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Fig. 1. Axial velocity profiles of Womersley flow: (a) Velocity profiles at different times; (b) temperature

profiles at different wall temperatures.
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(a) v=2.76 x 1072; (b) v = 2.0 x 1072

Fig. 2. Axial velocity profiles of Womersley flow at low viscosities: (a) v = 2.76 x 10~2; (b) v = 2.0 x 10~2.
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Table 1. Comparisons of the maximum velocity in the

present study with those of the previous studies.

Ra WIIRIREEN O HIERIREEN 1
5000 Z 3k [18] 0.3523 0.3523
LR [27] 0.353 0.353
AR 0.3521 0.3522
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Fig. 3. Isotherms and streamlines as the initial temperature is 0: (a) Isotherms; (b) streamlines.
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Fig. 4. Isotherms and streamlines as the initial temperature is 1: (a) Isotherms; (b) streamlines.

AT AR B SRR

AN R AR S A R B B R R A Y
H SR AT BB AL BB AR 1 B AR
WA — ATV W T e 0728500 R B X sk el
A H P AR AN 1 R O R R 22 T ) A
X 3G A, N AN B A B2 42 40 0l D s R,
ro = 2y, H H/ry = 2. WAMNAAEEERIE R 7338 T
MT(T > T,), HAWEE KPS 4 #a .
AR Ra = 103, 10* A110°, L3 P& TE %
PEIGUE, XF R BT 24 100 x 200, 200 x 400 EA
2300 x600. HALSE LR T: T, =0,T; =1,
BHEBET, = (T, +T,)/2, Pr = 0.712, E Jijini#&
J& g Wl R G5 ). R B R AR A B AR IR I B
REAEE FA 5th RE o H B DL W SohR e 5 3.2 15 A

3.3 2

i, AR A ER L = o —

B 5451 T Ra = 103, 10% F110° I A 25 95 £
L EHE 5 T, 4 Ra BN, P B DU S
A, RIS LA B LT 50 546 LSSk
P S B R TR K. %S Ra Bk, XH
TEA L T, S SO o R R
A I G T4 T DA th, BE% Ra Mk, A
SR PR3, 970 5L 0 A (G, ke
LS E R F 5 SR [17, 25— 30] FF A A RAT

9 5 N 9 4 S R L, A
7 PRSI 19 3 N, S Vo B S
Nw——ﬁ/<@nmﬂ—nmx%a%%%¢
AR AT P BT ) Nw 05 A 50 5
ot He, 7T LU B4 B, T T A SCREE f e
Witk

044701-7


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

32 % R Acta Phys. Sin. Vol. 66, No. 4 (2017) 044701

K5 AF Ra B M%ELE  (a) Ra = 103; (b) Ra = 10%; (c) Ra = 10°
Fig. 5. Isotherms at different Ra numbers: (a) Ra = 10%; (b) Ra = 10%; (c) Ra = 10°.
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Fig. 6. Streamlines at different Ra numbers: (a) Ra = 103; (b) Ra = 10%; (c) Ra = 10°.
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Table 2. Comparisons of the average Nusselt numbers in the present study with those of the previous studies.

Ra Z R [17) 22 IR (28] Z 23k [29] Z: 23K [30] ARCAERY
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10° 5.782 5.787 5.760 5.882 5.788
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Table 3. Comparisons of the computation efficiency of

the present model with that of the existing model.

Ra p— AR AR ?ﬁﬁ%%—
HERT /s FERT /s [Eidaa
103 100 x 200 976 942 3.5%
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Abstract

Axisymmetric thermal flows in cylindrical systems are widely encountered in engineering practices. Typically,
axisymmetric thermal flows belong in three-dimensional (3D) problems. However, taking advantage of the axisymmetric
condition, the 3D axisymmetric flows can be reduced to quasi two-dimensional (2D) problems in the meridian plane,
which significantly reduces the computational requirements and avoids treating the curved boundary. In recent years,
various 2D lattice Boltzmann (LB) models, including single relaxation time LB (SRT-LB, or LBGK) and multiple
relaxation time LB (MRT-LB) models, for axisymmetric thermal flows have been proposed. In the LB community, it
is well accepted that the MRT-LB is superior to the LBGK in terms of numerical stability. The existing MRT-LB
model for axisymmetric thermal flows are developed based on orthogonal basis vectors obtained from the combination
of the lattice velocity components, i.e., the transform matrix in the existing MRT-LB is an orthogonal one. Unlike the
existing MRT-LB model, in this paper, a non-orthogonal multiple-relaxation-time lattice Boltzmann (MRT-LB) method
of simulating axisymmetric thermal flows is proposed. In the proposed MRT-LB method, the velocity field is solved by
a D2Q9 discrete velocity set while the temperature by a D2Q5 discrete velocity set. The main advantage of the present
MRT-LB model is that the transform matrix of the model is a non-orthogonal one, which is comprised of some proper
non-orthogonal basis vectors obtained from the combination of the lattice velocity components. The non-orthogonal
transform matrix of the present MRT-LB model contains more zero elements than the classical orthogonal transform
matrix, and thus the present MRT-LB model is expected to be more efficient than the existing orthogonal-based MRT-LB
model. The equilibrium velocity and temperature moments of the present MRT-LB model are expressed by mapping the
equilibrium distribution functions onto their moment spaces through using the non-orthogonal transformation matrix.
Also the vectors in the forcing term are modified according to the matrix mapping. Through the Chapman-Enskog
analysis, it is demonstrated that the macroscopic governing equations in the cylindrical coordinate can be recovered
from the present MRT-LB model. Then several numerical tests, including thermal Womersley flow, Rayleigh-Bénard
convection in a vertical cylinder and natural convection in a vertical annulus, are conducted to validate the present
model. It is found that the present numerical results are in good agreement with the analytical solutions and/or other
numerical results reported in the literature. Numerical stability is also tested, and the results suggest that the present
MRT model shows better numerical stability than its LBGK counterpart. Moreover, the numerical results also indicate
that the present MRT-LB model is more computationally efficient than the existing MRT-LB model for axisymmetric
thermal flow. These findings indicate that the present MRT-LB model can serve as a powerful method of computing the

axisymmetric thermal flows.

Keywords: axisymmetric thermal flow, lattice Boltzmann method
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