot wall is to the left, the fluid flows from
bottom to top and time increases from left to right,
i.e. from Fig. 3(a) to (v). The time elapsed between
consecutive pictures is 2.44 s with Fig. 3(a) taken 82.52
s and Fig. 3(v) 133.76 s after start-up. The images are
taken from the same experiment as used for Fig. 2
(AT=35 K, Ra=72x10%, and Fig. 3(k) is
extracted from the same frame as Fig. 2.

The sequence shows the second group of waves
travelling up the hot boundary layer and has been
discussed in detail in ref. [9]. Figure 3(a) is taken prior
to the impact of the bottom intrusion on the hot
boundary layer and Fig. 3(v) is taken after the last of
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Fig. 3. Time series of shadowgraph images showing the second group: of waves travellmg up the hot
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boundary layer (Ra = 7.2 x 10%). The individual parts correspond to the following times after start-up : {a)

82.52's, (b) 84.96 s, (c) 87.40 s, (d) 89.84 s, (¢) 92.28 5, (f) 94.72 s, (g) 97.16 s, (h) 99.60 s, (i) 102.04's, ()

104.48 s, (k) 106.92 s, (1) 109.36 5, (m) 111.80 s, (n) 114.24 5, (o) 116.68 s, (p) 119.12 5, (q) 121.56 5, (r)
124.00 s, (s) 126.44 s, (t) 128.88 s, (u) 131.32's, (v) 133.76 s, (after ref. {9)).

the waves has vanished into the top intrusion. There
are two features of interest here. The first one is the
‘piling-up’ of intrusion fluid as suggested in ref. [1],
which can be followed in the lower part of the picture.
During impact, that part of the intrusion which inter-
acts with the boundary layer widens as shown by the
increased height of the disturbance at'the bottom of
the vertical boundary layer from Fig. 3(b) until Fig.
3(g), when it starts to slowly collapse back for the rest
of the sequence. The second feature is the passage of
the second wave group which can be seen in the upper
half of the picture from Fig. 3(i-t). These waves are
the result of an instability which is triggered by the
impact of the cold intrusion on the (unstable) hot
boundary layer.

3. INTERACTION OF THE SECOND WAVE
GROUP WITH THE INTRUSION FLOW

3.1. Observations

In order to describe the interaction of the second
group of waves with the almost steady, laminar
intrusion flow and the modification of the intrusion
by this impact, two different time series are used. The
first one shown in Fig. 4 has a relatively poor temporal
resolution, but covers the full wave group. Similar to
Fig. 3, this is again a time series, but now of a hori-

zontal strip (= 3.8 cm wide) around the top intrusion.
The upper part of the boundary layer can be identified
at the left. Time proceeds downwards from Fig. 4(a)
to (k) with 4.88 s elapsed between consecutive images.
Figure 4(a) is taken 106.92 s and Fig. 4(k) 155.72 s
after start-up, thus a range of about 50 s is: covered.
This gives a good general overview of the development
from before the first wave has reached the top
intrusion until the last one has passed through and
disappeared. This time series is taken from the same
experiment as Fig. 3 (AT = 3.5K, Ra = 7.2 x 10%), and
Fig. 4(a) is taken from the same full frame as Fig. 3(k).

In Fig. 4(a), the visible region of the boundary layer
has not yet been disturbed by the travelling waves.
Their influence, however, can clearly be seen from Fig.
4(b-e). In Fig. 4(f), which is taken from the same
frame as Fig. 3(u), there is no further wave activity
along the boundary layer, which therefore remains
almost unchanged for the remainder of the series [Fig.
4(f-k)]. Upon reaching the top corner, the waves turn
around and subsequently travel along the horizontal
intrusion, thereby strongly disturbing it. This is obvi-
ous from Fig. 4(c-h). By Fig. 4(c), the first wave
has entered the intrusion and has created a second
temperature feature alongside the already existing
gradient between the intrusion and the cavity core.
Every time a new wave enters the intrusion, another
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Fig. 4. Times series of shadowgraph images showing the

impact of the second wave group on the top intrusion

(Ra = 7.2 x 10%). The individual parts correspond to the fol-

lowing times after start-up: (a) 106.92 s, (b) 111.80 s, (c)

116.68 s, (d) 121.56 s, (e) 126.44 s, (f) 131.32 s, (g) 136.20 s,
(h) 141.08 s, (i) 145.96 s, (j) 150.84 s, (k) 155.72 5.

such feature is created, almost splitting the original
one. At first sight, the situation looks very irregular,
however, it is perfectly reproducible; it is also very
similar to the interaction of the first wave group with
the first intrusion (see ref. [9]), but of much higher
intensity. By Fig. 4(i), all the waves have travelled by,
and for the rest of the time series the intrusion is again
separated from the core region by a sharp gradient.

W. SCHOPF and J. C. PATTERSON

Coinciding with the impact of the waves on the
intrusion is the obvious change in the separation
behaviour at the top.-As can be seen throughout the
sefies, the separation point represented by the very
bright feature at the top boundary slowly moves
towards the left, i.e. towards the hot wall. The inflow
at the top left corner steepens, making in Fig. 4(
and k) almost a complete reversal from upflow in the
boundary layer to downflow in the intrusion. The
downstream side of the separation point also steepens,
leading to a second reversal from downflow to upflow.
A third, weaker reversal turns the flow from up to
down again. Neighbouring fluid regions of upflow and
downflow are, respectively, separated by very strong
temperature gradients which prevent the flow from
travelling straight along the cavity ceiling.

The second time series shown in Fig. 5 visualizes

0 4 8 12

Fig. 5. Time series of shadowgraph images showing the

impact of one individual wave of the second wave group

on the top intrusion (Ra = 4.9 x 10%). The individual parts

correspond to the following times after start-up : (a) 143.0 s,

(b) 143.8 5, (c) 144.6 s, (d) 145.4 5, (e) 146.2 s, (f) 147.0 s,
(g) 147.8 5, (h) 148.6 s, (i) 149.4 5.
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the impact of one individual wave on the top intrusion
in more detail. Again, the time series consists of the
same horizontal strip around the top boundary (~3.6
cm wide). The time elapsed between consecutive pic-
tures is 0.8 s, thus yielding a much finer temporal
resolution than Fig. 4. Figure 5(a) is taken 143.0 s
and Fig: 5(i) 149.4 s after start-up, hence the sequence
covers little more than 6 s. The images are taken from
a different experiment, with AT =235 K cor-
responding to Ra = 4.9 x 10°. Due to the lower Ray-
leigh number, the structures are more regular, thus
allowing an easier description, however, the behaviour
is qualitatively the same for all of the experiments we
carried out.

The double-gradient structure in the boundary
between the intrusion and the cavity core as seen in
Fig. 5(a) indicates that at least one wave has already
passed by. Another wave is just coming up the bound-
ary layer, being half-visible in Fig. 5(b) and reaching
the top corner in Fig. 5(c). The double-line structure is
typical for thesé high-amplitude waves and will cause
individual temperature features along the top
intrusion, as discussed below. The first of the two lines
enters the intrusion from Fig. 5(d—f) and forms a new
temperature feature along the intrusion boundary in
Fig. 5(g—i). The second one also enters the intrusion
[Fig. 5(e—g)], but due to a temperature gradient
between the two it cannot close the gap to the first
one. Therefore, it slides above it [Fig. 5(g—i)] forming
a second temperature feature. Owing to the many
waves coming in from the hot boundary layer, a
multiple-line structure similar to the one shown in Fig.
4(e) is finally achieved. These features continue to
travel along the intrusion until they disappear, pre-
sumably due to dispersion. In the end there are no
traces left of them, as shown, e.g. in Fig. 4(k).

3.2. Discussion

The sequences shown in Figs. 4 and 5 depict a
range of complex interactions between the incoming
boundary-layer waves and the established horizontal
intrusion flow. Although there are similarities to the
interaction of ‘the first group of waves with the
developing intrusion as discussed in ref. [9], there are
also significant differences. The immediate result of
the wave-intrusion interaction is the formation of a
layered temperature structure on the lower edge of the
intrusion, similar to that observed with the first group
of waves. In this case however, the structures are more
intense, which is consistent with the higher amplitude
of the second wave group (compare Fig. 3 with Fig. 3
of ref. [9]). While for the first group of waves the
layered structure is constrained by the presence of the
detraining fluid behind the head of the initial intrusion
flow, there is no such restriction for the second wave
group. Here, the structure appears to slowly move
downstream and dissipates before it has reached the
mid-point of the cavity. The last remnants are visible
in Fig. 4(h), and the effect has vanished in Fig. 4(i).

Figure 5(a—d) shows the shadowgraph image of one
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individual boundary-layer wave, which consists of two
sharp lines of high intensity. As discussed in ref. [9],
these lines approximately correspond to regions of
high second derivatives of the temperature field in a
direction normal to the lines. Therefore, this double-
line structure can be interpreted such that the tem-
perature along a horizontal line first decreases from
its value at the vertical boundary to some minimum
away from the wall, then rises again to a local
maximum before it finally decreases to its core value.
The isotherms will show a roll-like structure similar
to a surface wave about to break, although in this case
the open end of the roll is towards the upstream end
of the wave. Numerical simulations of the boundary-
layer waves at similar Rayleigh numbers have in fact
resulted in temperature fields showing this charac-
teristic [see Fig. 1(b) of ref. {7]], thus supporting our
interpretation of the images.

Not immediately obvious from Fig. 5 is the fact
that the waves travel much faster along the intrusion
than along the boundary layer. By tracking the pro-
gress of the waves, the respective velocities may be
estimated as 4.5 mm s~' on the boundary layer [Fig.
5(c-€)] and 7.2 mm s~' on the intrusion [Fig. 5(e—
h)], before they get arrested on the separation region.
Watching these waves in real time, either during an
experiment or from the recorded videotape, presents
a particularly striking representation of this effect,
and the change in speed is quite clear. Once on the
intrusion, the layered structure, and therefore pre-
sumably the roll-like structure, of the temperature
field is preserved, although there is clearly increased
interaction between successive waves.

The presence of a temperature structure near the
top wall has also been observed during the initial
intrusion [9]. In that case, the structure had slowly
moved down-stream, and has been associated with
the flow separation observed at that point. Here, the
temperature structure seems to move back upstream, a
motion which coincides with the arrival of the second
group of waves. Figure 4(a, b) shows the structures
essentially stationary, represented by the sharp gradi-
ent at about S cm downstream from the top left corner.
Figure 4(c) shows the arrival of the first boundary-
layer wave in the intrusion and the formation of the
layered structure on the lower intrusion boundary, as
discussed above. At the same time, the gradient at the
top boundary has moved back towards the upstream
corner and is now less than 4 cm away from the left
wall. This process continues as more waves arrive.
With the formation of the increasingly complex struc-
ture on the lower intrusion edge, the separation struc-
ture moves further upstream [Fig. 4(d—g)]. After the
last wave interaction has occurred by Fig. 4(h), the
separation structure becomes stationary at about 2
cm away from the left wall, however, the flow begins
to steepen significantly [Fig. 4(h—k)], and the flow
reversal referred to above becomes evident.

The mechanisms responsible for these changes are
still not known. It is clear, however, that the passage
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of the second group of waves triggers a rather strong
response in the essentially steady intrusion, which has
formed following the initial start-up flow. In ref. [6],
it was suggested that the flow separation was due to
the adjustment of the stratified intrusion as it exits
from the corner to the different thermal boundary
condition at the cavity ceiling. At the top wall, this
adjustment effectively leads to a blocking of the fluid
coming from the boundary layer, thus forcing the flow
to deviate from the horizontal direction (for details
see ref. [6]). The presence of the sharp gradient at
the horizontal boundary and the coincidence of the
steepening of the exiting flow from the corner with the
steepening of the intense gradient are consistent with
this argument. Following the first flow reversal associ-
ated with the separation caused by the blocking at the
top wall, the flow reverses again and reattaches to the
cavity top. Evidently, this is the result of buoyancy
forces, since the intrusion fluid is still relatively less
dense than the ambient. There is some indication of a
second separation region further downstream, which
however is considerably weaker than the first one,
thus leading to a correspondingly weaker flow devi-
ation away from the top wall. Throughout the time
series shown in Fig. 4, the intrusion fluid coming from
the hot boundary layer is warmer than the cavity core
which is still isothermal. Therefore, a strong tem-
perature gradient exists between the two regions,
which is indicated by the relatively bright line seen in
all frames of Figs. 4 and 5 separating the intrusion
from the core.

4. EVOLUTION TO THE FINAL STEADY STATE

4.1. Observations

For typical temperature differences AT of about 2—
4 K, the second group of waves has travelled by and
disappeared in the intrusion about 2.5-3 min after
start-up. Further development then occurs at much
longer time scales. In the following, we will describe
the approach to a steady-state flow by using two
different time series. The first one shown in Fig. 6
visualizes the further evolution of the intrusion flow.
This series is again constructed from the same hori-
zontal strip around the top intrusion, but now from a
somewhat broader region (& 5.9 cm wide) than shown
in the previous figures. The time elapsed between con-
secutive images is 15 s with Fig. 6(a) taken 156 s and
Fig. 6(h) 261 s after start-up, so that a range of almost
2 min is covered. With a Rayleigh number of
Ra = 7.3 x 10, this experiment is very similar to the
one used for Fig. 4. Figure 6(a) is taken at about the
same time as Fig. 4(k), when the second group of
waves has just vanished inside the intrusion.

In the subsequent evolution of the intrusion, two
different developments can be distinguished. The most
striking one probably is the behaviour of the flow-
reversal region close to the hot boundary layer. The
various up- and downflow regimes with the strong
temperature gradients between them come closer to-
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Fig. 6. Time series of shadowgraph images showing the fur-

ther evolution of the intrusion flow after the second wave

group has gone by (Ra = 7.3 x 10%). The individual parts

correspond to the following times after start-up: (a) 156 s,

(b) 171 s, (c) 186 s, (d) 201 s, (e) 2165, (f) 231 s, (g) 246 s,
(h) 261 s.

gether and form a roll-like structure, which approaches
the hot wall [Fig. 6(a—d)]. The whole structure then
unwraps itself with the upflow part slowly moving
downwards and combining with the downflow part
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[Fig. 6(e—g)]. Finally, the highly curved nature of this
part of the intrusion as shown in Fig. 6(a) has
vanished. It seems that the remnant of the intrusion
now further approaches the hot boundary layer and
will eventually merge into it in order to form the
steady-state boundary layer, an assumption which is
supported by the observations in Fig. 7. The second
characteristic of the intrusion development is the
change of the laminar flow behind the flow-reversal
region from being well-pronounced in Fig. 6(a) to
being barely visible in Fig. 6(h). The strong tem-
perature gradient between the intrusion and the cavity
core as shown in Fig. 6(a) weakens and apparently
conducts into the cavity. The formerly isothermal core
is now slowly being stratified with the stratification
coming in from the top and bottom boundaries, i.e.
from the respective intrusions.

The final part of the approach to the steady state
and especially the evolution of the vertical boundary
layer is visualized by the four images of Fig. 7, which
are taken from the same experiment as the images
used for Fig. 6 (Ra = 7.3 x 10%). Shown in Fig. 7 are
the top 11.9 cm of the cavity at different times. Figure
7(a) is taken 343 s after start-up, i.e. 82 s after Fig.
6(h). The remnant of the intrusion is now much
smoother, and the merging of the intrusion into the
boundary layer as discussed above is obvious. There
is no further sign of the strong vertical temperature
gradient between the top boundary and the core
region, and the separation region is only weakly
evident. The development of the vertical boundary
layer continues in Fig. 7(b), which is taken 2 min after
Fig. 7(a). The former intrusion now extends further
down, with a relatively strong horizontal temperature
gradient being established between the boundary layer
and the interior of the cavity. This gradient has weak-
ened, although not vanished, in Fig. 7(c) which is
taken 12 min after Fig. 7(b). The new feature now
extends further downwards than in Fig. 7(b). The last
part of this sequence, Fig. 7(d), is taken 56 min after
Fig. 7(c), i.e. 70 min after Fig. 7(a), and represents
the final steady state. The new shape of the vertical
boundary layer now extends right down to the bottom
(not shown here), and the gradient towards the
interior has further weakened. The bright features at
the top of the boundary layer in Fig. 7(d) represent the
steady-state waves as referred to in the next section.

4.2. Discussion

A sequence of changes to the structure associated
with the complex flow-reversal region near the exit
from the vertical boundary layer is shown by Fig.
4(h-k) and Fig. 6. These processes may be loosely
described as an upstream motion and a steepening of
the flow separation [Fig. 4(h-k)], followed by a more
fundamental change when the structure itself appears
to unroll, thus dividing the flow into two parts (Fig.
6). One part deviates downwards toward the rising
vertical boundary layer, while the other one flows
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Fig. 7. Shadowgraph images showing the approach to the

final steady state (Ra = 7.3x10%). (a) is taken 343s after

start-up, (b) 2 min later, (c) another 12 min later and (d)

another 56 min later, i.e. 70 min after (a) and approximately
76 min after start-up.

horizontally along the top wall, with continued, but
weaker indication of the separation region.

These changes are connected to the equivalent of
the ‘piling up’ of cold fluid from the incoming cold
intrusion at the base of the hot boundary layer dis-
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cussed in refs. [1, 9] and shown in Fig. 3. As noted
in ref. [1], this leads to tilted isotherms and to the
generation of internal waves. The first relaxation of
the tilt is visible in the second half of Fig. 3. There is
a corresponding effect at the upper end of the cold
boundary layer resulting from the hot intrusion trav-
elling along the top wall of the cavity. The time scale
for these processes is given by the internal-wave
period. For the simple model of two horizontal layers
of isothermal fluid, this period is given by (see ref.

(23D):

,d1d2 —1/2
T—2h<gd1+d2> . @)

Here, ¢' = gAp/p, is the reduced gravity given by the
density difference Ap between the two layers which
have the thicknesses 4, and d,, respectively. Although
in our case the intrusion is stratified and d; (and hence
d,) varies slightly, we may estimate AT; = 3 K for the
temperature difference between the intrusion and the
ambient, and d; ~ 2 cm and 4, ~ 10 cm. In the last
step, we have assumed that half of the cavity height is
responsible for the motion under consideration. This
yields ¢’ &~ 62 x 10~*m s~2 and hence T ~ 47 s. The
influence of the first relaxation on the upstream end
is expected after T/2 ~ 23.5 s. From Fig. 3, we can
estimate that the relaxation begins at about 114 s
after start-up [Fig. 3(n)}, therefore the effect should
be visible at the flow-reversal structure after about 138
s. The steepening of the structure is first evident in
Fig. 4(h), which is taken 141.08 s after start-up, close
to the time predicted for the arrival of the signal from
the downstream end. Therefore, the steepening is con-
sistent with the adjustment of the non-horizontal tem-
perature isotherms, thus increasing the temperature
downstream of the flow-reversal structure and effec-
tively providing additional blocking to the exiting
flow.

The second stage of the changes to the flow-reversal
structure is the apparent unrolling and splitting as
evident in Fig. 6. Through the adjustment of the ver-
tical boundary layer and the stratification of the cavity
core, the merging of the structure with the existing
boundary layer seems to play an important role in the
evolution to the steady state. A detailed account of
the first part of this process, based on both exper-
imental and numerical results, was given in ref. [6] at
a Rayleigh number of about half the present value.
After its impact on the opposite boundary layer, the
intrusion flow is divided into two streams with one
travelling along the horizontal wall and the other
diverging into the core region. This splitting first
occurs at the downstream end (i.e. near the opposite
vertical wall), and subsequently the point of sep-
aration moves back upstream (see Fig. 13 in ref. [6]).
Eventually, it reaches the flow-reversal region, which
is forced back towards the emergent corner and
towards the cavity core. Although at a somewhat
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higher Rayleigh number, the same mechanism is evi-
dently operating in the present experiments.

The time series of Fig. 6 shows how the flow-reversal
region detaches and becomes distinct from the flow
exiting into the intrusion, which is again consistent
with ref. [1]. This region then appears to merge with
the vertical boundary layer. The edge of the existing
boundary layer is represented by the bright, almost
vertical, line extending upwards from the bottom in
Fig. 7(a—c). At acertain point, it reaches the boundary
of the detached flow-reversal region, and the merged
region is evident above this point. The point of inter-
section moves upstream (downwards) along the
boundary layer through Fig. 7(a—c), and has moved
out of view in Fig. 7(d). Downstream (upwards) of the
point of intersection, the boundary layer has changed
character substantially. Its outer edge is displaced
towards the interior of the cavity and the gradients
are much weaker than previously. They will however
remain, since the interior of the cavity is now almost
linearly stratified from bottom to top, while the tem-
perature of the sidewall is constant over its whole
length, thus leading to a region of adjustment. The
stratification of the interior is also weakly visible in
Fig. 7.

During the evolution shown in Fig. 6, the intrusion
appears to be periodically disturbed, as can be seen
by the multiple-line structures at the bottom boundary
of the flow-reversal region in Figs. 6(c and e). These
patterns look similar to the splitting structure dis-
cussed earlier in Section 3. By inspecting additional
frames which have been taken in between the ones
shown in Figs. 4 and 6, we can estimate the times for
the start and end of these disturbances. The inter-
action with the second group of waves takes place
from about 116 to 146 s after start-up. The first dis-
turbance thereafter arrives at about 176 s and vanishes
at about 191 s after start-up, while the second dis-
turbance lasts from 216 to 241 s after start-up. There-
fore, we can associate a period of 60—40 s with this
feature, which lasts 15-25 s each time. The decrease
of the period with higher internal stratification is con-
sistent with previous numerical and experimental
investigations [6,7]. There is another, much weaker
disturbance following the second one, however, it is
not possible to define its temporal boundaries very
well, although they seem to be consistent with the
above estimates.

One mechanism for these disturbances could be an
internal wave motion interacting with the intrusion
flow, which has already been considered above in con-
nection with the relaxation of the tilted isotherms.
From equation (2), the period of this motion has been
estimated to about 47 s, which is in agreement with
our measurements. Another possibility is that the dis-
turbance caused by the impact of the second wave
group subsequently travels around the cavity before
it decays. Even if this process is not strong enough to
produce detectable waves along the boundary layers,
it may still be able to perturb the flow-reversal region
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of the intrusion, which seems to show a strong
response to even very small disturbances (see dis-
cussion in Section 3). Following the measurements of
ref. [9], it will take about 30 s for the travel along the
vertical boundary layer, while according to ref. [6] the
travel time along the horizontal boundary should be
of the same order, although slightly longer. This yields
an estimate for the complete time of about 6070 s,
which is in agreement with the arrival for the first
disturbance, but seems to be too long to describe the
subsequent perturbations. From our measurements it
is not possible to determine which, if either, of the
processes is responsible for these disturbances.

5. STEADY-STATE BOUNDARY-LAYER WAVES

5.1. Observations

The final state is steady in the sense that the flow
characteristics averaged over time become constant,
although the motion itself may still be time-depen-
dent. In all of our steady-state experiments, we have
observed waves travelling continuously along the ver-
tical boundary layer, with amplitude and frequency
depending on the temperature difference. Figure 8 is
the representation of such a travelling-wave state.
Here, the temperature difference is AT = 3.5K, cor-
responding to Ra = 7.3 x 10®. Similar to Fig. 3, Fig. 8
is again a time series showing the same vertical strip
(= 1.1 cm wide) around the hot boundary layer. The
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Fig. 8. Time series of shadowgraph images showing the final steady state for Ra = 7.3x 10°. Waves
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time elapsed between consecutive images is 2.5 s and
the series is taken about 2 days after start-up. Since
the motion does not change qualitatively, it is not
important to know the exact time elapsed since the
flow initiation. Our longest run lasted over many days,
still showing the same wave characteristics. From Fig,
8(a—z), 62.5 s of this travelling-wave state are covered.
Several individual wave peaks can clearly be dis-
tinguished and followed from being hardly visible
(about one half to two thirds of the distance up the
boundary layer) until they disappear in the hot top
corner. During their travel along the boundary layer,
their amplitudes increase, indicating that the bound-
ary layer is unstable. In all our experiments, even for
the smallest temperature differences (AT ~ 0.5K), the
final steady state was characterized by such waves.
For very small temperature differences, the amplitude
was much weaker, but not zero.

5.2. Discussion

The locations of the individual wave peaks as
extracted from the experiment used to create Fig. 8
are shown as functions of time in Fig. 9. Figure 8 has
only covered a representative section of the exper-
iment, which in fact lasted much longer than 62.5 s.
It has been recorded for about 130 s and 30 different
wave peaks could be identified during that time. The
lines in Fig. 9 are approximately parallel, suggesting
that the speed is about the same for all the waves.

are travelling continuously up the hot boundary layer. The series is taken about 2 days after start-up with
2.5 s elapsed between consecutive images.
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Fig. 9. Locations of individual wave peaks up the hot bound-
ary layer as functions of time for the steady-state waves
shown in Fig. 8. The time origin is chosen arbitrarily.
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Fig. 10. Velocities of the individual wave peaks of Fig. 9 as
functions of the distance up the hot boundary layer.

A preferred distance between the lines can also be
recognized, supporting the assumption that the system
has an intrinsically preferred frequency. This pref-
erence, however, is weak thus allowing the presence
of other frequencies, which is also obvious from Fig.
9. Another very interesting feature is the creation and
annihilation of waves (those points in Fig. 9 where
two lines meet). This mechanism is presumably used
to maintain the preferred frequency and will be
studied and discussed in more detail in further
investigations.

The final Fig. 10 shows the velocities of all the 30
wave peaks included in Fig. 9 as functions of the
location up the hot boundary layer. For simplicity,
the velocities have been approximated by assuming a
constant motion between two data points, thus yield-
ing an estimate for the velocities at intermediate times
and locations. Although this gives only a very limited
resolution, the general trend is clear. The velocities
are approximately the same for all waves observed (as
already assumed by inspecting Fig. 9), with an average
velocity of about 4 mm s~'. From the current data it
is hard to determine whether the slight decrease of the
velocity higher up the boundary layer is generic or
given by the measurement errors.

Unfortunately, we do not have a theoretical pre-
diction for the steady-state wave velocity for our
experimental parameters, however, we can get an esti-
mate. For Ra = 3 x 10%and Pr = 7.5, a stability analy-
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sis of the steady-state boundary layer in the presence
of a stratified cavity core gives a velocity of 3 mm
s~ for the most amplified travelling-wave component
(A.M.H. Brooker, private communication). A stab-
ility analysis of a stationary boundary layer with no
internal stratification yields at a height of 20 cm for
the same parameters a velocity of 6.7 mm s~ and for
our parameters 10.4mm s~ ' [24]. If we assume that the
ratio of the velocities with and without stratification is
approximately constant over a small range of Ray-
leigh numbers, we can estimate for our parameters a
steady-state wave velocity of about 4.7 mm s~'. This
is in good agreement with our measurement of about
mms~".

The observation of these steady-state waves, even
for very small temperature differences, seems to con-
tradict some numerical results, where waves could
only be seen for a temperature difference above a
critical one [11, 12, 14]. We associate this with the fact
that our setup creates potentially large disturbances.
The experiment has been designed for investigating
the transient behaviour, but not especially for the final
steady state. The water in the two reservoirs, which
are used to change and maintain the temperatures
of the sidewalls, is stirred vigorously by immersion
heaters. The resulting strong motion in the reservoirs
may lead to a slight random variation of the tem-
perature along the copper plates, which may be
enough to trigger these waves. We note, however, that
the stirring frequency is very much higher than the
frequency observed for the boundary-layer waves,
which is therefore assumed to be an intrinsically pre-
ferred frequency. We also mention that the numerical
simulations have either been carried out with air as
the working fluid [11,12], or only for very tall, water-
filled cavities [14], which could partly explain this
discrepancy. To investigate this feature in more detail,
a new tank is planned, which will be used especially
to study the steady state. In this new tank, the tem-
peratures of the sidewalls are maintained in a different
way leading to much less variation and disturbances.
The new setup, however, is only suitable for the final
steady state, but cannot be used to follow the initial
flow evolution.

6. CONCLUSIONS AND OUTLOOK

For the fluid flow in a differentially heated and
cooled square cavity, sequences of shadowgraph
images have been used to visualize the initial flow
development. The experiments are directed at pro-
viding the details of the boundary-layer properties
following the start-up and the impact of the first
intrusion, as well as the approach to the final steady
state. The first, fast developing, part of the flow was
reported in ref. [9], while the present publication
covers the much slower evolution to steady state. This
stage is characterized by the interaction of the second
group of waves with the intrusion, and by the sub-
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sequent development of the stratified cavity core and
of the final vertical boundary layer.

Central to the flow development at this stage is the
formation and the subsequent collapse of a region of
several flow reversals near the upstream end of the
horizontal intrusion flow. The mechanisms triggering
this flow structure are not fully understood. The obser-
vations of the temperature field in this region are
however consistent with the interpretation given in
ref. [6], that a blocking flow is set up by the change in
the boundary conditions for the temperature as the
flow exits from the vertical boundary layer into the
intrusion. Other models have also been advanced (see
e.g. refs. [3, 17]), but it is not clear which, if any, of
these is responsible for the behaviour. The adjustment
of the vertical boundary layer to its wider steady-state
form showing a smaller gradient towards the cavity
core is achieved by the merging of the flow-reversal
structure into the existing boundary layer. During this
process, the structure is forced upstream towards the
vertical wall by the internal-wave motion generated
by the interaction of the intrusion with the far wall.
The flow-reversal structure has a sudden and relatively
strong response to the waves coming from the vertical
boundary layer, however, it appears that the con-
traction and upstream motion of the structure is not
related to the presence of the waves, although these
events occur at approximately the same time.

Although the details of these interactions are not
known in a quantitative sense, the interactions have
now been demonstrated both numerically and exper-
imentally over a range of Rayleigh numbers. The
resulting flows are rather complex, especially in the
corner regions with clearly nonlinear interactions.
However, the observations are completely repro-
ducible, and there is no suggestion of a transition to
turbulence. Many of the results reported here have
not been observed previously in the detail available
with the shadowgraph technique, particularly with
respect to the interactions of the boundary layer waves
with the intrusion flow. An understanding of the
mechanisms responsible for the formation of the flow-
reversal structure near the upstream end of the
developing and of the established intrusions is of par-
ticular importance, as it is this structure and its inter-
action with the other flow features which apparently
controls the development to the steady-state flow. A
numerical and analytical investigation of these pro-
cesses is currently under way.
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