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1 Ú ó

YeÊ1ìïÄuy, Ê1ìL¡��Þ{å
�o{å�'��p� 70%[1], e¦Ù�Þ{åe
ü 50%, KÊ��Jp 26%. Ïd~{(���O
��^Ån, �Ï±5�<�¤'5. 
)Ô3�
Ï?z�·A�g,ÀJL§¥, /¤
�äõU
AÚ�/�, �<a�ME�OJø
´L��.
]
, X “}~��A” Ò´Ù¥��;.�6N
~{�ª [2]. 20 ­V 70 c�", Walsh 9ÙÜ�ö
Q'�XÚ/mÐ
é���}~�`^(��
ë6~{ïÄ [3,4], ¿ÏLéõ«a.�`^(�
L¡�~{ÿÁL², Ù�Z��O´�«é¡�
L¡ V /(�, ~{Ç����� 7%. ù
ïÄ¤
J�-u
C 30 c5<�é���}~�(�~
{�±È,�Ú&¢.

Cc5ÏLé}~�/?1�� [5,6] Ú[�
*	uy, }~��L¡(�¿Ø´üX����
ø(�, 
´d��á�øü�3���mþkS
©�
¤��ª(�. ��Ï±5IS	é�}~

�(��ïÄ, A��ÜÑ8¥3d����øü
�±Ï5ü�(��~{�¡ [7−10]. ù�ÒJÑ

��­�
k��¯K, Ù¦ü�X��á�ø
UO±ÏSü��, Ù~{�A�Ån´Ä�d�
���øü�U±Ï5ü�(���Ó? ��k4
�êïÄQ�9�O±Ïü������øü�
Ú���]�ü�|¤(��~{�A [11−12], �
éd��á�øü�O±Ïü�¤O¬(��~
{�A%����kïÄ��.

�&¢O±Ï(�é6N�~{�^, KÄ
k¬5¿�l 1984 c Schaheman uyO¬N±
5 [13], <�'uO¬(�ÚA5�ïÄ9�'?
Ð [14,15]. Ï�O¬(�´äkO±Ï5ÚÏ~�
¹�¬NÆ^=é¡5��aAÏ(�, Ïd�±
ÏL<ó�ïO¬(���{5¢y<óO±Ï
(�. O¬N(��ù«�§O±ÏkSA5, ¦
ÙLyÑ
�¬NÚ�¬NØÓ�ÔnA5, XO
¬�N'�Ó|©�¬Näk�$��NwÄ�
ÞXê�� [16].

nþ¤ã, �©�Ì�ó�3u: 1) �O��
d��á�øü�EÜ
¤�äkO¬(��~
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{�á�; 2) ^�åÝÿÁ²�, &¢ù«d��
á�øO±Ïü�EÜ¤���L¡(�é6N
~{��A; 3) 36N~{¢�Ä:þ, �
�«
O±Ï(��6N��^A�, �ï
��O±Ï
1»�ÅÌ©Û�., �\&¢��á�øEÜO
¬(��6N~{Ån.

2 ��á�øEÜO¬(���ï9
6{ÿÁC�

2.1 (((������OOO999���¬¬¬������

2.1.1 �.A�
�¢�¤�O�´��á�øEÜO¬(�,

Ù(�ü�´dá�.�øUO±ÏS [17] 3î�
þü�¤��ü�1, 2rù«��O±Ïü�1
(�U±ÏS3p�þü¤��
�.

��á�øÊ­EÜO¬(�, Ò´ò��á
�ø�î�����O±Ï��, 3d��þ²
1üÙ��ø�î�m��k L Ú S, 
 L, S �
üS´U�Ê­O¬k'� Fibonacci S�üÙ�.
Ó���á�ø��­EÜO¬(�, Ò´ò��
á�ø�î�����O±Ï��, 3d��þ²
1üÙ��ø�î�m��k L Ú S, 
 L, S �
üS´U���­O¬k'� Dodecanacci S�ü
Ù. Ó�ùü«ü�(��p�ü�=²1uá�
ø��þæ^±ÏS. 
��á�øEÜ±Ï(�,
K´òá�ø3î�þU���±Ïm� S ü¤
ü�1, 2òdü�13p�þ�?1±Ïü�.

��S��AÛ/m�ã 1(a), (b), (c). du
�6{¢�C�¥, 6N��g6÷��G6�6
Ä, K��á�øEÜO¬(�, Ò´òù���
á�ø3��»�þUì��O±ÏS�ü�, 3
����þ©OU�±ÏmåüÙ���, �O�
ã 1(d). ��(�5Ué', ��ï
��á�ø
EÜ±Ï(�Ú���ø±Ï(�, Ù���ø�
�O�ã 1(e).

�g¢�¥, á�øm�»�må�ü�Ä�
�Ý L Ú S �, ©OU��O±Ï� Fibonacci S
�Ú Dodecanacci S�÷»�?1�OüÙ, Ùk
Sü��ª�:

Fibonacci S�:

L Ú S kSü�÷v L → LS, S → L �C
�5K, B|¤
 Fibonacci ¼ê Fn ó, Ù¥ L, S

9 L + S ��êÑ÷v Fn = Fn−1 + Fn−2 4O
'X. e- F1 = L, F2 = LS, �4íÑ¤k Fn,
� L/S = τ , lim

n→∞
Fn/Fn−1 = τ = (1 +

√
5)/2 =

1.618 · · · , þãO�ö�L², U Fibonacci � Fn ó
¼êü�� L 9 S ¥�§kS�O±Ï5.

S

L S

L

(a)

(d) (e)

(b)

(c)

S

ã 1 Á����(��Oã (a), (b), (c) ©O´�
� Dodecanacci S�!Fibonacci S�9±ÏS�»�¿
¡«¿ã; (d), (e) ©O´��á�ø��­EÜO¬(
�!���ø±Ï(����:À«¿ã

Dodecanacci S�:

L Ú S kSü�÷v L → LLSSS, S → LSS

�C�5K, =|¤
 Dodecanacci ¼ê Dn ó, z
� Dn ó¼ê�¥�¹� L ��ê l � S ��
ê s �Ú�ê�� Dn = l + s, Dn ÷v Dode-
canacci ê�4O'X Dn = 4Dn−1 − Dn−2. e
- D1 = S, D2 = LSS, �4íÑ¤k n > 2 � Dn,
lim

n→∞
Dn/Dn−1 = ρ = (2 +

√
3) = 3.732 · · · , þã

O�ö�L², U Dodecanacci � Dn ó¼êü�
� L 9 S ¥�§kS�O±Ï5.

±ÏS�:

±ÏS��üÙ5K� SSSSSSSSSS.

2.1.2 �¬��
Äk3¾Ü7��þ��
���0��Ä

�, �âXã 1 ¤«�(��Oã, 3Ä�þ©O
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��Ñ��á�øÊ­!��­EÜO¬(�,
��á�ø±Ï(�, Ú���ø±Ï(�Á�.
Ù S ��� 3 mm, L ��� 4.854 mm.

2.2 ~~~{{{ÿÿÿÁÁÁCCC���

~ { ÿ Á X Ú æ ^ I � ª 6 C ¤ (R/S+

pheometer, Brookfield), ÙÿÁ�nãXã 2 ¤«,
¤À^�=f�» (R)25 mm, =f1��Ý (θ0)
1◦, I / = f k º � � � ² ¡ � å � ¬ m Y p
Ý 52 µm, ÿÁ§Ýd Peltier �§XÚ��, �
�°Ý 0.1◦C. 3	.�¸ØC�, ¦=f3CXk
�Ó�ÿÁ�N�ØÓL¡(����þ±�½
�}��Ç^=, du��(��CzÚå6N6
ÄG��UC, Ï
9¡}�å¬u)Cz. ÏL
ÿÁØÓ(����}�å (τ(��), �1wL¡
�ÄO��¤É}�å (τÄO�) é', 5L�ØÓ
L¡(���é~{�J, æ^}�å��é~�
Ç K 5L«. K �úªL«�

K =
τÄO� − τ(��

τÄO�
. (1)

²§ÝXÚ�§¦ÿÁ§Ý�±ð½�, éÓ
� ¬ � �, 3 } � Ç � 400 s−1—2000 s−1 e ÿ
Á � A � } � å τ , ² õ g ÿ þ � ² þ �, }
� Ç 3 400 s−1—2000 s−1 �, } � å � � é Ø
�

δτ

τ
= 2.75%—0.01%.

ã 2 R/S+ pheometer 6C¤

3 ��á�øEÜO¬(��6N~
{�A9Ån©Û

3.1 ØØØÓÓÓLLL¡¡¡(((������666{{{yyy���

�¢�¥, æ^ V[h : VY = 2 : 1 �[hÚ
Y·Ü���ÿÁ�N, ¢�L§¥§Ý^��½
� 19.4 ◦C ð§. ¢�L§¥©OÿÁ
��á�
øÊ­!��­EÜO¬(���Ú��á�ø
EÜ±Ï(�!���ø±Ï(����~{�

A, Ù¥}�Ç�Cz��� 400 s−1—2000 s−1.
dúª Re = R2Ω/v [18] O��Xìê�Cz��
� 208—1041, L²�N6ÄG��l�6�kS
µ6G�=C�LÞ�ã [19]. äNLy�, }�Ç
��, 6N36C¤¥�6Ä=k�g6;; �}�
ÇO��, N\�»�6=�g6��), �3»
�/¤kSüÙ��gµ6. ã 3 ¥w«
���
}�Çe¤/¤�kS�gµ.

ã 3 »�µ6Ä«¿ã

ã 4 ØÓL¡(�3ØÓ}�Çe�é1wL¡Á�
�~{Ç

dã 4 ��, ØÓ(����éu1wL¡þ
k~{�J, ��á�øEÜO¬(�'��á
�øEÜ±Ï(�k�Ð�~{�J, Ù¥��
á�ø��­EÜO¬(��~{�J�Z, Ó
�����ø±Ï(�äkÓ��~{�J. Ï
�Ù~{­�üN�Ã�U, �^²þ~{ÇL
«Ù�A, ²þ~{Ç K l����^S�g�:
��á�ø��­EÜO¬(� K = 11.68%, �
��ø±Ï(� K = 10.31%, ��á�øÊ­E
ÜO¬(� K = 6.62%, ��á�øEÜ±Ï(
� K = 4.09%. ±þ(J`²�ø�ü�K�~{
�J. Ó�ü�/�é~{�J�k­��^, �
�á�ø��­EÜO¬(��±������
ø±Ï(�Ó��~{�J.
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3.2 ������ááá���øøøEEEÜÜÜOOO¬¬¬(((������~~~{{{ÅÅÅnnn
©©©ÛÛÛ

�&¢��á�øEÜO¬(��~{Å
n, �l�ø�^ÚüÙ�^ü�¡\Ã. Bacher
Ú Smith[20] @���^=�6�µ��økº�
p�^/¤���gµ (ã 5), ù
lÑ�µ^3
�)�ØÈB¬ÏÅ5ÑÑ
��. ^«�ø�k
¸U
\�ÚOr�gµ�uÐ, ¦�6�µé�
rÝÅì~f, l
³�
6�µé3Ð�þ8
($�6N�Uå, ¦�$�6N�33�øS.
Choi[21] @��ø��
6�µ�Ð�$Ä, Úå
9¡duCf, ��
9¡�Þ{å�~�.

ã 5 6�µ��økà��pZ6)¤�gµ

3.3 ������111»»»���ÅÅÅFFFÙÙÙ¤¤¤ûûû���ÅÅÅ���...���ïïï

�
�«�øü��ªé6{�K�, �ï

��1»�û�Å�.. ���1»¤3�²¡
� (x, y), éu��á�øEÜO¬(�5`, Ý/
á»«
�÷ x ¶�����O±ÏüÙ, ÷ y ¶
���±Ïü�; 
éu��á�øEÜ±Ï(�
5`, ùü���þ�Ý/á»«Ñ´±Ïü�.
�üÚ²11å���1»�¡, Ù\���� y

¶²1, ��á�ø��­EÜO¬(����1
»û�Xã 6 ¤«.

\�1²1�ü»«�^��û�Å, �gÅ
91�ü»«��, �)�ZU\. ��I� (0, 0)
�ü��)�û�|� u0, Ù¦ü��éTü��
 £¥þ©O� rj (xj , yj), Ù�A�û�|�£
þ©O�

(δ1j , δ2j) = −k (xj sin θ + yj (1 − cos θ)) . (2)

� â   £ - � £ ½ n, � � ü � � Å ¼ ê � ±
L«�

uj = u0 · e i(δ1j+δ2j), (3)

Ù¥ θ �û��� y ���Y�.

u´, ��¹k N ��Óü��kS(��
)�ÅFÙ¤û�|���L�ª�

u =
(N−1)∑

j=0

uj = u0 ·
N−1∑

0

ei(δ1j+δ2j). (4)

��á�øEÜ(��ÅFÙ¤û�rÝ�:

I = |u|2 , (5)

Ù¥ u0 �û�rÝü�Ïf, Ùû�rÝü�Ï
f�

u0 =
(

sinα

α

)
, α =

πa sin θ

λ
, (6)

Ù¥ a �¿°.

y
x

ã 6 ��á�ø��­EÜO¬(����1»û�

�âþ (2)—(6) ª, ����á�øEÜO¬
(�Ú��á�øEÜ±Ï(��û�rÝ�û
����m©Ù, �[(JXã 7 ¤«.

dã 7 �±wÑ, 6ÄÅ3ÏL��1»�,
ÌrÝÏ�ZU\
?1
­#©Ù. O¬(��
û�Ì�±Ï(��', /¤
�?Ì�(�, �
3�?Ì�¥þ�¹kõ��r�û�¸. ù�
A�dO±Ï(�¤äk�õ�A�ºÝÏf¤
û½ [22], Ù¥Ì�(�A�q±��á�ø��
­EÜO¬(���wÍ. ¿�UO¬S�üÙ
�År©Ù3��Ý��þ'�þ!, ã 7(b) ¥:
��­O¬(��Ý�u 0.5 rad ��rÌ���
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(c)

ã 7 ØÓ(�ÌrÝ©Ùã (a) ��á�øÊ­EÜO¬(�; (b) ��á�ø��­EÜO¬(�; (c) ��á
�øEÜ±Ï(�

� 0.3I0; 
ã 7(c) ¥, ±Ï(��Ý�u 0.5 rad �
�rÌ���� 0.6I0.

�[(Jw«, 6ÄÅ3ÏL��á�øÊ
­!��­EÜO¬(�9��á�øEÜ±Ï
(��, O¬(��û�Ì�±Ï(��', /¤

�?Ì�(�, �3�?Ì�¥rÝ'�þ!,
ü$
��Ý��þ�rû�¸. ù«Ì�(��
/¤, L²�gµªu'�þ!©Ù, Q-¹N¡
>.�, q³�
r�Ð��µ�/¤, ­½
�
g6, ¤±~{�J¬'��á�øEÜ±Ï(�
�wÍ. ù«Ì�rÝ�þ!5±��á�ø��
­EÜO¬(��Ð, ��á�øÊ­EÜO¬(
�g�, ÙÌ�þ!5gS (�ã 7) �~{�Jd
����^S�éA (�ã 4).

4 ( Ø

6N~{¢�(JL², ��á�øEÜO¬
(��~{�J`u��á�øEÜ±Ï(�, Ù
¥��á�ø��­EÜO¬(��~{�J�
Z, Ó�����ø±Ï(�äkÓ��~{�J.
3¢�Ä:þ, ïá
��1»�ÅFÙ¤û�Å
�., é��á�øEÜO¬(�Ú��á�øE
Ü±Ï(��6ÄÅ�^A�?1�[é'©Û.
ÙªÌïÄuy, ��á�øEÜO¬(�/¤�
Ì�(�A�éAu�gµ�þ!©Ù, l
³�

Ð�r6Ä�/¤, ­½
�g6, ¤±Jp

~{�J, Ù¥��á�ø��­EÜO¬(��
Ì�þ!5A���²w.
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Mechanism analysis of one-dimensional short groove
quasicrystal structure drag-reduction∗

Zhang Meng† Geng Xing-Guo Zhang Yao Wang Xiao-Na
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Abstract

Short groove arranged in one-dimensional quasicrystal structure is designed by mechanical method in this paper and drag reduc-

tion experiments are performed by viscometer. The results show that there is a novel drag reduction effect compared with periodic

structure of one-dimensional short groove, in which 12-fold quasicrystal structure of one-dimensional short groove has the best drag

reduction, and has an equal effect compared with one-dimensional periodic groove structure. An two-dimensional grating model is

proposed to investigate the mechanism. It is found that in comparison with two-dimensional periodic grating, the intensity spectrum of

coherent wave passing through two-dimensional quasiperiodic grating has several characteristic structure factors. Corresponding to the

quasicrystal structures of one-dimensional short groove, the quasiperiodic structure in spanwise direction can activate little disturbance

on boundary layer and make the secondary vortex more uniform, which restrains the strong disturbance in spanwise, consequently

reducing the drag.

Keywords: quasicrystal structure, drag reduction, two-dimensional grating model, characteristic structure factors
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