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A numerical simulation of Rayleigh—Bénard convection with supercritical
carbon dioxide is presented in this paper. A shallow cavity with an aspect
ratio of 4 is selected as a container that is fully filled with supercritical carbon
dioxide. The influences of the bottom heat flux on the flow stability, flow pattern
evolution, and heat transfer ability of Rayleigh—Bénard convection are analyzed.
Meanwhile, the transient and steady-state fluid behaviors are obtained. The
results show that the bottom heat flux plays a dominating role in the stability of
the convection. A transition from stable evolution to significant oscillation is
found with the increase of the heat flux. The flow pattern evolution also strongly
relies on the heat flux. A four-cell structure to a six-cell structure transformation
accompanied by the orderly multicellular flow is observed with increasing heat
flux. In addition, the local Nusselt number on the bottom wall is strongly related
to the cell structure in the cavity.
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Introduction

Rayleigh-Bénard (RB) convection is among the most typical natural convections. The
fluid heated at the bottom comes to be warmer and lighter and tends to be pushed upward
by the buoyancy force. Meanwhile, the cooler fluid from the top, in turn, falls downward
to take the warmer fluid’s place. The pioneering work of RB convection was conducted by
Bénard (1990). A hexagonal flow pattern was found in the water layer. After that, a great
number of simulations and experiments have been conducted by researchers to
investigate the stability, flow pattern, and heat transfer of the RB convection
(Rayleigh, 1916; Xi et al, 2004; Bairi et al, 2007). The Rayleigh number (Ra),
geometry structure, aspect ratio of the enclosure, and Prandtl (Pr) number of the
fluids are considered to be the main factors affecting the RB convection.

Jeffreys (1926) proposed that the stability of RB convection can be judged by the
critical Ra and obtained that the value is about 1708 by theoretical analysis for an infinite
rectangular cavity. In further studies, it was found that the values of critical Ra mainly
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FIGURE 1

Physical model and coordinate system.

TABLE 1 Computational domain size parameters.

Variable

Value/mm

depend on the boundary condition (Nield, 1968) and aspect ratio
(Bagdassarov and Dingwell, 1994; Hébert et al., 2010; Harfash,
2014). For cylindrical cavities, the critical Ra decreases from
about 2.55 x 10° to 1.70 x 10’ as the aspect ratio increases from
1to0 9. Buell and Catton (1983) discussed the symmetry of the RB
convective pattern at various aspect ratios by non-linear stability
analysis. They found that the flow pattern could always be
axisymmetric when the aspect ratio is 1, which agrees well
with the results obtained by experimental analysis (Stork and
Muller, 1975). In addition, a wide variety of flow patterns were
observed by using numerical simulations, including concentric,
radial, cross, and parallel rolls (Mukutmoni and Yang, 1995;
Leong, 2002; Hébert et al., 2010). Aydin and Pop (2005) reported
that the average Nusselt number (Nu) of RB convection rises with
the increase of Ra. Funfschilling et al. (2005) concluded that Nu
decreases along with the aspect ratio. However, Zhou et al. (2012)
found that Nu would be independent of the aspect ratio with a
large Ra.

Most previous studies on RB convection were conducted with
Boussinesq fluids because their densities vary linearly with
temperatures. However, the Boussinesq approximation is not
suitable for supercritical fluids, which exhibit unusual asymptotic
behaviors of fluid properties near the critical point. The behaviors of
RB convection would be complicated by this phenomenon through
compression and dissipation contributions. Recently, the RB
convection of supercritical fluids has attracted great attention.

Frontiers in Energy Research

The vertical temperature oscillations of RB convection are
reported in a supercritical *He experiment conducted by Meyer
and Kogan (2002). The ensuing numerical and theoretical studies
(Chiwata and Onuki, 2001; Amiroudine and Zappoli, 2003)
reproduced these oscillations and yielded a great agreement
for these results. Additionally, the piston effect theory was
proposed to explain the rapid thermal relaxation shown in an
experimental study on supercritical fluids (Boukari et al., 1990;
Onuki et al, 1990). Shen and Zhang (2010) investigated the
thermomechanical effect in a slab of supercritical nitrogen and
obtained the effect on acoustic emission propagation and
reflection patterns by heating rapidity. A transient study on
supercritical nitrogen, also conducted by them, found the
transient fluid behavior with various Ra (Shen and Zhang, 2012).

The research on supercritical RB convection in the past has
been confined only to obtaining the flow and heat transfer
characteristics under different aspect ratios and Pr. However,
few studies pay attention to the effect of heat flux on supercritical
RB convection. In this work, a series of numerical simulations
were performed to investigate the RB convection of supercritical
carbon dioxide. At the same time, the stability, flow pattern, and
heat transfer characteristics were discussed at various bottom
heat fluxes.

Model formulation
Physical and mathematical models

The physical model and coordinate system for RB convection
of supercritical carbon dioxide near its critical point are shown in
Figure 1. The geometric dimensions used in the current
numerical study are shown in Table 1. The aspect ratio of the
computational domain is 4. Specifically, the height of the fluid
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FIGURE 2
Variations of steady-state Nu with Ra.
layer is 2.5 mm, and the length is 10 mm. Such a shallow 0. =v. =0 a_ q )
configuration is filled up with supercritical carbon dioxide. e EY =D oy X
In this study, the fully compressible Navier-Stokes (N-S) y=H,v,=v,=0,T =T (6)
equations are substituted by the low-Mach N-S equations in T
order to eliminate the acoustic interactions and compressibility x=0,x=W,v,=v,=0, x 0o )
effects. The conservation equations for mass, momentum, and
energy equations for the fluid domain are shown, respectively, as Here, v, and v, are the x-component and y-component of the
follows: velocity, respectively. The subscript i indicates initial conditions.
Ra and Nu are defined as follows:
Dp +pV-v=0 (1)
et v = ATH?
Dt Ra = ﬂig ®)
Dv ) 1 po
pE:—VP+11V v+(517+()V(V~v)tpg ) ol
Nu=—— 9)
DT xr DP AAT
PCrp =V AVT) +p(Cp —@)FT ST
Here, y and « are the kinematic viscosity and thermal diffusivity,
In Eqs 1-3, ¢, v, P, and T represent time, velocity, pressure, and respectively.
temperature, respectively. p, 7, &, Cp, Cy, A, kr, and f8 are the
density, shear viscosity, bulk viscosity, the specific heat at
constant pressure, the specific heat at constant volume, Numerical method
thermal conductivity, isothermal compressibility, and isobaric
thermal expansion coefficient, respectively. The gravitational The governing equations Eqs 1-3 are discretized with the
acceleration g = 9.78 m/s”. ® is the viscous dissipation function. finite-volume method (Patankar, 1980). The SIMPLE algorithm
The initial and boundary conditions are shown as follows: is applied for pressure-velocity coupling. The temporal term is
discretized with the second-order backward scheme. For spatial
t=0,v,=v,=0,T=T;,p=p; 4) discretization, the central difference method was adopted, and
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Variations of the horizontally averaged vertical temperature drop AT with the time evolution. (A) g = 0.5—10 W/m?. (B) g = 50—5000 W/m?.
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FIGURE 4
Variations of the horizontally averaged Nusselt number Nu with time evolution. (A) g = 0.5—10 W/m?. (B) g = 50—5000 W/m?.
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Space-averaged vorticity Q as the time evolution with different heat fluxes. (A) low heat fluxes (q<10 W/m?); (B) high heat fluxes (q=50 W/m?).
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FIGURE 6

Time evolution of the convection patterns for g = 0.5 W/m?.
Upper: temperature field; Lower: vorticity field. (A) t =78 s. (B) t =
1154 5. (C) t = 140.8s. (D) t = 300 s.

the convective term in the energy equation is handled with the
third-order scheme QUICK. The thermophysical parameters of
S-CO, are based on NIST REFPROP 9.1 (Lemmon et al., 2013).
The dimensionless time step varies from 10™* and 107> Once the
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maximum relative error of the fundamental equations among the
computational domain is lower than 1077 at each time step, we
reasonably consider that the iterative result is convergent to a
solution and then calculate the next time step.

Benchmark

Few experimental results of supercritical RB convection have
been conducted. Therefore, a numerical study of supercritical
nitrogen RB convection in a shallow cavity is used for validation
in this study (Shen and Zhang, 2012). Figure 2 gives the steady-
state Ra-Nu relation based on the present numerical method and
the results from Shen and Zhang (2012). The largest error bound
of the Nu between the results is within 1.3%. Excellent
agreements with the previous data are presented. Thus, the
present numerical method is completely appropriate for
dealing with RB convection of a supercritical fluid.

Results
Stability of behaviors in the cavity

Figure 3 gives the time evolution of the mean temperature
drops AT across the entire cavity under different bottom heat flux
values q after heating is initiated. For convenience of illustration,
the ordinate has been scaled by the maximum temperature before
convection occurred AT, and similarly, the abscissa has been
scaled by the first peak time t,. The result shows the unique
transient characteristics of near-critical fluids: before reaching
the final steady state, the variations of AT show an initial sharp
temperature rise and subsequent damped oscillations. The
variation of AT showed no fluctuation before reaching a final
steady state at q = 0.5—1 W/m?. Differently, a slight temperature
fluctuation appears when q = 5—10 W/m”. It is worth noting that
oscillatory behavior in the steady-state temperature difference is
related to the bottom heat flux. The temperature appears to
oscillate significantly as the heat flux is greater than 50 W/m?,
and AT seems confined to maintain larger than AT,

Figure 4 shows the time evolution of the horizontally averaged
Nusselt number of the fluid layer with different heat flux values. The
heat transfer enhances with the rising of the heat flux, which is
evidenced in the increase of Nu. Additionally, the manifestation of
Nu is similar to that on the temperature; a significant oscillation
exhibits in the heat flux range of 50—5000 W/m”.

The space-averaged vorticity Q of the fluid domain can be
calculated based on the simulation results, which provides a good
estimate of the intensity of the flow characteristic. Here, Q is

ou ov

defined as follows:
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FIGURE 7
Temperature distributions along the line x = 5 mm.

where u means the horizontal velocity and v means the vertical
velocity. The variations of the space-averaged vorticity Q are
presented in Figure 5. As the heat flux increases, the movement of
the fluid initiates earlier. Additionally, Q) increases with the
increase of the heat flux. Similarly, oscillations of Q also occur
when the heat flux is larger than 50 W/m®. The growing of Q
makes the fluid state muddled more actively. As a result, the
variation of the bottom heat flux has a significant impact on the
flow characteristic.

Evolution of the RB flow patterns

The evolution of the temperature and vorticity fields for q =
0.5 W/m® is presented in Figure 6. In the early stage of the heat
transfer process (t = 78 s), as shown in Figure 6A, the fluid is
largely free of macroscopic motion and presents a static and
uniform heat conduction state. Vortex structures with a large
structure but low intensity appear in the mainstream area of the
fluid layer. Additionally, strong intensity vortex structures arise
at the four corners of the closed cavity. By t = 115.4 s, as shown in
Figure 6B, the temperature difference reaches its peak and the
entire boundary layers become unstable. We observed more
strong intensity vortex structures formed in the mainstream
area. As heating progressed, the instabilities of the boundary
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layers become more obvious, as depicted in Figure 6C, when the
peak of the space-averaged vorticity is obtained. In the final stable
state, serious deformation of isothermals occurs along with the
heating process, and the flow appears in the whole region, as
shown in Figure 6D. The corresponding temperature profiles
along the line x = 5 mm are plotted in Figure 7. We found a linear
temperature distribution in the cavity at the initial stage (t =78's
and t = 115.4 s). With heating being lasted (t = 140.8 s and t =
300 s), the temperature curve shows obvious non-linear changes
at this time.

The vorticity contours with different bottom heat fluxes are
depicted in Figure 8, whereby a comparison among the different
steady-state convection patterns can be made. The periodic flow
with similar structures is observed in the cavity. Additionally,
there is a gradual transition from a four-cell structure to a six-cell
structure in the core area with increasing heat flux. It is
interesting to mention that the two symmetrical cells in the
middle are significantly smaller than the other four cells.

The evolution of the temperature field and vorticity field for
q =50 W/m® is shown in Figure 9. At the beginning of the heating
process (t = 3.55s), as shown in Figure 9A, a static and uniform
heat conduction state is observed at that time. In the figure, we
found that larger vortex structures are distributed around the
cavity. In addition, the structure of the vortex near the bottom
wall is extremely larger than that near the top wall. As time
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FIGURE 8

10 W/m?.

q=0.5 W/m?

q=1W/m?

q=35W/m?

q=10 W/m?

Comparison of the vorticity contours with different bottom heat fluxes in a steady state. (A) g = 0.5 W/m?. (B) g =1 W/m?.(C) g =5 W/m?. (D) q =

increases (t = 6.3 s), Figure 9B exhibits a significant curl on the
temperature layer when the temperature difference reaches its
peak. Additionally, the large-scale vortex structure covers the
interior of the cavity symmetrically. It can be seen from Figures
9B, C that the temperature layer develops curlier. Meanwhile, the
vortex structure maintains a symmetrical distribution. As
Figure 9E shows, the thermal plume drifts in the horizontal
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direction and the temperature field presents an asymmetrical
distribution (t = 191 s). In addition, the vorticity field presents an
erratic and unsteady flow state. The size, shape, and position of
the vortex cells in the core of the fluid layer remain in this erratic
state as time increases.

The corresponding temperature profiles along the line x =
5 mm for q = 50 W/m? are plotted in Figure 10. In the initial stage
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FIGURE 9

Time evolution of the convection patterns for g = 50 W/m?.
Upper: temperature field; Lower: vorticity field. (A)t = 3.5s. (B) t =
635 (C)t=79s.(D)t=11s (E)t=191s.
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(t = 3.5—7.9s5), we found that the temperature in the cavity
showed a non-linear distribution that changes from decline to
stability. The fluctuation of the temperature occurs with the
development of the fluid flow (t = 11s and t = 191 s), which
becomes more intense as time increases.

Heat transfer performance

The calculated results of various fluid dynamic and heat
transfer properties of the RB convection with nine different
bottom heat fluxes are listed in Table 2. It is evident to see
that AT, Ra,, and Nu, increase with the heat flux, and downward
trends are manifested in t,. In Figure 11, we reveal the variation
of the Nu and t,, with different heat fluxes more intuitively. When
the heat flux is small, Nu shows a dramatic rise with a small
increase in the heat flux, and a sharp drop of t,, is observed in the
same range. As the heat flux increases, both the variation of Nu
and t, gradually decreases.

Figure 12 shows the distributions of the local Nusselt number
on the bottom wall at various bottom heat fluxes. The maximum
or minimum Nusselt number always appears at a similar place
when q = 0.5, 1, or 5 W/m®. In addition, the multiple peaks and
valleys of the local Nusselt number are observed at the bottom
wall when q = 50 W/m?. It should be pointed out that a slight
increase in the Nusselt number is obtained near the sidewalls.
The local heat transfer performance is enhanced with the increase
in the bottom heat flux.

Discussions

It is clear that the results agree well with the benchmark, as
shown in Figure 2, which validated the credibility of the present
study. The variations of the steady-state Ra-Nu relation are
compared with the numerical study of Shen and Zhang
(2012). Therefore, it can be concluded that the model and the
numerical method used in this work are realizable.

Figures 3-5 describe the evolution of temperature drop,
Nusselt number, and vorticity with the bottom heat flux. All
three parameters are significantly affected by the change of the
heat flux. With a large heat flux at the bottom wall, oscillations
that are confined to a limiting range appear in the fluid layer in its
final plateaus. The temperature difference rose first with the
heating process, and at this time, no convection initiated in the
cavity. Once the convection commences, space-averaged
vorticity of the fluid continues to rise precipitously until
reaching the maximum, which is accompanied by a decrease
in the temperature difference and an increase in the Nusselt
number. The large bottom heat flux leads to high-intensity
vorticity and a large Nusselt number, which indicates that the
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Temperature distributions along the line x = 5 mm.

flow is more intense and complex. This phenomenon is related to
the relationship between the dissipation effect caused by the
viscosity and the buoyancy force. It can be concluded that a large
bottom heat flux breaks the stability of the RB convection, which
exerts a great influence on the flow and heat transfer
performance.

Time evolution of the convection patterns with different heat
fluxes has been given in Figures 6, 9. Obvious differences in flow
patterns are observed in the temperature fields and vorticity fields
with two different heat fluxes. A periodic pattern gradually arises
with q = 0.5 W/m?, which is induced by the steady heat transfer
between the adjacent eddies. Additionally, the large-scale
circulation cells formed in the heating process play a leading
role in the heat transfer through the fluid layer. The periodic
pattern also initiated at early heating with q = 50 W/m®>.
However, this periodic result disappears due to the instability
of the thermal boundary layer and is replaced by a chaotic flow
state. The apparent strong interaction between the adjacent
plumes could cause lateral deflection to the plumes, which
move regularly upward or downward in the cavity. This
interaction increases with the increase of the heat flux.

Compared with the steady-state vorticity fields with different
bottom heat fluxes in Figure 8, a gradual transition of the vortex
structure is noticed with increasing bottom heat flux. Specifically,
the effect of heat flux on the cell structure is at first an intensity
change and then a shape change of the vortex. The adiabatic
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lateral walls could make the fluid more unstable; thus, the cells
will split due to the effects of this phenomenon.

Figure 11 depicts the influence of the heat flux on the heat
transfer process specifically, and Table 2 indicates the
calculations of the various fluid dynamic and heat transfer
properties. The variation of the Nusselt number and first peak
time shows that the influence of the heat flux on the heat transfer
gradually dissipates as its increases. Additionally, the dissipation
effects have almost no effect on heat transfer development with a
large heat flux, which explains the steady evolution trend of the
peak time. It can be concluded that a large heat flux leads to a
better heat transfer performance, which is accompanied by a high
Nusselt number and fast peak time. However, with a
comprehensive consideration of the stability of the final
plateaus, Nusselt number, and peak time, it is hard for us to
shorten the peak time by increasing the heat flux, and a large heat
flux also brings an oscillated fluid layer. Therefore, it is necessary
to increase the heat flux within a certain range to obtain the best
comprehensive heat transfer performance.

With the increase of the bottom heat flux, the flow pattern
evolution becomes complex, as shown in Figures 8, 12. The
number and locations of the peaks and valleys of the local
Nusselt number are strongly related to the cell structure in the
cavity. The slight growth of the Nusselt number near the
sidewalls could be explained by the great vorticity at the
corner of the bottom wall.
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TABLE 2 Calculations of the various fluid dynamic and heat transfer properties of the RB convection with nine different bottom heat fluxes.

tp [ATI(s)
0.5 0.008 1.2 x 1010 1154 140.8 1.750
1 0.013 2.0 x 1010 62.0 73.5 2234
5 0.045 6.8 x 1010 223 26.0 3.300
10 0.081 1.2 x 1011 14.9 17.5 3.675
50 0.332 5.0 x 1011 6.3 7.9 4.454
100 0.592 7.1 x 1011 4.4 57 4.996
500 2.160 2.6 x 1012 1.9 3.1 6.853
1,000 3.720 44 x 1012 1.7 23 7.956
5,000 12.119 1.5 x 1013 0.7 1.1 12.210
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Conclusion

We have performed a series of numerical simulations to
understand the flow and heat transfer characteristics of the
Rayleigh-Bénard convection of supercritical carbon dioxide with
different bottom heat fluxes in this paper. Both the transient and
steady-state behaviors of the supercritical fluid that ensue from
uniform bottom heating are obtained and analyzed. Based on the
simulation results and discussion, the conclusions are as follows:

1. The final state of the fluid layer exhibits different results with
different bottom heat fluxes. Steady convection rises with a
small bottom heat flux, and a large bottom heat flux brings out
a significant oscillation.

2. The size and intensity of the vortex structure are the most
important factors that affect the heat transfer characteristics in
the convection. The convective pattern brings about a gradual
change from a four-cell structure to a six-cell structure. The
intensity of the vortex increases first, and then, the number of
vortex increases during the increase of the bottom heat flux.

3. The local maximum and minimum Nusselt numbers appear
at the locations between two adjacent vortices that flow in
opposite directions, respectively. The Nusselt numbers are
strongly related to the cell structure in the cavity.
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