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Abstract. The object of research is the critical geometry of a three-dimensional air flow in a cavern
between two vertical heated plates. In this rate the convection's contribution to heat transfer will be limited
due to thermal conductivity at a fixture temperature drop. A three-dimensional RANS approach closed by
the k-w SST turbulence model in conjunction with the energy equation. The model validated and verified by
comparison with the experimental results. The results of the work applied in developing of ventilated
façades.

1 Introduction
The thermal insulation of the building used in hinged
ventilated facade is one of the main factors promoting
decrease the thermal losses. However, the insulation
eventually collapses under the influence of various
phenomena, loses its integrity, structure and thermal
insulation properties. In addition, thermal insulation
materials for facade walls are quite expensive. In
addition, the energy efficiency of the building can be
improved using non-conventional energy sources [1].
One of the possibilities to exclude the use of thermal
insulation materials in ventilated facade systems is the
use of closed caverns in the air gap, which the geometric
dimensions allows to minimize the contribution of air
convection to heat transfer. Natural convection in
between two vertical plates has been studied by many
researchers under different types of boundary conditions
on the channel walls in the presence or absence of
channel’s input and output effects. The main attention in
the literature is paid to the case of lifting flow at
symmetric heating of vertical plates.
Wright J. L., Jin H., Hollands K. G. T., Naylor D.
experimentally studied the natural convection of gas (air)
at Pr = 0.7 in a vertical cavity with various heat
aluminum walls. The flow was visualized using smoke
and a laser light source [2].
In [3-6], considerable attention is paid to the stability
of stationary convective flows. The authors have made
many studies of flows between flat parallel walls. To
simulate the flow and heat transfer of a liquid in a
vertical channel, unsteady two−dimensional NavierStokes equations in the vorticity-current function
variables were solved. There is a graph of the
dependence of the minimum critical Grasgof’s number
on the Prandtl number when the flow instability is
observed. In [7], the authors studied the linear stability
of the natural convection of a liquid between vertical
*

plates of different temperatures using the collocation
method. It was found that for Pr < 12.45 the critical
Grasgof’s number is almost independent of the Prandtl
number (for Pr = 0.71 and Pr = 7 the field stability
differs little, while for Pr > 12.45 the instability
threshold depends noticeably on the Prandtl number).
The analysis of heat transfer performance of
nanofluids for laminar flow was fully made with forced
convection with two zones: one adiabatic and one with
uniform wall heat flux. In particular, the heat transfer
coefficient of water-based nanofluids is increased by 3.427.8% under fixed Reynolds number compared with that
of pure water. Also, the enhancement of heat transfer
coefficient is larger than that of the effective thermal
conductivity at the same volume concentration [8-10].
A lot of research about convective heat transfer were
conducted numerically [11-25].
However, to date, the prospects for the use of threedimensional caverns in the air gap of ventilated facade
systems have not been determined.
The purpose of this paper is determination the critical
geometric dimensions of a three-dimensional vertical
heated cavern. In this rate, the flow in the threedimensional cavern will be close to the stationary and
convection's contribution to heat transfer will be limited
due to thermal conductivity at a fixture temperature
drop. The results of the work can be applied by the
development of ventilated facade systems. To achieve
this goal, it is necessary to solve the following tasks:
1. To develop a mathematical model of a threedimensional RANS approach closed with the k-w SST
turbulence model in conjunction with the energy
equation
2. To perform numerical simulation in the ANSYS
software package to determine the characteristics of the
heat flow, and also for the validation and verification of
the model by comparison with the experimental results
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2 Materials and methods

The velocity and temperature profiles of the main current
in dimensionless variables V and T have the form:
0

2.1 Mathematical model of flow in vertical
heated cavern

0

V = 1/6(x - x), T = -x
0

3

(7)

0

The problem contains two dimensionless parameters that
determine the similarity of convective flows-the
Grasgof’s and Prandtl number:

To consider the air flow a rectangular area elongated in
the vertical direction is selected (Fig.1). The ratio of
height to width is varying in the range A>20. On the side
walls the constant temperature condition is set, the upper
and lower walls are adiabatic.

Pr = v/a, Gr = (gbDTL )/v
3

(8)

2

2.2 Numerical simulation of flow in vertical
heated cavern
For the calculations, an area having a size of L × 20L ×
20L was chosen. The problem was solved in a
dimensionless setting. Initially the calculations were
performed in three-dimensional formulation for Rayleigh
numbers Ra=7300 and Ra=15000. Calculations for
Rayleigh numbers Ra=7300 are performed in a
nonstationary laminar setting. Temperature fields in
different sections of the computational domain are
shown in figure 2.

Fig. 1. Computational domain for two-dimensional
formulation.

Convection and heat transfer in the presented calculation
described by Navier-Stokes equations in their nonstationary formulation taking into account the Bossiness’
approximation. In this case it reduces the problem to the
calculation of incompressible fluid and gas flow in the
presence of mass force proportional to the local
temperature drop. We obtain the equations:

Ñ×V=0

(1)

¶V/¶t + (VÑ)V=-(1/r)Ñ×p+uÑ×V+gbTg

(2)

¶T/¶t+uÑT=aÑT

(3)

Fig. 2. Temperature fields in different sections of the
computational domain for Rayleigh numbers Ra=7300.

The three-dimensional calculation is performed to show
that at Rayleigh number R =7300 the flow inside the
cavern is stable in the third direction. This is evident
from the temperature profiles in different sections.
Similar results were obtained for the Rayleigh number
R =10000. The current became unsteady, but was not
changed in any section of XY. From this, we can
conclude that for the calculation of flows with lower
Rayleigh number we can limit ourselves to a twodimensional formulation.

V - velocity of the liquid;
T - temperature;
p - modified pressure;
ρ - average density;
g - acceleration of gravity;
ν - coefficient of kinematic viscosity,
a - coefficient of thermal conductivity;
β - coefficient of volumetric expansion;
γ - unit vector directed vertically upwards.
Introducing dimensionless variables: distance - h, timeh2/ν, velocity - gß∆Th2/ν, temperature - ∆T (temperature
difference), pressure - pgß∆Th, we obtain a system:

Ñ×V=0

a

a

3 Results and discussions
The results of calculations are presented in
central vertical section of the calculated area for all
Rayleigh numbers considered, since the size of
calculated area in the third direction does not affect
obtained results (Fig. 3-4).

(4)

¶V/¶t+Gr[(VÑ)V +( V Ñ)V]=-Ñp+ÑV+Tg

(5)

¶T/¶t + Gr [VÑT +V ÑT]=1/P ÑT

(6)

0

0

0
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Since at Rayleigh numbers below R =10000 the flow is
stable in the third direction, it is possible to proceed to
the two-dimensional formulation.
Figure 3 shows the longitudinal velocity fields
depending on the Rayleigh number.
With an increase of the Rayleigh number, the flow
becomes nonstationary but it remains two-dimensional.
The flow is two-dimensional and laminar for all
considered flow regimes. Calculations for Rayleigh
numbers R = 6800 and R = 7300 showed convergence
only in non-stationary formulation.

The temperature fields Rayleigh numbers less than R
= 10000 are qualitatively similar. The temperature field
for R = 4850 are shown in figure 4.
It assumes that the heat transfer resistance of the cavity
can be calculated as:

a

a

Ra = 4850

a

a

R=d/l

(9)

a

Ra = 6220

Fig. 4. The temperature field for Ra = 4850.

Since the critical Rayleigh number is known, at which
there is no transition to a three-dimensional flow, it is
possible to estimate the temperature difference on the
walls that permissible for the operation of the cavern as a
heat insulator:
∆T£10000 (va/gbL )
3

Ra = 6800

(10)

As the number Ra increases, the linearity gradually
disappears. The linearity limit is marked at Ra = 10000.
If condition (5) is performed, the temperature
distribution across the cavern is linear and the thermal
resistance of the cavern is determined only by its
thickness and the coefficient of molecular thermal

Ra = 7300

Fig. 3. Fields of longitudinal velocity in the vertical crosssection of the calculated area for different Rayleigh numbers.

3
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conductivity of the air. Linear temperature profiles are
shown at Fig.5.

design of facade systems by using the vertical cavern
with air instead of insulation.
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