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ABSTRACT

The three-dimensional field data from direct numerical simulations of

the turbulent boundary layer beneath a wind-driven water surface is an-

alyzed to validate the surface renewal model in air-water flux parameter-

ization. The emphasis is on visualizing the surface renewal eddies as well

as on elucidating the flow structures associated with the renewal process.

In the first part of the thesis, we reappraise the theoretical mean field dis-

tributions within the molecular sublayer, which is derived based on the

conceptual surface renewal model. Both the theoretical distributions and

the numerical results reveal that the mean velocity, temperature and gas

concentration all exhibit exponential distributions across the sublayers be-

neath an air-water interface, which are different from the traditional linear

profiles next to a no-slip wall boundary. By fitting the numerical data

to the exponential profiles, and also by comparing the results with the

experiment measurements, we validate indirectly the existence of the sur-

face renewal process. We then further investigate the transport process

through two- and three-dimensional visualizations of the simulated field

data. Cross examinations of the two- and three-dimensional flow visualiza-

tions reveal two major characteristic structures associated with the renewal

process: the streamwise-elongated, high-speed, cool streaks within the sub-

layer, and the intermittent, low-speed, warm upwellings arising from the

mixed turbulent regime. From the observations of these two coherent flow

structures, we depict the formation and evolution of the renewal eddies in

the transport process. We also discuss the correlation between the cold

streaks within the thermal sublayer and the well-known cool skin effect.
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‡k

1.1 ½¸D×−í�ò>²¬˙

×−2˛−í«�Ê½Þ,$Aê‘‰, ��½Þ-ø�Ì¾�½¸®µí«�, $

Aøiäµ¼Ò, ½¸D×−Èí>²¬˙ (¨�Ï¾� −ñ� ®��) 3b§¤iä

µ¼Ò5−„� ¤iäµ¼Ò2±×½Þí¼Ò3bÑ9¼Ò, Í7âk½Þúk�

ò«�í®°^@, Ä¤�ò²í9¼«�ÊQ¡½Þv?3kÁÿ, U)iäµ¼

ÒÊ”Q¡½Þí¶}$AøµJ}ä«�Ñ3í¼Ò, ˚Ñ}äŸµ (molecular

sublayer),w¾�cbt¿� �¾Ê}äŸµ2í�òf�3bâ¼ñ5òÐ4−„,

.JwJ-íÌG¹¯9¼Òâ9¼«�í�¼ (convection) Tàf��^0, ]

?˚ÑòÐŸµ (viscous sublayer)� }äŸµDÌG¹¯9¼Ò5È�ø¬¾–�,

Êw2¼ñòÐ4D9¼�¼Tàúk�¾�òf�x�°�½b4, ¤!ZÊiä

µ^@	àí¸ˇJq, O×½Þ�ø¨�×, Äw�Ì¼§Ê®¿j²×úb}0

ƒb, ]˚Ñúbµ�

òÐŸµúk¼Òí^@?	à¼Ò2Ï¾D−ñí�òf�,$AÏŸµ (ther-

mal sublayer) DØàŸµ (diffusion sublayer)� ÊÏŸµ2Ï¾í�òf�3b
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ÑÏfû (heat conduction); øO½¸D×−ÈÏ¾í>², w´Ï¦¾ÑA½¸

²×−f��Ñ&M¤²,íÏ¦¾, ½Þ5Å� (¹Å�Ÿµ5,í) ÛQkÅ�Ÿ

µ-í5Å�, Ä7$AF‚í}[Þ^@ (cool skin effect), U½[Þ5�ÌÅ�

œbt¿J-5®ÅQ� 0.1–0.5 K (Katsaros, 1980)� °ší, âkØàŸµíæ

Ê, ®ó−ñí�òf�, Ä¤½¸¸×−Èí−ñ>², «wuàù�“ï5�É4

−ñ, w>²§03b§¤ØàŸµ5−„�

1.2 äÞyh_�

o‚�É®Þ-}äŸµ¼Ò4”5·H·cq¤}äŸµ¼ÒDÌË��Þ9¼i

äµ¼ÒóN� Brutsaert (1975) J£ Liu ¸ Businger (1975) †0lJF‚í

äÞyh_� (surface renewal model) Rû}äŸµ¼Ò4”, Ç“7ø_hí

û˝j²� F‚äÞyh_�cq¼Ò2ÓOvÈ¸˛È‰“, }M/7Óœ4Ë�

yháð (renewal eddy) A�-ÌG¹¯í9¼ÒßÞ�¤yháðßÞ�¶45

Ã¯®¼, �£yh®Èªp}äŸµ1Ñ9}äŸµ, Uw¾�×Û¾Å58” (c

Ç 1.1)� yháðF�£5yh®ÈÊ}äŸµTGø¨vÈ(, ¢}\wFâ�-

Ã¯7Víyh®ÈRÑ�-µ®2, ¤TGívÈ˚ÑýG‚ (residence time)�

©_yh®ÈíýG‚·.ó°, FJÛbàø_ƒbVH[r¶yh®È5ýG‚

}0� Liu ¸ Businger (1975) J£ Liu (1978) Sà Danckwerts (1951) íÜ

�, cqyh®ÈÃ¯B}äŸµ2¦H¥˛%æÊk}äŸµíyh®Èuø_Ó

œíòg¬˙, J¤VRû)ƒ�ÌÅ�Ê®¿j²×Nb}0ƒb, 7.uf$Ì

Ë��Þ9¼iäµ¼Òí(4}0�

äÞyh_�í!��Êyháðíüw1ª7¾“wÞAä0D#��ñ‡y
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Ç 1.1: Ã¯®¼Ñ9}äŸµ, U}äŸµí¾�×Û¾Åí8”�

háðíh¿EJÈQíj¶Ñ3, ?¹J®Þí	dV<…®Þ-yháðº�8

”� Jessup � (1997),Zappa � (1998) J£ Haussecker � (2002) Uà�Õ(

Ï	dÙ	œ, ¾¿®ÞíÅ�}08$J<…®Þ-yháð5æÊDÔ�� ƒñ

‡Ñ¢, þ„�Ék®Þ-iäµ¼Ò2yháðDÃ¯®¼íòQhôD¾¿�

1.3 ®Þ-iäµ¼Òíõðh¿

Ék®Þ-iäµ¼ÒíÛÒh¿D®üõð,ÄÑ¼Ò}ÓvÈD˛È‰“,Ì�u

½,ÛÒCõð�®ü·uóç˚Øíõð, FJóÉíû˝?.Ö� Wà McLeish

¸ Putland (1975), J£Wu(1984) }�Ê½,Dõð�í®ü¾¿®¿j²í�

Ì¼§‰“�7 Khundzhua ¸ Andreyev (1974), J£ Mammen ¸ von Bosse

(1990)†¾¿Å�Ó®¿í}0� J,íû˝îc�ÌÊ§�CÅ�Ó®¿j²5‰

“, Ì¶ú¼Ò2íyh¬˙ªWhôD¾¿�øòƒ|¡ Melville � (1998) Jl

ªíõðiÂ, ¾¿¼Ò�Þí§�}0D®ÞíÅ�, jú®Þ-iäµ2í¼Ò

!Z�ªø¥í7j�

Melville �õð5®üÅ 45 m,   2.39 m, ¿ 2.44 m, w2®¿ 1.17 m, ”
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-í 1.27 m uê �®Þíê§uâ	ìÊê 2íZq� (pitot tube) V¾¿,

®¼§�Ê®¿j²í‰“uâ-qÊ®2íbPÅä	d¼§i (digital particle

imaging velocimetry, DPIV) V¾¿, ®Þí¼Òeg“ÎÒ†uÊ®Þà0ªJ

¥m/¡˛Ì½¾í”õ, y‚àÙ	œ†ÙwÓO®¼��í8”� ÇÕ6‚à�

Õ(Ù	œV†Ù®ÞÅ�í}0, J£UàÊ¦é0i (laser slope gauge, LSG)

Vp“®Þšíé0‰“�

Melville �õð5ñíŸ…uÑ7hô®Þí‘½!Z� š¨5ÞAD Lang-

muir circulationsÈíÉ[,O*®Þ¼Òeg“í	d2ºêÛyháðæÊí„

W� Ç 1.2 Ñ Melville �õð2®Þ¼Òeg“í	d, êÒ5§�Ñ 5 m s−1�	

d2éý7Ÿ…ÌLS -4!Z,Ó<à0í”õ (ëH¶})A§Ë (� 1B 2”

q) �ÕAø‘‘í‘½ (Ç 1.2 (e)), /Jœ�Ì®Þ¼§Ñ0í§�¼��ÓO¼

Òê�,¶}5‘½}'péË}t,$As‘./‡ªí‘½ (Ç 1.2 (d)�(e)�(f)�(g))�

Melville �j„¤}tÛï5êÞ�Äkò§¼�5‘½XƒÃ¯®¼í®°, ku

}tJ÷¬Ã¯®¼� Ou Melville �1„./«n¨A¤Ã¯®¼í¼Òœ„, ¤

¨A®Þêà (divergent) ¼ÒíÃ¯®¼”ª?ÑyháðF¨A�

Melville�í®üõðUà'ÖlªíiÂD¾¿j¶,OE�wÌ„�WàDPIV

Ì¶¾¿®ÞJ-B¿� 2.7 mm í¼§’e, J£ÌkÊ®¿j²í‰“, Ä¤Ì

¶«n}äŸµ5¼Ò� ¤ÕÖÍ?à�Õ(Ù	œ¾¿c_®ÞíÅ�}0, Í7

®Þ-¼ÒÅ�˛ÈDvÈí}0ºÌ¶¾¿� ¡�âkl�œwñí0§ª¥, ×

ÙT¯7bMl�í?‰, bM_ÒMÚ®ƒ_Òöõ¼Òíb°� /‚àbM_Ò,

ªJ)ƒFÛí®�’e, .J½,ÛËC®üõðÛb§Ìk¾¿iÂíÌ„¸�

�� Ä¤…û˝JbM_Òj¶ªW �bMõð� )ƒíbW, Vû˝ê��®Þ-9
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Ç 1.2: Melville � (1998) õð2ê§ 5 m s−1 5®Þ	d�* (a) ƒ (h) Ñõ

ðÇá( 21.5 ƒ 25 s íÎÒ, È½ 0.5 s�®¼Ñâ˝%¬¼, ©"	dF†Ù5

–�Å 85 cm,   57 cm� ëH¶}Ñà05”õ�ÕT, ¹‘½� ”õà0(¹

A§�ÕB¼§œ0í–�, ê�Ñ‘½!Z/�}t5Ûï�
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¼iäµ¼ÒJ£yháð5!ZJ£Ô4�

1.4 bM_ÒbW5ßÞ

Ñ«nêÒù_®Þ‘½5ª?ÞAœ„, …û˝Uà Tsai (2001) 5bM_Ò’

eVªW}&û˝� Tsai (2001) 5bM_Ò4Sà Tsai (1998) ê�5bM_�,

ùp Melville � (1998) ®üõð5ÓÜ¡bªWbM_Ò� ¤bM_�ÑòQb

M_Ò (direct numerical simulation), ?¹°j¼Òí¬˙2, „UàLS9¼

_�V¡b“ük×àæ���5¼Ò«�� _�_Ò5¼ÒÑøAâ¯Þ¼Ò, Ê

.	à®Þ¼Òí¿��ø®�5AâË�iä (free-slip boundary), Ê•¼²

(streamwise) DF¼² (spanwise) }�J�ò5U‚iäZA®�j²5U‚4

¼Ò, ]¤_�Ê®�j²Sàfä$¶ (pseudospectral method) ¡N¼Òj˙

�5�}á, 7�òj²†S�ÌÏ}¶� ÄF5?5¼ÒÑ.ª9ò¼, FJ Tsai

(1998) 5_�°jÝÓ95 Poisson j˙�, J9‰5^£Å—.ª9ò¼5‘K�

vÈ	}†Sàù¼Qlæ¾ (low-storage) 5 Runge-Kutta ¶�Ñ_ÒêÒ��

5®ñiäµ9¼Ò, ]bM_�2k®Þ,lDø	ìê‘‰, /®ÞÑAâ¯Þ,

Ä¤¼ñªJk®ÞAâ«��

Melville � (1998) 5õðê§}�Ñ 3� 4 D 5 m s−1� ¤úê§F¨A5Q

¡®Þ¼§� ê§DÌj;é0ÓvÈ5‰“àÇ 1.3 Fý, ÄõðêÒAÓ¢Çá

«�, ]F��í®ñ¼Ò?ÑÝ G� Ê¤Ý GíÆ“¬˙2, ®ÞßÞøpéÔ

�‰“, ¹ò§‘½5ÞA�¤Ô�Æ“ív¨ (¹Ç 1.2 Fý5v¨) }�JJúi

$™ýkÇ 1.3 2�Ñ�ôbMl�FÛ5vÈ, Ê Tsai (2001) í_Òõð2, 4

S®Þò§‘½Æ“Çá‡b”5vÈÑbM_ÒÇá5vÈ (ÊÇ 1.3 2J�ò™
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[ 1.1: bM_Ò�ávÈóú@íõðªWvÈD�á®Þ�Ì§�

ê§ (Ua) bM_Ò�ávÈó bM_Ò�á®Þ

ú@íõðªWvÈ �Ì¼§

3 m s−1 50 s 12.5 cm s−1

4 m s−1 30 s 15 cm s−1

5 m s−1 20 s 20 cm s−1

([ý)� Ä¤ÊJ-í!‹}&Dn�2, bM_Ò!‹5vÈŸõóúkõðªW

5vÈøÓêÒ§�7æ, à[ 1.1 Fý� Wàê§Ñ 5 m s−1 5õð2, bM_Ò

vÈ 6.5 s ¹óçkõðªW5 26.5 s�bM_Ò�áí®Þ�Ì¼§?�k[ 1.1

2�

ê��5®ñÌ¶®ƒ G, OuÊbM_Ò’eí²¦,Ebè£¼Òu´˛®

A�/ ìê�íÕG�bM_Ò!‹5ÌÄŸ®Þ�Ì•¼²§� u0� �ÌÅ� θ0

D�Ì−ñë� c0, J£�Ì×�#�ÓvÈ5‰“, àÇ 1.4� Ç 1.5 DÇ 1.6 F

ý��Ì×�#�5ì2Ñ 〈(f −〈f〉)2〉1/2 = 〈f ′2〉1/2, w2 〈〉 [ý®�Þ5�Ì�

âÇ 1.4 B 1.6 ív‰Çªø, ÊbM_ÒÇá� 2 s q, ®Þí�ÌD×�¾î×

Û3k‰“, Í(%� 5 s B 10 s íê�, w‰“Ú�î¸� Qê§FÛíê�vÈ

œòê§Å, 7Å�D−ñë�FÛ5ê�vÈ¢œ§�Å� âJ,5hôª)øÊ

ê§Ñ 3� 4 D 5 m s−1 v, bM_Ò}�Ê 16� 11 D 5 s 5(w®Þ¼Ò5�Ì

M¸×�#�î�k ì, ]…û˝4Sàw(5_Ò!‹JªW}&�
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Ç 1.3: Melville � (1998) íõðQ¡®Þ5¼§� ê§DÌj;é05v‰Ç�

ÄÑ DPIV É?¾¿¿� 2.7 mm J-í¼§, ]¥³FýQ¡®Þ5¼§Ñ¿

� 2.7 mm 5¼§�ú"Çê§}�Ñ (a) 3 m s−1; (b) 4 m s−1; (c) 5 m s−1�

Ç2õ(ÑQ¡®Þ5¼§, õ(Ñê§, ™(ÑÌj;é0��-s_õ-Júi

$F¨Ö5v¨Ñ‘½Æ“¬˙, ¤Æ“¬˙àÇ 1.2 Fý� ×Iªõ|ê§B0,

‘½Æ“5vÈBs��ò™(™ý|bM_ÒÇáívÈ�
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1.5 �d-Z

‡úJ,�É®-iäµ¼ÒDäÞyh_�óÉû˝5�èDn�, …û˝ø@à

Tsai (2001) 5bM_Ò!‹J«nJ-s_3æ:

Ê�ùı2BbøJbM_ÒF)5¼Ò§�� Å�D−ñë�ú�˛È}0b

M, ð„ Liu ¸ Businger (1975) ‚àäÞyh_�FRû5}äŸµq�Ì}

0� Ê 2.1 ílRûÀøyh®ÈÊ}äŸµqíÏ¾� �¾D−ñ5f�, Q-V

Sàøƒb[ýr¶yh®È5ýG‚}0, 1°¦}äŸµq�ÌÅ�� �Ì•¼

²§�D�Ì−ñë�}0ƒb� Ê 2.3†zpPk}äŸµ-jíúbµ�ÌÅ��

�Ì•¼²§�D�Ì−ñë�}0ƒb, 1Ê 2.4 ø}äŸµ}0ƒbDúbµ}

0ƒb>}k/ø¿�, J°¦óÉ¡b� 2.5 n�bM_Ò!‹DÜ��Ì}0ƒb

5ªœ�

Ñªø¥„õyháð5æÊJ£«nwª?5!Z, BbÊ�úı2ÅHàSJ

ù&Dú&eg“¼Ò5j¶,}&¼Òª?5 -4!Z,1ª77jyháð5Þ

Aœ„� Ê 3.1 ílJ®Þ¼ñ”õ}0¸�MÇ„õbM_Ò!‹2æÊ Melville

� (1998) õð5®Þ¼ÒÔ�, ¹ò§‘½5ÞAJ£w}t, 1@à®�D�ò

�Þ�MÇð„ Melville � (1998) Êdı2{zp (O1„y¿p«n) ‘½}t

5œ„, 4ÄÃ¯®¼5®°� Ê 3.2 â®ÞíÅ�D−ñë�}0Çá, M¥«©

Ã¯®¼Dyháð5ª?!Z, 1k 3.3 c¯¤ı5hô, ·H¼Ò25Ã¯®¼

!Z, 1zp¼Ò!ZDyháð5É[�
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(f) Ua = 5 m/s

Ç 1.4: ®Þ�Ì•¼²§�D�Ì×�#�v‰Ç� (a)� (c) D (e) }�Ñê§

Ua = 3� 4 D 5 m s−1 5�Ì¼§v‰Ç� (b)� (d) D (f) }�Ñê§ Ua = 3�

4 D 5 m s−1 5�Ì×�#�v‰Ç� Ç25™(H[Ê¤vÈ(�ÌM¸×�#

�î�k ì�
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time (s)

〈θ
′2 〉1/

2

0 5 10 15 20
0

0.1

0.2

0.3

(d) Ua = 4 m/s

time (s)

θ 0

0 5 10 15 20
0

0.2

0.4

0.6

0.8

1

(c) Ua = 4 m/s

time (s)

θ 0

0 5 10 15 20
0

0.2

0.4

0.6

0.8

1

(a) Ua = 3 m/s

time (s)

〈θ
′2 〉1/

2

0 5 10 15 20
0

0.1

0.2

0.3

(b) Ua = 3 m/s

time (s)

θ 0

0 5 10 15 20
0

0.2

0.4

0.6

0.8

1

(e) Ua = 5 m/s
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(f) Ua = 5 m/s

Ç 1.5: ®Þ�ÌÅ�D�Ì×�#�v‰Ç� (a)� (c) D (e) }�Ñê§ Ua =

3� 4 D 5 m s−1 5�ÌÅ�v‰Ç� (b)� (d) D (f) }�Ñê§ Ua = 3� 4 D 5

m s−1 5�Ì×�#�v‰Ç� Ç25™(H[Ê¤vÈ(�ÌM¸×�#�î�

k ì�
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time (s)
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Ç 1.6: Q¡®ÞT�Ì−ñë�D�Ì×�#�v‰Ç� (a)� (c) D (e) }�Ñ

ê§ Ua = 3� 4 D 5 m s−1 5�Ì−ñë�v‰Ç� (b)� (d) D (f) }�Ñê§

Ua = 3� 4 D 5 m s−1 5�Ì×�#�v‰Ç� Ç25™(H[Ê¤vÈ(�ÌM

¸×�#�î�k ì� ÄÑ−ñë�Ê®Þ&M.‰, FJ¦�®- 0.06 cm T

íM�
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2

9¼iäµ5�Ì¼Ò}0

úkÌË��Þ9¼iäµ¼Ò, wòÐŸµq�Ì¼§ÊøOõð¾¿DÜ�Rû,

î×(4}0�G� Ä¤úk½−>äÞAâ¯Þiäµ9¼Ò5¡b“, l‡5û

˝îSàDÌË��Þ9¼iäµ¼Òó°5(4}0 (Wu, 1975), ?¹cq§ê

‘‰Tà5Aâ¯ÞóçkøÌË��Þ (Csanady, 1984)� úk}äŸµqÅ�D

−ñë�}0?îeÑ(4�G (Wu, 1984)� Ou Liu ¸ Businger (1975) J

£ Liu (1978) @àäÞyh_�Rû}äŸµq�ÌÅ�5}0, )ƒ�ÌÅ�Ê

®¿j²×Nb}0ƒb, 7Ýf$cq5(4}0� ¤Nb}0ƒb5�òÅ�}

0?{\ Khundzhua ¸ Andreyev (1974) k.½5ÛÒõðêÛ� ÑJbM_

Ò!‹ð„¤cqäÞyh_�F)5Nb}0ƒb, Ê…�2Bbøl�è Liu ¸

Businger (1975) J£ Liu (1978) íyh_�Ü�Rû, 1øwR�B�Ì•¼²

§�¸�Ì−ñë�5}0�

2.1 }äŸµ5Ï¾� �¾D−ñ5f�

;d�øŸ…Pk®-¹¯®ñ5®È, wÅ�D®-¹¯®ñÅ� (bulk temper-

ature) ó°� ¤®È%yh¬˙7¦HŸ…ÏŸµ25®È, ÄÏfûÑÏŸµ53
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b�òÏf�¬˙, ]ÏŸµqyh®ÈÅ�}0DvÈ‰“5−„j˙�ÑÏfû

j˙�:

∂θ

∂t
= νθ

∂2θ

∂z2 , (2.1)

w2 θ Ñ¼ñ5Å�, 4vÈ (t) D¿� (z) 5ƒb, νθ Ñ®íÏfû0 (thermal

conductivity)� ÄÑyh5}äŸµ®Èx�¸®-¹¯®ñó°5Å�, ]w�á

Å�Ñ θ(z, t = 0) = θb, w2 θb Ñ®-¹¯®ñÅ�, uø_�b� ÏŸµ5,i

äÑ®Þ, -iäÑDúbµ5äÞ�½ÞÄxê7±Å, Ä¤J˛−2ê�Dê§	

ì, †¦¬½Þ5Ï¦¾?\MøìM�]®Þíiä‘KÑ:

∂θ

∂z
(z = 0, t) = − Q0

ρcpνθ
, (2.2)

w2 Q0 Ñ®ÞíÏ¦¾, ρ Ñ®íò�, cp Ñ®íªÏ (specific heat)�Bk-i

ä5‘K, âkÌ¶,¾ÏŸµDúbµpüíäÞ¿�, ]ÏŸµ5-iäcqÑ

ÌÌ¿�, úk5(íò4Ÿµ¸ØàŸµ6T°šícq�

Å—J,5�á‘K¸iä‘K, )ƒÏfûj˙� (2.1) íjÑ:

θ(z, t) =
Q0

ρcpνθ
2
√

νθt
[
− z

2
√

νθt
erfc

( z

2
√

νθt

)
+

1√
π

exp
(
− z2

4νθt

)]
+ θb ,

(2.3)

w2 complementary error function erfc(x) = (2/
√

π)
∫∞

x exp(−t2)dt� @à

Abramowitz ¸ Stegun (1972) í	}t�:

ierfc(x) = −xerfc(x) +
1√
π

exp(−x2) ,

)ƒ

− z

2
√

νθt
erfc

( z

2
√

νθt

)
+

1√
π

exp
(
− z2

4νθt

)
= ierfc

( z

2
√

νθt

)
,
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FJ� (2.3) ª[ýÑ:

θ(z, t) =
Q0

ρcpνθ
2
√

νθt ierfc
( z

2
√

νθt

)
+ θb , (2.4)

¤ÑÏŸµqÀøyh®ÈÅ��ò}0ÓvÈ5‰“�

J,Ñ Liu ¸ Businger ;WÄäÞyh¬˙7,¯5Àøyh®ÈÊÏŸµí

Å��ò}0ÓvÈ5‰“� BbªJø¤Ü�_�Ø£òÐŸµqÀøyh®È5

•¼²§�D−ñë��ò}0� Ê•¼²§�jÞ, ÄòÐ^@ÑòÐŸµq®È

®��¾Ê�ò²f�53bœ„, ]òÐŸµq•¼²§�ÓvÈ‰“5−„j˙

�ÑØàj˙�:

∂u

∂t
= ν

∂2u

∂z2 , (2.5)

w2 u Ñ•¼²§�, 4vÈ (t) D¿� (z) 5ƒb, ν Ñ®í«�òÐ[b (kine-

matic viscousity)�J¤®ÈÑA®-¹¯®ñÃ¯BòÐŸµíyh®È, ®Èí

•¼²§�¸®-¹¯®ñ•¼²§�ó°, ]w�á•¼²§�Ñ u(z, t = 0) =

ub, w2 ub Ñ®-¹¯®ñí•¼²§�, uø_�b� òÐŸµ5,iäÑ®Þ,

-iäD�ÌÅ�}0ó°, cqÑÌÌ¿��®ÞÄÑæÊø	ì5ê‘‰Tà, ]

®Þ5iä‘KÑ:

∂u

∂z
(z = 0, t) = − τ0

ρν
, (2.6)

w2í τ0 Ñ®Þíê‘‰� Øàj˙� (2.5) Å—J,5�á‘K¸iä‘K5j

Ñ:

u(z, t) =
τ0

ρν
2
√

νt ierfc
( z

2
√

νt

)
+ ub , (2.7)

¤ÑòÐŸµqÀøyh®È•¼²§��ò}0ÓvÈ5‰“�
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®Þ-Éj−ñ5f�?DÏ¾¸�¾ó°, ÊØàŸµqyh®È5−ñë��

ò}0ÓvÈ5‰“6ÑØàTà−„, ]yh®È5−ñë��ò}0ÓvÈ5‰

“í−„j˙�6ÑØàj˙�:

∂c

∂t
= νc

∂2c

∂z2 , (2.8)

w2 c Ñ®È5−ñë�, 4vÈ (t) D¿� (z) 5ƒb, νc Ñ−ñÊ®2íØà

[b (diffusivity)� yh®È2Ÿ…í−ñë�D®-¹¯®ñí−ñë�ó°, ]

w�á−ñë�Ñ c(z, t = 0) = cb, w2 cb Ñ®-¹¯®ñí−ñë�, uø_�

b� ØàŸµ5,iäÑ®Þ, -iä¸Å�}0í8”ó°, cqÑÌÌ¿�� úk

�É45−ñ (àù�“ï), w¦¬˛−D®ñäÞ5f�®‰3bÊ®ñ, Ä¤ª

Jø×−eÑ−ñ5Ì¤læé, w−ñë�ÑÌG5ìM, ]cq−ñë�Ê®Þ

\MøìM, 6Ä¤−ñë�Ê®Þíiä‘KÑ c(z = 0, t) = c0, w2 c0 Ñ®Þ

í−ñë�, uø_�b�Å—J,5�á‘K¸iä‘K, )ƒØàj˙� (2.8) í

jÑ:

c(z, t) = (c0 − cb)erfc
( z

2
√

νct

)
+ cb , (2.9)

¤ÑØàŸµq5Àøyh®È−ñë��ò}0ÓvÈ5‰“�

2.2 Jyh_�Rû}äŸµ�Ì}0ƒb

J,5Rû!‹Ñ}äŸµ2 �Àøyh®È� 5Å� (θ)� •¼²§� (u) £−ñ

ë� (c) Ó®¿DvÈ5}08”�Ñ5?A¹¯®ñÓœÃ¯¨Aíyh¬˙, Liu

¸ Businger ªø¥Sà Danckwerts (1951) 5_�, cqyh®ÈÓœ4ËÃ¯

B}äŸµq, ]ì2øÞ·U‚}0ƒb (age distribution function) V[ý}
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äŸµqcñyh®È5ýG‚�Þ·U‚}0ƒb φ(t) 5<2ÑÊ}äŸµq, A

¹¯®ñÃ¯/ýG‚Ñ t 5yh®ÈF´íªW� Ä¤ φ(t)dt ÿ[ýÊýG‚Ñ

t ƒ t + dt íF�yh®ÈÊ}äŸµqF´íªW�âJ,Þ·U‚}0ƒbí–

1, ªJø}äŸµ2/ø4” X(z, t) 5�ÌM[ýÑ:

X(z) =

∫ ∞

0
φ(t)X(t)dt , (2.10)

¤ X H[yh®ÈkvÈ5�Ì, FJñøí‰bu¿� z� Liu ¸ Businger cq

}äŸµqyh®È\wFÃ¯7V5yh®ÈF¦Híœ0¸ýG‚ÅsÌÉ, 6

ÿuz©_yh®È·�°šíœ}\wFâ-7Víyh®ÈF¦H, Ä¤ªJø

Þ·U‚}0ƒb[ýÑ:

dφ(t)

dt
= − 1

t∗
φ(t) , (2.11)

w2 t∗ Ñr¶yh®Èí�ÌýG‚� øw	}, )ƒ:

φ(t) = φ(0) exp
(
− t

t∗

)
�

J5?F�yh®ÈíýG‚, †ø¨�ýG‚* 0 B ∞, FJ
∫∞

0 φ(t)dt = 1,

¹:

φ(0) =
1

t∗
,

Ä¤Þ·U‚ƒbª[ýÑ (Liu ¸ Businger, 1975):

φ(t) =
1

t∗
exp

(
− t

t∗

)
� (2.12)

�7}äŸµ2yh®ÈÞ·U‚ƒb5}0, BbZªl�|}äŸµq�ÌÅ

�� �Ì•¼²§�D�Ì−ñë�5�ò}0��ÌÅ�}05Rû, øyh®È5
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Þ·U‚}0� (2.12) ¸Àøyh®È5Å�}0ÓvÈ5‰“� (2.3) HpÏŸ

µqr¶yh®È5	}�Ì[ý� (2.10):

θ(z) =

∫ ∞

0

[ 1

t∗
exp

(
− t

t∗

)]

×
{ Q0

ρcpνθ
2
√

νθt
[
− z

2
√

νθt
erfc

( z

2
√

νθt

)
+

1√
π

exp
(
− z2

4νθt

)]

+ θb

}
dt , (2.13)

øwcÜ()ƒ:

θ(z) = − 1

t∗

Q0z

ρcpνθ

∫ ∞

0
exp

(
− t

t∗

)
erfc

( z

2
√

νθt

)
dt

+
1

t∗

2
√

νθQ0√
πρcpνθ

∫ ∞

0
exp

(
− t

t∗

)
exp

(
− z2

4νθt

)√
tdt

+
θb

t∗

∫ ∞

0
exp

(
− t

t∗

)
dt , (2.14)

w2 ∫ ∞

0
exp

( t

t∗

)
erfc

( z

2
√

νθt

)
dt = t∗ exp

(
− z√

νθt∗

)
,

/@à Gradshteyn ¸ Ryzhik (1994) í	}t�:

∫ ∞

0
x2 exp

(
− a

x2 − µx2
)
dx =

1

4

√
π

µ3 (1 + 2
√

aµ) exp(−2
√

aµ) ,

)ƒ

∫ ∞

0
exp

(
− t

t∗

)
exp

(
− z2

4νθt

)√
tdt =

√
π

2
t3/2
∗

(
1+

z√
νθt∗

)
exp

(
− z√

νθt∗

)
�

†� (2.14) ZŸ(ªJ)ƒ�ÌÅ�}0:

θ(z) =
Q0
√

νθt∗
ρcpνθ

exp
(
− z√

νθt∗

)
+ θb � (2.15)
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z

θ0 θ

Ç 2.1: ÏŸµq�ÌÅ�ó�Þý<Ç, Ÿ z W¬� θ0 AÑhW( (™(T)�

Ê,�2

Q0
√

νθt∗
ρcpνθ

= θ(0)− θb = θ0 − θb , (2.16)

w2 θ0 Ñ®Þí�ÌÅ��FJ� (2.15) ªJªø¥[ýÑ:

θ(z)− θb

θ0 − θb
= exp

(
− z√

νθt∗

)
� (2.17)

ì2ÏŸµÔ��� zθ /â� (2.16) )ø:

zθ ≡
√

νθt∗ =
ρcpνθ

Q0
(θ0 − θb) ,

†� (2.17) ª[ýÑ:

θ(z)− θb

θ0 − θb
= exp

(
− z

zθ

)
� (2.18)

â� (2.18) Fý, ÏŸµq�ÌÅ�Ê®¿j²5‰“×ÛNb}0ƒb� Ç 2.1 –

I·H¤}0�

Ñ7yÀUË[ý�ÌÅ�Ê®¿j²5Nbƒb}0, BbøÇ 2.1 5 z W¬
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� θ0 1JwÑNbƒb5hW( (™(T), †� (2.18) ª[ýÑ:

θ(z)− θ0

θb − θ0
= 1− exp

(
− z

zθ

)
� (2.19)

ì2ÌÄŸí�ÞÀP (wall unit) z+, ÌÄŸíŸµ¡b ξθ J£�ÄŸíÁÓÅ

� (friction temperature) θ∗ ¸�ÄŸíÁÓ§� (friction velocity) u∗ à-:

z+ ≡ zu∗
ν

,

ξθ ≡ u∗zθ

νθ
=

u∗
νθ

ρcpνθ

Q0
(θ0 − θb) =

θb − θ0

θ∗
,

θ∗ ≡ −Q0

u∗

1

ρcp
,

u∗ ≡
√

τ0

ρ
,

/ø z è™[ýÑ�è™ z+:

z

zθ
=

zu∗
ν

νθ

u∗zθ

ν

νθ
= z+ 1

ξθ
Pr ,

w2 Pr = ν/νθ Ñ Prandtl number� †� (2.19) ªJZŸA

θ(z)− θ0

θ∗
= ξθ

[
1− exp

(
− Pr

z+

ξθ

)]
, (2.20)

¤ÑÏŸµq�è™Í$5ÌÄŸ�ÌÅ�}0�

•¼²§�}05Rû, øyh®È5Þ·U‚}0� (2.12) ¸Àøyh®È5

•¼²§�}0ÓvÈ5‰“� (2.7) HpòÐŸµqF�®È5	}�Ì[ý�

(2.10), 1cÜ(ª):

u(z) =
τ0
√

νt∗
ρν

exp
(
− z√

νt∗

)
+ ub � (2.21)

Ê,�2

τ0
√

νt∗
ρν

= u(0)− ub = u0 − ub , (2.22)

20



z

u0 u

Ç 2.2: òÐŸµq�Ì•¼²§�ó�Þý<Ç, Ÿ z W¬� u0 AÑhW( (™

(T)�

w2 u0 Ñ®Þí�Ì•¼²§��FJ� (2.21) ªªø¥[ýÑ:

u(z)− ub

u0 − ub
= exp

(
− z√

νt∗

)
� (2.23)

ì2òÐŸµÔ��� zu:

zu ≡
√

νt∗ =
ρν

τ0
(u0 − ub) , (2.24)

†,�ª[ýÑ:

u(z)− ub

u0 − ub
= exp

(
− z

zu

)
� (2.25)

,�éýòÐŸµq�Ì•¼²§�Ê®¿j²5‰“×Nb}0ƒb, Ç 2.2 –I

·H¤}0�

Ñ7yÀUË[ý�Ì•¼²§�Ê®¿j²5Nb}0ƒb, BbøÇ 2.2 5 z

W¬� u0 1JwÑNbƒb5hW( (™(T), †� (2.25) ª[ýÑ:

u0 − u(z)

u0 − ub
= 1− exp

(
− z

zu

)
� (2.26)
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ì2ÌÄŸíŸµ¡b ξu:

ξu ≡ u∗zu

ν
=

u∗
ν

ρν

τ0
(u0 − ub) =

u∗
u2∗

(u0 − ub) =
u0 − ub

u∗
,

/ø z è™[ýÑ�è™ z+:

z

zu
=

zu∗
ν

ν

u∗zu
= z+ 1

ξu
,

†� (2.26) ªJªø¥[ýÑ:

u0 − u(z)

u∗
= ξu

[
1− exp

(
− z+

ξu

)]
, (2.27)

¤ÑòÐŸµq�è™Í$5ÌÄŸ�Ì•¼²§�}0�

ØàŸµq�Ì−ñë�}05RûDÅ�¸§�óN, øyh®È5Þ·U‚}

0� (2.12) ¸Àøyh®Èíë�}0ÓvÈ5‰“� (2.9) HpØàŸµqF�

®È5	}�Ì[ý� (2.10), )ƒ:

c(z) =

∫ ∞

0

[ 1

t∗
exp

(
− t

t∗

)][
(c0 − cb)erfc

( z

2
√

νct

)
+ cb

]
dt � (2.28)

øwcÜ()ƒ:

c(z) =
c0 − cb

t∗

∫ ∞

0
exp

(
− t

t∗

)
erfc

( z

2
√

νct

)
dt +

cb

t∗

∫ ∞

0
exp

(
− t

t∗

)
dt ,

(2.29)

@à Gradshteyn ¸ Ryzhik (1994) í	}t�:

∫ ∞

0
erfc

(β

x

)
exp(−µ2x2)xdx =

1

2µ2 exp(−2βµ) ,

)ƒ: ∫ ∞

0
exp

(
− t

t∗

)
erfc

( z

2
√

νct

)
dt = t∗ exp

(
− z√

νct∗
)
�
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†� (2.29) ZŸ(ªJ)ƒØàŸµq�Ì−ñë�}0:

c(z) = (c0 − cb) exp
(
− z√

νct∗

)
+ cb � (2.30)

ÇÕ, 5?øÃ¯®ÈÊ®Þ5−ñ¦¾:

J(z = 0, t) = −ρνc
∂c

∂z
(z = 0, t) =

c0 − cb√
π

ρνc√
νct

, (2.31)

ø� (2.31) D� (2.12) Hp� (2.10) ª)®Þ5�Ì−ñ¦¾:

J(0) ≡ J0 =

∫ ∞

0

[ 1

t∗
exp

(
− t

t∗

)][c0 − cb√
π

ρνc√
νct

]
dt =

ρνc(c0 − cb)√
νct∗

� (2.32)

ì2ØàŸµÔ��� zc:

zc ≡
√

νct∗ =
ρνc(c0 − cb)

J0
, (2.33)

ØàŸµq�Ì−ñë�Ê®¿j²5}0ƒbDÏŸµq�ÌÅ�Ê®¿j²5}

0�Gó° (¡cÇ 2.1), ]ªø¥ø� (2.30) [ýÑD�ÌÅ�ó°5Nbƒb

}0:

c(z)− c0

cb − c0
= 1− exp

(
− z

zc

)
� (2.34)

ì2ÌÄŸíŸµ¡b ξc J£�ÄŸíÁÓë� (friction concentration) c∗:

ξc ≡ u∗zc

νc
=

u∗
νc

ρνc(c0 − cb)

J0
=

cb − c0

c∗
,

c∗ ≡ −J0

u∗

1

ρ
�

FJ z è™ª[ýÑ�è™Í$ z+:

z

zc
=

zu∗
ν

νc

u∗zc

ν

νc
= z+ 1

ξc
Sc ,
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w2 Sc = ν/νc Ñ Schmidt number, †� (2.34) ª[ýA:

c(z)− c0

c∗
= ξc

[
1− exp

(
− Sc

z+

ξc

)]
, (2.35)

¤ÑØàŸµq�è™Í$5ÌÄŸ�Ì−ñë�}0� ÖÍ−ñë�DÅ�C§�

Ê®Þ5iä‘K.° (−ñë�5äÞiä‘KÑ Dirichlet ‘K, Å�D§�†

Ñ Neumann ‘K), Íw}äŸµq�Ì}0ƒb5$� (2.35)� (2.20) D (2.27)

†ó°�

2.3 úbµ�Ì}0ƒb

Ê}äŸµDêr¹¯59¼ÒÈæÊø–�, Ê¤–�2òÐD9¼�¼^@°�

½b,¤¬¾–�q�Ì•¼²§�Ê®¿j²5}0×úb}0ƒb (Churchill¸

Csanady, 1983 J£ Wu, 1975, 1984):

u0 − u(z)

u∗
=

1

κ
ln z+ + ψu =

1

κ
ln

z

z0
, (2.36)

w2 κ Ñ Karman �b, ψu ÑøÄÉ�¡b, z0 Ñ[ÞÄÉÅ� (surface rough-

ness length), wÉ[Ñ:

κψu = − ln
(z0u∗

ν

)
� (2.37)

°šË, úbµq�ÌÅ�¸�Ì−ñë�Ê®¿j²5}06×úb}0ƒb,

θ(z)− θ0

θ∗
=

1

κθ
ln z+ + ψθ =

1

κθ
ln

z

z0θ
, (2.38)

c(z)− c0

c∗
=

1

κc
ln z+ + ψc =

1

κc
ln

z

z0c
� (2.39)
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2.4 }äŸµNb}0ƒbDúbµúb}0ƒb5>}

â,s�5zp, Bbø−ÊòÐŸµq�Ì•¼²§�Ó®¿j²}0Ñ� (2.27)

í �Nbƒb� �G, 7Êúbµ2†Ñ� (2.36) í �úbƒb� �G, ¤ù}0ƒ

bÊø¿�Û>} (matching)�Ñ7ªœ¤Ü�}0ƒbDbM_Ò, Ûªø¥°¦

� (2.27) D� (2.36) 25óÉ¡b�

ì2òÐŸµDúbµÊ®Þ-�ÞÀP z+ = ζ+
u T>}� Ê¤>}¿�§�¸

‘‰Û©/, FJª�¤)ƒs_‘K��� Ä§�©/, ]âòÐŸµ�Ì•¼²§

�}0ƒb� (2.27) ¸úbµ�Ì•¼²§�}0ƒb� (2.36) ª)ƒ��:

ξu

[
1− exp

(
− ζ+

u

ξu

)]
=

1

κ
ln ζ+

u + ψu , (2.40)

Ä‘‰©/, � (2.27) ¸� (2.36) 5øŸûbÊ z+ = ζ+
u Ûó�, ]ª)ƒ��:

exp
(
− ζ+

u

ξu

)
=

1

κζ+
u

� (2.41)

� (2.40) D� (2.41) ù��·HòÐŸµDúbµ5’¯, ZAøÝ(4:j˙

�J°j„øb ζ+
u ¸ ξu�

Êúb}0ƒb� (2.36) 2 κ D ψu ÑAâ¡b, Ä¤Ê°j ζ+
u ¸ ξu ‡Û

l²ì Karman �b κ DÄÉ�¡b ψu� @à|ü�jÏ�(Ò¯AbM_Ò!

‹°¦¤ù¡b5¬˙à-� øbM!‹5®��Ì•¼²§�Júbµúb}0ƒ

b� (2.36) �U˝i5$�l�, 1J ûi [ýwM (i H[bM_Ò5®¿j²æ

�)� ûi bM¸� (2.36) �U¬i5Ü�M5ÏæÑ{M (residual) ρi, ¹

ρi = ûi − 1

κ
ln z+

i − ψu , (2.42)
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ì2/¿�¸ˇ5{M�j,¯:

N∑
i=n

ρ2
i =

N∑
i=n

(ûi − 1

κ
ln z+

i − ψu)
2 , (2.43)

w2 n H[¤¸ˇí,iäæ�, N H[-iäæ�� |75 κ D ψu M¹óçk

|ü5{M�j¸, ]ø� (2.43) }�ú ψu D κ ¦ûb, 1/IwûbMÑÉJ

²ì”ü5{M, )ƒ

ψu =
1

N

N∑
i=n

ûi − 1

N

1

κ

N∑
i=n

(ln z+
i ) , (2.44)

¸

1

κ
=

N∑
i=n

(ûi ln z+
i )− ψu

N∑
i=n

(ln z+
i )

N∑
i=n

(ln z+
i )2

� (2.45)

ø� (2.45) Hp� (2.44), ¹ª)ƒ ψu í[ý��¤ù�îªòQâbM’el�

)ƒ� )ø ψu D κ ¡bM5(, ¹ªSà�â¶°jÝ(4:j˙� (2.40) ¸

(2.41) 5 ξu D ζ+
u ¡bM� �ÌÅ�¸�Ì−ñë�óÉ5¡b (Å�: ξθ D ζ+

θ ;

−ñë�: ξc D ζ+
c ) ®AªJY,H5j¶l��

2.5 bM_ÒDÜ��Ì}05ªœ

Liu � (1979) 0lT|J}äŸµ5Nbƒb�Ì}0� (2.20)� � (2.27) D�

(2.35)J£úbµ5úbƒb�Ì}0� (2.36)�� (2.38)D� (2.39)dÑ¡b“

½¸D×−5�¾� Ï¾J£®�¦¾5!�, ¤j¶BDE�˜\Sà (à Fairall

�, 1996 D Clayson �, 1996)�Í¤JäÞyh_�RûF)íÜ�}0ƒbºø

ò„\ð„� à 1.5 �FH, …�dû˝3bñí5øÑ@à Tsai (2001) bM_Ò
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[ 2.1: |ü�jÏ�(Ò¯F²¦5úbµ¿�¸ˇ

ê§ (Ua) •¼²§�5¸ˇ Å�5¸ˇ −ñë�5¸ˇ

3 m s−1 20 – 60 15 – 50 20 – 100

4 m s−1 20 – 70 15 – 65 25 – 100

5 m s−1 20 – 90 15 – 60 25 – 105

(¸ˇ4�ÞÀP z+ íM, ¿�B¿MB×�)

F)í¼Ò§�� Å�D−ñë�5vÈD˛È}0’e, Jð„ Liu D Businger

(1975) J£ Liu � (1978) 5Ü�}0ƒb�

Ñ²ìúb}0ƒb25	}�b ψ J£�b κ, ÛJ|ü�jÏ�(Ò¯bM

l�5bW (c 2.4 �)�[ 2.1 F�Ñ…û˝FSà5úbµ¿�¸ˇ (J�è™[

ý), wMYê§J£§�� Å�D−ñë�7æ� à 1.4 �FH, ê‘‰��5®ñ

iäµ¼ÒÑøÝ G7M/ê�í¼Ò, wiäµ¾�ÓvÈÓ×, Ä¤úbµ¿

�¸ˇJ£Y¤FÒ¯5	}�b ψ � �b κ D°j5Ÿµ¾�¡b ξ� >}¿�

ζ+ îª?ÓvÈ‰��

Ç 2.3� Ç 2.4 DÇ 2.5 }�Ñ§�� Å�D−ñë�5 ζ+� ξ D κ Êú�ê§

-ÓvÈ5‰“� w!‹éý, ÖÍNbµDúbµ>}¿�ÓvÈM/‰“, Í7ú

bµ�b κ DŸµ¾�¡b ξ Ê%¬bM_Ò�‚Æ“J|cA	5�á¼ÒBA

Í¼Ò( (à®Þ�Ì×�#�Ç 1.4� Ç 1.5 DÇ 1.6), ¹®ƒø ìM� §�ú

bµ�b κ 5M�k 0.35 D 0.39, ¤MDÌË��Þ9¼iäµ¼Ò5 Karman

�bM 0.4 Q¡, /.Óê§5×ü7Z‰ (ªœÇ 2.3 (a)� (b) D (c))�Å�D−

ñë�Òúbµ�b κθ D κc 5M?D§�Òó°, .ÄÅ�Dë�ÒÑ§3�§
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�Ò	à5\�}0Ò7�FÏæ�

óœkNbµDúbµ>}¿� ζ+ ÓvÈDê§7—ËZ‰, ÌÄŸ5Ÿµ¾�

¡b ξu� ξθ D ξc Ê¼Òêrê�(¹®ƒø ìM, �Ñ 10�¤MœÌË��Þ5

Ÿµ¾� (ξu = 16)ü (Liu�,1979)� ÄÌÄŸ5òÐŸµ¾�¡b ξu = u∗zu/ν,

?¹�ÄŸòÐŸµ¾� zu = ξuν/u∗, ÓOê§5Ó×wÁÓ§� u∗ ?Ó×, Ä

¤òê§5òÐŸµ¾�ükQê§5¾�, [ýQê§vÄòÐŸµ¨Aí�òf

�®‰œòê§v×�ó°5!�?ªùàBÏ¾D−ñ5f��

Ðø>}¿� ζ+ ¸Ÿµ¡b ξ, ¹ªA� (2.20)� � (2.27)� � (2.35) J£�

(2.36)� � (2.38)� � (2.39) )ƒ}äŸµq�Ì§�� Å�D−ñë�Ê®¿j²

í}08$� Ç 2.6� Ç 2.7 DÇ 2.8 4JäÞyh_�Ñ!�íÜ�}0ƒbDb

M_Ò!‹5ªœ� Ç 2.6 Ñ�Ì•¼²§�Ê®¿j²í}08$, Ç2Ö�ü}

0�(: bM_Ò!‹ (õ()� òÐŸµqíNb}0ƒb (™-õ()� òÐŸµqí

f$(4}0 (™-õ-õ()� úbµqíúb}0ƒb (™() J£ Wu (1984) í

õð’e (¯U)� w2Wu ³�ê§ 5 m s−1 íõð’e, FJBb¦wê§Ñ 4.8

m s−1 íõð’e¡N 5 m s−1 í!‹, 7wFs�ê§ (4 D 3 m s−1) ·�õ

ð!‹� âÇ25ªœpéªø, bM_Ò!‹5�Ì•¼²§�}0DAäÞyh

_�FRû5òÐŸµNb}0ƒb¸úbµúb}0ƒbóç’¯, ÊòÐŸµq

Wu 5õðM?DbM_Ò!‹Q¡, ¤’¯5ªœøòô.BòÐŸµDúbµ5

>ä¿�� Ç 2.7 DÇ 2.8 �É�ÌÅ�D−ñë�5}0ªœ?D�Ì§�ó°,

bM!‹óç¯¯ Liu � (1979) 5Nb-úb �Âµ� Ü�}&�âJ,Ü�� bM

Dõðíªœhô, BbªJRi Tsai (2001) íbM_Ò!‹D Liu ¸ Businger

(1975) FT|5}äŸµNb}0ƒbJ£úbµúb}0ƒbó¯, 6ÈQ„py
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háðJ£äÞyh¬˙íæÊ� Ê-øı2Bbøªø¥J¼Òeg“5j¶}&

bM_Ò5¼Ò˛È}0, JòQð„yháð5æÊDw−„f�5œ„�
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Ç 2.3: ζ+
u � ξu D κ ÓvÈ‰“Ç� Ç2íõ(H[ ζ+

u , ™(H[ ξu, ™-õ(H

[ κ��òíõ(F™ý5vÈÑA	�k¼Ò�²ÑAÍ¼ÒívÈ (àÇ 1.4)�

ú"Çíê§}�Ñ: (a) 3 m s−1; (b) 4 m s−1; (c) 5 m s−1�
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Ç 2.4: ζ+
θ � ξθ D κθ ÓvÈ‰“Ç� Ç2íõ(H[ ζ+

θ , ™(H[ ξθ, ™-õ

(H[ κθ��òíõ(F™ý5vÈÑA	�k¼Ò�²ÑAÍ¼ÒívÈ (àÇ

1.5)�ú"Çíê§}�Ñ: (a) 3 m s−1; (b) 4 m s−1; (c) 5 m s−1�
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time (s)
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+
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(c) Ua = 5 m/s

time (s)
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+
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time (s)
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time (s)
5 10 15 20

0

0.5

1
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Ç 2.5: ζ+
c � ξc D κc ÓvÈ‰“Ç� Ç2íõ(H[ ζ+

c , ™(H[ ξc, ™-õ

(H[ κc��òíõ(F™ý5vÈÑA	�k¼Ò�²ÑAÍ¼ÒívÈ (àÇ

1.6)�ú"Çíê§}�Ñ: (a) 3 m s−1; (b) 4 m s−1; (c) 5 m s−1�
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(b) Ua = 4 m/s

z+
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computed results
exponential
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linear
Wu’s data

(c) Ua = 5 m/s

Ç 2.6: �Ì•¼²§�Ê®¿j²5}0�ú"Çíê§ (Ua) DbM_Ò5vÈ

}�Ñ: (a) 3 m s−1, 21.5 s; (b) 4 m s−1, 12.8 s; (c) 5 m s−1, 9.6 s� Ç2íõ

(H[bM_Ò!‹�™-õ(H[òÐŸµqíNb}0ƒb, â� (2.27) 7V�

™-õ-õ(H[òÐŸµqíf$(4}0�™(H[úbµqíúb}0ƒb, â

� (2.36)7V�¯UH[Wu (1984)íõð’e, Êú"Çwõðê§}�Ñ (a)

3 m s−1; (b) 4 m s−1; (c) 4.8 m s−1�
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(c) Ua = 5 m/s

Ç 2.7: �ÌÅ�Ê®¿j²5}0�ú"Çíê§ (Ua)DbM_Ò5vÈ}�Ñ:

(a) 3 m s−1, 21.5 s; (b) 4 m s−1, 12.8 s; (c) 5 m s−1, 9.6 s� Ç2íõ(H[b

M_Ò!‹�™-õ(H[ÏŸµqíNb}0ƒb, â� (2.20) 7V�™-õ-õ(

H[ÏŸµqíf$(4}0�™(H[úbµqíúb}0ƒb, â� (2.38) 7

V�
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(c) Ua = 5 m/s

Ç 2.8: �Ì−ñë�Ê®¿j²5}0�ú"Çíê§ (Ua) DbM_Ò5vÈ}

�Ñ: (a) 3 m s−1, 21.5 s; (b) 4 m s−1, 12.8 s; (c) 5 m s−1, 9.6 s� Ç2íõ

(H[bM_Ò!‹�™-õ(H[ØàŸµqíNb}0ƒb, â� (2.35) 7V�

™-õ-õ(H[ØàŸµqíf$(4}0�™(H[úbµqíúb}0ƒb, â

� (2.39) 7V�
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3

ú&¼Ò!ZDyh¬˙

,øı2, ªœ@à Liu ¸ Businger (1975) 5äÞyh_�D Tsai (2001) 5

bM_ÒF)ƒ´ÌG¼Ò}0!‹, ÈQð„äÞyháðDäÞyh¬˙5æÊ�

Ê…ı2, BbøS¼Òeg“5j¶, }&ú�˛ÈDvÈ‰“5¼Ò’e, JòQ

ð„yháð5æÊDw−„f�íœ„�

3.1 ®ÞÔ�!Z

äÞyh_�·Hyháð	àê��®Þ-iäµ9¼Ò5!Z� Ñ7û˝yhá

ð5¼Ò!ZÔ�, Bbíl¡5 Melville � (1998) FTí®Þ¼Òõðh¿, @

àbM_�_Òê��®Þ-iäµ9¼Ò5bM_Ò!‹ (Tsai, 2001), «nyh

áðÊ®ÞF$Aí¼ÒÔ�, Jªø¥R�®Þ-ª?íú&áð!Z�

Ê Melville �õð�ê ®üíõð2, ªÀUhôƒs�®Þ¼ÒÔ�!Z:

DêÒ�W5•¼²ò§‘½, J£çò§•¼‘½`X�¶4Q§–�v¹}tÑ

s‘½�Melville �hô‘½5j¶ÑÊ®ÞÓœà0”õ, 1†Ù”õÓ¼ÒÆ“

5¬˙� †Ù5	dàÇ 1.2 Fý, w2ëH¶}Ñ”õ� ÓO¼ÒÆ“, Ÿ…ÌL

S -5”õÊsvÈq (1 B 2 ”) A§�ÕAø‘‘í‘½, /Jœ®Þ�Ì¼
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§Ñ0í§�¼�, ¤Ñ®Þò§‘½í -4!Z� Ê¼Ò‡ªí¬˙2, /<‘½

}péË}t, $As‘‘½./‡ª� 7/ê§B0, ‘½5È�Bü (àÇ 3.1)�

Melville �zp‘½}tÛï5ßÞ, 4ò§‘½XƒÄÃ¯®¼F¨A5®Þêà

7}t� BbwÑù–Ã¯®¼íœ„@ÑyháðTàFù–, kuªø¥hôÃ

¯®¼Dyháð5É[�

Êªø¥ªW®Þ-ú&¼Òhô‡, .âlüw Tsai (2001) 5bM_ÒæÊ

Melville �õð5®Þ¼ÒÔ��Bb_Ò Melville �õð5®Þ¼Òeg“j¶,

ÊbM_Ò¼Òí®Þ[0 Lagrangian ”õ (Lagrangian particles, �˚ LPs),

1hôw}0Ó¼ÒÆ“5‰�8$� Ç 3.2 Ñê§ 5 m s−1 ®Þ LPs Ê.°v

È5}0Ç, ÊbM_ÒÇá(� 9 s k®ÞÓœ0p LPs, 5(È½ 0.5 s ¦ø"

LPs Çd� ªœÇ 1.2 DÇ 3.2, ªJÀUêÛbM_Ò×ÛD Melville �õðh

¿ó°5‘½!Z, /‘½?�}t5Ûï� Ñªø¥üwbM_ÒFhôƒí‘½

!ZüõÑò§‘½, ]ø LPs }0Ç¸®Þ•¼²§�5�MÇL¯, àÇ 3.3�

ÊÇ2êÛ, �Õ5‘½×Ö•O®Þ•¼²§�òí®¼‡ª, Ä¤ªJ�„¤‘

½Ñò§‘½� °šAÇ 3.3 .°ê§5ªœ6ªJêÛê§¸‘½È�íÉ[� Ç

3.3 }�éýê§Ñ 3� 4 D 5 m s−1 5.°®Þ”õ}0, /Çí�÷¸ˇó°,

Ä¤ªpéËêÛê§B0‘½5È�†Bü� ¤hô!‹¸ Melville �õð5h

ôF)!� (Ç 3.1) ó°�

J,íhô„õBbíbM_Ò!‹¸ Melville �õð5h¿x�ó°5®Þ¼

Ò!Z: ò§‘½� ‘½}t, J£‘½È�Dê§5¥ªÉ[� J-Bbøªø¥

ð„‘½}t5ßÞ4�ÄkÃ¯®¼®°‘½‡ªF$A� Ç 3.3 éý‘½}tT

í®Þ•¼²§�îœQ (àëHÆ˛F™ýT), ]âüw®Þ•¼²§�œMTÑ
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Ç 3.1: Melville � (1998) õð2ê§}�Ñ (a) 3; (b) 4; (c) 5 m s−1 5®Þ

	d� ©"	dF†Ù5–�Å 85 cm,   57 cm� ëH¶}Ñ”õ�ÕT, ¹‘

½�ê§B0, ‘½5È�Bü�
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Ç 3.2: kbM_Ò5®Þ[0í LPs }0Ç, .HíõH[ LPs�¤Ñê§ 5 m

s−1 íbM_Ò, ÅD îÑ 21.4 cm� vÈ}�Ñ (a) 9 s; (b) 9.5 s; (c) 10 s;

(d) 10.5 s, (e) 11 s; (f) 11.5 s; (g) 12 s; (h) 12.5 s�
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Ç 3.3: ®Þ LPs P0ÇD¼²§��M(Ç5ªœ�ú"Çíê§ (Ua) DvÈ

}�Ñ (a) 3 m s−1,15.8 s; (b) 4 m s−1,11 s; (c) 5 m s−1,10 s� Ç2Ô�Jë

HÆ˛™ý|‘½}tíWä, ëH™(†ÑJ-Ç 3.4� Ç 3.5 DÇ 3.6 ó�Þ

�MÇ5P0�
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®¼Ã¯F¨A� hô®¼Ã¯|ògíj¶Ñ�ò²®¼§�5˛È}0, à‹/

T®¼�ò²§�œ¶ˇ®¼5�ò²§�Ñ0, ¹[ý¤T®¼�pé5Ã¯� Ç

3.4 Ñê§ 3 m s−1 •¼²§�D�ò²§�5ó�Þ�MÇíªœ (�ÞPkÇ

3.3 (a) ëH™(T)� Ç 3.4 (a) 2¶UF™ýTÑÇ 3.3 (a) ëHÆ˛T, óú

kÇ 3.4 (b) °šP0í¶U, ª)ø®¼Ê¤P0�œ0í�ò²,§�, ]¤®

Þ5M§–�w-í®¼�ò²,§�œ0, ¹®ÞM§–�ÑÃ¯®¼F¨A, 6

ð„7Ã¯®¼¨A‘½}t� âê§ 4 m s−1 �MÇ (Ç 3.5) Dê§ 5 m s−1

�MÇ(Ç 3.6) 5hô6)ƒ°ší!‹� ¤!�D Melville �5zpó°, Ou

Melville �5õð1Ìêcí®Þ-¼Ò’e, ]ØJ./¿˝Ã¯®¼í!Z� Ê

-ø2, Bbø@àbM_Ò!‹5êc®Þ-¼Ò’eJyªø¥«nÃ¯®¼í

!Z, 1û˝¼Ò¼§Ô�DÅ�}0J£−ñë�íÉ:4�

3.2 ú&¼Ò!Z

üwÃ¯®¼¨A‘½}t5(, Bby¿p«n®Þ-íÃ¯®¼!ZJ£Ã¯®

¼DÅ�}0J£−ñë�5É:4, 1ª7·ú|c_ú&¼Ò5 -4!Z�

ñ‡JÈQ5„Wû˝yháðí3bj¶Ñ�â®ÞÅ�}058$V<…y

háðíº� (à Haussecker �, 2002� Jessup �, 1997� Zappa �, 1998),

]J-Bbøílû˝®Þí‘½!Z¸Å�J£−ñë�}0È5É[� 5‡Sà

LPs }0H[‘½, OÄÑ LPs }0ê�ø¨vÈ(}¬�Õ2, ¥7Ì¶°Qƒ

F�æÊ‘½í–�� 7J®Þò•¼²§�–�H[‘½uœÑîhíj¶, ]S

à®Þ•¼²§��MÇVéý®Þ‘½!Z� Ç 3.7 Ñê§ 3 m s−1 ®Þ•¼²

§��M(ÇDÅ�J£−ñë��M(Ç5ªœ (Ç2ëHÆ˛DëH™(P0î
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Ç 3.4: ê§ 3 m s−1 •¼²§� (u) ¸�ò²§� (w) �M(Ç5ªœ, ®¼j

²Ñˇ|�Þ, vÈÑ 15.8 s, R¦í�ÞPk•¼²j² 1.5 cm T (Ç 3.3 (a)

ëH™(T)� s"Ç}�Ñ (a) •¼²§�; (b) �ò²§�� s"Ç5¶UP0

ó° (Ç 3.3 (a) ëHÆ˛T)�
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Ç 3.5: ê§ 4 m s−1 •¼²§� (u) ¸�ò²§� (w) �M(Ç5ªœ, ®¼

j²Ñˇ|�Þ, vÈÑ 11 s, R¦í�ÞPk•¼²j² -3 cm T (Ç 3.3 (b)

ëH™(T)� s"Ç}�Ñ (a) •¼²§�; (b) �ò²§�� s"Ç5¶UP0

ó° (Ç 3.3 (b) ëHÆ˛T)�
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Ç 3.6: ê§ 5 m s−1 •¼²§� (u) ¸�ò²§� (w) �M(Ç5ªœ, ®¼

j²Ñˇ|�Þ, vÈÑ 10 s, R¦í�ÞPk•¼²j² -5.8 cm T (Ç 3.3 (c)

ëH™(T)� s"Ç}�Ñ (a) •¼²§�; (b) �ò²§�� s"Ç5¶UP0

ó° (Ç 3.3 (c) ëHÆ˛T)�
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¸Ç 3.3 (a) íó°)� Ç2péËéýQ•¼²§�5–�wÅ�D−ñë�·œ

ò, ò•¼²§�5–�Å�D−ñë�†·œQ� 6ÿuz¼Ò2‘½54”Ñò

§/QÅQ−ñë�, 7Ã¯®¼ù–5M§–�Å�îœò, −ñë�6œò�Ñ7

ªø¥üwòÅ®u´â®Þ-Ã¯, Bbhô®Þ-•¼²§�¸Å�J£−ñë

�}058$� Ç 3.10 Ñ•¼²§�DÅ�J£−ñë�5ó�Þ�MÇ� Ç 3.10

(a) ¶UF™ýTÑÇ 3.7 ëHÆ˛T, 4®ÞQ•¼²§�–�, 7Ç 3.10 (b)�

(c) 5¶UP0†D (a) í¶UP0ó°� âú"Ç5ªœ, ª)ø®ÞM§–w-

í®ÅD−ñë�îœò, ]ª„õÃ¯5®¼ÑòÅ� ò−ñë�5®¼�âê§ 4

m s−1 �MÇ5ªœ (Ç 3.8 DÇ 3.11) J£ 5 m s−1 �MÇ5ªœ (Ç 3.9 DÇ

3.12) 6ªJ)ƒó°í!��

J,5ÇÒS�Þj�íhô, É�|ø<Å�£¼§óN¯íWä� Ñ7yÀU

[ÛcñÅ�£¼§óN¯íÉ[,Bbøc_¼Ò5Å�D¼§J�MÞ (iso-surface)

íj�V[Û� Ç 3.13 Ñê§ 3 m s−1 Å�D§��MÞ[ýÇ5ªœ� Ç 3.13

(a) ÑÅ�5�MÞ[ýÇ, Q¡®Þ�H¶}ÑœQÅí®, wÅ��Ñ 60 % ®

-¹¯®ñÅ�, ®Þ-�H¶}ÑœòÅí®, wÅ��Ñ 90 % ®-¹¯®ñí

Å��¤ùÅ��MÞ5}0péË[Û|QÅ®Ê®Þ×ÛD®¼°²í‘½!Z,

7òÅ®†Ê®Þ-×Û�òíÃ¯¼!Z� Ç 3.13 (b) Ñ¼§5�MÞ[ýÇ, ®

Þ�H¶}Ñ•¼²§�œòí®, wM�Ñ 115 % ®Þ�Ì•¼²§��®Þ-�

H¶}Ñ,¯5®¼, �ò²§�I×kÉ, wM�Ñ 5 % ®Þ�Ì•¼²§�, °

vøÅ�œQí¶} (�Qk 85 % ®-¹¯®ñÅ�) pÎ� ã¯Ç 3.13 (a) D

(b) íhôDªœ, ªJüw®Þ,‘½!Zw4”ÑQÅDò§�7Ç 3.13 (b) ®

Þ-Ã¯®¼5}0D (a) 2®Þ-òÅ–�5}0óçéN, [ýòÅ®}Ã¯B
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®Þ�âê§ 4 m s−1 5�MÞ[ýÇ5ªœ (Ç 3.14) J£ê§ 5 m s−1 5�M

Þ[ýÇ5ªœ (Ç 3.15) 6ªJ)ƒó°í!��

J,�É§�DÅ�Ê˛È,í}08$?¥@}[Þ^@ (c 1.1 �5�Ü)�

Ç 3.12 5QÅ� ò§‘½îæÊk®Þ-bt¿ (� 4 B 6 t¿) 5–�, ?¹P

k}äŸµ2, U)}äŸµ5�ÌÅ�Qk®Þ-¹¯®ñíÅ�, /¤Å�Jò

k(45‰“0 (�ùı˛„pwÑNb0) ²®Þ-ÓòBúbµ–��

3.3 ¼Ò!ZDyh¬˙5É[

âJ,s�5hô, BbªJÀU·HÃ¯®¼D®Þ‘½!Z5É[� ®ÞÓO¼

ÒÆ“, $Aò§/QÅ5 -4‘½, °v®Þ-†�Q§/òÅ5®¼Ã¯B®

Þ�®¼Ã¯(Ê®Þ$AM§5�¶4–), /Ä®¼Ã¯B®Þ, ÿ.ì$Aêà

5¼Ò, ]¤®ÞM§–)?Ñ®Þ¼Òêà–��çò§‘½Xƒ®¼êà–v, ÿ

à°Êù&¼Ò5�¼ (jet flow) XƒøõÄ (point source) 7|Û�¼}tíÛ

ï (àÇ 3.16)�

Ä¼ÒÛÅ—”¾è0, ]Ã¯¼Ê®Þ,$Aêà–�, 1øì-ÓOwFíÙ

¯ (convergence), ¤Ù¯–�5°QÞ	±œêà5�¶–�×, ]wóúà�#

�±ükêà¼Ò, 7Ì¶A®Þ§�¼ÒhôêÛ (¡5Ç 3.3)� -Ó®ÞÙ¯–

í®-¼Òw�Ì�ò¼§@²-/ó�kÃ¯¼Ò5�ÌM� ¤Ã¯�¼J£-Ó

í�±�Ì¼Ò¹Ñyh¬˙53b¼Òœ„�

à�øıFHäÞyh_�cq¼Ò2ÓOvÈ¸˛È5‰“, yháðM/7Ó

œËA¹¯9¼–�ßÞ, ù_Ã¯®¼1Ã¯B®Þ� ¤yháðíÞAœ„ªJ

Tsai (1998) �Éiäµ‘9¼Ò2ïL� -4áð!Zzp� Tsai (1998) íû
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˝êÛ, Ê§®Þê‘‰��5¼Ò2, �Ì‘¼ÒFú@5�ÌF¼²áðwìW

W(Ÿ…×®�/D®¼j²�ò (àÇ 3.17 (a) Fý), ¤F¼²áðÄú&�Ì

‘¼Ò25×�, J£.éì45œ„, ê�AïL� (Ω $Õ) 5�Ìáð (cÇ

3.17 (b) D (c))� ¤ïL�5áðÿà°ø=�áð (ring vortex), ²®Þj²,

¯, w,¯áðF��5¼ÒÑø�¶–�5Ã¯¼�
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Ç 3.7: ê§Ñ 3 m s−1 ®Þ•¼²§� (u)� Å� (θ) D−ñë� (c) �MÇ5

ªœ�®¼j²Ñ²¬j, vÈÑ 15.8 s�ú"Ç}�Ñ (a) •¼²§�; (b) Å�;

(c) −ñë�� ÄÑ®Þí−ñë�ÑøìM, ]Ç (c) Ñ®Þ-� 0.06 cm T5

−ñë�}0�ëHÆ˛DëH™(íP0DÇ 3.3 (a) íó°�
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Ç 3.8: ê§Ñ 4 m s−1 ®Þ•¼²§� (u)� Å� (θ) D−ñë� (c) �MÇ5

ªœ� ®¼j²Ñ²¬j, vÈÑ 11 s� ú"Ç}�Ñ (a) •¼²§�; (b) Å�;

(c) −ñë�� ÄÑ®Þí−ñë�ÑøìM, ]Ç (c) Ñ®Þ-� 0.06 cm T5

−ñë�}0�ëHÆ˛DëH™(íP0DÇ 3.3 (b) íó°�

49



Ç 3.9: ê§Ñ 5 m s−1 ®Þ•¼²§� (u)� Å� (θ) D−ñë� (c) �MÇ5

ªœ� ®¼j²Ñ²¬j, vÈÑ 10 s� ú"Ç}�Ñ (a) •¼²§�; (b) Å�;

(c) −ñë�� ÄÑ®Þí−ñë�ÑøìM, ]Ç (c) Ñ®Þ-� 0.06 cm T5

−ñë�}0�ëHÆ˛DëH™(íP0DÇ 3.3 (c) íó°�
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Ç 3.10: ê§ 3 m s−1 •¼²§� (u) ¸Å� (θ) J£−ñë� (c) ó�Þ�M

Çªœ, ®¼j²Ñˇ|�Þ, vÈÑ 15.8 s, R¦í�ÞPk•¼²j² 1.5 cm

T (Ç 3.7 5ëH™(T)� ú"Ç}�Ñ (a) •¼²§�; (b) Å�; (c) −ñë

�, /¶UP0îó° (Ç 3.7 5ëHÆ˛T)�
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Ç 3.11: ê§ 4 m s−1 •¼²§� (u) ¸Å� (θ) J£−ñë� (c) ó�Þ�M

Çªœ, ®¼j²Ñˇ|�Þ, vÈÑ 11 s, R¦í�ÞPk•¼²j² -3 cm T

(Ç 3.8 5ëH™(T)� ú"Ç}�Ñ (a) •¼²§�; (b) Å�; (c) −ñë�,

/¶UP0îó° (Ç 3.8 5ëHÆ˛T)�
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Ç 3.12: ê§ 5 m s−1 •¼²§� (u) ¸Å� (θ) J£−ñë� (c) ó�Þ�M

Çªœ, ®¼j²Ñˇ|�Þ, vÈÑ 10 s, R¦í�ÞPk•¼²j² -5.8 cm

T (Ç 3.9 5ëH™(T)� ú"Ç}�Ñ (a) •¼²§�; (b) Å�; (c) −ñë

�, /¶UP0îó° (Ç 3.9 5ëHÆ˛T)�
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Ç 3.13: ê§ 3 m s−1 Å�D¼§�MÞÇ5ªœ, ®¼j²Ñ£ x j², vÈ

Ñ 15.8 s� s"Ç}�Ñ (a) Å��MÞÇ, �H¶}íÅ��Ñ 60 % ®-¹¯

®ñíÅ�, �H¶}íÅ��Ñ 90 % ®-¹¯®ñíÅ�; (b) ¼§�MÞÇ,

�H¶}Ñò§®¼, wM�Ñ 115 % ®Þ�Ì•¼²§�, �H¶}Ñ,¯5®

¼, �ò²§�I×kÉ, wM�Ñ 5 % ®Þ�Ì•¼²§�, 1/pÎÅ�Qk

� 85 % ®-¹¯®ñÅ�í¶}�
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Ç 3.14: ê§ 4 m s−1 Å�D¼§�MÞÇ5ªœ, ®¼j²Ñ£ x j², vÈ

Ñ 11 s� s"Ç}�Ñ (a) Å��MÞÇ, �H¶}íÅ��Ñ 60 % ®-¹¯

®ñíÅ�, �H¶}íÅ��Ñ 90 % ®-¹¯®ñíÅ�; (b) ¼§�MÞÇ,

�H¶}Ñò§®¼, wM�Ñ 115 % ®Þ�Ì•¼²§�, �H¶}Ñ,¯5®

¼, �ò²§�I×kÉ, wM�Ñ 5 % ®Þ�Ì•¼²§�, 1/pÎÅ�Qk

� 85 % ®-¹¯®ñÅ�í¶}�
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Ç 3.15: ê§ 5 m s−1 Å�D¼§�MÞÇ5ªœ, ®¼j²Ñ£ x j², vÈ

Ñ 10 s� s"Ç}�Ñ (a) Å��MÞÇ, �H¶}íÅ��Ñ 60 % ®-¹¯

®ñíÅ�, �H¶}íÅ��Ñ 90 % ®-¹¯®ñíÅ�; (b) ¼§�MÞÇ,

�H¶}Ñò§®¼, wM�Ñ 115 % ®Þ�Ì•¼²§�, �H¶}Ñ,¯5®

¼, �ò²§�I×kÉ, wM�Ñ 5 % ®Þ�Ì•¼²§�, 1/pÎÅ�Qk

� 85 % ®-¹¯®ñÅ�í¶}�

56



Ç 3.16: ù&¼Òò§�¼`XøêàõÄ$A�¼}t5ý<Ç, (a) `X5‡;

(b) `X5(�
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Ç 3.17: ïL�áðÆ“DÃ¯®¼óÉ4ý<Ç�
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4

!�Dn�

…û˝}&bM_Òê��®Þ-9¼iäµ¼Ò5’e, Jð„äÞyh_�2y

h¬˙5æÊ� %â}äŸµ�Ì¼Ò4”íªœ� ®Þ -4¼§DÅ�5Ô�ª

ú, J£®-ú&¼Ò!Z5eg“, BbAŠË·Hyh¬˙5¼Ò!Z, 1ª7j

„$A¤¼Ò5yháðíßÞDÆ“� Í7úk}äŸµqò§/QÅ5•¼²‘

½íÞA, …û˝cn�wD}[Þ^@5É:4, 1„«nwÞAí�‰œ„�

@¹ê‘®Þ5òÐŸµqí �ò§� •¼²‘½D@¹ÌË��ÞiäòÐŸµ

í �Q§� •¼²‘½Ê�S4”,”éN, s6îÊ•¼j².�, ®‘½ÈÊF¼

²5È�?×_ó�� Ê¼Ò�‰,, s6Êiä5�òiäj²í¼§îÑÉ, ÌË

�iä5~²§�?ÑÉ, Í7®Þiä†EæÊ~²§�� �ÉÌË�iäò4Ÿ

µqQ§‘½5ÞAœ„BDEÌì�� 7®Þ-òÐŸµ2ò§‘½5ßÞD&M

œ„ÑS, J£u´DÌË�iä¼Òó°, EÛªø¥«n�
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