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Abstract-Results of a series of experiments performed in a square cavity suddenly heated and cooled on 
opposing sidewalls are reported. The initially stationary and isothermal working fluid is in all cases a 
glycerol-water mixture giving a variation in Prandtl number over the range 13-234. This range, together 
with a variation in the end to end temperature difference, allows exploration of the parameter space in 
which the transition from a monotonic to an oscillatory approach to steady state is predicted by the 
classification scheme of Patterson and Imberger (J. Fluid Mech. 100, 65-86 (1980)). The results confirm 
the classification, and other aspects of the flow development, including the characteristics of the growth of 
the thermal boundary layers, and some characteristics of the horizontal intrusions from the thermal layers 

into the cavity. 

INTRODUCTION 

IN RECENT years the investigation of transient natural 
convection in cavities with differentially heated side- 

walls has led to some understanding of the manner in 
which the flow and heat transfer evolves from an 
initial condition to a steady state. In particular, the 
case of a rectangular cavity containing an initially 
isothermal (at temperature To) and quiescent fluid 
suddenly heated and cooled on the opposing sidewalls 
to temperatures T, f A T has received considerable 
attention since the scaling and numerical analysis of 
this problem by Patterson and Imberger [l]. They 
devised a classification scheme to describe the various 
regimes of the flow, which depended on the value of 
the Rayleigh number (Ra) relative to various com- 
binations of the other parameters influencing the flow, 
i.e. the Prandtl number (Pr) and the aspect ratio (A), 
where 

gaA Th 3 
Ra = vIc 

Pr = v 
lc 

A={. 
L 

According to ref. [ 11, the flow ultimately evolved into 
one of conductive, convective, or transitional steady 
states, classified by Ra < 1, Ra > max (Pr’, A- I*), 

and 1 < Ra < max (Pr’,A~‘2), respectively. Within 
each of these broad flow regimes, however, a number 
of sub-regimes also existed, which described the man- 
ner in which the flow evolved. In general, these char- 
acterized the time, length and velocity scales of the 
developing motion. Seven such regimes were shown 

to exist, and numerical results were used to test the 
validity of the flow descriptions. At that time, how- 
ever, no experimental results were available to test the 

scaling. 
Of particular interest in the convective regime 

Ra > max (Pr2, A- I’) was the prediction that the net 
heat transfer across the cavity approached steady state 
as a decaying oscillation. This had also been observed 
numerically by, e.g. Gresho et al. [2] and Staehle 
and Hahne [3]. For the case Pr > L6, the following 
regimes are relevant [l] : 

Regime III: max (Pr*, A-12) < Ra < Pr4 Am4, in 

which the oscillatory heat transfer behaviour is not 
expected, the approach to steady state is monotonic 
and the horizontal motions are governed by a viscous- 
buoyancy balance. 

Regime IV: Pr“ Am4 < Ra < Pr”, in which the 

approach to a steady-state heat transfer is oscillatory, 
but the characteristics of the motions are similar to 
Regime III. 

Regime V: Pr” < Ra -c Pr” A-‘2, in which the 

approach is also oscillatory, but the motions are 
influenced by inertial effects. 

RegimeVI: Pr16 A-” < Ra, in which the approach 
is oscillatory, but the horizontal motions are governed 
by an inertia-buoyancy balance. 

The first experiment to specifically examine the tran- 
sient behaviour following sudden heating and cooling 
of the sidewalls was that of Yewell et al. [4]. Although 
designed to test for the presence of the oscillatory 
approach to steady state, these experiments were actu- 
ally in a regime in which the oscillations were not 
expected and, consistent with this, were not observed. 
Notwithstanding this result, and the relatively slow 
start-up of the experiment, Patterson [5] showed that 
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I 
NOMENCLATURE 

A aspect ratio A7‘ tcmpcrature increase and dccrcasc 1 <_‘J 
c;. specific heat [J kg ’ C ‘1 I~ boundary layer velocity scale [m s ‘1 

$1 acceleration due to gravity [m s ‘1 .” height [ml. 
II cavity height [m] 
L cavity length [m] Greek symbols 
!Y 

. 
Brunt Va~la Ircquency [s ‘1 % coelticicnt of thermal expansion [ <’ ’ ] 

PI. Prandtl number (j(j,). ci, thermal boundary layer thickness [ml 

Q two-dimensional fluid flux [m’ s ‘1 A,, intrusion thickness [m] 
Rtr Rayleigh number K thermal diffusivity [m’ s ‘1 
/ time [s] ,’ kinematic viscosity [m s ‘1 

T,, initial temperature [ C] i thermal boundary layer time scale Is] 

T, intrusion passage time [s] (‘1 internal wave frequency [s ‘1. 

their results were entirely consistent with the classi- 
fication of ref. [I]. lvcy [6] carried out a series 01 
experiments also designed to test for the cxistcncc of 

the oscillatory bchaviour. Here. the correct regime 
was selected, with Rcr - IO”. Pr 4 7 in a cavity ol 
aspect ratio I, and cvidcncc of oscillatory behavioui 
was expected. The results did not. however, give a 
clear indication of the regular. first mode internal 
wave oscillations cxpectcd : however. there were indi- 
cations of a much higher frcqucncy signal which 
appeared to bc associated with the downstream 
behaviour of the horizontal intrusions from the 
corners, interpreted by lvey as an internal hydraulic 
jump. 

The properties of these intrusions and the associ- 
ated high frequency waves have been discussed at 
length in a numerical context by Paolucci and 
Chenoweth [7], Schladow c’r ui. [8], Schladow [Y]. and 
Armfield and Patterson [IO]. The apparent conflict 
between the numerical and existing experimental 
results with respect to the oscillatory approach to 
steady state was not rcsolvcd until the experimental 

results of Patterson [I I] and the combined numerical 
and experimental investigation of Patterson and Arm- 
field [I21 resulted in the identification of the principal 
fcaturcs of the flow development and a description of 
the associated generation mechanisms for the par- 
ticular case Ku = 3.26 x IO”. Pr = 7.5. and ‘4 = I. 
This placed the experiment near the boundary of 

Regimes IV and V, both of which arc expected to 
show clear cvidencc of the oscillatory behaviour. 

The conclusions of that study are reported in the 
cited literature : in the present context it is suflicicnt to 
note that the scaling given in ref. [I] for the particular 
combination of parameters was supported, and that 
the high frequency signals observed in ref. [h] 
and numerically in rcfs. 17. 91 and Armfield [ 131 were 
identified as instabilities appearing at two separate 
instances in the thermal boundary layer, associated 
firstly with the start-up and secondly with the impact 
of the first intrusion on the opposing boundary layer. 
Schladow [9] and Armfield and Patterson [IO] have 

discussed these aspects at length. for the particular /?tr 
in question. The experimental results confirmed. for 
the first time. the presence of the tirst mode internal 
wave activity during the flow dcvclopment. 

In spite of this intcrcst in the dcvclopment of thcsc 

110~s. the Patterson [I I] and Patterson and Armfield 

[I 21 cxperrmcnt remained the only documented obser- 
vations of the unsteady problem which Ivas consisten( 
with the numerical results. The observations were also 
consistent with the scaling and classification of ref. 
[I]. but with only a single point in the parameter space. 
the results were still open to question. The numerical 
results were also limited in scope, dealing with a lim- 
ited range of the parameter space. The recent paper 
of Hyun and Lee [l4]. which also supported much of 
the scaling. extended this range somcwhat. howe\.cr. 
the deficiency in the experimental results remained. 

In the present paper the results oca series of exper- 

iments using the equipment described in rcfs. [I I. 131 
are reported. In this series, mixes ofglycerol and water 
Mith various compositions wcrc used. together with 
the full range of tcmpcraturc diffrences possible in 

the present apparatus, to alter both Pr and /?a so that 
the cxperimonts ranged from the upper part of Rcgimc 
III to the Iowcr part of Rcgimc V. The rclevancc 01‘ 
the model or ref. [I] for the transient flow in Regime\ 
III and IV is vcriticd, and the important fcnturcs of 
the flow dcvclopmcnts arc idcntificd. In particular, the 
presence of an oscillatory approach to steady state in 
Regimes IV and V, and its abscncc in Rcgimc III. is 
confirmed. consistent with the classification given in 
ref. [I]. Further. with the aid of comprehensive ther- 
mistor time scrics. a number of key aspects of the 
scaling analysis are quantified. These data arc sup- 

plemented by streak photographs which give a quali- 
tativc view of the characteristics which distinguish the 
various rcgimcs. 

EXPERIMENTAL PROCEDURES 

The experimental apparatus and the measurement 
techniques were similar to those described in rcfs. 
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[I 1, 121, and will be described only briefly here. The 
working fluid is contained in a 24 cm square cavity of 
width 50 cm, the end walls, top and base of which 
are constructed from 19 mm perspex sheeting. The 
vertical hot and cold side walls are made from braced 
1 mm copper sheet. Insulated hot and cold water baths 
are separated from the copper walls by a 3 cm air gap ; 
the bath walls facing the copper walls are pneu- 
matically controlled gates which rise vertically in a 
fraction of a second. Thus on initiation, the gates rise 
and the bath water floods against the copper walls. 
The bath tem~ratures were controlled to within 
0.03”C. The combination of the rapid start-up with 
the high thermal inertia of the baths gives a close 
approximation to the required step function boundary 
condition. To prevent heat leakage, a sheet of poly- 
styrene foam is placed in the air gap during the exper- 
imental set-up, to be removed prior to the initiation 
of the experiment. The base, lid, and end walls are 
also insulated, with one end wall insulation being 
removable for photography. 

Temperature data were obtained with Thermo- 
metric fast response FP07 thermistors located at 
various points in the cavity as described below. The 
thermistors were inserted through the cavity lid and 
were sampled by a 12 bit A-D board. After pre- 
amplification, the resolution of the temperature signal 
was 0.007”C. The signal was sampled at 2 Hz, 
sufficiently fast to resolve all expected frequencies. 
The thermistors were positioned with the aid of a 
travelling microscope which had a resolution of 0.1 
mm. However, the thermistor beads are of U(1 mm) 
in size, and the measurements are therefore integrated 
over this region. The locations of the thermistors 
varied from experiment to experiment. 

Flow visualization for the streak photographs was 
achieved with AQIOOO rheoscopic particles (manufac- 
tured by Kalliroscope Corporation, Massachusetts, 
U.S.A.) illuminated by a 1 cm sheet of light in the 
central plane of the cavity. The streak photographs 
were taken at fll.O, using Ilford XPl-400 mono- 
chrome film, at exposure periods which varied from 
ex~riment to experiment. Due to their platelet form, 

in regions of high shear the particles align their longest 
dimension in the flow direction, and become less 
visible. As a result, the photographs are not suitable 
for the determination of velocities, but give an inte- 
grated picture of the flow direction over the exposure 
period. 

The dynamic viscosity and density of the various 
glycerol-water mixtures used were measured with a 
Well Brookfield cone viscometer and a DMA60 Paar 
density meter, respectively. An additional check on 
these measurements was made with a measurement of 
the kinematic viscosity with a Cannon-Fenske 
routine viscometer. The other fluid parameters, c(, ti 
and Cp, were obtained from Segur [I 51. Values of the 
viscosity and density of the actual mixtures used in 
the experiments are given in Table 1. 

Table 1 also shows the other variables for each 
experiment reported here. In the table, the exper- 
iments are identified by the Julian day on which they 
occurred (e.g. 224). The initial temperature r,, the 
temperature difference AT, and the values of Pr and 
Ra are also given in the table. To illustrate the position 
of the experiments in the parametric domain, the 
experimental conditions are plotted on a Ru-Pr dia- 
gram (Fig. 1). For A = 1, as is the case here, the regime 
boundaries on the log-log diagram are simple straight 
lines. Thus the upper and lower boundaries of Regime 
IV are shown on the figure, and each of Regimes III- 
V are indicated. On the figure, the positions of the 
experiments are shown, together with the experiments 
of Ivey [6] and Patterson [l I]. The series of exper- 
iments ranges from the upper part of Regime 111 to 
the lower part of Regime V. 

RESULTS AND DISCUSSION 

In the following discussion of the results, reference 
will, in general, be made to the hot wall shown at the 
right-hand side and to the heated intrusion. As the 
temperature difference is small, the Boussinesq 
assumption is assumed, giving symmetry of the flow 
and temperature fields. The cold wall and cold 
intrusion will therefore display similar behaviour. 

Table 1. Measured values of the dynamic viscosity and density of the glycerol- 
water mixture and the details of the experimental conditions 

Dynamic 
Exp. viscosity Density 
No. [kg m-’ s-$1 Fg m-“I ;?ci Pr Rn 

224 
129 
146 
I.56 
158 
172 
181 
245 
249 

28.3 x 10-l 1.192 x lo3 16.2 1.0 234 2.9 x 10’ 
10.0 x to-3 1.149 x 103 19.8 0.5 81 3.3 x 107 
10.4 x lo- 3 1.15 x IO” 17.2 1.0 84 6.4x 10’ 
10.0 x lo- 3 1.149 x IO3 17.2 2.0 80 1.3 x 10” 
8.9 x IO- 3 1.139x 103 t7.3 4.5 83 3.4x 10” 
3.4x to-) 1.085 x 103 17.15 2.0 29 2.8x IO* 
2.5 x to-3 1.068x lo3 17.6 2.0 18 3.1 x 10s 
2.1 x to-’ 1.056x IO3 17.1 1.0 16 1.6 x to8 
1.8 x IO_’ 1.046x 10’ 17.3 1.5 13 2.7 x IO8 

____-.___ 



1516 C. G. JEEVAKAJ and J. C. PATTERSON 

10 IO3 

e 

109 : 

z’ 
c 

s 
I 
c 

108 - 

1 

1077 
1 10 100 1000 

Pmncltl Number 

FIG. I. Rayleigh number-Prandti number diagram showing the location of the present transient exper- 
iments: n , for aspect ratio = I : A, hey [6] : 0, Patterson [I Il. 

For Ra > Pr’, ref. [I] showed that the steady-state 
boundary layer thickness scale 6, was given by 

occurring after a time scale r 

with a vertical velocity scale I 

These steady-state scales represent a balance between 
the conduction of heat in through the boundary and 
the convection of heat away. According to ref. [I], 
steady state was preceded by a balance between buoy- 
ancy and viscosity, and between temperature increase 
and conduction ; the boundary layer grew as a purely 
conductive layer until time T. 

For the purposes of a qualitative description of the 
boundary layer growth over the range of the exper- 
iments, not all of the experiments are fully reported 
here. In Figs. 2(a)--(d) time series are shown From the 
thermistors placed in the thermal boundary layer in 
four experiments (224, 172. IX I and 249, respectively) 
which span the entire experimental range. The actual 
locations of the thermistors are shown in the inset on 
each tigurc. 

The temperature signals in all cases show essentially 
the same basic characteristics; an initial period in 
which the temperature is essentially unchanged. a 
period of exponential growth, and an approximately 
constant signal which may be influenced by oscillations 

al the change from exponential growth and at a later 
stage. According to the model of refs. [l, 121, the 
initial period of no signal corresponds to the time 
required for the conduction of heat from the boundary 
to increase the temperature at the thermistor location 
to the resolution of the thermistor, which is then fol- 

lowed by a period in which the boundary layer 
responds simply to thermal conduction. According to 
Brown and Riley [16], this period continues until a 
singularity generated by the start-up (referred to as 
the leading edge effect) moves from the lowest point 
up the hot wall. At each vertical position, the balance 
changes from conduction~unsteady temperature to 
conduction-vertical convection as the singularity 
passes. If the thermal boundary layer thickness is 
increased beyond its steady-state value then the pass- 
age of the singularity will be accompanied by a travel- 
hng wave crest and, if the boundary layer is unstable. 
a trailing wave train that increases in amplitude in the 
direction of travel. The Brown and Riley analysis also 
assumed that the wave travels at the peak velocity in 

the boundary layer. 
Figure 2(a) shows the result for experiment 224 

(Ru = 2.9 x IO’, Pr = 234). As shown in Fig. I, the 
experiment is located well within Regime III. On the 
basis of the stability analysis of Gill and Davcy [17]. 
a travelling wave is not expected for this high Prandtl 
number case. The signal clearly shows the exponen- 
tial growth followed by a period of approximately 
steady state with no wave activity. Experiment 172 
(Ru = 2.8 x 10’. Pr = 29) is well inside Regime IV. 
Figure 2(b) shows that a weak effect is present at the 
end of the exponential growth period, followed by 
evidence of very weak oscillatory behaviour at 
approximately 160 s, following impact from the 
incoming cold intrusion. Figure 2(c) shows the result 
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for experiment 181 (Ra = 3.1 x IOx. Pr = 18). In this 
case the initial instability is clearly visible following 

the exponential growth period. and the secondary 
instability is again only weakly present. Figure 2(d) 
(experiment 249; Ra = 2.7 x 10”. Pr = 13) shows ;I 

clear indication of both groups of instabilities, and is 
similar in character to the results reported by rcfs. [9. 
10, 121. In this case, the experiment is positioned near 
the upper boundary of Regime IV. 

For the Regime III case (Fig. 2(a)), the travelling 
waves are also not present following the impact of the 
intrusion. This is evidently related to the relatively 
increased viscosity. It is plausible to suggest that the 
increased viscous boundary layer, of thickness 
O(Pr”‘6,), which lies outside the thermal layer. acts 
as a buffer to prevent the impact of the incoming 
intrusion on the thermal layer. As mcntioncd earlier, 
the absence of the travelling waves can also be rclatcd 
to the stable boundary layer according to the stability 
analysis of ref. [I 71. The presence or otherwise of the 
leading edge effect is dealt with in some detail for 
related pioblems by Williams CI N/. [IX]. and a dis- 
cussion is beyond the scope of this paper, cxccpt to 
note that a direct interpretation of the Williams 1’1 rrl. 
results suggests that for a uniform temperature on a 
semi-infinite vertical wall. a temperature overshoot. 

corresponding to the passage of the leading cdgc 
effect, is expected. for low Pr values. On the other 
hand, the results of Goldstein and Brig&s [ 191 suggest 
that the presence of an overshoot is strongly depen- 
dent on the value of Pr, with overshoot becoming 
undershoot with increasing Pr. consistent with the 

results obscrvcd hem. 
The data presented here may be used for com- 

parison with the growth time scale for the boundary 

layer, given by equation (3) [I]. modified by the 
description of the layer ahead of the travelling wave 

as a purely horizontal conduction layer [ 161. Since the 
wave travels at the nl~~ximurn speed of the layer. the 
thermal layer will be of non-uniform thickness. The 
scaling given in ref. [I] may be modified to give ;I 
scaling for the thickness at height J‘. as followx. 

The layer thickness is now a function of position I 
Thus. ahead of the travelfing wa\c 

iif - iii (5) 

rcflccting a growing conduction layer. The motion i:, 
driven by a balance between buoyancy and viscous 
forces 

(6) 

and growth continues until convection and con- 
duction balance 

The balance in equation (7) is identical to that 
obtained by considering the passage of the instability 
to height j‘ with velocity 2‘. i.e. the Brown and Riley 
[I h] scale. 

The solution of equations (S)-(7) then yields 

h’?,., 3 

and a net flux of heated fluid in the thermal boundary 
layer 01 

Q z ti Ro ’ ” i’)) 

identical to the result given in ref. [ 11. 
The scale for the time to steady state of the bound- 

ary layer at height J’ given by equation (8) may be 
tested with the experimental data, including that con- 
tained in Figs. 2(a)--(d). Figure 3 shows the values of 

0 
0 20 40 60 80 100 

TIIII~sc&(S~C) 

FIG. 3. A plot of observed time for the thermal boundary layer to reach steady state against the time scale, 
h”“,r”*ti-~ I Ror I:‘, to verify equation (8). 
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the times at which the exponential growth period is 
estimated from the data to be complete, plotted as a 
function of h3!Zy’!2 Ram lr2 K- ‘, using all of the data. 
In those cases where oscillatory behaviour was clearly 
visible, the time was estimated as that when the tem- 
perature signal reached the first maximum, i.e. the 
passage of the first wave. For those cases which 
approached the steady value without oscillation, the 
time was estimated as that for which the measured 
temperature had reached 0.95 of the steady value. The 
figure shows an excellent straight line fit to the data, 
providing strong support to the scaling of equation 
(8). The actual relationship suggested by the data is 

Horizontal intrusions andflow evolution 
The presence of the upper boundary forces the 

heated fluid to discharge from the thermal boundary 
layer into the cavity in a heated intrusion along the 
insulated upper boundary, driven by the horizontal 
baroclinic pressure gradient. For Ra < Pr”, ref. [I] 
showed that the intrusion was governed by an inertia- 
buoyancy balance initially, becoming viscous before 
traversing the cavity width. The intrusion passage 
time was estimated in ref. 111 as 

with final thickness 

(12) 

These scales are expected to be relevant for all of the 
expe~ments reported here, based on the classification 
given in ref. [I]. 

The behaviour of the intrusions is discussed in the 
context of time series data from a number of ther- 
mistors placed along the cavity lid, and from streak 
photographs taken at various times throughout the 
flow development. In all cases, the hot wall is on 
the right, and the streaks are taken over the times 
indicated in the text and in the legends. 

Five thermistors were placed 15 mm below the cav- 
ity upper boundary, at horizontal locations $8.5, 12 
(mid-point), 15.5 and 19 cm from the hot wall. When 
the hot intrusion reaches a thermistor, it is registered 
by a sudden rise in temperature. Thus the data from 
the five thermistors give an estimate of the intrusion 
speed. As the thickness of the intrusion depends on 
the properties of the working fluid and the Ra value, 
the position of the thermistors relative to the intrusion 
boundary changes in each experiment. Thus the shape 
of the temperature signal cannot be compared from 
experiment to experiment, and only a qualitative com- 
parison can be made. 

Figure 4(a) (experiment 224; Ra = 2.9 x 107, Pr = 
234) shows a typical result for the experiments 

located in Regime III. A gradual, smooth rise is regis- 
tered by all thermistors as the intrusion passes by, 
indicating a total absence of the instabilities men- 
tioned above. The streak photographs from this 
experiment (Figs. 4(b), O-40 s; 4(c), 120-160 s: 4(d), 
900-940 s) give a clear picture of the development of 
the flow from initiation. Heated Auid from the thin 
thermal boundary layer emerges from the upper right 
corner, and unheated fluid from the viscous boundary 
layer discharges into the core region as a potential 
flow (Fig. 4(b)). A closed circulation forms beneath 
the horizontal intrusion, and meets with the cor- 
responding circulation from the cold wall, yielding 
a slightly tilted central core rotation (Fig. 4(c)). A 
divergence away from the horizontal wall is also 
evident. The mechanism responsible for this is dis- 
cussed in ref. [12], although the divergence here is 
considerably less rapid than that observed at higher 
Ra. At later times however, the divergence has evi- 
dently vanished (Fig. 4(d)), and a weak reverse how 
is observed, splitting the intrusion into a thin stream 
which travels along the upper boundary and an inner 
stream which is deflected towards the core region. 
This flow reversat and splitting of the intrusion was 
commented on in detail by Patterson and Armfield 
[12], and held responsible for the generation of the 
cavity scale seiching observed, and for the strati- 
fication of the core. 

Figure 5 details the corresponding results for exper- 
iment 172 (Re = 2.8 x 108, Pr = 29). This experiment 
is located well inside Regime IV. Here, the charac- 
teristic shape shows evidence of the passage of the 
nose of the intrusion as it passes by each thermistor. 
In the previous case, the thermistor was evidently 
contained well within the intrusion and the passage 
of the nose was recorded as a simple rise in tempera- 
ture. In this case the thermistor registers a rise fol- 
lowed by a fail, as the nose passes, indicating that the 
thermistor is much closer to the intrusion boundary. 
The shape of the time series from the thermistor 
closest to the hot wall is different to that recorded 
by the other thermistors. This thermistor is located 
upstream of the intrusion flow divergence discussed 
below, and is influenced by a much narrower intrusion. 
Thus the nose signal shows less of a peak as it passes 
by. There is no evidence of the travelling waves which 
were weakly evident on the boundary layer thermis- 
tors. These have apparently dissipated by the time 
the signal reaches the horizontal measuring stations. 

The streak photographs for this case are shown in 
Figs. 5(b)-(d). These are of similar character to the 
previous set, with greatly amplified features; the flow 
divergence near the emergent corner of the intrusion 
is clearly evident in Fig. 5(b), together with the for- 
mation of a closed counter clockwise eddy beneath 
the emerging intrusion. The divergence is much 
sharper than in the previous case, and has the appear- 
ance of the higher Ru case observed in ref. [12]. The 
eddy ultimately moves in towards the centre of the 
cavity to meet with its counterpart from the cold wall, 
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FIGS. 4(b)-(d). Streak photographs of lhe transient Bow for experiment c 324. Photagraphs are exposed for 

40 s starting at times (in seconds) : (b) 0 ; (c) 120: (d) 900. 
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FIG. S(a). The measured temperature time series at thermistor locations #2-f6 for experiment I72 
(Ra = 2.Xx108,Pr = 29). 
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FIGS. S(b)-(d). Streak photographs of the transient flow for experiment 172. Photographs are exposed for 

16 s starting at times (in seconds) : (b) 40; (c) 80; (d) 320. 
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to form a strongly rotating tilted central core [Fig. 
S(c)). The tilting of the core is evidently due to the 
reverse tlocc observed in the intrusion as in the prc- 
vious cast. although much stronger for this Roe 13 
combination. The reverse flow splits the incoming 

intrusion. forcing a major part of the heated intrusion 
to be deflected down towards the centre of the C;I\ it> 
(Fig. 5(d)). 

Experiment 249 fails in the upper part of Kcpimc 
IV. and the katures of the previous cast are cxpccted 
to bc even more strongly present. Figure h(a) shows 
the thermistor signals in the intrusion; again the pass- 

age of the noseis clearly cvidcnt, and again thccharx- 

ter of the first thermistor is substantially diifcront to 

the remainder as the result of its location u~st~-c~~~~~ oI 
the Row divcrgcnce. Additional signals arc present in 
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FIG. 6(a). The measured temperature time series at thermistor locations #2 #6 for cxpcrimcnt 249 
(Rr/ = 2.7 x IO’, Fr = 13). 

tb) 
FIGS. 6(b) and (c). Streak photographs of the transient flow for experiment 249. Photographs are exposed 

for 20 s starting at times (in seconds) : (b) 210 : (c) 240. 
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of the flow is similar to experiment 172, and only two 
streak photographs are shown (Figs. 6(b) and (c)). 

These show the formation of the counterclockwise 
eddy beneath the intrusion at the emergent corner (Fig. 
6(b)) which again ultimately forms the core flow, and 
the splitting of the intrusion and consequent tilting 
of the lower intrusion stream (Fig. 6(c)). The flow 
divergence near the emergent corner is strongly accen- 
tuated, and becomes re-attached to the horizontal 
boundary shortly downstream, with a region of recir- 
culation evident immediately downstream of the 
divergence. The properties of the emergent flow 
appear to have been substantially modified by the flow 
reversal and the consequent rocking of the structure. 

These experiments span Regime IV, and the streak 
photographs clearly show that the character of the 
flow changes drastically as the Ra value increases, 
although the same general features are present. At 
high Pr and low Ra, the intrusion is relatively thick, 
the flow divergence is distributed over the full cavity 
width, and the intrusion splitting, although present, 
does not modify the conditions at the emergent 
corner. With increasing Ra and decreasing Pr, how- 
ever, the intrusion narrows, the divergence becomes 
increasingly sharp, and the flow reversal resulting 
from the splitting of the intrusion penetrates back to 
the region of the rapid divergence. The experiments 
of ref. [12] are at the lower bound of Regime V, and 
show these features even more strongly. 

The temperature data may also be used to examine 
the validity of the intrusion scaling described above in 
equations (11) and (12). As the times of temperature 
increase are an indicator of the passage of the 
intrusion, the velocity of the intrusion nose may be 

estimated. From equations (9) and (12), the vel- 
ocity should, for a fully viscous layer, scale with 
K Ra7’16 h- ‘. The observed velocities for all exper- 

iments, based on the times of passage of the intrusion 

nose, are shown in Fig. 7, plotted against K Ra7’16 hm ‘. 
The points corresponding to the experiments with 
Pr > 80, located in Regime III and the lower part of 
Regime IV lie on a straight line, confirming the scaling 
for the intrusion in those regimes. Evidently, in the 
upper part of Regime IV, inertial effects are becoming 
increasingly important, and the data deviates from 

the straight line indicated by the purely viscous cases. 
For all of the cases presented in Fig. 7, a quantitative 
estimation of the ratio of viscous to inertial forces 
ranges from 2 to 90. All the results which deviate from 

the proposed straight line have a ratio less than 10, 
implying that, although viscous forces may be com- 

paratively larger, the presence of inertial effects cannot 
be ignored. 

Cavity scale seiching 
As discussed above, the predicted presence of a 

decaying oscillatory approach to steady state at least 
partly motivated the experiments of refs. [4, 61, which 
did not demonstrate the expected behaviour, as dis- 
cussed in refs. [5, 8-101. The experiments described by 
refs. [ll, 121 however did show evidence of these 
waves, by recording the temperature difference 
between two locations in the horizontal intrusion, 
equally spaced about the mid-point. Any cavity scale 
oscillation should be present at these points, as the 
node of the first mode wave will be at the mid-point. 
Thus, the two thermistor signals are expected to be 

one half period out of phase, and their difference 

d 
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4- F 172 
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? J 1 IV (19w 3 
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FIG. 7. A plot of observed velocity of the horizontal intrusion against rcR~‘/‘~ hm ’ to verify the velocity 
scaling derived from equation (11). The solid line indicates that the points corresponding to the experiments 

with Pr > 80 confirm the scaling for the intrusion. 
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is expected to show clearly the presence of a first between the thermistors located at 8.5 and 15.5 cm 
mode oscillation. According to the scaling of ref. [ 1 J, from the hot wall, for experiment 224 (Ro = 2.9 x IO’. 
these osciltations should not be present in Regime Pr = 234). Located in Regime III, since Ra -C 
Ill, but should be present in higher regimes. i.e. Pr’ A 4, the result is expected not to show evidence 
Ra > Pr4 A-‘! of waves. Since the waves are generated by the inter- 

Figure 8(a) shows the temperature difference action of the incoming intrusions with the far wall 
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FIG. 8. Measured temperature difference between thermistors #3 and #5 drawn as a time series for 
experiments with : (a) Pr = 234, Ra = 2.9 x 10’; (b) Pr = 83, Ra = 3.4 x lo8 ; (c) Pr = 13, RU = 2.7 x IO*. 



Experimental study of transient natural convection of glycerolLvater mixtures in a side heated cavity 1585 

boundary layer [12], the data is presented for the 
period following that impact. Consistent with the scal- 

ing, there is no evidence in the signal of an oscillatory 

component at any frequency. 

Figure 8(b) shows the corresponding result for 
experiment 158; Ra = 3.4 x 108, Pr = 83, which lies 
just inside Regime IV, with Ra > Pr4 Am4. Here a 
small amplitude oscillation is observed, heavily 
damped, consistent with the high Pr value. With a 
further increase in Ra relative to the lower boundary 
of Regime IV, the effect becomes even more pro- 
nounced. Figure 8(c) shows the temperature differ- 
ence across the intrusion for experiment 249 ; Ra = 
2.7 x 108, Pr = 13. Although the amplitude is 
again small, the oscillation is clearly defined and sur- 
vives for several periods. A similar result was also 
reported in refs. [II, 121 for Ra = 3.26 x IO’, Pr = 7.5. 
In common with that result, Fig. S(c) also shows that 
the period of oscillation decreases with time ; in the 
present case, the period is initially about 110 s, 
decreasing to 93 s. Experiments 181 and 245 give a 
similar result. These are not shown. In Figs. 8(a)- 

(c), the signals are highly amplified, and the high 
frequency signal observed in the figures is noise, fluc- 
tuating at the sampling frequency. 

To obtain an order of magnitude estimate of the 
frequency of the observed wave, a linearly stratified 
core with a total vertical temperature difference of 
2AT was assumed [I]. This gave rise to an estimate of 
the frequency as 

N 
Co = (l+A-2)1/2 

. . . 
where the Brunt-Vaisala frequency N is defined by 
N = (VK Ra) “‘he *. The corresponding periods for 
experiments 181. 245. and 249, together with the case 
reported by Patterson [ 111, are shown in Table 2. Also 
shown in Table 2 are the observed initial periods of 
oscillation for these cases. In all cases, the observed 
period is substantially longer than the first mode oscil- 
lation period for the assumed linear stratification. 

As discussed in ref. [lo], the assumption of linear 
stratification is poor during the initial period of the 

flow development, when a three-layer structure, con- 

sisting of the two intrusions and a homogeneous core, 
is more appropriate. In that paper, the intrusions were 

assumed homogeneous, and the resulting eigenvalue 
problem for the internal waves was solved for a par- 
ticular estimated intrusion thickness. This procedure 
gave close agreement for the early part of the 
oscillatory behaviour. Armfield and Patterson [lo] 
hypothesized that as the cavity filled with heated 
and cooled fluid from the intrusions, the stratification 
approached the linear case, and the later part of the 
oscillatory period was well represented by the Pat- 
terson and Imberger [l] estimates. 

A similar analysis has been performed with the 

present experimental data. Although the intrusion vel- 
ocity was measured by the passage of the nose past 

the thermistors, the thickness cannot be accurately 
determined without vertical temperature profiles. 
With the velocity estimate, however, the thickness 
may be estimated from a knowledge of the flux exiting 
from the thermal boundary layer, given by equation 
(9). The numerical results of ref. [lo] suggest that the 
appropriate constant for equation (9) is 2, so that 

Q = 2~ Ruli4. (14) 

This allows an estimate of the intrusion thickness in 
each experimental case, the consistency of which is 
confirmed by comparison with the streak photo- 
graphs. Furthermore, in the present case, the 
intrusions are assumed to be linearly stratified, result- 
ing in a more accurate model than that reported in 
ref. [lo] if the interior of the intrusion is approximately 
linearly stratified. 

The results of the analysis are also shown in Table 

2. The period predicted by this procedure (and the 
associated intrusion thickness on which it is based) 
are given, and clearly are in much better agreement 
with the early observed frequencies in every case, par- 
ticularly as the oscillations become more clearly 
defined with increasing Ru. 

CONCLUSIONS 

The results of an experimental program to inves- 
tigate the unsteady flow development in a cavity 

Table 2. Estimated and observed values for the initial period of the first mode 
internal wave. The estimated periods are based on the ref. [I] scaling, and on the 
three-layer structure with the intrusion layer thickness shown in parentheses in 

each case 

Exp. Scaling estimate Observation 
No. 

Three-layer estimate 
lsl lsl lsl 

181 53.0 95.0 
245 

101.0 (1.6 cm) 
80.0 125.0 

249 
145.0 (1.5 cm) 

67.0 110.0 
Patterson [I I] 

115.0 (1.8 cm) 
72.0 105.0 105.0 (2.0 cm) 
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resulting from the sudden heating and cooling 01‘ 

opposing sidewalls arc reported here. The results are 
discussed in the context of the scaling arguments OI 
ref. [I]. and fat- the first time, give strong cxpcrimcntz~l 

support to scvcral aspects of the scaling, over ;I range 

of paramctcr values which encomp;~ss three 01‘ the 
fow regimes defined by ref. [I]. 

In particular. the presence of the cavity scale seich- 
ing, observed numerically, has now been confirmed in 
Regime IV and above (Rn > P&4 ‘). Although the 
cvpcrimental results of rcfs. [l I. 121 pave the first 
oxpcrimental observation of this for a sin& Ru value. 

IIIC prcscnt results show the cxistencc ofthc oscillation 
for 21 range of paramctcr vulucs within the cxpcctcd 
rcgimc. To add further support. the results in Regime 
111 do not show e\ idence of the oscillatory behaviour. 
;IS predicted in ref. [I]. 

The model of the thermal boundary layer dc\cl- 
opmcnt. on which the scaling in ref. [I] is based, is 
also supported by the thermistor data taken in the 
boundary layer. Ha-c, the data confirm the existcncc 
of an initially conducting rcgimc, Lvith 21 growth timc- 

SC& in cxccllcnt aprccment with the scaling result. 

The viscous intrusion scaling is also supported b! the 
cxperimcntal rcsulls. 

It is thcreforc cvidcnt that the concept of the floes 
dcvclopmcnt dcscribcd in ref. [I j, and subscqucntlj 
moditicd and expanded by refs. 18 IO. 131 is sub- 
stantially correct. although 21 number oPissucs rcmalc 
to bc investigated. Of particular interest in this regard 
arc the questions of. first. the prcscncc. or otherwise. 
of an overshoot in the thermal boundary layer groM.th 
IIS dkcusscd in rc(k. [IX. 191. and second. the presence. 

in some C:ISCS. ol‘ the travclling w;~vcs obscrvcd in 

the thermal boundary layer on initiation and on lirat 

impact of the incoming intrusion. The data discussed 
hcrc indicate that in Rcgimc III these travelling wavch 
arc not prcscnt on cithcr initiation or impact of‘ the 
intrusion. and furthcl- that only in the upper part 01 
Rcgimc IV ;I,-c the wa\cs unstable on the vertical 
boundary layer. The question of the role 01‘ thcsc 

inatabilitics in the transition to periodic stead! Ilo\\ 

or to locally chaotic flow ;~t higher Ro remains to bc 

answcrcd. 

.~~,k,zou./~~lyclrf~,~~/~ This rcscarch uas supported by the Aus- 
trzrlian Research Council under grant No. A4X615453. The 
authors acknowledge many useful discussions with Dr S. W. 
Armficld and his and Dr s. G. Schladow’s comments on im 
cat-lict- draft of the manuscript 
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ETUDE EXPERIMENTALE DE LA CONVECTION NATURELLE VARIABLE DES 
MELANGES GLYCEROL-EAU DANS UNE CAVITE CHAUFFEE LATERALEMEN’I 

Rt%u&--On donne les resultats d’experiences conduites dans une caviti car&e brusquement chauffee et 
refroidie sue les faces laterales oppos&es. Le tIuide de travail initialement stationnaire et isothenne est un 
melange glycerol-eau donnant un nombre de Prandtl variable entre 13 et 234. Ce domaine, all% a une 
variation de la difference de temperature de bout en bout, conduit a une exploration avec une transition 
monotone-oscillatoire pour l’approche de l’etat stationnaire prbdite par Patterson et Imberger (J. Fluid 
Me&. 100,65586 (1980)). Les resultats confirment leur classification et d’autres aspects du diveloppement 
de l’ecoulement, in&ant les caract~ristiques de la croissance des couches limites thermique et quelques 

caracteristiques des intrusions horizontales depuis les couches thermiques dans la caviti. 

EXPERIMENTELLE UNT~RSUC~IUNG DER TRANSIENTEN NAT~RLICHEN 
KONVEKTION VON GLYZERIN/WASSER-GEMISCHEN IN EINEM SEITLICH 

BEHEIZTEN HOHLRAUM 

Zusammenfaswng-Es wird iiber Versuchsergebnisse berichtet, die in einem quadratischen Hohlraum bei 
pliitzlicher Beheizung und Kiihlung an gegen~~rliegendcn Seitenw~nden ermittelt wurden. Das Arbeits- 
fluid ist in allen Fallen ein Glyzerin/Wasser-Gemisch, das zu Beginn in Ruhe und isotherm ist, und 
das Variationen der Prandtl-Zahl im Bereich 13-234 ermoglicht. Zusammen mit einer Variation der 
Temperaturdifferenz zwischen den Endfllchen gestattet dieser Bereich die Ermittlung des Parameterraumes, 
in dem der Ubergang von einer monotonen zu einer oszillierenden Annaherung an den station&en Zustand 
durch das klassische Verfahren von Patterson und tmberger (.I. Fluid back. 100,65-86 (1980)) vorhergesagt 
wird. Die Ergebnisse bestatigen die Klassifizierung und andere Aspekte der Stromungsentwicklung. 
Darunter wird beispielsweise die Charakteristik des Wachstums der thermischen Grenzschichten und einige 

Eigenheiten des waagerechten Einbringens der thermischen Schichten in den Hohlraum verstanden. 

3KCIIEPMMEHTAJIbHOE MCCJIEflOBAHME HECTAHHOHAPHOti ECTECTBEHHOI? 
KOHBEKHWU CMECEH I-JIHHEPMHA M BOAbI B IIOJIOCTH C BOKOBbIM HAFPEBOM 

hlOTW@l-l-ipOEW?H PSIA 3KCEIepSiMeHTOB B KBaApaTHOii IlOnOCTEi C BHe3alIHbIM HafpeBOM H OXRan- 

AemieM Ha upoTunononoxcHbIx ~~ICOB~IX cTeHKax. BO ~cex cnygaxx B KaSecrBe paliovefi X~KIIAKOCTII, 

HaXOAHBmeirCSl B HiVIanbHbIfi MOMeHT BpMeHEf B Ei3OT‘ZpMWieCKHX yCnOB&iXX, BCuOnb30BLiJlaCb CMeCb 

rnuuepns-aoAa,rsicno IfpauATnr KOTOPO~~ nwens.nOcb ~n~ana3oHe 13-234.B yxaaannoMnsanasone 
npzi ~3MeHKm4e~CK pa3HOCTBTeMnepaTypHaTOpuaXEl~neAoBanacbo6~a~buapaMeTpoB,~~0~0poir 

nepexon OT MOH~T~HHOTO K KOJIe6aTenbHOMy pencnhfy npn6nmuemrx x cTauuofrapHohfy C~CTORHNM 
onpenenreTcr no Knacc@eKaueouHoi cxeMe I'IaTTepcoHa w kiheprepa (1. Fluid Mech. 100, 65-86 
(1980)). nOnyYeHHbIe p3ynbTaTbl uOATBepwtAaI‘,T upaBOMepHOCTb 3TOti KJIilCCH+AKaI@iB, a TBKXe 

Apyrae acneKTb1 pa3miwK Terlews,BKmOYax XapaKTepIicraKw p0cra TennoBUx norpaHwvHbIx cnoee II 
HeKOTOpMeXapaKTep~~Ku:rOp~3OHTanbHbiX AHTPY3NiiEi3 TeunOB~XCnOeBBnO~~~Tb. 


