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Abstract

Cavity flow with a heated vertical wall facing an open
boundary with top and bottom impervious and adia-
batic and background stratification exhibits a character-
istic bifurcation in the downstream region of the thermal
boundary layer. The bifurcation has been shown to be
associated with the free jet produced by the downstream
turning boundary layer flow. The open cavity bifurcation
is similar to that observed in closed cavities with heated
and cooled opposing walls and in that context it has been
suggested that the bifurcation instability is shear driven
and corresponds to the well known instability of a Bick-
ley jet. Results for a range of Rayleigh number have been
obtained allowing the thermal boundary layer exit jet to
be scaled. It is also shown that the exit jet may be shifted
from the upper boundary by changing the ambient strati-
fication, while retaining the general form and bifurcation
behaviour, showing that the bifurcation is not dependent
on the presence of the upper boundary.

Introduction

Natural convection flow in open cavities with a heated
vertical wall, insulated top and bottom and open verti-
cal boundary has application to refrigerators and ovens
in open door conditions, solar thermal receiver systems,
thermosyphons, fire spread in buildings, natural con-
vection cooling of electronic devices, brake-housing sys-
tems in aircraft, and pipes joining reservoirs and oceans.
In many of these cases the ambient fluid is stratified
[3, 4, 9, 13]

The heated wall forms a natural convection boundary
layer that is discharged as a jet beneath the upper bound-
ary. This fluid travels across the upper part of the cavity
and exits through the upper part of the open boundary.
Ambient fluid is entrained across the remainder of the
open boundary, travels across the cavity and is entrained
by the boundary layer.

It has been shown that the open cavity, with stable
linearly stratified ambient and Prandtl number Pr =
0.7, undergoes a bifurcation from steady to oscillatory
unsteady flow at a Rayleigh number of approximately
0.825 × 108 [6]. A similar bifurcation is observed in the
equivalent closed cavity flow where the open boundary
is replaced by a closed cooled boundary [8, 10]. The bi-
furcation in the closed cavity has been shown to have
characteristics similar to those of a Bickley jet, and it
has therefore been suggested that the cavity bifurcation
is a result of the free jet formed by the boundary layer at
the downstream corner [5]. The jet initially exits the cor-
ner as an attached wall jet with buoyancy forces causing
it to subsequently separate from the upper boundary re-
sulting in a free jet, in both the closed and open cavities
[6, 14].

Results obtained using a time-accurate finite volume
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e for open cavity natural convection flow with both
geneous and stratified ambient at Prandtl number

0.7 have been obtained and show that a bifur-
n occurs for the flow with stratified ambient only.
ions obtained for a range of Rayleigh numbers show
he boundary layer exit jet has the same scaling with
igh number as the thermal boundary layer itself, in-

ing that the jet is formed directly from the bound-
yer without any significant modification. Addition-
esults have been obtained with varying background
fication allowing the position of neutral buoyancy
moved below the upper boundary. In this case

ow has the same features as those obtained when
osition of neutral buoyancy is located at the upper
dary, with the same S shaped jet flow and bifurca-
ehaviour.

erical Method

two-dimensional governing equations, using the
sinesq approximation, are,
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gβ∆TH3
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, (5)

here u and v are the velocity components in the
y directions respectively, t is the time, T and Tb

e fluctuating and background temperature respec-
, with Tb a function of y only, with the total tem-
ure T + Tb. As Tb is steady, independent of x and
ar function of y it is zero in all but the vertical
tion term in the temperature transport equation
nd the background component of this term is then
ated and included as the last term on the right hand
The terms β, κ and ν are the coefficients of thermal
sion, thermal conductivity and kinematic viscosity

ctively, g is the acceleration due to gravity and H is
eight of the cavity. Lengths are non-dimensionalised
e height of the cavity H, the temperature relative

e mean temperature by ∆T , and time by H2/ν. ∆T
dimensional difference between the total tempera-
n the heated wall and the background temperature

e height at which the non-dimensional background
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Figure 1: Schematic presentation of the computational
domain.

temperature is set to zero. The total temperature will be
referred to as the temperature in the rest of the paper.

The equations of motion (1)-(4) were solved using a frac-
tional step Navier-Stokes solver. The scheme is defined
on a non-staggered mesh, in which all the variables are
stored at the same grid locations, using finite volumes,
with standard second-order central differences used for
the viscous terms, the pressure gradient and divergence
terms. The advective terms are approximated using
QUICK [7]. The momentum and temperature equations
are inverted using a limited iteration ADI solver and
the Poisson pressure correction equation uses a precon-
ditioned GMRES solver. The scheme is similar to that
presented for a staggered mesh in [2] and has been used
extensively for the simulation of natural convection flow
[1, 11].

The computational domain, together with boundary con-
ditions for the fixed boundaries, are shown in Figure 1.
With a finite-volume scheme an additional node is in-
cluded outside the domain and for Dirichlet boundary
conditions the average of the dependent variable at the
exterior and immediate interior nodes is set to the re-
quired value. For Neumann boundary conditions the gra-
dient in finite difference form using the dependent vari-
able at the exterior and immediate interior nodes is set
to the required value.

On the open boundary the normal gradient of vertical
and horizontal velocity is set to zero. The horizontal
gradient of fluctuating temperature is set to zero in the
outflow region, that is where the horizontal velocity is
positive on the boundary, while in the inflow region where
the horizontal velocity on the open boundary is negative,
the fluctuating temperature is set to zero.

A non-uniform mesh is used allowing grid nodes to be
concentrated in regions of rapid solution variation, adja-
cent to the heated plate and the upper and lower bound-
aries. The origin lies at the bottom left corner of the
domain with y increasing up the heated plate and x in-
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ing horizontally into the domain. The horizontal
size adjacent to the heated wall is ∆x = 0.002 with
stretching factor of 1.08 per cell until x = 0.2, af-

hich the stretching factor is gradually reduced until
rid becomes uniform in the interior. The vertical
size adjacent to the upper and lower boundaries is
0.002 with again a grid stretching factor of 1.08

ell until y = 0.2 for the lower domain and y = 0.8
e upper domain, after which the stretching factor is
ally reduced until the grid becomes uniform in the
or, resulting in a mesh of 59 × 97 nodes. The time
used was ∆t = 5× 10−7.

-step dependency tests were carried out by obtain-
dditional results at half the time step given above.
variation in the amplitude of the bifurcated modes
ound to be less than 2% , while no discernible differ-
was observed in the frequencies. Mesh dependency
have also been carried out by halving the mesh size
e heated wall and upper and lower boundaries, halv-
e stretching factor and halving the time step. Again

olutions on the two meshes showed a less than 2%
tion with no discernable difference in the frequencies
ther features of the bifurcation.

etermine any effect of the cavity aspect ratio and
boundary condition simulations were also carried
a cavity with twice the horizontal length and the

grid spacing’s given above, resulting in an 86 × 97
This led to a less than 3% change in the lateral

erature profile in the boundary layer, the most sen-
quantity in the solution. The occurrence of the

cations and other quantitative features of the two
were identical.

lts

lts have been obtained for Ra ranging from 5× 106

1010, with Pr = 0.7, in a square open cavity. The
y is initially filled with a quiescent fluid. At time
.0 the left wall is instantaneously heated to a non-
nsional temperature of 1.0 and the flow allowed to
op. Flows with both homogeneous and stably strat-
ambients have been considered. In the stratified
the background stratification gradient has been set

b/dy = 2.0 with Ttop = 1.0, 1.25, 1.75, 2.00. The
ith homogeneous ambient has Tb = 0. For all flows

dered by time t = 0.05 a quasi-steady flow has de-
ed.

e 2 contains the streamfunction and temperature
urs for the flow with zero stratification at time t =
and Ra = 0.5 × 108, with the heated wall on the
acing the open boundary on the right. A thermal
dary layer has developed travelling up the heated
entraining ambient fluid from the cavity over the
90% of its height. This fluid is discharged as a

d wall jet that travels across the cavity immediately
th the upper boundary and exits through the open

dary without any significant change in character.
is stage of development the flow is steady and no

cation is observed.

e 3 contains the streamfunction and temperature
urs for the stratified flow at time t = 0.06 and

0.5 × 108. Again a thermal boundary layer has
oped travelling up the heated wall, with ambient
now entrained over only the lower half of its height,
ischarged over the upper half. A component of the

arge forms a boundary layer exit jet at the down-



Figure 2: Streamfunction (left) and temperature (right)
contour plots for zero background stratification at Ra =
0.5× 108.

Figure 3: Streamfunction (left) and temperature (right)
contour plots for flow with background stratification at
Ra = 0.5× 108.

stream corner that almost immediately turns down into
the cavity, and then rises again to from a tight reverse
S shaped structure. The jet then spreads out to form a
gravity intrusion with vertical extent several times that
of the initial jet. At this Rayleigh number the stratified
flow is also steady, however the character of the exit jet
and intrusion is completely different to that of the non-
stratified flow.

At Ra = 0.825×108 it is observed that the stratified flow
is no longer steady at large time but exhibits wave-like
behaviour. Figure 4 shows temperature time series at x =
1/120 and a range of vertical locations inside the thermal
boundary layer, adjacent to the upper part of the heated
wall. The sinusoidal behaviour of the time series clearly
demonstrates the unsteadiness of the flow. Spectra of the
time series at y = 0.91 are shown in Figure 5, where it is
seen that the dominant mode has a frequency f = 1100.

The boundary layer exit jet may be characterised by the
maximum velocity and jet width. In table 1 these quan-
tities are presented for a range of Rayleigh numbers with
dTb/dy = 2 and Ttop = 1.0 both in raw form and scaled
with Rayleigh number. The scalings for the jet width and
velocity are those given in [12] for the thermal boundary
layer thickness and velocity for natural convection bound-
ary layers on semi-infinite heated plates. It is clear that
these scalings provide an accurate description of the jet
structure, indicating that the corner region acts to simply
turn the jet without significantly affecting its structure.

Figure 6 shows streamline contours for the Pr = 0.7
flow with background stratification dTb/dy = 2 and
Ttop = 1.25, 1.50, 1.75, 2.00. As can be seen the loca-
tion of the boundary layer exit jet is dependent on the
local ambient temperature. Increasing Ttop shifts the lo-
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e 4: Time series of temperature at x = 1/120 for
tratified flow at Ra = 0.825× 108.
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e 5: Spectra of the time series at (x = 1/120, y =
for the stratified flow at Ra = 0.825× 108.

n of neutral buoyancy, that is the height at which
emperature on the boundary (T = 1.0) is equal to
ackground temperature. This correspondingly shifts
osition at which the boundary layer detaches from
all forming a horizontal jet. However it is seen that
haracter of the exit jet is essentially unchanged, in-
ing that it is primarily generated by buoyancy forces
r than the presence of the upper boundary.

ssion and Conclusions

ral convection flow in an open cavity with stratified
ent has been investigated. The flow generates a nat-
convection boundary which entrains fluid from the
ent, discharging it into an exit jet which forms at
pper end of the boundary layer. For non-stratified
ent the jet transits the cavity as an attached wall jet
th the top surface exiting through the open bound-
ith no unsteadiness observed for Rayleigh numbers
Ra = 1× 1010. For stratified ambient the jet turns
diately downwards into the cavity and expands to
a broad intrusion which transits the cavity and exits
gh the open boundary. In this case the flow is ob-
d to undergo a bifurcation at a Rayleigh number of
× 108 similar to that obvserved in the closed cavity
The behaviour of the flow is not dependent on the



(a) Tt=1.25(a) Tt=1.25 (b) Tt=1.5(b) Tt=1.5

(c) Tt=1.75(c) Tt=1.75 (d) Tt=2.0(d) Tt=2.00

Figure 6: Streamline plots for different background tem-
peratures at the top boundary for Ra = 3.0× 108.

Ra× 10−8 δj δj × Ra1/4 Uj Uj × Ra−1/2

0.005 0.30 7.98 3.00−4 4.24× 10−7

0.050 0.17 8.08 1.51−3 6.82× 10−7

0.500 0.095 8.06 1.51−3 7.78× 10−7

0.825 0.085 8.14 5.50−3 7.78× 10−7

0.875 0.083 8.06 7.30−3 7.80× 10−7

1.000 0.079 7.92 7.78−3 7.78× 10−7

1.125 0.077 7.94 8.23−3 7.76× 10−7

1.250 0.076 8.02 8.73−3 7.80× 10−7

1.375 0.075 8.12 9.13−3 7.78× 10−7

1.500 0.073 8.07 9.55−3 7.79× 10−7

Table 1: Tt = 1.0, dT/dy = 2.0

upper boundary and similar flow and behaviour can be
generated by increasing the background temperature at
the top boundary, shifting the exit jet to the position of
neutral bouyancy.

The jet may be scaled in terms of its width and maximum
velocity. It has been shown that these scalings conform
to those for the natural convection boundary layer, show-
ing that the boundary layer essentially turns the corner
with no real change to its character. On this basis the
jet Reynolds number is obtained as Re ∼ Ra1/4, with a
scaling constant of approximately 0.78. The jet Reynolds
number at bifurcation is therefore approximately 75.
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