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The unstable phenomena induced by the natural convection in an open-ended
vertical channel with hot-cold wall configuration are investigated. To accurately perform the
simulation, a modified compressible solver, which can deal with the buoyancy-induced turbulence, has

been developed. The solver can appropriately control the dissipation as an implicit turbulence
model to have a more accurate result. The simulation result shows that the existing empirical
experience for the natural convection in a vertical channel cannot be applied here. To better
reflect the underlying physics, Grossmann-Lohse theory, originally proposed of horizontal
(Rayleigh-Benard) convection, is applied to describe the flow field and the scale analysis for the
flow characteristics near the wall is also performed. The coexisted flow field of the laminar and
turbulence are observed. The above research result has been applied for the simulation of the
natural convection with 3D random roughness elements.
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The transition (unstable phenomena) in natural convection is a critical phenomenon
encountered in diverse engineering applications, such as solar energy collection, chimney
design, and the thermal analysis of fins. However, the simulations of transition to turbulence
always start from a perturbative inlet or initial condition. As a result of that, the transition
is more or less parameter dependent. Besides, concerning engineering applications, the
temperature differences responsible for variations in density in natural convection always
exceed the limits regarding the validity of the incompressible solver with the Boussinesq
approximation (30 K) [1]. From above, it is known that the self-transition to turbulence by
buoyancy force under the practical conditions (temperature difference larger than 30K) has
not been studied yet.

(1) Amodified compressible solver which can deal with the buoyancy-induced turbulence with
larger temperature differences was developed. With this solver, a more accurate result can
be obtained, and using direct numerical simulation (DNS) to investigate the transition in
natural convection becomes feasible.

(2) The unstable phenomena induced by the natural convection in an open-ended vertical
channel with hot-cold wall configuration are investigated. With this setting, the artificial
perturbations to generate turbulence can be abandoned. Therefore, the parameter
independent simulation is toward and the result can be the benchmark to optimize
turbulence models.

To investigate the transition in natural convection with larger temperature differences, the
solver suitable for the current simulation was proposed first. And then, this solver was
adopted to perform the simulation to obtain accurate results. Finally, the flow field was
investigated to understand the mechanism.

(1) Amodified compressible solver which can deal with the buoyancy-induced turbulence with
larger temperature differences was developed. In this solver, an all speed preconditioned Roe
(APRoe) [2] is adopted to appropriately treat flows at extremely low speed regions. And then,
a reconstruction method for the MUSCL scheme at low Mach numbers (M5LM) [3] is applied
to attenuate the dissipation. Under the situation of the finer resolution, the dissipation can
be reduced to have a more accurate result such as performing DNS. On the other hand, under
the situation of the coarser resolution, the numerical dissipation of the compressible solver
is utilized as a subgrid scale (SGS) model for the implicit large eddy simulation (LES).

(2) To well conditionally assign the boundary conditions at inlet and outlet, the compressible
solver combining absorbing and non-reflecting boundary conditions for extremely low Mach
numbers is applied to eliminate the problem of requiring a priori knowledge of the flow rate.
Besides, to better reflect the underlying physics, the turbulent behavior near the wall is
investigated and following Ng et al.[4], the Grossmann-Lohse (GL) theory, originally
proposed for the horizontal convection (Rayleigh-Benard), is applied to investigate the flow
and temperature fields to better understand physics.

(1) The thermal plume was adopted to validate the
current solver (MAPRoe). Fig. 1 shows the vorticity iso-
surface contoured using the velocity magnitude. The
transition occurs after x:>D and the hairpin-shaped
structures mainly form in the vortex regions when x:>4D.
This observation is basically consistent with that in [5].
Overall, the buoyancy-induced evolution from laminar to
turbulence can be clearly observed using the MAPRoe.
The comparison the development of the vorticity
isosurface contoured using the velocity magnitude )
between MAPRoe and APRoe are also shown. In the  rig1  comparison of the vorticity
laminar region of x: < 2D, for the MAPRoe model, the  soqurface

unsteady concentration of vorticity develops and

gradually enlarges up to x: = 2D, which is basically




consistent with the description in [6]. Meanwhile, for APRoe, the unsteady phenomenon only
occurs around x; = 2D. Additionally, according to DNS results [6], the transition from laminar
flow to turbulence is located close to x; = 3D. This phenomenon is more obvious for MAPRoe
than for APRoe. In the turbulence region of x: > 4D, hairpin vertical structures dominate the
flow field and interlace with each other [6] and MAPRoe captures this phenomenon more
completely than does APRoe. Overall, the development of the flow field from laminar flow to
turbulence is captured much more completely by
MAPRoe than by APRoe.

(2) The temporal power spectrum of the temperature
fluctuation against Strouhal number (S = f xD/U,)
is obtained for P2. The result of MAPRoe presents a
different distribution near the LES cut-off frequency.
Moreover, the —5/3 Kolmogorov power law decays P
more rapidly, following instead a —3 power decay law. APRoe in P2 MAPRoe in P2
This rapid decay is caused by the buoyancy force in
the inertial-convective region, and it has been
proposed as a result of numerical simulations [5] and
experimental observations by Dai and co-workers [7]. As shown in Fig. 2, in P2, the over-
dissipation in APRoe enlarges the turbulent structure. Hence, the fluctuations based on time
in APRoe will be overestimated owing to the production of the unphysically larger structure.
The overestimated fluctuations cause the accumulation of energy at smaller scales.
Meanwhile, the current solver can provide appropriate dissipation to correctly transfer
energy from large to small scales. The result demonstrates that the MAPRoe captures the
turbulence energy transfer induced by the buoyancy force.

From (1) and (2), it can be known that the current solver

can be applied for the transition in natural convection with

Fig. 2 Temporal power spectra of temperature
fluctuations
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(3) The natural convection in a vertical channel as shown wai ﬁff KK
in Fig. 3 is investigated and the Rayleigh number based o1 Iy S

on the height of the channel is 5.4x10°. Two different e

cases are conducted. One is that the wall temperatures Cra— m

in the left and right are T.=T, and T, =T,+45K , Ay DX0005x2

N, xN, xN,; 400%200x100 (Physical domain)

respectively. The other is that the wall temperatures in oy, 0 b bonday

the left and right are T, =T,-15K and T, =T,+30K , )

respectively. Please note here. The temperature rig 3 vertical channel with hot-cold wall

differences between two walls for these two cases are

the same so that the Rayleigh numbers are also )

identical. ' P ’“;”ﬂ%“
Fig 4. shows the contour of the instantaneous  **[ 1| " s Fore

temperature and the instantaneous velocity for both |

Casel and Casell. For the Casell, except the region near = N z

the outlet, the flow filed and the temperature filed is E‘ ! ! =

almost stationary. On the other hand, Casel shows

slightly unstable phenomena. Generally speaking, at L 1

this moderate Rayleigh, the natural convection in a

vertical channel should be stationary such as shown in i

Casell. Therefore, it is obvious that the existing Gl Casel
empirical experience for the vertical channel flow can’t  Fig. 4 The instantaneous temperature

be applied to Case I. and velocitv
(4) To investigate the unstable phenomena in Casel,
the natural convection in an enclosure with aspect
ratio 1/8 (H/L) at the same Ra Number, 5.4x10°, in
[4] is compared. In Fig. 5, the statistical data at
x1=0.2m are compared with the DNS result. Please
note here. The discrepancy especially near the center
of the channel height, x,/H =0.5, is caused by the
different conditions of the temperature on the wall. In
[4], the condition of T, =T, +1/2xAT and
T.=T,-1/2xAT is assigned. On the other hand, in
Casell, the condition of T,=T +2/3xAT and
T.=T,-1/3xAT is assigned. However, the
qualitatively good agreement with the DNS results

Fig. 5 Statistical data



implies that the physical phenomena are closer to those in an enclosure rather than in a

vertical channel with an only one-side heated wall.

(5) To study the flow and thermal fields near the wall, the boundary-layer behavior is
investigated. Following [4], for the hot wall, the Kinetic boundary-layer thickness o, is
calculated by intercepting U =X, xdu/dx, and U=0,, . Similarly, the thermal boundary-
layer thickness &, is calculated by intercepting T =T, +X,xdT /dx, and T =T, —AT /2.

Through these calculations, the effects on the flow
can be clearly separated. One is from the boundary
layer due to the velocity gradient, du/dx, and
the other is from the bulk region caused by the bulk
velocity, U=U,, . These distributions are
compared with the kinetic dissipation and the
thermal dissipation in Fig. 6. to better understand
the physical insight. The kinetic dissipation due
to the mean velocity, &, = u(dU,/dx,) and due to
the velocity fluctuations g, = u(ou/ / 0x;)* , and the
thermal dissipation due to the mean temperature,
g, =k(dT /dx,) and due to the temperature
fluctuations, &.=k(0T'/dx;)* are shown. Based
on the results, inside the boundary layer, the
physical properties of the mean dominate the flow

Fig. 6 The boundary layer behavior

field. On the other hand, outside the boundary layer, the physical properties of the fluctuation
dominate the flow field. It is consistent with the GL theory. Because away from the wall, the
turbulence due to the natural convection is not strong enough to generate the boundary layer,
GL theory decomposes the kinetic dissipation into the boundary layer and bulk contribution.
According to (3), (4) and (5), it can be known that instead of the existing empirical experience
for the vertical channel flow, the current flow field is closer to that in an enclosure. Moreover,
according to the distribution of the kinetic dissipation and thermal dissipation, it is found
that both laminar and turbulent behaviors are coexisted. Therefore, the GL theory is applied

to explain the reason for the coexistence.
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