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A numerical study on the irregular roughness effects

in compressible natural convection flow
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The phenomena of natural convection are common in modern industry and our daily life, and
many cases of natural convection are taking place under a high temperature difference condition.
Thus, the compressibility of the working fluid is necessary to be considered. On the other hand, the
topology of solid surface has direct and significant influence on the natural convéction nearb);,
different deterministic surfaces have been studies widely (Yousaf M, 2015; Jiang H, 2019; Mohebbi
R, 2019). But by taking the reality into account, the 3D irregular roughness is more general on solid
sufface_, such as asphalt road, granite, and corundum surfaces (Persson B N J, 2004). Thus, in current
study, natural convection flows in enclosures with irregular roughness on both vertical sidewalls
have been Smdied numerically considering the compressibility of the working fluid.

~ The thermal convection widely exists in the applications where the fluid are involved in the
heat transfer, such as power generators and turbines, and according to the driven forces of the fluid,
convective heat transfer is further divided into forced convection, natural -convection and
combined-convection (Barhaghi D G 2007). In this study, the major concern is natural convection
where the buoyancy force plays a role as the driving force of the fluid flow. The generation of
buoyancy originates from the inhomogeneous density of the fluid, i.e. the fluid motion is not driven
by any external force (Ozisik M N, 1985). The denser or heavier particles of fluid will be pulled by
the gravity more strongly than the lighter particles, thus the relative motion inside the fluid will
occur, and as the carrier of the energy and maés, convection of the fluid will briﬁg the delivery of the
energy. Since no extemal source is required, natural convection can be found in small-scale to
large-scale industrial applications. Thus, a better understanding of natural convection will lead to
improving efficiency and saving energy.

From the mechanism of natural convection, one of the vital issues which all researchers should

pay attention to is the change in the fluid density because of the change in temperature and the heat
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transfer. In order to deal with this issue, the Boussinesq approximation has been proposed.
According to this approximation, the variation of the fluid density will only be considered when it is
multiplied By the gravitational acceleration in the body force term of the momentum equations, and
the fluctuations of density in the motion of the fluid are principally treated as fhe results from the
heat “transfer (Spiegel E A, 1960). Gray and Giorgihi (1976) assessed the validity of this
approximation for liquids and gases, and pointed out that for the Rayleigh-Bénard problems, when
the working fluid is air, the temperature difference should be smaller than 28.6K. For the flows in an

enclosure cavity with 2 vertical heated sidewalls, when the temperature difference ratio

€= Ty —Tc)/T; is more than 0.1, the Boussinesq approximation might not be accurate (Zhong

Z Y, 1985). Paillere et al. (2000) found large temperature difference will result in the
non-symmetrical distribution of the heat transfer and the flow patterns. Talukdar et al (2018) also
observed the anti-symmetry in the patterns of buoyancy-driven laminar flows in the square cavities,
and the "emergence ’of this anti-symmetry was attributed to the temperature-dependent fluid
properties. There is no doubt that the Boussinesq approximation can be very convenient for
incompressible solvers to handle the problems which involve the fluctuations of the fluid density, but
the limita"tions of this approximation deserve thoughtful consideration.
Thus, in current fesearch, a compressible solver without Boussinesq approximation has beenl
adopted to deal with natural convection problems. However, the magnitude of fluid velocity due to
‘ the buoyancy force is generally smaller than the speed of sound by several orders of magnitude.
Therefore, a preconditioning method (Weiss, 1995) is adopted to resolve the governing equations.
Combined with the Roe scheme (Roe P L, 1981) and dual time-stepping method (Venkateswaran S,
1995), an implicit solver has been developed based on the iower—upper symmetric Gauss-Seidel

(LUSGS) schemes, shown in Chapter 2.
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In most of the previous researches, the thip sheet, rectangular or sinusoidal were chosen as the
shapes of roughness or partition. Xu et al. (2009) installed a thin fin on the hot sidewall of a
differentially heated cavity, and investigated the effects of this fin on the flow field. At the Ra of
2.29x10%, and behind the fin, the intermittent plume of the fluid will be generated due to the
existence of the adverse temperature gradient in this region. Yousaf (2015) used the Lattice
Boltzmann method to study the influence of the sinusoidal roughness elements on vertical
sidewalls on the heat transfer in a two-dimensional square cavity. They found that, under a
condition of laminar flow (Ra = 103 to 10°), as the number and size of roughness elements increase,
the heat transfer performance decreases. At the same time, some eddies were observed in the
interstice between two roughness elements’at Ra = 10*, but disappeared in the case Qf 10°.

Differently, in this study, the surface roughness is irregular and random to fit the reality. To
describe this type of roughness, the parameters shouid include the height of the roughness element,
the probability density of the roughness element’s height, and thc:‘: change frequency of the roughness
elements and other necessary parameters, thus the power spectral density (PSD) (M.M. Kanafi,
2017; Y. Xian, 2019) is an easy and efficient way to combine the structural information of the
roughness in both vertical and iateral directions. PSD is defined as the Fourier transform of the>
autocorrelation function of roughness element heights (Néyak P R, 1971). Thus, we can get height
information after inverse Fourier transform of PSD. The detailed introduction can be found in
Chapter 3.

In Chapter 4, the natural convection in a cavify with 3D irregular roughness elements on
sidewalls has been investigated at the Rayleigh number of 10°, using a compressible solver. The
roughness was generated through a given power spectrum density with the roll-off wavenumber

equal to 10°> m™! and the temperature difference between two sidewalls was SOK. The results of
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thermal fields in the cavities showed that the peaks on the rough surface will decrease the thickness
of the thermal boundary layer but the valleys will increase it in the upstream region. However, in the
downstream region, the thickness of the thermal boundary layer is thick enough that this effect is no
longer obvious. Near the hot sidewall, the peaks will accelerate the flow field slightly, but the valleys
will give a conspicuous deceleration to the flow field, and this phenomenon exists in both upstream
and downstream regions. On the other hand, the fluid will bypass the elements in 3D simulation
instead of getting trapped between two roughness elements.

After‘Chapter 4, the numerical methods we adopted have been proved effective to deal with the
natural convection problems in the enclosure with irregular rough sidewalls. Then, the influence of
different irregular rough surfaces on heat transfer was investigated in Chapter 5. By changing the
roll-off wavenumber, 4 different irregular rough surfaces were generated. An accurate metbod to
measure the temperature gradient on the éomplex surface was applied and the results showed that as
the gg increases the average Nu on the surfaces decreases under the condition of Ra = 10°. Another
notable phenomenon is that large qg indicated the denser distribution of the roughness elements
with short wavelengths, then these roughness peaks were able to amplify the maximums of local Nu,
but meanwhile, the space among the roughness elements would be separated into small pieces by
these roughness peaks and valleys. After dividing the average Nu into top average Nu and bottom
average Nu, the results showed that the bottom average Nu was more sensitive to the change of gz
than the top average Nu, and as g increased, the bottom average Nu had a conspicuous tendency
to decreése. |

The turbulent natural convection flows have been investigated based on DNS in Chapter 6. The
fluid was considered as compressible and enclosed in a cuboid cavity with 3D irregular roughness

elements on its sidewalls at a Rayleigh number of 1x10'°. The irregular roughness with qg of
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32 was same as in Chapter 5. The probability densify functions (PDF) of the temperatures and
velocities at the monitor probes were measured and the profiles of PDF show the flows in the
downstream regions had the features of turbulence and the roughness increased the fluctuations of
the flows nearby. In the local areas, the roughness peak accelerated the fluid nearby, and then the
local convection increased, but the roughness valley had an opposite effect on the fluid. Thus the
distributions of local Nus;elt numbers have a high value in the vicinity of roughness peaks but the
low in valley regions. From the average Nu on the hot sidewall, the rough case is lower than the
smooth case by nearly 8%. But results of eddy heat flux (EHF) indicated that the heat transfer
generated by the turbulence near the rough surface was much higher than the smooth’ case, and
compared with the smooth case, conspicuous EHF could be found from a more upstream area near
the rough sidewalls. From the isosurfaces of Q-criterion near both rough and smooth sidewall, we
noted that the roughness was able to increase the vorticity and changekthe structures of the fluid
nearby, but the vortices only appeared in the local areas of roughness peaks, and the fluid in valley
areas kept a very low rotation rate. Although the roughness reduced the surface heat transfer, as the
Ra increases, the difference of average Nusgelt numbers between smooth anci rough cases will be
diminished, and the mixing effects of turbulence played an important role in this tendency.

The curreﬁt study clarified the effects of isotropic irregular roughness on the compressible
natural convection flows in enclosed cavities under both laminar and turbulent conditions without
Boussinesq assumption. Meanwhilé, the flow structurés near the rough surfaces were represented in
detail. The results of this dissertation can provide a reference for the design of engineering

applications involving high-temperature problems.
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