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The present paper investigates a promising avenue for the intensification of turbulent free convection in square

cavities using an adequate selection of binary gasmixtures. Five binary gasmixtures have considered helium (He) as

the primary gas component and carbon dioxide (CO2), methane (CH4), nitrogen (N2), oxygen (O2), and xenon (Xe)

the secondary gas components. In the thermodynamic context, the thermophysical properties viscosity, thermal

conductivity, density, and isobaric heat capacity depend on three quantities: temperature, pressure, and molar gas

composition. The finite volumemethod is the vehicle used to perform the numerical calculations of the enlarged set of

conservation equations, wherein turbulence is modeled with a low-Reynolds k–"model. The turbulent velocity and

temperature fields for each binary gas mixture and air were calculated at different locations in the cavity and

presented in terms of streamlines and isotherms for Ra� 2 � 109. The results culminate with the allied convective

coefficienthm=B varyingwith themolar gas compositionw in thewdomain [0, 1] for eachbinary gasmixture. Values

of the maximum allied convective coefficients hm;max=B attained at the correlative optimal molar gas compositions

wopt are easily extracted from a graphical display.

Nomenclature

B = related to the mean heat transfer coefficient, Eq. (1)
H = side of square cavity, m
h = mean heat transfer, W �m�2 � K�1

M = molar mass, g �mol�1

R = gas constant, J �mol�1 � K�1

Ra = Rayleigh number, g��TH � TC�H3Pr=�2

w = molar gas composition of a binary gas mixture

Subscripts

a = air
m = gas mixture
max = maximum

I. Introduction

F REE convection flows confined to square cavities occur in
several branches of engineering, geophysics, environmental

sciences, etc. By solving the steady Navier–Stokes and energy
equations, analysts are able to predict laminar convective flows at
any Rayleigh number, in principle. Yet as the impressed wall
temperature difference rises and/or the sizes of the square cavity
grow, all laminar convective flows become turbulent at sufficiently
high Rayleigh numbers [1,2]. Many of the laminar convective flows
turn oscillatory over a certain range of Rayleigh numbers. The
oscillatory regimes usually lie somewhere between the laminar and
turbulent regimes [3].

A number of numerical and experimental works have been carried
out in the past decades in an attempt to predict turbulent convective
flows in closed square cavities in a qualitative manner.
Representative articles related to numerical predictions are those of
Nobile et al. [4], Paolucci [5], and Ampofo and Karayiannis [6]. It is
worth noting that the majority of these papers used air while few of
them employed water.

The efficacious design of gas-filled square cavities rests on three
key elements: 1) the sizing of the cavity, 2) the specification of the
temperature difference TH � TC at the vertical walls, and 3) the
selection of the working fluid. The present study deviates
significantly from earlier studies. Instead, the study is centered on
special gaseousmedium that is expected to perform better than air for
purposes of turbulent free convection intensification. Attention is
focused primarily on the usage of binary gas mixtures formed with
helium (He) and xenon (Xe), although the possibility ofmixing other
single gases with He is also examined.

II. Physical System

Because the free convection mode comprises the molecular heat
conductionmode and fluidmotion, one feasible idea for invigorating
the free convection mode may revolve around the improvement of
the flow characteristics that certain binary gasmixtures offer through
their intrinsic thermophysical property values. This indeed is a
thermodynamic approach that seeks to exploit the interplay of the
four intervening thermophysical properties: viscosity �, thermal
conductivity �, density �, and isobaric heat capacity Cp.

The physical system under study consists of a square cavity of side
H with the left wall heated at TH , the right wall cooled at TC, and the
two connecting horizontal walls insulated from the external air. Five
binary gas mixtures are considered in which helium (He) is the
primary gas component and carbon dioxide (CO2), methane (CH4),
nitrogen (N2), oxygen (O2), and xenon (Xe) are the secondary gas
components.

III. Numerical Model

The numerical calculation procedure is implemented for the
analysis of turbulent free convection at Ra� 2 � 109, which
consists of three sequential steps. First, a molar gas compositionw of
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a binary gas mixture is chosen in thew interval [0, 1]. Second, at the
reference temperature Tref � �TH � TC�=2, the thermophysical
properties, viscosity �m, thermal conductivity �m, density �m, heat
capacity at constant pressureCp;m, as well as the Prandtl numberPrm
are evaluated (the subscript m implies mixture of gases) [7]. Third,
the system of conservation equations is solved by means of the finite
volume procedure in conjunction with the ideal gas equation of state
p� �RT, assuming that the air and the five gas mixtures behave as
ideal gases. As noted before, turbulence is modeled with the low-
Reynolds number k–" model.

Based on a sequence of numerical experiments by successively
increasing the grid dimensions, it was found that the mesh
constructed with 25,000 quadrilateral elements provided a good
compromise between the computational efforts and accuracy. The
grid independence was achieved within a band of 1%. Because the
turbulent natural convection boundary layer is expected to be
extremely thin along the heated wall, a nonuniform grid was
deployed in the computational domain with nodes tightly clustered
near the wall boundaries.

Local convergence was assessed by monitoring the magnitude of
the total heatflux across the activewalls by setting its variation to less

than 10�5, whereas global convergence was guaranteed by
controlling the residuals of the conservation equations to values less
than 10�6. The finite volume code was tested against the recent
experimental data of Ampofo andKarayiannis [6] using air and good
agreement was found. The maximum difference detected did not
exceed 15% and 4% for the vertical velocity and temperature
profiles, respectively.

IV. Binary Gas Mixtures that Maximize the Heat
Transfer Coefficient

From fluid physics, it is expected that the interaction between the
four intervening thermophysical properties �m�w�, �m�w�, �m�w�,
andCp;m�w� of the binary mixtures He-Xe,He-N2,He-O2,He-CO2,
and He-CH4 will be able to modify the turbulent velocity and
temperature fields in a square cavity in a favorable way. The rationale
behind this expectation is explained in this section.

Table 1 lists the massM of the six single gases He, N2, O2, CO2,
CH4, and Xe, accompanied by the molar mass difference �M
between each secondary gas N2, O2, CO2, CH4, and Xe, and the
primary gas He. The items in the table indicate that the largest
�M� 127:87 g=mol correspond to the He-Xe binary mixture. In
contrast, the smallest �M� 12:04 g=mol corresponds to the
He-CH4 binary mixture. For the five binary mixtures, the variations
of the thermophysical properties �m, �m, �m, and Cp;m, with the
molar compositionw at 300 K are illustrated in Fig. 1. The family of
curves �m�w�, �m�w�, and �m�w� exhibit a common pattern in
Figs. 1a–1c. That is, in each figure the uppermost curves are
associated with the He-Xe gas mixture having the largest �M, as
opposed to the lowermost curves which are connected to theHe-CH4

gas mixture having the smallest �M. This order is reversed for the
family of curves forCp;m�w�, namely, the uppermost curve is linked

Table 1 Molar massM and molar mass difference �M of the pure

gases

Single gas M, g=mol �M with respect to He

He 4.003 ——

CH4 16.043 12.04
N2 28.014 24.01
O2 31.999 28.00
CO2 44.010 40.00
Xe 131.29 127.87
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Fig. 1 Evolution of a) themolecular viscosity; b) the termal conductivity; c) the density; and d) the heat capacity at constant pressure with themolar gas

composition of the five binary gas mixtures at Tref � 300 K.
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to theHe-CH4 gas mixture, whereas the lowermost curve is linked to
the He-Xe gas mixture.

Moreover, a striking peculiarity of the trio of thermophysical
properties �m, �m, and Cp;m is their monotonic changing paths with
increments in w. However, the �m�w� curve deviates from this
pattern in the sense that the uppermost curve for the He-Xe gas
mixture passes through a maximum near w� 0:9. Moving down
through the other curves, it is observable that the maxima get
debilitated. In fact, the lowermost curve for the He-CH4 gas mixture
resembles a negative-sloped straight line.

The aim of this section is to search for the maximum allied heat
transfer coefficient hm=B for the five binary gas mixtures at a
preselected film temperature of 300 K that may fall at the optimal
molar gas composition wopt. Conceptually, a point w�wopt is a
maximum of the function hm=B� f�w� if f�wopt�> f�w� for all w
in the proper w domain [0, 1]. Hence, the location of wopt furnishes

the optimal molar gas composition of the binary gas mixture that
renders a maximum hm;max=B within all possible ranges that the
allied heat transfer coefficientshm=B can have in thew domain [0, 1].

V. Discussion of Results

The results presented in this section are for Ra� 2 � 109 and
Tref � 300 K. The structure of the solution channeled through
streamlines and isotherms for air and three of the five binary gas
mixtures at a molar gas compositionw� 0:93 (7% He and 93% of a
secondary gas component) is given in Fig. 2. From Fig. 2a, we
observed a contour plot of the stream function where three counter-
rotating vortices coexist; the main vortex of high strength and large
size is rotating clockwise and two secondary vortices of small size are
located in the upper left and lower right corners of the enclosure. As
evidenced from the stream function gradient, the velocity is highest

a) Air 

d) He-Xe

b)  He-CH4

c) He-N2

Fig. 2 Velocity and temperature fields atRa� 2 � 109 for a) air; b)He-CH4 mixture; c)He-N2 mixture; and d) He-Xemixture: streamlines on the left

and isotherms on the right.
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near the vertical active walls and thin boundary layers are formed in
these regions. In contrast, the cavity nucleus contains slow moving
fluid as shown by the low gradient area in the center. The isotherms
indicate a large isothermal core with sharp gradients near the walls.
When the He-CH4 mixture is inserted into the cavity (Fig. 2b), the
fluid velocity is reduced significantly compared to the air velocity in
Fig. 2a; He-CH4 is found to display lower velocities also when
compared to the other gas mixtures. However, the size of the upper
secondary vortex increased resulting in a large isothermal subregion
under the upper insulated wall as reflected in the corresponding
isothermal plots. The He-N2 gas mixture in Fig. 2c exhibits flow
characteristics that are similar to the ones for air. The fluid velocity
and the size of the upper vortex increase when the cavity is filled with
He-N2, He-O2, and He-CO2 mixtures, respectively. The He-Xe
mixture in Fig. 2d attests the thinnest turbulent boundary layer along
the vertical activewalls resulting in higher fluid velocities. The upper
secondary vortex intensifies and pushes the main vortex down
toward the core of the cavity.

In this section we examine how the turbulent boundary layer
behaves near the hot wall and how each binary gasmixture is capable
of carrying heat away from the wall. The convective heat transfer
coefficient at the hot wall can be determined using the calculated
temperatures inside the thermal boundary layer.

From a practical perspective, it is convenient to contrast the
turbulent free convection performances of the He-Xe gas mixture
against that of air, when both gases are confined to square cavities of
identical dimensions and are operating at the same temperature. This
is done graphically with a figure having the allied convection
coefficient hm=B on the ordinate and themolar gas compositionw on
the abscissa. In Fig. 3, the format of the abscissa indicates that the left
extreme w� 0 belongs to the primary gas component He, whereas
the right extremew� 1 corresponds to the secondary gas component
Xe. Also, the figure contains a horizontal line related to the allied
mean convection coefficient for air ha=B, the so-called baseline case.
The constantBwas introduced to absorb the gravity acceleration and
the temperature difference. For the case of a standard gravity with
g� 9:8 m=s2, B simplifies to a standardized power law expression

B� 0:1

�
TH � TC

Tref

�
1=3

(1)

For comparison purposes, at fixed reference temperature
Tref � 300 K, we used the allied mean convection coefficients for
He, hHe=B� 55 and for air, ha=B� 37:5. Correspondingly, the heat
transfer augmentation �hHe � ha�=ha rendered by He with respect to
air amounts to a significant 47%.

It is observable in Fig. 3 that the peak of thehm=B curve for theHe-
Xe gas mixture is shifted to the upper right part of the plane and an
enormous maximum for the allied mean convection coefficient
hm;max=B� 85 is furnished in the w domain [0, 1]. This particular

ordinate occurs at an optimal molar gas composition wopt � 0:93
(7% He and 93%Xe). Relative to air, the heat transfer maximization
�hm;max � ha�=ha delivered by the He-Xe gas mixture ascends to a
remarkable 127%. When compared to pure He gas, and again using
�hm;max � ha�=hHe, the He-Xe gas mixture outperforms He by a
margin of 55%.

For the He-CO2 gas mixture, the maximum allied mean
convection coefficient hm;max=B� 59 takes place at an optimal
molar gas compositionwopt � 0:7 (30%He and 70%CO2). Relative
to air, the heat transfer maximization �hm;max � ha�=ha delivered by
the He-CO2 gas mixture is of the order of 57%. When compared to
He and employing �hm;max � ha�=hHe, the He-CO2 gas mixture
outperforms He by a slight margin of 7%. TheHe-O2 andHe-N2 gas
mixtures furnish imperceptible maxima for the allied mean
convection coefficient hm=B that have minimal significance. Lastly,
it is obvious that the allied mean convection coefficient hm=B for the
He-CH4 gas mixture does not pass through a maximum.

The trends observed in Fig. 3 and Table 1 suggest that the allied
convection coefficients hm;max=B respond to the molar mass
difference �M between the primary gas He and the secondary gas
Xe. As noted in Table 1, the He-Xe gas mixture possesses the largest
molar mass difference �M� 127:87 g=mol, which translates into
the global maximum allied mean convection coefficient hm=B� 85.
The He-CO2 gas mixture with the second largest molar mass
difference�M� 40 g=mol comes in a distant second. The smallest
�M� 12:04 g=mol for the He-CH4 gas mixture reveals no
maximum allied mean convection coefficient hm=B.

VI. Conclusions

A numerical investigation of two-dimensional turbulent free
convection in square cavities filled with a binary gas mixture was
conducted for a fixed Rayleigh number, Ra� 2 � 109 at the
reference temperature, Tref � 300 K. The gas flows in a narrow strip
along the walls where the velocity and temperature change sharply.
The He-Xe mixture delivers the thinnest turbulent boundary layers
along the vertical active walls resulting in higher fluid velocities. The
He-Xe is the best gas mixture choice for heat transfer enhancement
within square cavities. The latter transfers 127% more heat than air.
When compared to pure He, the heat transfer gain of about 55% is
obtained. Themaximumheat transfer coefficient occurs at an optimal
molar gas compositionwopt � 0:93. For theHe-CO2 gasmixture, the
maximum takes place at an optimal molar gas composition
wopt � 0:7. Relative to air, the heat transfer maximization delivered
by theHe-CO2 gasmixture is of the order of 57%.Other gasmixtures
present limited heat transfer enhancements.
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Fig. 3 Variation of the relative mean convective coefficient hm=B with

the molar gas composition of the binary gas mixtures at Tref � 300 K
and Ra� 2 � 109.
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