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1 Ú ó

3°�hí]
mæ¥, Ï~��í�·Ñ+
�XÚò°.�hí]
Ñx�°�²�þ, +�
XÚdÁ�u°.�¹.+�±9ë�u°�²
�þ�á+|¤, du°.//�K�, ¹.+�
Ï~¬Ñye�y�. 3hXmæ@�Ï, í�6
þÏ~�$, í��6N3¹.+�S©�6ÄL
§¥, �NN´3á+.ÜÈà¿×4íN?\á
+, 3á+¥/¤�Ý����$�ê�uá+p
Ý��l, u)î­ãl6y� [1,2]. ù´�«3h
X)�¥ØF"Ñy�AÏk³6., Ø=¬E¤
+SØåÚí�6þ�ÌÝÅÄ, Ó��¬¦�N
3á�mSlá+p��Ñ, ��hX)�Uåe
ü, $�u)Ê��¯� [3]. 3f°hí]
mæ
¥, á+pÝ��, î­ãl6Úå�+SØü9
í�6þÅÄÑ��, æ^O\ei©lì�ÀN
È½3þiO\�����Ãã, Ä�U��½�
ØÙK� [4]. �3�°hí]
mæ¥, á+pÝ
��Az$�þZ�, î­ãl6���+SØü

9í�6þÅÄò��î­, ùò��°hí·Ñ
+�XÚ�mu�O9Ù�~)����5�\
î��]Ô [5,6].

�uT6.�AÏ59Ù�³5, éÙ6ÄA
�9Ù6ÄëêCz5Æ?1©Û�ýÿ, Ã¦ä
k­�Æâ¿Â�ó§¢^d�. 3L�� 20 õ
c¥, �éî­ãl6¯K, æ^�.¢�Ãã, (
ÜÏg©Û9êâ£8��{?1�ïÄ, ®k�
þ©z�� [7−16]. du�°á+�Ì�A:´p
Ý�
�»�, �.¢�éJ��°�ó§�¦�
�q', Ï
uÐ�'�nØýÿ�.�ê��[
�{, Ã¦�©Û�ýÿ�°í�·Ñ+�XÚS
î­ãl6A5Jø
�^#�å». ��O­�
�]��.´8cA^��2��üanØýÿ
�. [7,8,10−12,17−24], 3ù
nØýÿ�.¥, Ï~
��{´�âí��6N÷+�©ÙG�, 3ØÓ
+ã9î­ãl6ØÓ/¤�ã©Oïá�A�
6Ä�.?1�[�©Û. �3ùüanØýÿ�
.¥kNõëêI��6X�¢�(J, �?1

Lõ�{z?n, Ã{Nyü�0��m�3�E
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,�m.¡�A�y� [25,26], J±��é��+
�¥�ü�6ÄåÆA�?1ïÄ�©Û.

O�6NåÆ (CFD) �{´éî­ãl6A
5?1ê��[�©Û��«�����k��
Ãã��. �XZ�·g�?O�Å�¯­, ±9
©¬¿1O�Eâ�uÐ, 3|^ CFD �{éù
a¯K?1ê��[�, O��Ç®Ø2´��´
¶¯K. æ^ù«�6|ê��[�{, Ø=�±
¢�Jlí�$Ä.¡�]�CzL§, 
��±
�B/?n��0��Ô5ëê�Cz9Ù.¡
Üå�A�, Ó���±¼�î­ãl6�í�u
�ãá+Sí�6ÄCzA�9Ù�«6Äëê
�Cz5Æ. ù«�{®²3Y²�R�+¥Yí
�hYü�6ê��[¥��
¤õA^ [27], �
3í�·Ñ+��á+|ÜXÚî­ãl6A5
�¡ÿ��Ã©z��.

k�ud, �©�éí�·Ñ+��á+|Ü
XÚî­ãl6¯K, uÐ�«òn�+�XÚ�
����+�XÚ� CFD ê��[�{, 3�y
î­ãl6/¤^�������Ke, k�/J
p
ê��[�Ç. |^�6|ê��[(J, ï
Äî­ãl6���ã¥í�6ÄA�, ¼�Ù±
Ï!ØåÅÄÌ�9�u�m�6ÄëêCz5
Æ, ¿�¢�(J?1'�. 3dÄ:þ, o(î­
ãl6�í�u�ãá+Sí�6Ä5Æ, ïá

\�íNò��Ý!á+¹íÇ±9á+Ñ�²
þ�Ý�nØ�., ¿�Ñ(½á+S6ÄA��
�mCz5Æ�nØ�{. ����� CFD ê�
�[�{�ÌJ,
O��Ç, ¦ó§¢�¥�º
Ý+�XÚSî­ãl6�ê��[�¢�1, �
ó§þéT6.�ïÄJø
#�Ãã. d	, æ
^�©�nØ�.�±éî­ãl66.Cz9
Ù�³?1¯�k�µ�, l
�+�9ei�Â
C���OJønØ| .

2 ê��[�{

À^°.hí·Ñ+�¥~��e�+�
á+|Ü+�XÚ��ê��[é�, í��6
N©Ole�+\�6\, Xã 1 ¤«. �
Bu
ò CFD �[(J�¢��'�, �©À^�e�+
Úá+º�9ó�6N�©z [14] ¥�+�XÚ
����, e�+�Ý L = 10.8 m, e�� β = 4◦,

á+pÝ H = 4.1 m, +�S» D = 0.051 m, ó
�6N�Y��í. Ó�3�¢��Ó �?�
�
 4 �Øåiÿ:, ©O� P1—P4, P1 �í�\
��m�ål� 1 m, P2 �á+.Ü�m�ål
� 1.6 m, P3  uá+.Ü, �´��¢�XÚ��
$:, P4  uá+¥Ü �, ålá+.Ü 2.4 m.

éuù«/ª�|Ü+�XÚ, æ^ CFD �{é
Ùî­ãl6y�?1ê��[�, ~5�?n�
{´�én�+�XÚ?1��ê��[, �O�
ò�~Ñ�. �d, �©uÐ�«òn�+�XÚ
�����+�XÚ�ê��[�{.

ã 1 í�î­ãl6¢��. [14]

2.1 nnn���666ÄÄÄ===CCC���������������������KKK

î­ãl6�¤ÏÌ��: �\�í�6þ�
$�, e�+S�©�6Ä, �N3á+.ÜÈà
/¤�l¿×4á+\�{�íN?\á+, du
á+S�NpÝCz�)�Ø,�uá+\�?
í�)�Ø,, ¦��l��ÝØäO\/¤�L
á+pÝ���l [2]. þãL§�±wÑ, /¤î
­ãl6�^�kü:: �´U
/¤{�íN�
�l, �´T�lU
O���Lá+pÝ. Ï

òn�+�?1��=z�, I�y�l/¤Ú)
��L§��. ��y�l/¤L§��, ée�
+�á+XÚ�ý�ÝK, ò�����+�XÚ
��ê��[�AÛ�., ¿¦ü«+�XÚ�\
�?6�í�ò��Ý�Ó, =

vsg1 = vsg2, vsl1 = vsl2 (1)

eI 1 Ú 2 ©OL«n�Ú��+�XÚ, ùU

�yü«+�S�NÈàÚ�l/¤�L§��;

��y�l)�L§��, I�ü«+�S�î­
ãl6�½Oê Π

[10]
s �Ó, = Πs1 = Πs2, d

Πs =
RTg/Mg

gLα

ṁg

ṁl
, (2)

Ù¥, g �­å\�Ý, Tg �íNØ �m§Ý, R
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�íN~ê, Mg �íN²þ©fþ, L Ú α ©O�
¹.+��Ý9¹íÇ, ṁ �e�+\�?6N�
þ6þ, A �+��¡È, eI g Ú l ©OL«í�
���ó�6N, ��

ṁg1

α1ṁl1
=

ṁg2

α2ṁl2
. (3)

�â Mukherjee-Brill �'ª [28] ��, éuí�ü
�e·©�6, 3\�í�ò��Ý�Ó^�e, α

=�í��Ô5Úe��Ý�', Ï
éu��Ú
n��., �±@� α1 = α2. Ïd, d (1) Ú (3) ª
�í�e�+\�?í��þ6þ3ü«+�X
Úe÷vXe'Xª:

ṁg1

ṁg2
=

ṁl1

ṁl2
=

A1

A2
. (4)

2.2 ���������§§§

duí�ü�6N´pØ�·�, æ^ VOF

�{ê��[Ù$Ä.¡�Cz [29]. 3T�{¥,

ÏL½Â��6N�NÈ©ê¼ê, 5I�z��
�ü�¥T�6N�G�, ��6N�NÈ©ê©
O�uü�ST�6N�NÈ�ü�NÈ�'. é
í�6N�NÈ©ê αg, ÷vXeÑ$�§:

∂αg

∂t
+ v · ∇αg = 0, (5)

Ù¥, t ��m, v � Reynold �þ�Ý¥þ.

3d (5) ªO���í�6N�NÈ©ê�,

��6N�NÈ©ê�±d αl = 1 − αg (½, ü
�S·Ü�Ý�ÄåÅ5Xê�©Odeª(½:

ρ = αgρg + αlρl, µ = αgµg + αlµl. (6)

éî­ãl6¯K, Ø
I��ÄíN��Ø
 5	, �I��Äí��6N§ÝCz9Ù.¡
Üå�A�. �d, �©|^Xe Reynold �þë
Y5�§!Äþ�§�Uþ�§, ¿æ^ k-ε ë6
�.é���§?1µ4 [30]

∂ρ

∂t
+ ∇ · (ρv) = 0, (7)

∂(ρv)
∂t

+ ∇ · (ρvv) = ρ(0,−g) −∇p

+∇ · (µ∇v)

+∇ · (−ρv′v′) + F , (8)

∂(ρE)
∂t

+ ∇ · [(ρE + p̄)v]

= ∇ · (keff∇T − ρEv), (9)

Ù¥, p � Reynold �þØå, F �NÈå, E �S
U, T �§Ý, keff �D9Xê, −ρv′v′ � Reynold

Aå�.

−ρv′v′ = νt

(
∂vi

∂xj
+

∂vj

∂xi

)
−2

3

(
ρk + vt

∂vi

∂xj

)
δij ,

νt = cµ
k2

ε
, i, j = 1, 2 (10)

ª¥, v1 Ú v2 ©O� v �Y²�R�©þ, x1

Ú x2 ©O�Y²�R��I, νt ´µÅXê, δij

´ Kronecker ÎÒ, k Ú ε ©O�ëÄUÚë6Ñ
ÑÇ, §�©Od�g��©�§(½, = k �§
Ú ε �§

dk

dt
=

∂

∂xj

[(
ck

k2

ε
+ ν

)
∂k

∂xj

]
+ Pk − ε, (11)

dε

dt
=

∂

∂xj

[(
cε

k2

ε
+ ν

)
∂ε

∂xj

]
+cε1

ε

k
Pk − cε2

ε2

k
, (12)

Ù ¥, Pk � ë 6 ) ¤ �, cµ = 0.09, ck = 1.0,

cε = 1.3, cε1 = 1.44, cε2 = 1.92.

3�§ (9) ¥, SU E Ú§Ý T �m�'X
� E = cpT , cp �'9N. §Ý T Ú keff D9Xê
�L«�

T =
αgρgTg + αlρlTl

αgρg + αlρl
,

keff =
αgρg(keff)g + αlρl(keff)l

αgρg + αlρl
. (13)

épØ�·�ü�6N, Äþ�§ (8) ¥�N
Èå5guí��0��.¡Üå, æ^ CSF �.
?1?n [31]

F = σ
2ρκ∇αg

ρg + ρl
, (14)

Ù¥, σ �í��6N�.¡ÜåXê, κ = ∇ · n̂
�.¡­Ç, n̂ �.¡ü {�þ.

3ê��[¥, +�C9¡?æ^IO9¡¼
ê?n, ���§æ^k�NÈ{?1¦); é6
�ÚÑ$�æ^��Hº�ªlÑ, �mÚ?À^
��Ûª�m���ª, í��$Ä.¡À^A
Û­��{?1�E; A^Ûª�f©�{?1Ø
å - �ÝÍÜO�; �ân�+�XÚ¥¹.+�
\�í�ò��Ý, |^ (4) ª²�������
��.¹.+�\�í��þ6þ, òÙ��ê�
�[�\�^�, á+Ñ�?æ^ØåÑ�^�.

O�����oê� 54384, 3+�XÚS9
¡��
>.�, ée�+÷R��y©
 24 �
��, 1����þÝ� 0.0005 m, éá+÷î�
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²þy©
 24 ���, þÝ� 0.002 m, ÷R��
��þÝ� 0.008 m. d	, du3í�?�9�Þ
?6Ä��E,, éÙ��?1
ÛÜ\�.

3 ê�(J�'�

�
�¢�(J?1'�©Û, ê��[À�
�ó¹�©z [14] ¥�¢�ó¹�Ó, XL 1 ¤«.

Ù¥, í�ò��ÝP� vsg(m / s), ��ò��Ý
P� vsl(m / s).

3.1 îîî­­­ãããlll666���666ÄÄÄAAA���

î­ãl6�6ÄAÏ5Ì�Ny�: 3î­

ãl6u)Ïm, e�+���lÓâÜ©©ª�
±�­½�©�6�Øu)Cz, á+�6.¥y
±Ï5Cz, ���±ÏS©��l/¤!�lÑ
6!�í�uÚ�N£6o��ã. ã 2 �Ñ

3 Case B �e�+¥í�6ÄA�9Ù�¡¹í
Ç��mCz�ê��[(J. Ù¥, çÚL«�
�6N, xÚL«í�6N, J���Ñ�e�+
¥mÜ©, �¡ 1, 2 Ú 3 ©OL«åle�+\
� 2.4 m, 2.9 m Ú 7.5 m ?��¡. (JL², 3î
­ãl6u)Ïm, e�+S���lÓâÜ©©
ª�±�©�6, ��¡¹íÇ��mCzé�.

e�+S�,�­½©�6, ���¡�¹íÇ¿
Ø��, ål\���?��¡¹íÇ�p, ùÌ
�d­åÏ�¤��.

L 1 e�+\�í�ò��Ýê��[ó¹

�~?Ò Case A Case B Case C Case D Case E Case F Case G Case H Case I Case J

vsg/m · s−1 0.136 0.136 0.136 0.136 0.136 0.204 0.204 0.204 0.204 0.204

vsl/ m · s−1 0.0272 0.0544 0.0816 0.1088 0.136 0.0272 0.0544 0.0816 0.1088 0.136

ã 2 Case B e�+¥í�©�6Ä (a) �¡¹íÇ��m
CzA5; (b) ê��[(J

3ã 3 ¥�Ñ
 Case B 3î­ãl6 4 �Ø
Ó�ãá+S6ÄA��ê��[(J. ã 3(a) �
�l/¤�ã, T�ãS�NÅì3á+.ÜNC
Èà/¤�l, ¿3e�+�á+¥Ó�)�, á
+S�íü�±�lÞÜ�©., vk�p�·y
�. ã 3(b) ��lÑ6�ã, 3�lÞÜ��á+
ºÜ�, íNm©íÄ�l6�+	, 3ù�L§
¥,  ue�+S��l�íNØäí?á+, e
�+SíN�m�NÈm©O\, á+SK���
�lÓâ. �e�+¥íN�X�l�Ü?\á+
��, 6Ä?\ã 3(c) ¤«��í�u�ã. T�
ãq�¹
ü�L§: �íN?\á+¤/¤�í
����á+ºÜ�c, ¡��l�uL§, d�
á+Ñ�E�±��lÑ6G�, á+Sdí{�
l9í�·Üã|¤, üö±Äí��.; �í�
��á+ºÜ�, á+Ñ�¥yí��UÑ6y�,

¡�ãl�uL§, d�á+¥Ly�í�m�6
Ä, ���u(å. ã 3(d) ¥¤«��N£6�ã,

�e�+SíNØå~��Øv±íÄá+S�
NUYÑ6�, á+¥í3�N3­å�^e£á
�á+.Ü, ?\�N£6�ã, T�ãS, �N£
á�á+.Ü?\�#�l¥, 
íNdu�Ý�
�U
â»£á��NUY6Ñ+	.

þã�[¤��í�6ÄL§�¢�(J [14]
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����, `²²L��=z���+�U
O(
/�[Ñî­ãl6�o�6ÄL§.

ã 3 î­ãl6�6ÄL§ê��[(J

3.2 îîî­­­ãããlll666AAA555ëëëêêê'''���

du��9|/���, �õê¢�Ì�ÏL
iÿ+�¥Øå�Cz5éî­ãl6A5?1
©Û. ã 4 ¥�Ñ
 Case B ¤��ØåÅÄ�{�
ê��[(J, Ù¥î�I��m, p�I�LØ
å. (JL², ��+�XÚ¥�ÿ:?ØåÑä
k²w±Ï5, 
�3î­ãl6��±ÏS� 4

�ØÓ�ã, ØåCzäkØÓ�A�, ê��[
¤��iÿ:�ØåCzª³�¢���. 3�l
/¤�ã, du\�í�6þ�±ØC, Ï
á+
S�lpÝ´Cq�5O\�, �
ÿ: P1—P3

?Øå´Cq�5O\, 3�lÞÜ�� P4 ÿ:
c, ÙØå��íØå, ÏdÑy� ò´y�, �
�lÞÜ��Tÿ:�, m©É��l�)�·Ø
å�^, 
��´Cq�5O\�. 3�lÑ6�
ã, du�lpÝØC, =á+¥�ÿ:?·Øå
Ø2k²wCz. 3�í�u�ã, duíN�þ
?\á+, �ÿ:�Øåm©Åì~�, Ù¥ P1—

P3 ÿ:?�Øå3íN?\á+]m=m©~�,


 P4 ÿ:Øå3í���T:�m©¯�~�,

3d�c¥y�Ì��ª³. £6�ã±Y�mé
á, 3£á�N��á+.Ü�, P1—P3 ÿ:?�
Øå=×��ÌÝO\, 
 P4 ÿ:?�ØåKU
Y�ÌÝ��~�.

P1, P2 � P3 ÿ:?Øå�Éé�, Ì��Ï
Xe: P1 � P2 ÿ:¤3 ��e�+©�6Sí
N�m, duíN3e�+¥´ëÏ�, ÙØå÷
e�+�Ý��Czé�, � P1 � P2 ��Éé�.

P3 ÿ: uá+.Ü, Ù�� P1 Ú P2 ��Éd 
ue�+S�lpÝ�E¤, due�+e��Ý
��, Ï
 P3 � P1 Ú P2 �ê��Oé�. d	,

du P4 ÿ: uá+¥Ü, Ïd�e�+¥�ÿ
:Øå�', P4 ÿ:?�Øå�²w��õ.

ÏLã 4 �Øå­�, ��±���Ñî­ã
l6±Ï!ØåÅÄÌ�9�u�m�­�A�
ëê. ØåÅÄÌ� Pamp ´�3î­ãl6��
±ÏS, ��Ú��Øå��, �í�u�m tp ´
�î­ãl6�í�u�ã�±Y�m, 3í�·
Ñ+�XÚ�O�A^¥, ù
Ñ´4�­��¯
a5��ëê.

L 2 �Ñ
�'6Äëê��[(J�¢�
(J [14], �[(J�¢�(JÎÜûÐ, ��~�
²þØ�Øv 10%. �é
ó, �[�¢��Øå
ÅÄÌ�Ú�u�mÎÜ�Ð, ,
±Ï�Ø�Ñ
�. ÏL©Ûuy, �íNò��Ý�$�, ±Ï¬
Ñy���Ø�, �Ø�Ì�
u�l/¤�ã.

ù´du¢�J±�yí�?6�­½5Ú��
5, ¢�C�J±��ýé�µ. þãü:éíN
ò��Ý�$�ó¹K���, 
éíNò��Ý
�p�ó¹K���, Ï
�[Ú¢�(J3íN
ò��Ý�$ó¹�O��.

ã 4 Case B î­ãl6ØåÅÄA5ê��[(J

104701-5
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L 2 ê��[�¢�(J'�

¢�� O�� �éØ�

T /s Pamp/kPa tp/s T /s Pamp/kPa tp/s T /s Pamp/kPa tp/s

Case A 74.92 14.5 10.34 60.81 13.31 10.31 18.83 8.21 0.29

Case B 51.33 20.1 7.90 49.37 21.83 8.44 3.82 8.61 6.84

Case C 38.36 23.1 6.49 38.20 25.11 6.92 0.41 8.701 6.63

Case D 31.22 25.8 5.62 35.14 29.10 5.99 12.56 12.79 6.58

Case E 25.26 28.2 5.25 28.86 30.75 5.43 14.25 9.041 3.43

Case F 55.51 9.3 10.44 44.81 8.76 10.25 19.27 5.81 1.82

Case G 40.96 17.5 8.51 40.96 18.68 8.73 0 6.74 2.59

Case H 32.45 21.4 6.87 34.10 23.64 6.89 5.08 10.47 0.29

Case I 28.07 24.5 6.04 30.14 26.38 6.25 7.37 7.67 3.48

Case J 23.98 26.6 5.33 25.78 28.39 5.34 7.51 6.73 0.19

4 Äu CFD (J�nØ©Û

�¢��', ê��[�`:��´U
��
í�6Ä��6|�[(J, 3dÄ:þ�±?�
Ú�«î­ãl6S3�A55Æ. éuî­ãl
6��l/¤Ú�lÑ6�ã, í�©�6Ä, p
Ø�·, �6Äëê�±ÏL{z��þÅðÚÄ
þÅð�§��¦) [7,8,10−12], £6�ã±Y�m
�á, �)K���, �±�Ñ. 3ó§¢�¥, î
­ãl6�E,5Ú�³5Ì�8¥3�í�u
�ã, T�ãSí��6NÓ�?\á+, 3á+
¥ÑyE,�í�·Ü6Ä, Øå!�l�Ý!¹
íÇ�ëêþ3T�ãSÑy4�, é��S��
³4�. du�í�u�ãá+Sí�ü�6ÄE
,õC, 8cÿ�k���õ�nØ�.. �©Ä
u CFD (JéT�ãSí��6.ÚA5ëê�
m�Cz5Æ?1©Û8B.

4.1 ááá+++\\\���ííí���òòò������ÝÝÝCCCzzzAAA555

á+S�6ÄA�9Ù�'6ÄëêCz5
Æ�á+\�í�ò��Ý���', Ï
Äké
î­ãl6�í�u�ãá+\�í�ò��Ý
Cz5Æ?1ïÄ. � V �e�+NÈ, VG �e�
+íNØ �mNÈ, À�e�+���N, d�
N�þÅð�§��

ṁl − ṁrl =
d
dt

[ρl (V − VG)], (15)

Ù¥, ṁl �e�+\��N�þ6Ç, ṁrl �á+
\��N�þ6Ç.

� vrsl �á+\��Nò��Ý, �â�N�

þ6Ç½Â��, ṁl = ρlA2vsl, 
 ṁrl = ρlA2vrsl.

3î­ãl6�í�u�ã, e�+S�í�©�
6Ä, CFD (Jw«�ó¹e�+S¹íÇ��m
Czþé�, �Øv 1.5%, Ïdk dVG/dt ≈ 0. d
d�� vsl ≈ vrsl, =3î­ãl6�í�u�ãá
+\��Nò��Ý�e�+\��Nò��Ý
Cq��.

3��NS, díN�þÅð�§��

ṁg − ṁout =
d
dt

(ρgVG) , (16)

Ù¥, ṁg �e�+\�íN�þ6Ç, ṁout �á
+\�íN�þ6Ç. �âíN�þ6Ç½Â��,

ṁg = ρgA2vsg, 
 ṁout = ρgA2vrsg. díNG��
§ Pr = ρgRT , �� ρg = Pr/RT , Ù¥ Pr �íN
Ø �mØå. due�+�ý9XÚ, 
�í�
6Ä�Ýþ�$, Ïd T �e�+\�?§ÝCq
��. |^ dVG/dt ≈ 0, ��á+\�íNò��
Ý�L�ª�

vrsg = (ṁgRT − P ′
rVG)/PrA2, (17)

Ù ¥, P ′
r � e � + S í N Ø   � m Ø å � �

mCzÇ.

3íN?\á+L§¥, due�+SíNØ
 �m�á+\�´ëÏ�, ÏdíNØ �mØ
å�deª(½:

Pr = P3 − ρlgD. (18)

dd��, 3¼�á+.ÜØåÿþ(J�,

|^ (17) ª=��� Pr 9Ù�mCzÇ P ′
r . ã 5

�Ñ
 Case B 3î­ãl6�í�u�ã� Pr

9 P ′
r Cz5Æ, Ù¥ tp1 ��l�u�m. ã¥�
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�, 3î­ãl6�l�uL§¥, P ′
r ���mØ

ä~�, ù�� Pr ��m\�~�, 
3î­ã
l6ãl�uL§¥, P ′

r ��mm©O\, �Ù�
E�u 0, ¦� Pr ��md\�~�C�~�~
�, �á+?íþ�uÑíþ��, P ′

r ��m©�
u 0, Pr m©O\, á+¥�Nm©~�, ¿3­å
�^e£á�á+.Ü, ­#×4á+\�, î­
ãl6�í�u�ã(å. 3ù�L§¥, Pr �C
z¿�1wëY�, �3�ºÝ�ÅÄ, ù
uá
+\�?í�ØëY5. �lã 5 �±wÑ, Øå
��ÌÅÄéÙ�NCzª³K�é�, Ï
�±
Cq@� Pr �Cz´1wëY�, =b½á+ë
Y?í.

d (17) ª�±��ã 6 ¤«� Case A—Case J

3�í�u�ãS, á+\�íNò��Ý vrsg �
�m�Cz5Æ. (Jw«, á+\�íNò��
Ýl"��mÅìO�, ���,�4���, q
��m¯�~���­#C�". ù`²3�í�
u�ã, á+S�?íþk´×�O\, �,��
��m©~����u(å, nØ�[(J�¢�
*ÿ��y�����. Ó�, �[(Jw« vrsg

Ñy$:���=� P ′
r d~�C�O\�]m,

�=��l�u(å, ãl�um©���. ã 6

�Ñ�á+\�íNò��ÝCz­��±�*
/�Nî­ãl6�u�ãSá+�?í5Æ, é
?�ÚïÄT�ãá+S6.9ëêCzkX4
�­��^.

ã 5 Case B î­ãl6�í�u�ã Pr 9 P ′
r Cz

ïÄ?�Úuy, � vsl �½�, vrsg �4�
�� vsg O\
O�, 
��u�m� vsg O\

~�, Ì��ÏXe: 3 vsl �½�, vsg �O\¬
¦ ṁg O\, l
��á+¥?íþO\, ¦�3�
l�uL§¥ Pr � P ′

r þ~�, d (17) ª�� vrsg

�4��ò��O�.

ã 6 î­ãl6�í�u�ãá+\�íNò��ÝCz

4.2 ááá+++ííí���üüü���666...CCCzzz

R�+SU
Ñy�í�6.Ì��): �
G6!�·6!�G6!�G6Ú[å�G6
�, ù
6.�R�+\�í�ò��Ý�m�
'XXã 7 ¤«, =Í¶� Hewitt 6.ã [32], Ù

¥ Jl = ρlv
2
rsl, Jg = ρgv

2
rsg. duá+áuR�

+, 3®�Ù\�í�ò��Ý�cJe, �±|
^ Hewitt 6.ã�����í�u�ãá+¥í
�6.�CzL§.

éu Case A—Case E, Jl = 18.46 kg/s2·m−1,

d Hewitt 6.ã��, 3�G6��·6=�>.
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þ Jg = 1.07 kg/s2·m−1, �Aá+\�íNò��
Ý� 0.93 m/s, 2(Üã 6 ��, 3î­ãl6�í
�uL§¥, Case D Ú Case E ��u�ã, á+¥
òÑy�G6��·6�m�p=��6Äy�;

Case A—Case C ��u�ã, á+¥ò�Ñy�G
6y�. éu Case F—Case J, Jl = 41.54 kg/s2·m−1,

d Hewitt 6.ã��, 3�G6��·6=�>.
þ Jg = 3.68 kg/s2·m−1, �Aá+\�íNò��
Ý� 1.73 m/s, (Üã 7 ��, 3ù
ó¹eá+¥
ò�k�G6y�.

ã 7 Hewitt 6.ã [32]

CFD �ê��[(JL², 3 Case D Ú Case

E ¥, á+¥(¢Ñy
�G6��·6�m�p
=�y�, 
Ù{ó¹�á+¥(¢�k�G6y
�, ÏdnØýÿ� CFD ê��[(J��. e¡
± Case D �~�Ñá+¥�G6��·6�p=
�L§�ê��[(J, Xã 8 ¤«. 3�l�u
L§ÐÏ, vrsg ��, íN±�G/ª?\á+, ¿
3Ø¥�A�^e®à¤ÞÜ¥��/�í�, X
ã 8(a) ¤«; �X�l�uL§�±Y, íNØä
?\á+, á+¥í�·ÜãpÝØäO\, í�
ü�6ÄA�Ly�í���l�OÑy��G
6., �X vrsg �ØäO\, #/¤�í��Ý�
��O\, Ó��¬Ñy�/¤�í�ØäJ`c
�í�¿KÜ¤��í��y�, Xã 8(b) ¤«;

� vrsg > 0.93 m/s �, í�m©ë¤�¡/¤�·
6, �NLy�Ø5K��¬/ª, 3íN�^e
�Äþ,, 3�·6�á+Ñ�þ,L§¥, �¬
Ñyíì��¬J`c��G6�y�, 
���

JþÒ¬òc��G6.=C��·6, Xã 8(c)

¤«; �íN¤/¤�1��í���á+ºÜ�
]m, ?\ãl�uL§, vrsg m©~�, �Ù��
u 0.93 m/s �, á+Sí�·Ü6Äl�·6q¬
=C��G6, 
�#/¤�í��ÝØä~�,

���u(å, Xã 8(d) ¤«.

ã 8 Case D �í�u�ãá+Sí�·Ü6ÄCzL§

du3�©¤À�~¥þ���Ñy�G6
¤Iá+\���íNò��Ý�, Ïd3ê��
[¥vkÑy�G6y�. �G6´��N;bá
+9¡¥�/��/ª�þ$Ä, 
íN3á+¥
Ly�Y�Y%íì��«6Ä/ª. 3�G6Ä
L§¥, íN3á+¥´ëÏ�, �N=±���
�%/ª©O�3uá+9¡ÚíìS. ��[�
G6y�, �â Hewitt 6.ã, 7LO� vrsg �4
��, d (17) ª��ù�±ÏLO\e�+SíN
Ø �mNÈ VG 5¢y. �d, 3e�+í�·Ü
ì��\C��NÈ� 0.2 m3 ��Àí-, e�+
\�í�ò��Ý� Case B ��¹��, òÙ½Â
� Case B+.

(17) ª�O�(JL², \CíN�Àí-�
�, î­ãl6�í�u�ã�á+\�íNò�
�Ý����� 17.4 m/s. d Hewitt 6.ã��, 3
�·6��G6=�>.þ Jg = 98.44 kg/s2·m−1,

�Aá+\�íNò��Ý� 9.2 m/s. ã 9 �Ñ

 Case B+ ó¹î­ãl6�í�u�ãá+S
í�·Ü6Ä�CzL§, � vrsg < 0.93 m/s �,
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á+Sí�·Ü6Ä��G6., Xã 9(a) ¤«;

� vrsg > 0.93 m/s �, á+Sm©Ñy�·6y�,

Xã 9(b) ¤«; � vrsg > 9.2 m/s �, �·6m©=
C��G6., Xã 9(c) ¤«; �á+¥í�·Ü
6Ä?\�G6�, duá+S¹íÇ�Cu 1, Ï
dØ¬Ñyd�G6��·6�6._=y�, d
��Nò3á+.Ü­#Èà/¤#�l, ?\e
�±Ï��l)¤�ã, Xã 9(d) ¤«. ê��[
(J� Hewitt 6.ã�(JÎÜûÐ, ùL²¦
^ Hewitt 6.ã�±éî­ãl6u)�á+S
�UÑy�6.?1ýÿÚ©Û.

ã 9 Case B+ î­ãl6�í�u�ãá+Sí�·Ü6Ä
CzL§

4.3 ááá+++ÑÑÑ���²²²þþþ���ÝÝÝAAA555

3î­ãl6�í�u�ã, á+Ñ�²þ�

Ý vm ´ó§�O¥'%�­�¯a��ëê, �
�Ny
��léei���ÀÂ§Ý, �ÏL�
Ý�±��Ñ��í�6þ, ¿±d��â�O
ei�ÂÚ?n��. 3ê��[¥ vm ´�á+
Ñ����!:�Ý�¡È\�²þ�, �3�l
/¤!�lÑ6Ú�í�u��lÑ6L§¥ vm

��l�Ñ6�Ý, 3ãl�uL§9�N£6�
ã vm �í�·ÜÑ6�Ý. ïÄL², á+Ñ�í
�²þ�ÝCq�Ù\�í�ò��Ý�Ú, dd
�� vm ≈ vrsg + vrsl, ?�Ú|^ vrsl ≈ vsl ��

vm ≈ vrsg + vsl. (19)

ã 10 �Ñ
 Case A—Case J �í�u�ã vm

��m�Cz5Æ, CFD (J� (19) ª¤�(J
ÎÜ�Ð, ¤�� vm Cz5ÆÄ���, Ñ´k�
�mÅìO�, ���,�4���, q��m¯
�~�. ã¥w«, 3�l�uL§¥ CFD �[¤
��Ý´Øä�Ì���, ��X�ÝO\��Ì
Ý\ì, ù´duíN;b�ÞS9¡?\á+,

���ÞS�N�Ý©ÙØþ!, ¦��NC/é
íNu)@Ø, �¦á+?íL§ÑyØëY; 3
ãl�uL§, CFD �[¤��Ý�Ì��, d�
íN®²��á+Ñ�, á+Ñ�í��OÑ6,

duíNþ,�Ý��u±��N��Ý, Ïd�
Ñ�Ì��í���Ý��, Ì������Ý�
�, í��O�6ÄL§¦�Ñ��Ý�Ì��.

d (19) ªO��(J'�1^, Ã{Nyí��
p�^�5�Ø­½y�. nØ�.Ú CFD ê�
�[¼�� vm Cz5Æ��, ùL²ÏL (19) ª
éá+Ñ�²þ�Ý?1nØ©Û´k¢^¿Â
�, ,
Ã{Nyí��p�^�[!, ù�`²

 CFD �{�Ø�O�5.

ã 10 î­ãl6�í�u�ãá+Ñ�²þ�ÝCz
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4.4 ááá+++¹¹¹íííÇÇÇAAA555

á+S¹íÇ´ó§�O'%�,�a­�
��ëê. du3î­ãl6�í�u�ã, á+
S�íN©Ù´�þ!�, ÏdJ±ÏL¢�Ãã
��ÿþ¼�, 
�8c�ÿÃk��nØ©Û�
.. �©|^á+\�íNò��Ýéá+¹íÇ
?1í�, 3î­ãl6�l�uL§¥, í�Ï
Lá+\�Øä?\, 
Ñ�=��N, Ïd�I
��é?\á+¥�íNNÈ?1È©, =���
á+S¹íÇ�nØ�.. 3�l�uL§?¿ t

��, á+S¹íÇ�L«�

αriser =
∫ t

0

C1vrsgdt/H, (20)

Ù¥, t 6 tp1, C1 �)äÇ, L«íN3á+Sþ,
duØå~�
�5�NÈ)ä, k C1 = Pr/P0,

P0 �á+Ñ�Øå.

3î­ãl6ãl�uL§¥, á+S¹íÇ
Czd?íÚÑí�Óû½, 3 t ��á+S¹í

Ç�L«�

αriser =

(∫ t

0

C1vrsgdt −
∫ t

tp1

vosgdt

)
/H, (21)

Ù¥, 1��L«á+�?íþ, 1��L«á+
�Ñíþ, vosg �á+Ñ�íNò��Ý. duá
+S�í�6Ä´Ø­½�, vosg ��ØU���
Ñ, b�éuãl�uL§¥�?¿ t ��, á+
Ñ�?�í�´ t − tp1 ��?\á+�í�²L
�X�Ü¿
/¤�, á+Ñ�íNò��Ý�L
«� vosg (t) = C2vrsg (t − tp1), Ù¥ C2 �á+S
í��Ü¿Xê, TXê� H/D k', 3�©�~
¥ H/D = 80.4, �â©z [33] ¥�{�� C2 =
2.5. ã 11 �Ñ
î­ãl6�í�u�ã αriser

��m�Cz5Æ, Ù¥J�� CFD �[¤�(
J, ¢��nØ©Û¤�(J. ã¥��, á+¹í
Ç�X�u�?1ØäO\, ��Ñ�íþ�u?
�íþ�m©~�, (20) Ú (21) ª¤�(J� CFD

(JÎÜûÐ, L²nØ©Û�.´k��Ün�.

ã 11 î­ãl6�í�u�ãá+S¹íÇCz

5 ( Ø

±î­ãl6/¤^�����K, òn��
¹.+��á+|Ü+�XÚ�����+�X
Ú, uÐ
T«í�·Ñ+�XÚ¥î­ãl6
� CFD ê��[�{. ±,e�+�á+|ÜX
Ú�é�, éYíî­ãl6 4 ��ã¥í�6Ä
A�9ÙØåCzA5?1
ê��[�©Û, ¼
�
Ù±Ï!ØåÅÄÌ�9�u�m�Cz5
Æ, ê��[�©z¥¢�(JÎÜûÐ.

3 CFD �6|(J�Ä:þ, éî­ãl6
Ä5ÆÚ6ÄA5?1�\©Û, �é�³��î
­Ú6Ä��E,��í�u�ã, �Ñ
á+\
�íNò��Ý�Cz5ÆÚnØ�., �NÑî
­ãl6�u�ãá+�?í5Æ, ¿(Ü Hewitt

6.ãJÑ
á+S6.�ýÿ�{. d	, ©¥
�ïá
á+Ñ�²þ�Ý!á+¹íÇ�á+
\�íNò��Ý�m�nØ�., nØ�.�O
�(J� CFD ê��[(J��.

�©�ó§þ�ºÝhí·Ñ+�Sî­
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ãl6�ïÄJø
�¢�1��� CFD �{,

�©¥ïá�nØ�.�±�î­ãl6¤Ú
u��³?1¯�ýÿµ�, äk�½ó§¢^
d�.
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Abstract

Based on the consistence principle for the severe slugging formation condition, a computational fluid dynamics (CFD) method

is proposed for numerically simulating the gas-liquid severe slugging in a pipeline-riser system by converting the three-dimensional

pipeline-riser system into a two-dimensional equivalent one. Numerical simulation is conducted for the gas-liquid flow patterns of the

severe slugging in a declination pipeline-riser system according to the experimental cases presented in the reference, and variations

of characteristics of the flow parameters with gas-liquid superficial velocity due to such a severe slugging are obtained, including

period, pressure fluctuation and blowout time, the numerical results are in good agreement with the experimental results. Moreover,

the theoretical methods are obtained of determining the gas superficial velocity at the riser inlet, the gas volume fraction in the riser

and the average velocity at the riser outlet during the severe slugging blowout stage, and the variations of characteristics of these flow

parameters with time are presented. Besides, a theoretical predicting method of determining the flow patterns in the riser during the

severe slugging blowout stage is further proposed, and the theoretical results are consistent with the CFD numerical results. The CFD

method could save much time and computing resource, and the theoretical methods could be used to predict the damage of severe

slugging quickly.
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