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Three-dimensional Rayleigh-Darcy convection at
high Rayleigh numbers
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Carbon Capture and Storage

Physics of Fluids
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Methodology
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Equations
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Boundary conditions
viy=0)=0 , fy=0)=1
viy=1)=0 , Oy=1)=0.
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Simulations performed

Simulation Ra Ix/ly X1z /1y Nx X Ny X Ny

o Ra; 1.0x 10 4% 4 384 x 384 x 32

Ray 2.5 %103 4x4 768 x 768 x 64
Ras 5.0x 103 4 x4 1536 x 1536 x 128
Rar 7.5 % 103 4% 4 2304 x 2304 x 192
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y) PTOPETUIEs Rayg 4 % 104 Ix1  3072x3072 x 1024
De Paoli, Pirozzoli, Zonta & Soldati, J. Fluid Mech. (in press) Ragy 8 x 10% 1x1 6144 x 6144 x 2048
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Numerical details

» Spatial discretization: Second-order finite-difference
incompressible flow solver (staggered arrangement of
the flow variables, Orlandi, Fluid Flow Phenomena,

2000)

 Time discretization: the temperature transport equation
is advanced in time by means of a hybrid third-order
low-storage Runge-Kutta algorithm, whereby the
convective terms are handled explicitly and the

Equations
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Boundary conditions

v(iy=0)=0 , 0y 1
viy=1)=0 , Oy=1)=0.

Simulations performed

diffusive terms are handled implicitly, limited to the Simulation ~ Ra  Ix/ly XlIz/ly ~ Nx XNz XNy
wall-normal direction.
Ra; 1.0x 103 4 x4 384 x 384 x 32
o , , Ray 2.5 %103 4x4 768 x 768 x 64
* Pure MPI parallelization: Cmgca Supercomputing Ras 5.0x% 103 A4 1536 x 1536 x 128
centre, Infrastructure Marconi, Raq 7.5 % 103 4 x4 2304 x 2304 x 192
Ray 1 x 10* 1x1 768 x 768 x 256
32,000 cores Rax 2% 104 1x1 1536 x 1536 x 512
~ 3TB/field Rax 3% 104 1x1 2304 x 2304 x 768
Raqo 4% 104 1x1 3072 x 3072 x 1024
De Paoli, Pirozzoli, Zonta & Soldati, J. Fluid Mech. (in press) Rag 8 x 104 1x1 6144 x 6144 x 2048
Pirozzoli, De Paoli, Zonta & Soldati, J. Fluid Mech. (2021)
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Temperature and heat transfer statistics
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Characterization of near-wall cell pattern

Characterization of cell pattern:

» Identification of cells area, A

» Identification of cells shape
(circularity, C)

C = 4nA/IT?, with
IT the cell perimeter.
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Near-wall and core flow
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Near-wall flow structures and supercells
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Ra = 80,000 , horizontal slice near the wall
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Near-wall and core flow

Mean radial wave number
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Theoretical prediction (Hewitt et al., 2014):
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=t Supercells and megaplumes
Physics of Fluids
Mean radial wave number Ra = 2500 Ra = 5000 Ra = 10000 Ra = 20000 Ra = 80000
R / E Y ) E == TMIZ\" V=] ~ - 7 = P Wt o)

] - ", {_@ ,rj-;ra-r;.‘ 27
S | e TR Pt
e T e ,;.-}‘r’
Y TS i R e
RTINS v\'};'ﬁ' LS %

oo N . f B

e N

[/ K2 + k2 E(ky, ky) dxdz>

[ [ E(ky, k) dxdz

near-wall

%r(y) = <

Following Berghout et al. (2021), we
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° Supercells and megaplumes
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Assessment of domain size effects
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oA Assessment of domain size effects
Physics of Fluids
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Future developments — pore-scale dynamics
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Numerical and experimental
investigation of pore-scale dispersion
effects on convective dissolution . ‘ Chris Howland, Physics of Fluids

Group, University of Twente
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s Additional numerical details
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Additional details on spatial discretization

* Wall-normal direction: hyperbolic tangent
stretching function

* Approximately 20 points within the thermal
boundary layer

* Horizontal directions: uniform spacing

e Fourier expansion along the horizontal periodic
directions yields a system of tridiagonal equations
in the wall-normal direction for each Fourier mode,
which is then solved with standard highly efficient
numerical techniques

De Paoli, Pirozzoli, Zonta & Soldati, J. Fluid Mech. (in press)
Pirozzoli, De Paoli, Zonta & Soldati, J. Fluid Mech. (2021)

Equations

00 1
v . _ vy =
5 +V (u@ Rav ) 0,

V-u=0 ) u:_(vp_ej)v
Boundary conditions

viy=0)=0 , O(y=0)=1,

viy=1)=0 , fy=1)=0.

The pressure field is determined by solving the
Poisson equation resulting from the divergence-
free constraint:

00

Vip=—
P=13

dp/dy = 0 at walls (no-penetration)
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High-resolution images, movies and slides are
available upon request to m.depaoliQutwente.nl
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