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ABSTRACT

A method originated from traditional vortex-lattice method was used to cal-
culated several unsteady maneuvers of delta/rectangular wing. The method
costs less calculations than other numerical simulation procedures and is not
obstructed by the complex mechamnism of unteady flow. From the results ob-
tained in this paper, we can find out some characteristics of leading edge/side
edge sperated flow around delta/rectangular planar wing which has not been un-
derstood completely. And some numerical results, such as pressure distribution
on unsteady moving wings, were calculated for the first time.

The maneuvers analysed include impulsive start, steady motion and ramp
pitch up from both start moment and steady state. And the results covered delta
wings and rectangular wings of several aspects at different angles of attack. The
agreement between present numerical results and available experimental data
or other calculations is convincing and encouraging.

Some calculation was carried out about the leading-edge flap(LEF) of delta
wing. The accordant result with experiments was satisfactory and suggested
further use of present method to study the influence of LEF on the flow.

3



888¹¹¹

��

Á�

ABSTRACT

�. Úó
�. êÆ�.
k1. Ä��§
1.1 ���§
1.2 >.^�ÚÐ©^�
1.3 Øå©ÙÚoNåXê
k2. ê��{
2.1 µ�y©Úp��Ý�O�
2.2 U�mÅÚ?1�O�L§
2.3 eZ�{[!�Þ~`²
k3. (JL«

n. O�(J
"n�Ê�â,åÄÚ½~G�

#n�Ê����å

$Ý/Ê

%�kc�:Ê�n�Ê

o. (Ø
Ê. (å�

ë�©z

Nã

4



���.   ÚÚÚ      óóó

Cc5,k'�Ðu'Ê�½~©l6�¯K,¢�&¢Úê��[�¡�ï
ÄÑ��¹�,��
Ø�k¿Â�(J[1]

"ÙÌ��Ï��B3u¤¢/�Å

Ä�1(Supermanuerability)0¤Úå�2�'5"
�Ðu'ÅÊ�íÄ`�5Lyup�Ñ�ÑÊÚ$�åüü�¡,c(ý)�

µ��^�´��«�¹�Ì��Ï"~X,n�Ê�c�©lµé,å�k�
Jp®�<Ù�"c�©lµ¡¤p�����Ð��Ý©þE¤ÅÊþL¡

�Ørü$,³�
>.�©l,Ó�²w/JpíÄ,å"¢S�,å�±¤
�uØ�Äc�©l��5nØ�"


|^
�½~�A��,�5��1ì�U¬�¯Ú�k�/¢yDÚn
Ø¤ØU����1^�Ú5U"�:�Ç(��Ý)^�e��1®�y²�
äkAO�5�§ùÌ�´5gu©lµ�¢3½Or"¢�w«§n�Êþ

�c�µ�´¢�m'Ï~��½~�A�m��õ[2]§ù�U�5�±È�

�½~íÄK�§l
JpÔÌÅ�ô��:�Ç��ÔÌ5U"3ù«�¹

e�±¢y]m4�ô���1§�Ñ½����ô�§d=¤¢Ä���§

Ó��ÒLyÑ�~�ÅÄ5"¢Sþ,1991c3�c�é��-27�§�ÂÅÒ
®3¥I?1
daLü"
á§ù	�����uÐ�r?
<�éÔÌÅ

âCÅÄ5�ïÄ[3]
"Ó�,�½~^�e©lµ�(�ÚuÐÅnénØïÄ

ö�ékáÚå"

ù�a�¢�ïÄ�é'��\§'Xn�Ê�:���[2!4!5]
!þ

�[6!7]ÚE=[8]�¡�©zÑ�õ§Ù¦X©lµ��±99¡�6[9]½öÝ

/Ê�:�[10]�����",
§�½~©l6�ê��[ÊH�3XnØþ

�(JÚ�O�þ�æN"~5�ê��{§'Xk��©{,?nda¯K�
3��(J"Lu������§O�þ4�§�ê��[E¤æN§
�N

´�v'�5Ï���^Ú6Ä�Ì�A�¶
{z��§qÃ{�[ù«±

©l6�Ä�A��6Ä,é�½~6
óK¯K�õ"Ïd§ê�O�$�n
ØïÄÑõ�u�)�©¤æ^�µ�{3S�¡�{9Ø¼ê{½ö²�ú

ª�[1!11]§
�± ��{õkô�!Ðu'��¡���"


�½~µ�{�æ^,�´|^<�éù
6Ä�ÐÚ@£,84Ônã�
�'�,^�é���O��[Ñ�«E,��½~�1^��6Äã�Úë
ê"L�®k�(JÚ�©�ó�Ñy²
ù«�{��15Ú§�½�d

�"duù«c(ý)�©l6Ä�Ä�A:3u'�8¥�©lµ�,cÙ´c
�©lµ,¤±U
±�½uc���µ¡�Ä:,^µj�¤�/µ�0�[
§��^Ú$Ä,l
U±���O�þ5©Ûùa©l63����µ»��
c�6ÄA�"Hummel [12]�Ñ,µ¡�.�¢�'�Ì�� �3ué�g

5



µ��Ñ§§�Ð/`²
c�©lµ�/G! �ÚrÝ§ù
(Ø3�©

¥��
�y"

DÚ�µ�{´±©Ù3Ê¡þ�êLµ5�[²�Êé6|�6Ä,¢S
þÒ´±eZµ��LÅÊ,±÷Ê²¡��Ã��µj(�µ4µ�)�L�
,"ùp¤¢µ�´�dµj�¤�o>/µ�"�,���CzÚ§éÊ¡

þ1Ö©Ù�K�!�Ðu'n�ÊÚÝ/Ê�c(ý) �©lÑ´ù«�{Ã
{?n�"

�
?
ïÄ�,9ÙK�§�Ð´r�L�,���µj�±�ÎÜ¢S

/G�ò�µj§-µj÷�/6Ä�Ýü�"�,ù«?n�{Ó�·^u

�Ðu'�c£ý¤�©lµ¡[13]
"��dEØU©Û�½~$ÄÅÊ�c�

�©l91Ö�¹"duù«�{�äN¢y�ª�Ø�Ó,\�n�Êc�µ
�a6Ä¤Úå�ïÄ,éu½~¯K�Øäk�
#�ó�[14!15]

"

C�c5§<�qrù«�{í2¤�«·A5ér�#�{§=^�

�6Ä£ÄÚC/�µ��L�,Úc(ý)�©lµ¡"·�¡ù��µ�
�gdµ�,
rÚÊ¡�½3�å�@
µ���NXµ�"�½~¯K
��§�½~µ�{�,´äkÚ�nØ�.��a�{§�l[!þ`

%�U�3XØÓ�äN�{Ú�J��É"¦^ù«�{Òk�U�ýó

�½~$ÄÊ¡þ�Øå©ÙÚoNåXê,�	c��©lµ»��c�
Cz, ¿�?n�½~L§Jø
�B"D.LevinÚJ.Katz[16]

!J.Katz[17]
!P.

Konstadinopoulos[11!18]�<æ^ù«�{��
�
'�÷¿�(J,�¢S
?n�½~�1^����~�,é1Ö©Ù�Ñ'���(J�ó��w"
y"

�©3ù
�¡�
?�Ú�ãå,¿±d�óäé�ô��1�AÏy�
?1
&?§ïÄ
ÅÊ:���Ýé6Ä�UE¤�K�"�©ÄkO�


Ðu'AR �1�n�Ê3A«ô�e�â,åÄL§,¿dd�ª��½~G�
�6Äã�ÚåXê(�)oNåXêÚØr©Ù),ù
½~�(JÚ²;�¢
�êâ�Î�éÐ"3dÄ:þ?
éì
ØÓÐu'�K�ÚÝ/Ê�aq

$Ä"O�(Jw«Ðu'�����ô���,ùÚ�Ð���:�åÝ��
­ô����(Ø[[2]]´���",�O�
Ó���Ê����Ý�å,��
Ú®k©z�C�(J"3�åL§¥c�µC�,Ó��Ò¿�XrÝ�O\
Ú��­½[2],�Ò´`�å�Ä�L§U²w³�©lµ¡�»���,Jp
,åXê,
�ù«�AÚ�å���Ý¤�'"�åL§�åXêÚ¢�êâ
��
�½�é'"

n�Ê�c�:Ê�´��Úå2�,��¯K,¢�[19!20!21]Ún

Ø[22!23]ïÄ+�ÑkØ�®uL�ó�"ùp¤¢c�:Êk<¡�c

�µ:Ê(Leading-Edge Vortex Flap)[21],Ï�§��^ØÓu~5�c�:Ê
³�©l�u),
´�±c�µ��3"ù
©z¥�)ØÓ�:Ê/ª!
 =��,Ù¥nØïÄ�Ñ�u4à{z��.�Oc�µ"3ù�¯K�
¥,:Ê��½~mÜ��#LÚk¿Â,����(J"Ï~�©Û�{?n
ù��¯Kw,JÝ��"
�©¤æ^�µ�{KØ�3aq�(J"�,

é½~¯K
ó,=¦´�E,	/�®k'�¤Ù�?n�{,��©ékc
�:Ên�Êâ,åÄ�O�¿Â3u,ù«�{¿vkl½~��½~�æ
N,ÏdN´^u:ÊÄ� =�a�¯K"�´ù«�{���Û�´3u6
|¥7L�k­½�©lµ�"

6



���.   êêêÆÆÆ���...

kkk1. ÄÄÄ������§§§

1.1 ���������§§§

��Ê3Ø�Ø6N¥$Ä�, 3�Xìê�^�e,µþÌ�8¥3Ê¡
Úc(ý¤�©lµ¡!�µ¡¥"Ê¡�±w�´���½/G�µ¡,½ö
`´��«É1Ö���mä,·�¡��NXµ¡"
c�©lµÚ�,K´
ØÉå�gdµ¡"Ø
3ù
mä¡þ�	,��6Ä�b½�ÃÊ� ³
6"k'¢�[12]3�����«mSÑvkuyXìêéoNåXê(�)å
Ý)�K�"�éØå©Ù�[!5`,ë6>.���¹��C�©ù«³6
�.,Ï�d�µ¡�.¥¤�Ñ��gµ�����"
d��ÕáCþ�k6Ä�ÝV∗"Ør�dBernoulli�§¦�,ØK�

¦)L§"P6|¥?�:��ÝV∗(x∗, y∗, z∗, t∗) = V∗
∞(x∗, y∗, z∗, t∗) +

v∗(x∗, y∗, z∗, t∗),Ù¥V∗
∞´56�Ý, v∗´�Nµ¡�p��Ý"þI*L«

kþjþ,±evkþI*�þL«�A�Ãþjþ,ÃþjzÀ^�ë��Ý´
�u�b∗, ë��Ý´V∗

∞"çNiL«�þ"e©þ�d�½"O�¥æ^�

��B�N¶�IX,Xã2.1¤«"Ïd§é�½~�1^�5`,=¦´þ!
56Ù56�ÝV∗

∞�´Ú�Ik'�"
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ã2.1 �IX

Ú\�Ý³φ§KV = ∇φ. �\ëY5�§∇ ·V = 0§����§   

∇2φ = 0 (1)
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1.2 >>>...^̂̂���ÚÚÚÐÐÐ©©©^̂̂���

  >.^�kµ

   �3Ã¡�?,V = V∞ ½v = 0
   �3NXµ¡þ,V · n = 0 ,Ù¥n�NXµ¡�{�þ
   �3gdµ¡þ,∆Cp = 0,Ù¥∆Cp = Cp

þ
−Cpe, CpþÚCpe©

O´þeL¡�ØåXê=Cp ≡ p−p∞
1
2 ρV 2

∞S
, Ù¥V∞´56�Ý��, S´A�¡

È(��=��Ê¡�²¡¡È)
   �c��Kutta^�
  Ð©^��µ

   3��6|¥,V(x, y, z) = V0(x, y, z)
½ö

γb(x, y, z) = γb0(x, y, z), 3NXµ¡Fb(x, y, z, 0) = 0þ,
Ù¥γb(x, y, z) = γb0(x, y, z)´NXµ¡�rÝ, Fb(x, y, z, 0) = 0´NXµ¡

� �;
γf (x, y, z) = γf0(x, y, z), 3gdµ¡Ff (x, y, z, 0) = 0þ,
Ù¥γf (x, y, z) = γf0(x, y, z)´gdµ¡�rÝ, Ff (x, y, z, 0) = 0´gdµ

¡� �"

1.3 ØØØååå©©©ÙÙÙÚÚÚoooNNNåååXXXêêê

  d�½~Bernoulli�§

∂φ∗

∂t∗
+

1
2
V∗ ·V∗ +

p∗

ρ
= C∗(t),

Ù¥C∗´Ú�mk'�~ê§

N´í�1i���:?þeL¡ØåXê��∆Cp�L�ª:

∆Cp ≡ Cpe − Cpþ =
1
2

∂Γi

∂t
+ 2[∆V ·V]i (2)

Ù¥eIiL«µ�9�A���:�?Ò,Γi=1i�µ���þ,∆V¢SÒ´
NXµ¡�rÝ,=γ.
  I�O��oNåXê�µ

 �{�åXêCN ≡ N
1
2 ρV 2

∞S
=

∫
S

∆CpdS,

Ù¥N´{�å,=�^3²�Êþ�Üå§�þ��;
 �,åXêCL ≡ L

1
2 ρV 2

∞S
= CN cos α

Ù¥L´,å,={�å3R�u56��þ�©þ;
 �:�åÝXêCM ≡ M

1
2 ρV 2

∞SbA
=

∫
S

∆Cp ·XdS

Ù¥:�åÝM = −
∫

S
(pe − p

þ
) · xdS), ±�:(=n�Ê�Êk½Ý/Ê�

c�¥:)�ë�:§�Þ����§ù3�«©z¥k¤ØÓ§bA´²þíÄ

u�[24], n�ÊbA = − 2
3xpj ,²þu�xpj = 0.5,
Ý/ÊbA = xpj = 1;

 �Øå¥%Xp ≡ −M/N = −CM/CN · bA"
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kkk2. êêê������{{{

2.1 µµµ���yyy©©©ÚÚÚppp������ÝÝÝ���OOO���

3µ�{¥,þã�µ¡q�?�Ú{z��
k����µ�"�©�O
�¥,Ø�O ��	ù
µ�Ñ´do^��ã|¤,
�²¡�µ¡(X�©
¥�NXµ¡)´d²¡o>/�µ�5�["
NXµ�Ø3n�Ê�c��	����Ý/,÷vÔ¡>.^����:

� �Ï~�3Ý/µ��¥:,ùÚDÚµ�{�( 1
4 −

3
4 ){K´���"¤

¢( 1
4 −

3
4 ){K´�:µÚ��:©O uz�ü��Ý� 1

4Ú
3
4?§Ïd�ü

����:åc�üý:µÑ´ 1
2 ü��"O�²�y²
ù«�{´�1

�"��:�oêÚNXµ��ê8��, ±e¦)NXµ�rÝ�^�ù�
:"n�Êc��µ�/G3�©�O�¥��k�>Úc�²1�Ê>/(�
ã2.2),ù^>=éAu¤¢åÄµ"O��¢�y²,ÃØ´n�Ê�´Ý/
Ê,ù^µjÑATlmÔn�Êc�½ý��½ålâU¦�'�O(�åX
ê"ùV«
c(ý)�þ��aqKutta^����"k'©z��@�¢�(
J|±O�¥�ù«?n[13!18]

"
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A

A
A

A
A
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A

A
A
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A

A
A

A

× × × × × × × ×

× × × × × ×

× × × ×

× ×

× × × ×

× × × ×

× × × ×

× × × ×

��:

��
����

HH
HHHj

a)n�Ê b)Ý/Ê
ã2.2 NXµ��y©

�©O��c�:ÊXã2.3(a)¤«,Ú©z[19]¥��Ó"
©z[20]ïÄ�
c�:Êkü«/ª,�«¡�k:Ê(Tapered Flap),�Ò´·�¤À�/ª,,
�«´�u�:Ê(Constant Chord Flap) (ã2.3(b))"�·��µ�TÐÚ�
�«kaq�?"XÙ�Ñ,7ùü«/G�6Ävk��ØÓ,�cö�é�
`"

Ï�c�:Êº���,·�^�üµ�5�L��:Ê"Úþ©�²��
Ê��,�-ù
µ�3Ôn�:Êc��Ñ�½ål,Ó�rÌÊc��µj
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a)k:Ê b)�u�:Ê
ã2.3 c�:Ê�/G

Ù�3	�?,Ú:Ê�ë":Êþ���:�3z�µ�¥Ü�º��²©�
þ":ÊÜ©�µ�9��:Xã2.4¤«"
Ï�gdµ¡��lÑ¤aq�µ�,6|¥¤kµ¡3�:�p��Ý¢

Sþ´deZ��µjã3T:�p��ÝU\
�"

ù��Ý�dBiot-Savartúª��{ü/ªO�:

V =
1

4πr
(cos α1 + cos α2),

Ù¥r = |r1 × r2|/L, cos α1 = r1 · L/(r1L), cos α2 = r2 · L/(r2L);

V =
r1 × r2
|r1 × r2|

V,�ã2.5"

��µj3Ù��þ�:�p��ÝkÛ5,
��O�:�Cµj�B
�Ñ4���,ù3Ônþ´vk¿Â�"3ê�O�¥�±-ù��:þ�
p��Ý�",¦��ÎÜý¢�6Äã�"3�©�ó�¥,�
¦ê�(
J�Ð/Âñ,·��
?�Ú?�,b½O�:�µjéC�p��Ý��
Úål¤�', 3,�ålþÚBiot-SavartúªO����q�"ù«�{�
�urµj�¤��äkk��»�Ê5µØ�Rankineµ"w,ù«�{´
¿�7L�,¢��y²��Û5�äN�{é(Jvkû½5�K�"�¤
�RankineµØ����,AT�uO�¥�Ù¦ºÝ"
du�©��~=�u�mé¡��1^�,¢SO���I�Ä�ý�Å

Ê��^,,	��º�µ¡�K��dé¡5����"ù����!�O�
�mÚ¤IO�ÅS�þ"

2.2UUU���mmmÅÅÅÚÚÚ???111���OOO���LLL§§§

dup��Ý´dBiot-SavartúªO�
�,ëY5�§Ú>.^��Ñg
Ä÷v"

Òn�¯K
ó,éKutta^��¿ÂÚ�!c�^��J{ÿkØÓ�n
)"�½~Kutta^��äNJ{�´��ï?�¥�¯K"3�©�O�¥,
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p
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p

p
p
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p

ã2.4 �c�:Ê�n�Ê�µ�Ú��:

-��
��*�

���

@
@I

@
@
q��:(x,y,x)

L µ�α1 α2

r1 r2

ã2.5 Biot-Savartúª
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Xc¤ã±ò�ÑÔnÊ¡�µ��LKutta^�=>.^����^"O�
(JLyÑ��?�ÙCp(´ªu0,ù�ÎÜ
��Kutta^��«J{�m
���5"

3gdµ¡þ, Ú>.^�(3)�d�=Helmholtz½n: ∂Γ
∂t = 0, Ò´`µþ

´�X6N�:£Ä�"Ïd,O�¥��:�ÝÒ´gdµ�£Ä��Ý"�
�yµ�d��µã|¤,·���Äµ��(:�£Ä,
@�(:�m��
�µj[��±��/G"(:�£Ä�Ý´þ©Biot-SavartúªO��µ¡
p��Ý�56�Ý�Ú"Ó�,z��gdµ���þΓfi3$Ä¥´[�Ø

C�"

élÑ¤µ��µ¡5`,Ð©^�¢SþÒ´,3t = 0��®�NXµ�
�rÝ=�þ��Γbi(0) = Γbi0, i = 1, 2, . . . , N (NXµ�� ���`´Ø
C�)Úgdµ��rÝΓfi = Γfi0 9 �rij(0) = rij0, i = 1, 2, . . . , I, j =
1, 2, . . . , J(i),ùpN´NXµ���ê,I´t = 0��gdµ��o�ê,�)
�Lc�©lµ¡Ú�L�,�µ�,J´z�gdµ��(:ê,��/`Ò
´4"
@o§3e��O��mÚ§=t = ∆t��§gdµ��# �dr(x, y, z, t) =

r0(x, y, z)+V(x, y, z, t)∆t��"Ù¥V(x, y, z, t)�)56�ÝÚµ¡�p��
Ý,p��Ý��Ut=0��¤k�µ�5O�,XJæ^t = ∆t ����Ý,½
ö���/,�\�²þ,KO�þò��O\,¿�Âñ5I�AO�5¿"
ùp·�5¿�,z�gdµ��rÝ¢Sþ´Ø��mCz�,ù´Helmholtz

½n��¦,�Ò´þ¡é>.^���?n"
t = ∆t ���N�NXµ��rÝd>.^�(2)��"
>.^�(2)=9¡ÃBß^�3NXµ¡þ�N���:þ��÷v, Kd

d���N��5�§

N∑
i=1

ajiΓbi(t) = bj(t)−
I∑

i=1

a′ji(t)Γfi, j = 1, 2, . . . , N,

Ù¥Γbi(t)´1i�NXµ���þ��, Γfi(t)´1i�gdµ���þ; aji´

1i�NXµ�Uü rÝO31j���:þ�)�{�p��Ý���§a′ji´

1i�gdµ�Uü rÝO3Ó�:þp��{��Ý, bji´ù���:þ5

6�Ý{�©þ���ê"bXO��´Ê�â,åÄ,Kt=0���vk©l
µ��3,@oþª¥I=0,�Ò´`�Òm>�kbj(0)��"¯¢þ²�Ê�N
Xµ�Ú��:Ñ3Ó��²¡S,cö3�öþ¤�)�p��Ý7,´{�
�"

§�¤|¤��§|�Ðv±¦)N�NXµ��rÝΓbi(t)"
t = 2∆t���ëê±t = ∆t���å:^Ó���{)�"�ge�B�

�¦)��Ü�½~L§"

3Ø�ÄkC/�ÅÊ�,NXµ��y©���,�´�½�"ù�aji=

Úµ��rÝÃ',�Ò´`,3��mc?�O�L§¥þã�5�§|�X
êÝ
´~ê�"ù�:éO��?1´ék|�"

��mªuÃ¡��,gdµ���ê�òC�Ã¡õ,a′ji�O�=¦Ø´

Ø�U��¡é4Ùã��O�þ"Ù¢ù´Ø7�,Ï�v
��µj3
Ê¡þ���:�p��Ý®²���±�Ñ,
�¢S�µ¡3�ål$Ä
�XJvk»��7,u)
ÑÑ"¤±·�3O�¥r�½ål(��4�
�u�)�	�µjÑÑ�ØO"ù�ål�À�5g²�ÚO�^���
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U"Konstadinopoulos[11]@�n�u�����,é)¢Sþ®vkK�,

�=¦�O\ü�u��S��,°Ý����Ø�"

'u∆t���À�,®k�²�ÚÜn�íØÑJ«æ^∆t = ∆x/V∞, l

¦gdµ�ÚNXµ����Ä��Ó"

2.3 eeeZZZ���{{{[[[!!!���ÞÞÞ~~~`̀̀²²²

·�3Úó¥®²J�§µ�{ùa�{�,´±Ú��nØ�.�Ä:§

�3äN¢�O��%�±k�«ØÓ��{§
ù«�{þ�[!é�UK

�(J��þ§$��5����O"ùQ´�{���k�f:§��´ä

Nó��(J¤3"e¡±�©ó�¥�²��~Á\±`²"

A.Êk
��/`,|¤µ��µj�à:�´��µ�ë��(:,�ó�=(:�

m�µjÑ´��
Ø´ò�,=Ø�3Ù¦:I�O�Ù$Ä�Ý"ù´·�
±��µj�¤����[µ¡�Ä:",
 uÊk���NXµ�k¤Ø

Ó,3§�c�Ú����ü�(:�m�µjk���LÊk�ò:,Ï
3
ùpÒ�Ukõ«��{"�©Á�
ü«�{:�´�O�Ù¦(:�$Ä�
Ý��/?nù�:,�´3gdµ¡¥rù:Ñ�Ø��(:,§��'��
ã2.6"À^��~´Ðu'�1�n�Ê310b��â,åÄ��½~G��
L§"(Jy²ü«�{O��6Äã�ÚåXê(�)Ør©Ù)A����
Ó"ù«��5`²
êÆ�{ÚÔny��m�ÎÜ,�l��ý¡w«
�
©¤æ^�µ�{���5"
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HH

HH

HH
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A
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Q
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Q
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Q

Q
Q

Q

Q
Q

Q
Q

Q

Q
Q

Q
Q

Q
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�

�
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�
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�
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�
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A
A
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A
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�
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1�« 1�«

ã2.6(a) Êkµ��ü«?n�{

B.µ��/Ðu'0
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ã2.6(b) é(J�K�£α = 10◦, AR = 1¤

3�©�O�ó�¥uy,µ�/Ðu'0����ûw�k|u¼���
O(�Øå©Ù"¤¢µ�/Ðu'0´���µ�Ð��ÝÚu��Ý�

'"�µ��/Ðu'0�u0.5�,3�C���Ü©��:þ¬O�Ñ²w
ØÜn�KØr©Ù,
L�/Ðu'0�µ�w5�Ø|u���°(�Ør
©Ù,�Z�ÀJ´�u0.5�m"·�@�Ñyù«y�´Ú6|¥�Ý�A
���k'�§O(�nØ�â�k�u?�Ú©Û"

�ân�Êþµ��y©�{,µ�/Ðu'0���´Ún�Ê���Ð
u'�'�,AR = 1

4AR. éÝ/Ê
ó,Kk?¿ÀJ��U"ù�Ý/Ê'�O
(�1Ö©ÙÒUÏLÀ½·��µ�/Ðu'0��"bX�Ý/Ê�u�

ÚÐ��µ�ê©O�NcÚNs,=A�Ns ≥ Nc · AR"
n�Ê�O���yØ
r©Ù���ÒØ�ØÛ�uµ�/Ðu'0�u0.5��¹,Ò´`n�Ê�
Ðu'AØ�u2"du·�ïÄ�Ì�8�3u�Ðu'²�Ê�cý�©l
6¯K,ù«��¿vkE¤��æN"

C.µ��m��pBß
Ï�9¡�ÃBß^��3k����:þ÷v,Ó��Lgdµ¡�µ�

qUk����mÚ£Ä,ù�µ��m�Ôn��pBßÒJ�u)
"
NXµ��L
Ê¡��9,Ïdégdµ�(�,Ì�´c�µ)�Bß\

±��´g,�"O�¥ù��Bß���u)3�O:þ,
�BL�ål�
�,�vk��mò�
\ì�ª³"
¢�y²,éu½ô��åÄL§Ú½~6ÄG�,=¦Ø�?né�N�6

Äã�Úå©ÙÑvk��K�"ù�l,��ý¡`²
�©æ^��{(

UÝº4Ì��Ôny�",
§¿��¥�´,:�����/(�©¥O�
�´��þ�),cÙ´�:���Ý���,ù«?n�7�5B��âÑ"

Ó´½ô���¹,�N´u)ù«Bß�´�E,�	/,~X�©¥�kò
å�c�:Ê�n�Ê"

�L²�Ê�NXµ�Ñ3Ó�²¡S,
�´�I²¡,´ÄBL´éÐ�
äÚ³��"c�:Ê�´��²¡,?n��Ã��(J"
3�½^�eg
dµ��m�¬u)�pB��U,d��{þ�(JÚ�â�ØvÑ{N
<
����"�ù«B������3��±w�´�«µ¡»����"

D.åÄµ
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�Ê¡â,åÄ�,Äk�)��,Úc�©lµÒ´åÄµ"åÄµ¬3
ÚøÑ��R����ÛÜ/òå"Xc¤ã,3µ�{�[¥1�üøÑ�
î�(R�u6Ä��)�µjÒ��uåÄµ,3O�¥ùüµ��¬²w/ò
å"�´,duµ¡�lÑ¤k����µ�,µ����Ú¢S�åÄµ�º
Ý�'��`Ñ� �,¤±òå����A/� �,é�o�y©5`cÙ
Xd"l,	���Ýw,Ò´O�ù^µj�$Ä�,k����mÚ�E¤
3R�uµ¡������ £"

�~fù«K�,æ��«?�,=r1�üµj��ÝÚ£Ä��#�mÚ
�µ¡�A �þ��Ý�²þ"ù�?n�(J��Cý¢�åÄµ�Ôn

ã�"²þ��æ^ØÓ�\�Ïf,�ÃØXÛ\�½?��ÄÑ�éåÄ�
L§kK�"�åÄµ®²�lÊ¡�,§��^�Ò�Ø
"¤±,é½~G
��6Ä½d�Ù§��½~^�5`,ù«?�¿vkK�"
duÓ���Ï,c�µ¡�Ðòå�µØ3²w�uµ�ºÝ��Ø�U

%ý/2y"

kkk3. (((JJJLLL«««

A.666ÄÄÄããã���

·��Ñ
O�¥gdµ��n�ÝKã,±BUé6Äã�k��'��
*�@£"3,
ÝKã¥,��Ùå��xÑ
p�(÷6Ä��)½öî�µ
j"Ï�gdµj´d6N�:|¤,¤±p��µj¢SþÒ´ÏLc�Ú�
�þeZ:�ó�,�,é½~6Ä��/
ó�Ò´6�"
Ó�,�
��Ù/w�µ¡cÙ´c�µòå�/G,�xÑ
µ¡�¿

¡ã"äN��{´,3�½x�I��¡þrp��µj� �^��ë�å
5"Xc¤ã,3µ�y©�o�,ù�L«�µ¡òå/G'�o÷,�éµ¡
ò;�§ÝÚòå�éÊ¡� �®Uk¤�N"XJæ^1w­�ë�ù


µj� �,�±����Cuý¢�ã�"

B.ØØØååå©©©ÙÙÙ∆Cp���¦¦¦{{{

ý¢�µþo´�33�½�NÈ�¥§µ¡b�r��S�µþw�/Ø

 0u��Ã���¡S,
µjb�K´rù
µþ8¥���ãþ"�

��(2)ª¥�∆V =γ§·�2rµj��þ©Ù�¡þ"©Ù��ª�±

�Konstadinopoulos[11!18]��@�§rz�µã��þþ!/©Ù�§¤�

�ü�µ�¥§=é���ü���:�)K�"��±æ^Ù¦�{,'Xr
��Ê¡þ�µj�þU�«�5�ëY�ª©Ùm"ã2.7±���/ª«¿

ü«�{�ØÓ,U1�«�{

γ =
1
2
(

Γi

xci − xci−1
+

Γi+1

xci+1 − xci
),

1�«K´

γ =
xci+1 − xci

xi+1 − xi
· 2Γi

xi+1 − xi−1
+

xci − xi

xi+1 − xi
· 2Γi+1

xi+2 − xi
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=
2

xi+1 − xi−1
(
xi+1 − xci

xi+1 − xi
Γi +

xci − xi

xi+2 − xi
Γi+1).

Ù¥γ=��: �þ�µ�rÝ§xi−1!xi!xi+1´:µ� �§xci−1!

xci! xci+1´��:� �"c�«�{��B�
,��N´Úp��Ý
�O�L§k���)º; 
O�y²��«�{�U¦Øå©Ù�ÎÜ¢
S"¯¢þùü�¡��OÑØ�"

xci−1 xci xci+1

xi xi+1

a) 1�«�{ b) 1�«�{
ã2.7 O�ØåXê�ü«�{

C.oooNNNåååXXXêêê

3�©�O�(J¥§�Ñ
�½~L§A«åXê��mCz�­�±9

½~G��åXê¨ô�­�"

d	,�Ñ�(J¥��),�x �þ�î��Ý|©Ù"
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nnn.   OOO���(((JJJ

Ú6ÄG��'�A�ëê½ÂXe:

• ô�α,:�m©ô�α©Úª�ô�αª;

• Ãþj�mt = t∗V ∗
∞/b∗, Ù¥V ∗

∞�56�Ý,b∗�Ê�u�"Ãþj�
mt=1=ÅÊc?���u�¤I��m;

• �¤:�L§��mT = T ∗V ∗
∞/∗;

• :���ÝΩ = Ω∗b∗/2V ∗
∞ (3�©�O�¥ΩÑ�~ê,=���å);

• Ðu'AR (�©�O�
vkC/��Ê,�ù¿Ø´�{�Û�);

• c�:Ê�º�ýÚ �
(�þÊ¡�� =��)"

�©�Ñ�(JÌ��)±eA��¡:

1. 6Äã�:�)n�µ����ÝKãÚ©lµ¡�¿¡/G;

2. oNåXê:�),åXê!{�åXê!:�åÝXêÚØå¥%;

3. Ør©Ù:3�½u�½Ð� �þ±­�L«,3��Ê¡þ±�Øå�
L«"Ï�éìêâØõ,¤±vk3¤k��~¥�Ñ"

  �©O���«�1^���~�):
1.n�Ê
a.Ðu'AR=1�n�Ê�â,åÄL§Ú½~G�, ô�α©O�10b!

15b! 20b! 30b;
b.Ðu'AR=1�n�Ê���þ�L§,α©=10b,αª=90b,T = 1Ú3,=Ω =

0.698Ú0.233,å©G�©O�·�(=â,åÄÓ�þ�)Ú½~G�
c.n�Ê3ô�ö�15be�â,åÄL§Ú½~G�§Ðu'AR©O

�1§1.5,2;
d.Ðu'AR=2�n�Ê�â,åÄL§Ú½~G�,ô�α©O�5b!

10b! 15b! 20b! 30b;
e.Ðu'AR=2�n�Ê���þ�L§,α©=0b,αª=91.676b,T = 20,=Ω =

0.04,å©G��½~G�"
2.Ý/Ê
a.Ðu'AR=1�Ý/Ê�â,åÄL§Ú½~G�,ô�α©O�10b!

15b! 20b! 30b;
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b.Ðu'AR=1�Ý/Ê���þ�L§§α©=10b,αª=90b§T=1§=
í=0.698,å©G��½~G�

3.�c�:Ê�n�Ê
äk5bº�c�:Ê!Ðu'�1�n�Ê3:Ê �
=0bÚ90b��

½~6Ä(�)â,åÄL§)§ô�k10bÚ0b.

"n�Ê�â,åÄÚ½~G�

¤¢â,åÄ,=3�mt=0��Ãþj56�Ý��l0C�1. O��Ò´
rk56�Ý
ÿÃ?Û�,Úc(ý)�©l��Ð©^�"ù�Ò�[
�
¯�ÝåÄ��¹"��m�½���,�Ð�©lµ®v
�,Ê¡=NXµ
9ÙNC�6Ä®Ä�Ø2Cz,·�B�±@�®��½~G�"
¢S�6Ä�Uk�é¡5Ú�"�E=åÝ,�©z[1]"ù´�©æ^�

�{¤Ã{�[�"

ã3.1�Ñ
Ðu'AR=1�n�Ê3ô�α=10bâ,åÄL§�6Äã
�"ã3.1(a)´l���þý*	�gdµ�=©lµ¡�ÝKã,ã3.2(b)´3
�½x ��©lµ�¿¡/G, µ¡�¿¡�ux = 0.3, 0.6, 0.9, 1.2o� �"
Ù¥z|oÌã©OéAuåÄ��t = 0.5, 1, 2Ú��½~G���"
Ï�6Ä´é¡�,��Ùå�,�xÑ
é¡¡�m�ý,±e��«ãÑ´

Xd"

�
�Ð/
)(J,·�3Úã3.1�Ó�6Äëêe,=Ðu'1�n�
Ê10bô���½~$Ä,�Ñ
,	A«6Äã��L«�{"ã3.2´�
xÑp�µj��,ã,ã3.3´�xÑî��µj,ã3.4H56��*	��
,,ã3.5´3��c�ü��½x ��²¡þ�î��Ý©Ù"©z[12]¥�
Ñ
eZ������Ý©Ùã,ã3.5Ú§��¬Ü´�Ð�"ùp�î��
Ý´��Ê¡é¡¶R���Ý©þ,�Ø�)56�Ý3S"
n�Êc�©l6�ã���u©z[12]�õ?,lã3.1-ã3.5�±w�,�

½~µ�{'�ý¢/�[
n�Êc�©lµ¡�òå9Ù�½~�/¤L

§,ù�ïÄ�E,�ÅÊ	/Ú6Ä�¹Jø
ûÐ�Ä:"3±e�(J¥
�±w�,^ù«�{���åXê,�)Ør©Ù,ÑÚ¢�½Ù¦O�(J�
Î��Ð"

ã3.6´Ðu'�1�n�Ê34�ØÓô��åÄL§¥åXê��m�C
z"â,åÄ�]mt = 0,∂Γ/∂t = ∞§¤±∆Cp = ∞,CL = ∞. ê��[�
=∆Γ/∆t¥∆t = 0.¢SO��ÙtE�åÄ±��¤^�k����, �Ñ�(
J�±3�½§Ýþ�N∆Cp¥,�����"

(JL²åXê3â,åÄ¥�CzL§´Ú®k�@£ÎÜ�"aq�(

J��u©z[16]![17]"�´,�ô����O��åXêCzÅÄé²w§ù
´Ì�´duô���c�µ�Ø­½§����½�C��ô��§e©ò

2gØ9"

ã3.7rAR=1�n�Ê½~G��ô�-,åXê'XÚ�u��Ö[24]�¢

�êâ�
'�"ã3.8�Ñ
ØÓ¢�(J�'�"�±wÑ,�©��{�
��(JØ�vk�ÑØÓ¢�öÚ¢�^��m��O,´�~O(�"
ã3.9éì
Ó��n�Êô�10b��Ð�Ør©ÙÚc<�¢�9O

�(J"O��Øå©Ù´�C����ü��:,��ux = 0.958,¢��
3x = 0.933,^uéì�Ù¦O�(J�´���üü�,�Ùü���,��
u3x = 0.95"O��Øå©Ù�)áå¸�� �Ñk�Ê¡Sý £"
ã3.10´u��Ør©Ù,ÀgÐu'2�n�Ê,�éìêâ�Ðu'´2.5,=U
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�ª³�'�"ÚÐ��',u�Øå©Ù3�CÊk� �þ�wØÓ"Ä�
þ�±`,�©���Ør©Ù��é½~6Ä5`�´��O(�"
kndíÿ,���µ�y©�U���O(�Ør©Ù,,
ù7L±O�

þ��êO���d"Ì��Ï3u��mlÑ�A��mÚ �,±9Ïd�
5�gdµ¡¥�µ�ê8��ÌÝO\"

ã3.11´AR=1�n�Êô�10bÚ30b�þeL¡Ør�����"·�
w�,330b�Øå©Ù�²��õ,ù´duô������Ê¡þØrO
�§l
¦ÛÜ��O�é~�"I��Ñ�´�©¥¤k���Ør©ÙÑ

´�þeL¡�Ør�,
¢�ÿþ���Ñ´þeL¡üÕ�Ñ"
ã3.12'�
ØÓÐu'�n�Ê�,åXê,Ù¥Ðu'1.5�Ê�O�


3ô�α=15b���"w,Ðu'�O�7��,åXê�O�"ØÓÐu'
�K�Ú©z[24]�Ñ��Î,=Ðu'��CL − α­���Ç��"
ã3.13�Ñ
Ðu'�2�n�Ê3ô�30b���,ã�,´lY² ��

��*	�gdµ�"d�åâ,åÄ�m®30,¦+µ¡òå�oª³�,�
�,C|6Äëê(NXµ�rÝ)Ek�²w�ÅÄ"·�@�ù´�C½��
��ô��Ly"

éu�½Ðu'�n�Ê,�ô�O���½§Ý­½�©lµ¡��.
®ØO(,3O�¥±µ��þ����L�ëê3���mSÅÄ,ÅÄ�Ì
Ý�ô��O�
O�"3Ó��Âñ�âe,ô���Âñu½~G�¤I
��m��,3ù:þÔn��mÚO���m´���"��@�,lÊ¡�
éu½~^�m©$Ä�¡E�½~G�¤I��m����30 [5]

"
Ðu

'�2�n�Ê3ô���30b�O��m�L30�EÃÂñ�,�,·�@�
d�­½�©lµ¡®Ø�3"Ônþ¿�X�Ñ½��
��ô�"Ðu

'�1�n�Ê3ô��30b�E���­½�½~G�,dd�±w�Ðu'
�2�n�Ê��ô���30b,
Ðu'�1�n�Ê��ô�330b±þ"l
�©�O�(J�±��½5�(Ø,=��ô�é�Ðu'�ÅÊ��,ùÚ
<�®k�@£´�Î�"ØÓ�¢�ïÄuy,éÐu'�1�n�Ê5`,c
�µ»�:����?�ô���´l30b�35b[2!11]; 
�Ð70b�n�
Ê(��uÐu'1)´3ô�22.5b�»�:*��ù� �[17]

"

±þéìy²ù«�{Ø�´½5�Ün,½þ©Û�kv
���5"

#n�Ê����å

ùp��~Ñ´3�mTSô�lα©���ÝC�αª�6Äã�ÚØå©
Ù"ô��CzL§Xã3.14¤«"
���åÚ�u��½Ù§/ª�:�$ÄØAk���«O[1!6]

"��

å(å��6Äüö�,kØÓ�5�,��ÅÊþ�c�µ��¬���L6
Ä�A�"3yk¢�¥���(J�õ"

ã3.15-21ïÄ
��þ��L§"é'
n�Ê�½�$Ä±9ØÓ/ª
��å�6Äã�ÚåXê"

ã3.15-17´AR=1�n�Ê���åÚ½��éì,:�¶ÑÀ30.5�u�
?"Ù¥ã3.15´µ��ÝKã,z�ã�)ln�Ê���þý*	Ú��ý
*	ü«;ã3.16´©lµ¡�¿¡ã,¿¡ �3x = 0.3, 0.6, 0.9, 1.2o?"ù
üã�(a)´½~$Ä, Ù�!�©O´ô�20bÚ30b�6Äã�,(b)Ú(c)Ñ
´l10b�90b���þ�§�å�mT��1Ú3,=:�Çí©O�0.698Ú0.233§
Ù�!�©O´�å�23.3bÚ36.7bô����,du�mÚ��,ùü�ô�
�éì�½~6Ä�kØÓ"¦+�å$Ä�ô�®�Léì�½~$Ä§�
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c�µ¡%��CuÊ¡"
�þ�L§¥c�µ�òå/G���;n,ù�
µþÒ8¥3�������S,l
¦µ,å�wÍ"
ã3.17(a)(b)(c)é'
ØÓô�eùn«�¹�{�åXê!:�åÝXê

ÚØå¥%"�åL§�{�åXê²w�u�Aô��½~6Ä,
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