
�Ì�� 1, 2 �Í
^�S�w�y�—�†���=�~�›
Q�Â
¢�O�A�ù���v�A
É�µ�©�”�Ü�t�‘�” 2, 3
�Í�i‡��	× Navier-Stokes �M���Ü�w
:�‹�-�‰

�ú�á���™ *1, �>�z
Y�q *2

1 �x�a�Š�t

�f�‘�x‡��	× Navier-Stokes �M���Ü�w�h�Š�w�Ì�� 1 �Í
^�S�y�—�†���=�~�›
Q�Â
¢�O�A�ù���v�A
É�µ�©�”�Ü [6]

�›�‰C�`�h . �\�•�t���Y [9] �w�A�L�›�&�;�b�•�y , �Ì�� 2 �Í
^�S�y�—�†���=�~�›
Q�Â
¢�O�A�ù���v�A
É�µ�©�”�Ü

�›�˜�” . �µ�©�”�Ü�x P1/P1 �A
É�›�;�M�o�S�“ , �T�m�È�q 1 �Í�M���Ü�w��
:�æ�»�U�0	¶�p�K�”�h�Š , �G�F�Û
:�‹�-

�‰�t���;�p�K�”�q�ß�Q�’�•�” . �f�w���;
Q�› , MPI ���»�›�;�M�h 2, 3 �Í�i
:�‹�-�‰�›�S�\�s�l�o�î	Â�b�”�h�Š

�t�Š�Ó�é�´�£�«�Ä�t� �7�`�h . �˜�’�•�h�Z�€
R�L�w�“�A�x�Ž�<�w�q�S�“�p�K�” .

�µ�©�”�Ü�t�q�•�”�È�q�°�Í�M���Ü�w��
:�æ�»�xÆ���‹�0	¶�æ�»�p�K�” . �0	¶�æ�»�t�0�b�”�E¯�$�sSî�r�O

�q�`�o , CG, CR, MINRES �O�U�K�“ (�«�Q�y [1, 2, 4, 11] �s�r�›�€	° ), �f�‘�x�Ž
² CG �O�›�;�M�o�M�h�U , CR,

MINRES �O�w�M�U���®�p�K�”�\�q�›
:�‹�$�t�¬�Ý�`�h . 
¢���r�O�›�!�Ë�b�”�\�q�p , �‘�“�®�p�$�s
:�‹�-�‰�U

�D�ó�q�s�l�h .


¢���r�O�å� �Ò�å�æ Lis [3] �w�¤�t�x , MPI ���»�w�î
÷�›�0�›�t�b�”�(�b�s���‰��
: (�Ž�™, Lis ���»���‰��
:

�q�z�• ) �U���‡�•�o�M�” . MINRES �O�w MPI ���»�Ó�é�¬�å�Ü�› Lis ���»���‰��
:�›�;�M�o�î
÷�`�h (�Š�Ó�é�¬

�å�Ü�x Lis �t
Ê�ˆ���‡�•�h ). 1 �Í
^�S�µ�©�”�Ü�w 3 �Í�i MPI ���»�Ó�é�¬�å�Ü�› Lis ���»���‰��
:�›�;�M�o�î


÷�` , �ÿ 130 �ª�×���S�w�ð�J�t�S�M�o 128 �¯�ž�‡�p�w MPI ���»�-�‰�w���®
Q�U�¬�Ý�p�V�h .

�Ì�� 1 �Í
^�S�µ�©�”�Ü�t�‘�” 2, 3 �Í�i�©�ß�Ï�Â�Ÿ�v�•�w
:�‹�-�‰�A�L�x�æ�� [5] �t���L�^�•�h . �-�‰�;

FUJITSU PRIMEQUEST 580 �x�\�w�æ���w�A�L�›�˜�”�h�Š�t‡	×�t���;�t�b�;�`�h�U , �-�‰�A�L�w�w�°
Q�w

��:�T�’ , IBM eServer p5 �Þ�Ã�ç 595 �p�˜�’�•�h�‹�w�t�Ü�l�o�C���`�h . �î�M , �Š�Ø�w 5 
…�›	†�X�-�‰�A�L�x

FUJITSU PRIMEQUEST 580 �t�‘�”�‹�w�p�K�” .

2 �y�—�†���=�~�›
Q�Â
¢�O�A�ù���v�A
É�µ�©�”�Ü

Ω ⊂ Rd (d = 2,3) �›���„�–�¬ , Γ ≡ ∂Ω �› Ω �w�¥�„�q�b�” . T �›
Y��
:�q�b�” . ‡��	× Navier-Stokes �M���Ü

�p�§��^�•�”�°�Œ��
: (u, p) : Ω × (0,T ) → Rd ×R �›�{�Š�”�ð�J ;

8
>>>>><

>>>>>:

∂u
∂ t

+(u ·∇)u− 2
Re

∇D(u)+∇p = f , (x, t) ∈ Ω × (0,T ),

∇ ·u = 0, (x, t) ∈ Ω × (0,T ),

u = g, (x, t) ∈ Γ × (0,T ),

u =u0, x ∈ Ω , t = 0,

(1)

�›�ß�Q�” . �\�\�p , u �x�v�� , p �x�y�— , Re �x Reynolds 
: , f �x�Ž�— , g �x�¥�„�p�w�v�� , u0 �x	s�8�v�� , D(u) �x

�!�����S�Â�ï�¹�ç

Di j(u) ≡ 1
2

µ
∂ui

∂x j
+

∂u j

∂xi

¶
(i, j = 1, · · · ,d)

*1 �Ý	-�G�¶�G�¶�Ã
:�g�¶�Z�€�Ã , �q�O , �ˆ�À�U	[
ï�ù�Z�€	t
+
É�P�‰
Œ�z�J�¶�Z�€�·�ï�»�” , h.notsu@aist.go.jp
*2 �Ý	-�G�¶�G�¶�Ã
:�g�¶�Z�€�Ã , tabata@math.kyushu-u.ac.jp
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�p�K�” .

2.1 ���v�A
É�µ�©�”�Ü

�Ì�����ˆ ∆t �q��
: u, w : Ω → Rd �t�0�`�o , ��
: X1(w,∆t), X2(u,w,∆t) : Ω → Rd �›

X1(w,∆t)(x) ≡ x−w(x)∆t,

X2(u,w,∆t)(x) ≡ x−
n

u(x)+w(x−w(x)∆t)
o ∆t

2
,

�p���[�b�” . �Ž�<�p�x , �G�ø ◦ �x��
:�w�ù
R�›¯�` , Ω 	Í�w��
: ψ �t�0�`�o ψ ◦X1(w,∆t)(x) ≡ ψ(X1(w,∆t)(x))

�q�b�” . tn �q NT �x , �µ�©�”�Ü�t�‘�l�o�Ÿ�s�”���[�›�)�Q�” . �b�s�˜�j , 1, 2 �Í
^�S�µ�©�”�Ü�t�0�`�o , �f�•�g�• ,

1 �Í
^�S : tn ≡ n∆t, NT ≡ [T/∆t],

2 �Í
^�S : tn ≡

(
∆t0 +(n−1)∆t (n ≥ 1)

0 (n = 0)
, NT ≡ [(T −∆t0)/∆t]+1,

�q�b�” . �\�\�t , ∆t0 �x 2 �Í
^�S�µ�©�”�Ü�w�H 1 �µ�Â�¿�Ó�t�;�M�” (	Gü	–�^�M ) �Ì�����ˆ�p�K�” . Th ≡ {K} �›

�–�¬ Ω �w�~�¯�� (�›�Ø�. ) ü�Â�q�b�” . �Ù�Å�–�¬�› Ωh �q�` , Γh ≡ ∂Ωh �q�b�” . g ∈C0(Γ )d �t�0�`�o , P1/P1 ��

�v�A
É�í���›
Xh ≡

©
vh ∈C0(Ω h)d ; vh|K ∈ P1(K)d , ∀K ∈ Th

ª
,

Mh ≡
©

qh ∈C0(Ω h); qh|K ∈ P1(K), ∀K ∈ Th
ª
,

Vh(g) ≡
©

vh ∈ Xh; vh(P) = g(P), ∀P : Γh 	Í�w
…�:
ª
,

Qh ≡
©

qh ∈ Mh; (qh,1) = 0
ª
,

�t�‘�“���[�` , Vh ≡Vh(0) �q�b�” . u, w, ζ ∈ H1(Ωh)d �t�0�`�o Vh 	Í�w�°�Í���Ü Mh1(u,w; ∆t), Mh2(u,ζ ,w; ∆t)

�›

⟨Mh1(u,w;∆t), vh⟩ ≡
³ u−w◦X1(w,∆t)

∆t
, vh

´
,

⟨Mh2(u,ζ ,w;∆t), vh⟩ ≡
³ u−w◦X2(ζ ,w,∆t)

∆t
, vh

´
,

�q�b�” . H1(Ωh)d ×H1(Ωh)d , H1(Ωh)d ×L2(Ωh), H1(Ωh)×H1(Ωh) 	Í�w
Ò�°�Í���Ü ah, bh, Ch �›�f�•�g�• ,

ah(u,v) ≡ 2
Re

¡
D(u), D(v)

¢
,

bh(v,q) ≡ −
¡
∇ · v, q

¢
,

Ch(p,q) ≡ −δ ∑
K∈Th

h2
K

¡
∇p, ∇q

¢
K ,

�q�b�” . �\�\�p , δ �x
Y��
: , hK �x�A
É K �w�Ú�� , (·, ·)K �x L2(K)d �º
u�p�K�” . w, v ∈ H1(Ωh)d , q ∈ H1(Ωh) �t

�0�`�o , �G�ø �ah, �bh �›�f�•�g�• ,

�ah(w,v) ≡ 2
Re

³
D(w)◦X1(w,∆t), D(v)

´
+

2
Re

∆t
³

D(w)J(w)T ,J(v)
´
,

�bh(v,q,w) ≡ −
³

∇ · v, q◦X1(w,∆t)
´
−∆t

³
qJ(w)T ,J(v)

´
,

�q�b�” . �\�\�t , �G�ø J �x Jacobi �æ�»,

Ji j(v) ≡
∂vi

∂x j
(i, j = 1, · · · ,d),
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�p�K�” .

u0
h �x u0 �w�Ù�Å��
:�q�b�” . (1) �w�h�Š�w�Ì�� 1 �Í
^�S�y�—�†���=�›
Q�Â
¢���v�A
É�µ�©�”�Ü [5, 6] �x ,

(
⟨Mh1(un

h,u
n−1
h ;∆t),vh⟩+ah(un

h,vh)+bh(vh, pn
h) = ( f n,vh), ∀vh ∈Vh,

bh(un
h,qh)+Ch(pn

h,qh) = 0, ∀qh ∈ Qh,
(2)

�›�¬�h�b {(un
h, pn

h)}
NT
n=1 ⊂ Vh(g)×Qh �›�{�Š�‘ , �q�s�” . �‡�h , (2) �t�0� �b�” , �Ì�� 2 �Í
^�S�y�—�†���=�›
Q�Â


¢���v�A
É�µ�©�”�Ü�w�°`�µ�Â�¿�Ó (n ≥ 2) �x ,
8
>>>><

>>>>:

⟨Mh2(un
h,u

n
h,u

n−1
h ;∆t),vh⟩+

1
2

n
ah(un

h,vh)+ �ah(un−1
h ,vh)

o
+

1
2

n
bh(vh, pn

h)+ �bh(vh, pn
h,u

n−1
h )

o

=
1
2

³
f n + f n−1 ◦X1(un−1

h ,∆t),vh

´
, ∀vh ∈Vh,

bh(un
h,qh)+Ch(pn

h,qh) = 0, ∀qh ∈ Qh,

(3)

�p�K�” . �µ�©�”�Ü (2), (3) �x P1/P1 �A
É�›�;�M�o�S�“ , �T�m�q�•�”�È�q 1 �Í�M���Ü�w��
:�æ�»�U�0	¶�q�s�”�h

�Š , �G�F�Û
:�‹�-�‰�t���;�p�K�” ,

�«�™ 1. (i) �µ�©�”�Ü (3) �x���Y [9] �w�µ�©�”�Ü�t�y�—�†���=�ò�›Ç�C�`�h�‹�w�p�K�“ , �‰���Y�p���Š�^�•�o�M�”

�‹�w�q�‰�7�w�ºæSî�O�t�‘�“‡
¢���µ�©�”�Ü�w�r�›�{�Š�”�\�q�U�p�V�” . �f�w�M�t�q�•�”�æ�»�x�0	¶�p�K�” .

(ii) �ð�J (1) �t�x�y�—�w	s�8�‹�U�s�M�h�Š , �µ�©�”�Ü (3) �› n = 1 �q�`�o�&�;�p�V�s�M . 	H�l�o , �H��µ�Â�¿�Ó

�w�r (u1
h, p1

h) �x���w�µ�©�”�Ü�p�{�Š�”ž�A�U�K�” . �f�‘�x , 	Gü	–�^�s�Ì�����ˆ�›�;�M�h�Ì����Í
^�S�µ�©�”

�Ü (2) �t�‘�“�{�Š�” .

3 
¢���r�O�wz�±

�µ�©�”�Ü (2), (3) �t�q�•�”�È�q�°�Í�M���Ü�w��
:�æ�»�xÆ���‹�0	¶�æ�»�p�K�” . CG �O�x
Y���‹�æ�»�t�0�`�o

���;�q�^�•�”�U , � ��|�¡�U�I�V�s�Z�•�yÆ���‹�0	¶�æ�»�t�S�M�o�‹	)���b�”�\�q [4], �S�‘�|�„�q�œ�r�b�‚�o

�w	s�8�Õ�«�Ä�ç�t�0�`�o�f�w� ��|�¡�x�I�V�s�M�\�q [10] �U�Œ�’�•�o�M�” . �î�M , �f�‘�U�æ�l�h�-�‰�p�x��|

�U�I�V�h�\�q�x�s�X , �Ž
²�x CG �O�›�;�M�o�M�h . �`�T�`�s�U�’ , CG �O�p���»�-�‰�›�;�M�o�-�‰�›�æ�l�h�A�L ,

�¯�ž
:�t�‘�l�oSî�s
:�S�‘�|�-�‰�Ì���U�!�=�b�”�\�q�U�¬�Ý�^�•�h . �\�•�x , ���Š�¡�)�w�ˆ�w�è�¹�p�K�” . �f

�\�pÆ���‹�0	¶�æ�»�w�«�q�`�o Helmholtz �M���Ü�S�‘�|��	× Stokes �M���Ü�›�q�“�K�[�oSî�O
¬�R�w�6�ß�›

�æ�M, CG �O�‘�“�‹ CR, MINRES �O�U�&�`�o�M�”�\�q�›
:�‹�$�t�¬�Ý�` , �f�w
R�L�›�C���`�h [7, 8]. �Š�Ø�p�x

�µ�©�”�Ü (2) �t�0�b�” , CG, CR, MINRES �O�w���Š�¡�)�w�è�¹�w�G�V�^�t�m�M�o	\�‚�” .

Ω = (0, 1)3, Re = 1 �q�b�” . �–�¬ Ω �w�°�%�wü�Â
:�› 32 �q�`�o�›�Ø�.ü�Â�›�æ�M , �µ�©�”�Ü (2) �t�S�M

�o , δ = 0.5, ∆t = 1/32 �q�b�” . �È�q�°�Í�M���Ü (
ï�×���S ) �w
:�x n = 167,244 �p�K�” . �q�•�”��
:�æ�»�›

A ∈ Rn×n
sym , x∗ ≡ (1, · · · , 1)T ∈ Rn, b ≡ Ax∗ ∈ Rn �q�`�o ,

Ax = b (4)

�›�¬�h�b x ∈ Rn �›�{�Š�”�ð�J�›�ß�Q�” .

�ð�J (4) �› 3 �m�wSî�O , CG, CR, MINRES �O�p , ���»�-�‰ (OpenMP) �›�;�M�o�r�M�h . �b�‚�o�w�r�O�t�S�M

�o�: Jacobi 
²	r�g [1] �›�;�M�h . �¯�ž
:�x 1,2, · · · ,8 �q�`�h . Sî�O�w	s�8�‹�x 0 ∈ Rn �q�`�h . k �sSî�™�w�’

�)�Õ�«�Ä�ç�› rk �q�b�” . 
$ 1 �x�¯�ž
:�qSî�s
:�w�¬�å�Ñ�S�‘�|�¯�ž
:�q�-�‰�Ì���w�†�0
:�¬�å�Ñ�p�K�” . �¯
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�ž
:�t�‘�l�o , �¤Sî�O�wSî�s
:�U�!�=�`�o�S�“ , �f�w�è�¹�x�-�‰�Ì���t�q�•�o�M�” . 3 �m�w�r�O�›z�±�b�”

�q , CG �O�wSî�s
:�w�!�=�x�G�V�X , CR, MINRES �O�x	–�^�M . �-�‰�Ì���x CR �O�U�7�‹�y�M�A�L�q�s�l�h .

CR, MINRES �O�x , CG �O�t�x�s�M� �’�)�U�o�Ð�n	—�b�”�¡
Q�í�›�‹�l�o�M�”�h�Š , �f�w�§�M�U , 
$ 2 �w	)���d

�º�p�¬�Ý�p�V�” . �s�S , 3 �m�w�r�O�t�‘�l�o�{�Š�h�r�x�b�‚�o (�„�… ) �‰�a�p�K�” . �\�•�’�w�A�L�T�’ , CG �O�‘

�“�‹ CR, MINRES �O�U���;�p�K�”�\�q�U�˜�T�” .

6,000

7,000

8,000

9,000

10,000

1 2 3 4 5 6 7 8

# 
of

 it
er

at
io

ns

# of cores

CG
CR

MINRES

100

200

400

600

800

1,000

1,200

1 2 3 4 5 6 7 8

E
la

ps
ed

 ti
m

e 
(s

ec
.)

# of cores

CG
CR

MINRES


$ 1 �¤�r�O�w�|�¯�ž
:�qSî�s
:�w�¬�å�Ñ (�(
$ ) �q�¯�ž
:�q�&�a�Ì���w�†�0
:�¬�å�Ñ (�È
$ ).
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$ 2 	)���d�º , 6 �¯�ž (�(
$ ), 8 �¯�ž (�È
$ ).

4 Lis ���»���‰��
:�›�;�M�h MPI ���»�-�‰

�ÿ 130 �ª�×���S�w�ð�J�t�0�b�” Lis ���»���‰��
:�›�;�M�h MPI ���»�w�®�L�›	\�‚�” . �K�” 3 �Í�i�ð�J�t�S

�M�o , �µ�©�”�Ü (2) �›�;�M , 
¢���r�O�t MINRES �O�›�>�;�`�o MPI ���»�-�‰�› 1 �µ�Â�¿�Ó�S�\�s�l�h . 
$ 3 �(

�È�w
$�x�f�•�g�• , �¯�ž
:�t�0�b�” , �ô���=�p�q�&�a�Ì���w�†�0
:�¬�å�Ñ�p�K�” . �q�‹�t 4 �¯�ž�b�;�Ì (2,175

µ ) �›�,	j�q�`�h�A�L�p�K�” . 128 �¯�ž�‡�p�w MPI ���»�w�®�L�U��o�^�•�h .
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$ 3 �¯�ž
:�t�0�b�” , �ô���=�p (�(
$ ) �q�&�a�Ì�� (�È
$ ) �w�†�0
:�¬�å�Ñ .

5 
:�‹�-�‰�A�L

�Š
…�p�x , �µ�©�”�Ü (2), (3) �w
:�‹�r�w , �k�µ�r�•�w
:�‹�$	)��
^�S , �S�‘�|�µ�©�”�Ü (2) �t�‘�”�©�ß�Ï�Â�Ÿ�v

�•�ð�J�w
:�‹�-�‰�A�L�t�m�M�o	\�‚�” . �–�¬�x Ω = (0, 1)d (= Ωh) �q�b�” . �°�%�wü�Â
:�› NΩ �q�` , �E¯�Õ

�^�› h ≡ 1/NΩ �q�b�” .

5.1 	)��
^�S�w�¬�Ý

(u, p) �›�ð�J (1) �w�r , (uh, ph) �›�µ�©�”�Ü (2) �t�‘�”���v�A
É�r�q�b�” . �¡�)�q�`�o

Err ≡
∥Πhu−uh∥l2(H1(Ω)d) +∥Πh p− ph∥l2(L2(Ω)d)

∥uh∥l2(H1(Ω)d) +∥ph∥l2(L2(Ω)d)

�›�;�M�” . �Ê�ç�Ü�í�� X �t�0�`�o , ∥ · ∥l2(X) �x�m�„ L2(X) �Ê�ç�Ü�›¯�` , {ψn}NT
n=1 ⊂ X �t�0�`�o

∥ψ∥l2(X) ≡

vu
u
t

NT

∑
n=1

(tn − tn−1)∥ψn∥2
X

�p�K�” .

�Ž�<�w�Â�µ�Ä�ð�J�›
ƒ���b�” .

�ð�J 1 (2 �Í�i , 
j�Í Dirichlet �¥�„	Ú�E ). �ð�J (1) �t�S�M�o , d = 2, T = 1, Re = 1 �q�b�” . �k�µ�r�x

µ
u

p

¶
(x, t) = {1+ sin(πt)}

0

B
@

sin2(πx1)sin(2πx2)

− sin2(πx2)sin(2πx1)

cos(πx1)cos(πx2)

1

C
A

�p�K�” .
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�ð�J 2 (3 �Í�i , 
j�Í Dirichlet �¥�„	Ú�E ). �ð�J (1) �t�S�M�o , d = 3, T = 1, Re = 1 �q�b�” . �k�µ�r�x

µ
u

p

¶
(x, t) = {1+ sin(πt)}

0

B
B
B
B
@

sin2(πx1)sin(πx2)sin(πx3)sin
¡
π(x2 − x3)

¢

sin(πx1)sin2(πx2)sin(πx3)sin
¡
π(x3 − x1)

¢

sin(πx1)sin(πx2)sin2(πx3)sin
¡
π(x1 − x2)

¢

cos(πx1)cos(πx2)cos(πx3)

1

C
C
C
C
A

�p�K�” .

�ð�J 3 (3 �Í�i , ‡
j�Í Dirichlet �¥�„	Ú�E ). �ð�J (1) �t�S�M�o , d = 3, T = 1, Re = 1 �q�b�” . �k�µ�r�x

µ
u

p

¶
(x, t) =

0

B
B
B
B
@

sin(x1 +2x2 + x3 + t)− sin(x1 + x2 +2x3 + t)

− sin(2x1 + x2 + x3 + t)+ sin(x1 + x2 +2x3 + t)

sin(2x1 + x2 + x3 + t)− sin(x1 +2x2 + x3 + t)

sin(x1 + x2 + x3 + t)−8sin3(1/2)sin(t +3/2)

1

C
C
C
C
A

�p�K�” .

1 �Í
^�S�µ�©�”�Ü (2) �›�;�M�o , �ð�J 1, 3 �›�r�M�h . �µ�©�”�Ü (2) �t�S�M�o , ∆t = h �q�`�h . �ð�J 1 �p�x

NΩ = 8, 16, 32, 64, 128, �ð�J 3 �p�x NΩ = 4, 8, 16, 32, 64 �q�`�h . 
$ 4 �x Err �q ∆t �w�†�0
:�¬�å�Ñ�p�K�“ ,

�(
$�U�ð�J 1, �È
$�U�ð�J 3 �w�A�L�p�K�” . �Ì���t���`�o 1 �Í
^�S�p�K�”�\�q�U�¬�Ý�^�•�h .

�‰�7�t , 2 �Í
^�S�µ�©�”�Ü (3) �›�;�M�o , �ð�J 1, 2 �›�r�M�h . �µ�©�”�Ü (3) �t�S�M�o , ∆t = ch1/2 �q�`�h . �\�\

�t c = 0.2 (d = 2), 0.1 (d = 3) �q�`�h . �ð�J 1 �p�x NΩ = 8, 16, 32, 64, 128, �ð�J 2 �p�x NΩ = 4, 8, 16, 32 �q

�`�h . 
$ 5 �x Err �q ∆t �w�†�0
:�¬�å�Ñ�p�K�“ , �(
$�U�ð�J 1, �È
$�U�ð�J 2 �w�A�L�p�K�” . 2 �Í�i�t�S�M�o�Ì��

2 �Í
^�S�p�K�”�\�q�U�¬�Ý�^�•�h . 3 �Í�i�p�x , 
^�S 2 �‘�“�G�V�s�¯��U�˜�’�•�h�U , h �U	–�^�X�s�•�y , 2 �t�Ù

�n�M�o�M�X�q�ß�Q�o�M�” .

 0.01

 0.1

 0.01  0.1

E
rr

∆t

1

1
 0.001

 0.01

 0.1

 0.01  0.1

E
rr

∆t

1

1


$ 4 1 �Í
^�S�µ�©�”�Ü (2) �t�‘�” Err �q ∆t �w�†�0
:�¬�å�Ñ (�( : �ð�J 1, �È: �ð�J 3).

5.2 �ù�O�©�ß�Ï�Â�Ÿ�v�•�ð�J

�Í�w 2, 3 �Í�i�ù�O�©�ß�Ï�Â�Ÿ�v�•�ð�J�›
ƒ���b�” .
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 0.01

 0.1

 0.01  0.1

E
rr

∆t

2

1

 0.01

 0.1

 1

 0.01  0.1

E
rr

∆t

2

1


$ 5 2 �Í
^�S�µ�©�”�Ü (3) �t�‘�” Err �q ∆t �w�†�0
:�¬�å�Ñ (�( : �ð�J 1, �È: �ð�J 2).

�ð�J 4 (2 �Í�i , Re = 5,000). (1) �t�S�M�o Re = 5,000, �¥�„�v���x ,

g1(x, t) = g1(x) =

(
4x1(1− x1) (x2 = 1)

0 (�f�w�� )
, g2 = 0, (5)

�q�` (
$ 6 �(
$�S�‘�|�¤��
$ ), 	s�8�v���x��	×�µ�Ä�”�«�µ�M���Ü�w�r�q�b�” .

�ð�J 5 (3 �Í�i , Re = 1,000). (1) �t�S�M�o Re = 1,000, �¥�„�v���x ,

g1(x, t) = g1(x) =

(
16x1(1− x1)x2(1− x2) (x3 = 1)

0 (�f�w�� )
, g2 = g3 = 0, (6)

�q�` (
$ 7 �(
$�S�‘�|�¤��
$ ), 	s�8�v���x��	×�µ�Ä�”�«�µ�M���Ü�w�r�q�b�” .

�µ�©�”�Ü (2) �›�;�M�o�ð�J 4, 5 �›�r�X . �ð�J 4 �t
$ 6 �È
$ , �ð�J 5 �t
$ 7 �È
$�w‡�°�7�s�Ý�¿�³�á�›�;�M�” .


ï�×���S�x�f�•�g�• 34,410, 298,508 �p�K�” . �ð�J 4 �p�x ∆t = 1/32, δ = 0.2, �ð�J 5 �p�x ∆t = 1/24, δ = 50

�q�`�o , ���v�A
É�r�U
:�‹�$�t��	×	Ý�6�q�s�”�‡�p�-�‰�›�æ�l�h . 
$ 8 �x�ð�J 4 �w��	×�r�w�v
¢
$�S�‘�|�y�—

�s�ô
¢ , 
$ 9 �x�ð�J 5 �w��	×�r�w�v���Õ�«�Ä�ç�w�¤���Ø�•�w�ù�è�q�¤���Ø�t�S�Z�”�y�—�s�ô
¢�p�K�“ , �v�•�w

�›�Ã�›�
�Q�h�r�U�˜�’�•�o�M�” . �µ�©�”�Ü (2) �U�\�w�ð�J�t���®�p�K�”�\�q�›�Ô�b�A�L�q�M�Q�” .

6 �A�|

�Š�Ó�é�´�£�«�Ä
1�æ�¤�t , �&
~�s
¢���r�O�w
¬�R�S�‘�| Lis ���»���‰��
:�›�;�M�h MPI ���»�-�‰�›�S�\�s�l

�h . CG �O�‘�“�‹ CR, MINRES �O�U�µ�©�”�Ü�t�q�•�”Æ���‹�0	¶�æ�»�t���;�p�K�”�\�q�U�˜�T�l�h . MPI ���»

�t�‘�”�ô���=�x 128 �¯�ž�‡�p�w���®
Q�U�¬�Ý�p�V�h . �f�•�‘�“���M�¯�ž
:�p�w�ô���=�x���™�w�]�J�p�K�” . �µ

�©�”�Ü (2), (3) �w
:�‹�r�w , �k�µ�r�•�w	)��
^�S�U�f�•�g�• 1, 2 �Í�p�K�”�\�q�›�¬�Ý�`�h . 2, 3 �Í�i�ù�O�©�ß�Ï

�Â�Ÿ�v�•�ð�J�t�µ�©�”�Ü (2) �›�&�;�` , �v�•�w�›�Ã�›�
�Q�”���;�s�µ�©�”�Ü�p�K�”�\�q�›��o�`�h . P1/P1 �A
É

�›�;�M , �T�m�q�•�”�æ�»�x�0	¶�s�Š�µ�©�”�Ü�U , �G�F�Û
:�‹�-�‰�t�&�`�h���—�s
:�‹�r�O�q�`�o�8�4�p�V�”�A�L

�›�˜�h .
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1

1

O

Ω

1x

2x Tgu )0,( 1=

0=u

0=u

0=u

1

1

O

Ω

1x

2x Tgu )0,( 1=

0=u

0=u

0=u

1

1

O 1x

)1,( 11 xg

5.0 1

1

O 1x

)1,( 11 xg

5.0

$ 6 �(
$ : 2 �Í�i�ù�O�©�ß�Ï�Â�Ÿ�v�•�ð�J , �¤��
$ : g1(·,1) �w�¬�å�Ñ , �È
$ : �Ý�¿�³�á (NΩ = 256).

1x
2x

3x Tgu )0,0,( 1=

O 1
1

1
Ω

1x
2x

3x Tgu )0,0,( 1=

O 1
1

1
Ω

1x

)1,,( 211 xxg

O

( )1,5.0,5.0

1
1

2x

1x

)1,,( 211 xxg

O

( )1,5.0,5.0

1
1

2x


$ 7 �(
$ : 3 �Í�i�ù�O�©�ß�Ï�Â�Ÿ�v�•�ð�J , �¤��
$ : g1(·, ·,1) �w�¬�å�Ñ , �È
$ : �Ý�¿�³�á (NΩ = 48).


$ 8 �v���Õ�«�Ä�ç�w�¤���Ø�•�w�ù�è (	Í�ˆ ) �q�¤���Ø�t�S�Z�”�y�—�s�ô
¢ (�<�ˆ ), Re = 5,000.
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(a) x2=0.5

x1

x3

(b) x1=0.5

x2

x3

(c) x3=0.5

x1

x2


$ 9 �v���Õ�«�Ä�ç�w�¤���Ø�•�w�ù�è (�(�� ) �q�¤���Ø�t�S�Z�”�y�—�s�ô
¢ (�È�� ), Re = 1,000.
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�\�w�Z�€�¤�t , �Ý	-�G�¶	Ø�C�,k�Z�€�‰C�·�ï�»�”�w�{�ú
Z�Í�	$�t�x
¢���r�O�w
¬�R�t�m�M�o , 
b�>�Ê$�œ

�t�x MPI ���»�Ó�é�¬�å�Ü�^
R�t�;�M�h Lis �t�m�M�o , ���ù�s	•�t�›�Ö�M�h�\�q�t�ò	��b�” . �Š�Z�€�x , �Ô�Š�¶	[

	ü�µ�q�J�¶�Z�€…�4	•�Ú�,k�Z�€ (S), No.16104001, �T�’�§�	�›	!�Z�h .
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