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The Prediction of Stratified Flow Pattern

in a Variable Tube Inclinations and Gravity Conditions
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Abstract : The stratified flow can be seen in the oil and gas pipelines as well as pipelines related to ship’s fluid machineries. Numerous
theories and correlations have also been proposed in the past for the prediction of stratified flow in horizontal or slightly inclined pipe.
The previous researches are mostly about the effects of physical properties, viscosity, phases densities and pipe geomelries on (he
stratified flow. Very few study outcomes exist on the effect of gravity magnitude and large slop angle of pipe inclinations on the occurring
condition of stratified flow. In this study, therefore, analytical procedures were conducted about the eflect of both the change in the gravity
magnitude and pipe inclinations on the stratified flow occurring conditions. From the analytical results, it was found that stratified flow

occurred at the vertical upward inclination and at very low liquid phase flowrates in 0.17g and 0.33g conditions.

Key Words : Stratified flow, Pipe inclination, Gravity magnitude, Transitional condition, Superficial velocity

1. M 8 Feol A7]9} wke] AAF 712717 SAol WaE el &

o] M AlE wd g debd £ Qlnk F, Ao A

AAeh NH 7t Aot Ralw dee] 24 s My g TRIME FASE 559 A8 Ay}
AAslo] Qli= zE Gal| 7]7]Ee] wla oA wask 2= 9 2] kAmE Fez7o] GEA W 422 A
ool o)), 9§ ol4 sjo]i W AbslaEie] S o)A B2o] wAlEl 3= 9lo) whipa] Rl 59
v 58 #aE: 8ol Yy 2AF 580 ug, 1 WA Z FES AL T AL 7

Q] A2EOI, 19709 % Y Ang 248 s

o ek e B4 586l AL F2o) 7155498, f 2. M 2E

Al w4, fredad, sjwe] 7187 2 Fe A7) Sol wet

ek Al Wik 919t Kordyban(1970), Weisman Fig. HE 7)A 9} A7) Ao B g Aupr)
and Kung(l%l) meely et al.(1992), Meng(1999) Soll ¢Js  Ask 4= S‘U\L 2

A8 sty 98 wavolr) 1o Al
o]

AalA stk £ BF AT FAAGER AROE o Al kel Al WP A 2 ol 28
AAson, -3-2419»1 B, Rgadsl da o okt Wk 9 Y o w38 4 sich % A\AAel B o
A A £ O AT, TR S AR B A1 9o sk b e

AAE 71 &7l

rlz
ol
o
=
=i
o—Zé

o] Yootz ¥ wok & A9l ofvhs WA F U2 A

otk webd ezl whalelsl 918 A A3 k.

w IEARE 0 F213]9], bhchoi@mmuackr, 061-240-7227

- 339 -



5=k A
Uy, — > Uy pg ;lq
b, &8 / | b,
ligad
liquad v VA
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pai[)’ g:% pé(ugl 2—u§)>a(hg—hg')(9 l_pg) 1

TR A% WANORVE 409k 40 WAAS A%
go] A& + 3o
A£
U, —=U, A+ (2)
£ A,
b 4@ Al st gestd 4o a8 5
)J\E]'.
N aAp,—p,) cﬂz, (AJ]A)? .
W, “(1+A,//A) >
AGelA P 3R] [T &2 A ~0d 24 0 7

=

wA ek 3,
P =o

o Axlel # 4wl A

1Age) fRrt s A 3

ool A pel

7ol Ao

@247 pl e 4w
b gy e 5
&G 4 A A, o= A

A50] Sy, ooz wl

= H] &

Wi A A0 pel el e AE, F AAlel ghe o
v e s gl Ao Wy oa) st 4

A g

4 et ol gt

F 7wl AL~ AR 0FE

Aol B2l [ ]82 16 71 fek zeEg A3)e] ¢
woawAle) [ ]9 Ak ol Aae] @ gl T
qow WA 5 vk
o (AAD" ( L)z
20+A, 1Ay |7\ D &
wheba] A4S 23l sl AestE AG)E A 5

alt,

3
5 y >] (5)
(1 h,)“_@ do=0p ,
D C#I/ pH s
E 7|AGe] AASE 4 0% AEIER jEe] AN
2(6)3 2t
ug:—]f (6)
mA] gl (DI} o] Aejet 5 QU 5,
A A D

"LL}‘_'H’_ )‘](6 7} )4(7 )& ;\](J) ] l’ﬂo}o]—j )1() o] u]/ =

F Zolo] tajM= ¥ A4 pr, WER M piow
gAssa 7Ae dur) S5 ;o ulg How EHs
v A7
. (1_~)\/ 71: \/aﬂp Py ()
7=\ d&dT, b, ‘
NN RALF Ty wy A % A kS AO)~(2sh 2
o,
o= N
h,=‘Dj )
'z?,'——E (10

—@F-W1-er-17] av

(12)

+4 7= W1-e7-)]
e A©)e] 9 ol EgFol v JAJdR, e #1312
& nEae 48 + o 3,

d&)d= 12T~ )*

wpeba] 9)e] 2(®)e] 7]A4
i B R e o o [ A = R

91 52 3 {5 el Hojshiz] Bed

&g » Z2kO
7 A= ]g rl)\‘,

sl wlel B4 %

o A7 ol ) Ak2)
Qe} &

xzle] ww,

- 340 -



A@l £ wE PR ML R

7 asel o aene A®) F E£gse A R
Ge geA 17 WA A, FATAIA wel R

SO BARE % YU7L Helshzdl eH j ¢e AL

:]‘: 0)[;].
S, Fig. 114 o)t 714kl tha) F23) spolaze)
A A nEE g A Zk2E A34), (15)3) el X

e 4 Ak

~A[ D) 541,50 A= (14)
A D) S, S e A s =0 (15)
A3 A5 2Fskel GesE 2160 A 4 Atk
T’% —TAI—?IT Tl(% )—a(p, p JasB=( (16)

o714 G 7} el fEAel, A= 7 Aol ¥ BRA, p

v UE, g 7Rl B fAe frE HE S SR W

B2} o) is Zhimelvh(02 +4 SR, Q% FUF, 1% F
4 4. B REA B ge A7 AAE AR E 1
Epiey.

g HAEAN AHEH 1,1, 1A AU Fo] xdH

5 9k

T s fpdh T =5 Py =5 1p an

o141 eAagst 7| APel hAAS £, £ A8 gk

f/:C/<£%l‘L) "' ngCg(_a:‘f_u_g) : (18)
4 g

A7 d, d AN 71Ade] FEH430la, ¢, C,
W, mike AAGT ZlAgel wHiel Al
C,=C,=0.019 n=m=0.25°"L <S5 2B5ol=
C,=C,~16 n=m=1°Ith

E3 A7 71AANe] AALEE 4, =(u,—u)?
at 7Hgska, ZlAe] AAGRE AAde] AA&Re] 1
W, S g e ) Bl Z1AAE

2(19)9} ko] viepd 4

-1 O 3] [
AGEH 1z

Ak

=5 fo (19
o] 7] A4 f o A vH U}A/ﬂ_,_o] o}

wg AID~A19E A0 w9 o s
Y= 2f pAEOR FE H(20)E 28 5 Aok

20 (T @ 55 4S5
Lo @) ) AR Ay

d:(p P Q)C(SB

(20)
1, . )
ifapgé(agu;)' (’ZDZ
AN £, £, AT 2k
f=cf ) . r=c2s) @
&

o)1= 11 AT Zof O)ELE

A el E3HEe] Qi FAL was

oju] 21(9)~(12)ell deojxEle] glar, 71 vjw /-l;: 2(22) ~(27) 3}

2},
2.7,’:% (22)
Eg'z% (23)
= (24)

v
T=r—as (27~ (25)
Se=as (2%, (26)
T=1-(27%—)* @7

£ 420
2 2(28)3) 3t

Aol ARI] S5 el g How aA

[ ﬂ %D{%i ;Jﬁ%)hzfﬂ

[ allp —p JasP }“’L"
(@) @Il P) )

- 341 -



e

o Hef ¢ ol Egwo] gl 714739 Ax)
groll A 7] A®)oIA Ao gholth. &d o]
Aol Eghele] gliz BiE ¥k WaEe H@)F o] A4l
A el BE wel wehs wpebA] kel A
A J 0ol A 1707 mskalzle A®)S Aldbete] j gk
@i, OI %J" H(@8)l wiistA A ERL
. L oWshod Eadh A BRy) HRe

gzl

Z=Ar 5
R CR=
Ak
S

RE

%

(28)% Alxkste] AL 7] A G A G
H3E(j, )% s gt 4@ A
713 A g B e 01
W, 25Cell A o] & 7]} g gEoln. £§
T e A Ao EFHE o] 3 A7 D 0.01m=
ateltk T1ejar B AAke] Fa whEhdlE A= 719 AlE e
G a2 e e B o el e B L S
g® 8% N polvk wEAS v f/f @l
el Az ANH1G G=9.8m/s?) FA2 FHFHAAM F

o] WX 1<f/f,<10° ¥ WA BAZG
Taitel and Dukler(1976)¢] A @4 <& F3 A3t 9l
ok w2A o7l = vt ASE &E f/f, =102 89

()3 2

of Bny| £RF

Fig. 2+

(28)¢] Alskell AL-g-w o] 2
ne J|Zow

o] = FuR
2t

EP =S

Al
d EE

Abelgict seolE] 2 ARE-gE 7HE R gk 4% el
1.5G ONE—G. MARTIAN—G LUNAR— Gelth. we}
A 165G AT £E7tERe 150l sidEE Fexdel
i, ONE-Gt  AFdelMe  FEzdeld.  ®3
MARTIAN- G= A7 87k45e) /3859 8ol
A=Ak 0301, LUNAR—GY: A2 1/6 AEdl B

8. J}n}ﬂﬂ c
Hl-gk BOI 4],

01]11 o] Ful A Ol 0. 17G)o]1;}. e o]-L}-°]
T TYH/EE HES o FE fAe

u L uﬂH/} B—Ooo 7:.31_] %_
1, () o B¢90 0% A 5oz 3l

= 90”(15<180“J gl 4%
Pl +4 48 558 e,

3 Fig. 2% vhAS ¥ £ /f,=10, TE7HEE 9E
o Fg @ WEske] hnrt B=(q] 2NN TR gk

- 1.5G ONE—G. MARTIAN—G % LUNAR—G® %17t
WEA 7| AAE AdE HolFa otk agomEE o

O 1
TE

1ol Ly
1o

o,
o J,.‘.'

"

F Q%o fEHET =) 4% & 3 &% 384
Aol A9 FH7MEE Hu 15!3}] 15G°“)‘] B}
oy} A4t FH IR 1/3 Aol G M 24 55
uhA e Al 5—2 ol = qlu). Wt F2e| A7)} E4E mr}

H_.
I

3

B AT AP 2Ry &5 G jAN 4 sl
WA B o) H7)vt pFases 24 580 uhale)
= ]gs][ grel W9y ol e o 4= gk F, 1.5G=
N z=x 320 ojdo] 71 Yol vh&ne] A7) Apak 2
LUNAR—G=3°1 A & & ek ol

1 ool b Aee
!

B FUEET S8 E 38 559 &4 990l Weld
& om|gtc. o) Re Fo] TS Skl FElel o8
F2o) o] 7jAge B Jdd FH ne A EH
ol whe} Aute] Aol oA A WL, F7he FE& o
A Az AAstr] ez w2 71A ] A E el

Qtsl7] Wiel w2

, ol Bl @l

& Jp 0NN S8 3ae) WA

AA = a4

Abil gyl

3 Fig. 2(b)~(d)i= Fig. 2(a)9k &4 At =M
wurg e 4w RS 7z Q)0 &9 PAFE EHR F
A el e B e o 'éll'}% '301—1 i Qleh TR o R ¢
4= Ql3zo], 247k AAE FH AN Fswe we 7ty 3
o] Zyli= 24 s8o] wAlslis 7| A Buv] & ]'go]]
sl A= Avkel odaks FA FahA vk, o) de) 7;”»,] 2
= oAl dEiAe 2 S VAL AEE o T ALt F, B

= ek ge jRANA $4 B W

S 34 5Ee) ol =8 asial "k ol A4@8)e] §
20A o) fedd W A Edshs qep @ B

7 el A Qo Wl whel i oW Fef gt Fdidt
oA (o2 Eol ARl ARy &5 j, ghel FelA A 5

7]
39, Fig. 2(e)~ (D1 Al 71&8 7A7kx

ol .

A3 Fdstar,

fea ME ke Qo Bestel At Astelh =
Fig. 2% F8F(Q2elA e e gire v 2ot
x, Fig. 2(09] -+ 30ba S7HA20 4@ sl ed+
L}. aefuh oA & & %ol 156G eHEANA
B=R N, ONE—G Fdx0ANAE B=g3°lx <4
a9 oo EASA a Ak ol ¥F 5HS A
Aol Gt FHol SRS AAYo] # YFHL

o]

2§l Aael AAA W olo) uheb ¥ ¢

olg]dl FAS A

o

A 5= A e el F7hakAl Hk
3 9] A Aol 2 gk b w34 iquid blocking):
doy|A ¥of T4 aFe] A7) ofH A7 wiiow

=i

gtk oleld welH WA ES AR FAUGE, o
Asel # 4 AHe BorlA g 24, F, wel 8
A Qg 0 =9 sk AR e e B4 wsl
R f9 21 o) wBl wek S BRe) A o) 2
o WA 4+ Ao FAY 4 Ark

- 342 -



10!

chopet wl# AL

)
ol

== | 5

—— ONE-G;

—a— LUNAR-G

—0o— MARTIAN-C;

fif 10, B 0O°

lO() =1
-
=
107" -
107 STRATIFIED -
FLOW REGION
107" L N
107 10" 10 10°

Ja (m/s)

(a) Downward stratified flow ( 3=()°)

10! :
—— ].5C;
—’—()N/L'-_(_,' it 10, 20°
—o— MARTIAN-G; E
—e— | L INAR-C
10"
®
S
107
107 ~
STRATHENED
ILOW RIEGION
3] 1 |
100 10° 107

' Je (m/s)

(b) Downward stratified flow ( 3=2)°)

1
10 T T
——].5G fif, 10, B 87
—e— ONE-G )
—o— MARTIAN-G
—a— [ UNAR-G;
10° -
10"

STRATIIED
FLOW REGION

107" L

107 10

Jai (m/s)

10 10°

(c) Downward stratified flow ( 3=87°)

- 343 -

Jai (m/s)

F4F FES A3
10’ ; ;
—— [5G fite 10, B o’
—e— ONLE-(; ’
—o— MARTIAN-Gi
—=— [UNAR-G;
10" -
>
S
=
107 |
107 =
STRATIIED
FLOW REGION
107 L L 5
0 10°
& i (m/s) l
(d) Horizontal stratified flow ( 3=90°)
10" , :
—— 50 St 10, B 92
—e— ONI-(;
—o— MARTIAN-Gi
—a— [ UNAR-G
10" —
>
g
S
N
]
107" .
107 =
STRATIFIED
ILOW REGION
IO.‘ T ; 0 : T 2
10 10" i) 10 10
(e) Upward stratified flow ( =0 )
10' T :
—— ].5(; Jife 10, 93°
—e— ONE-G; '
—o— MARTIAN-G;
—=— LUNAR-G
10" =t
S
=
10" _
107 |
STRATIIED
FLOW REGION
107} 1 L .
10 10" 107 10°

(f) Upward stratified flow ( 3=937)



B

10! :
fife 10 —o—MARTIAN-G, B 97°
| -~ =~ MARTIAN-G, 3 97.6°
107 ~—o=MARTIAN-G, f3 180" —
—a— LUNAR-Gi, B 108°
‘ -~ LUNAR-G, [ 109°
107 —=—LUNAR-G, B 180" |
e -
é
) ]
S0 . =
H
i
10" : =
[ ]
107 .
Q
 Egi
107y gm J 10°

¥ Ja (m/s)

g) Upward stratified flow( 3=97 *~180 )
Fig. 2. Effect of the change in inclinations and
gravity
phase stratified flow ( £,/ =10 )

conditions on air-water two-

g Fig. 2g)x olv] 71&d AN 203 U

A A9 5l A 4 HeTE 97 °<B<180°
2 sto] Aarel Avjolt) 1Yo RKE & 4 %o FHE
Aol MARTIAN—-GR! 7390l f&wd Wy z7hny)

B=97°% wjel %= Fig. 2(a)~ (Dol vheh} = 54 58
ool g3t FA 9 B=97 ol A &~

% B=97.6°% Aol

gepa He

Ak

Q.
[l

ol A,
ThE F7RAA AlAksE A
FE7E g
"<[5<18() o W9 el A= B%ko S 7hat
Yo Aol watA @ ;

= 1At oAl
&}o]./L]rﬁ =AY
oz ]

i,

559 94

97.

3 At

!
i
0

AR7) &% jg ]'1 Zke)

._T
589 9Y% g

2=

LUNAR—G®l 75l

st Ae 7 Qo @
ol#ldt B&°l MARTIAN-G
3 e =108l EAsA s,
109 "<B<180 ° WSIoIM= MARTIAN- Gt "H7HA =
Zue]  =ab FHol  TAsHA "ok ey
ST 22 LUNAR—GO 7
B=180(54 & F)A =4
Aol Hrh WA vehde A

Fo %R FAES

9] AR &

Ho“ao“ wlE] Z}n

ol

o

UL;'

o H
= L]— = ]gy ][
o] WAEy] wlitel B} W F

>
oy
il
of,
18
L
o)
2
oli
O

=
M

A, g e 2w el $ARSE

Wa7) ol s1A A wn, F¢o
o 7} AEhA| uk kel A

ox
o
ot o

,.\
oy
b
e
i)

N

)

St

|

oz
H g o
¥ 18

fot

K} &

i

oZ
o
ot

oy

&2 Astata gk

|
10 T T
1.5G, p 92°
—— file 10, id. 0.0Imm,  Ap;-Ap; 30
st fofe A0, id 0.0Imm, g g 0.1
st fof 10, 1d. 0.02mm
100 | =1 11 id 0.0lmm .
>
= [t e b -t bbb bttty
< "
B N e i
107"~ -
1071 -
STRATIIED
FLOW REGION
\
10 = T L 0 T 2
107 0% my 10 10
Fig. 3. Occurrence conditions of stratified
flow in inclination B=%2¢ and 1.5G
conditions.
I
10 T T
ONE-G, B 93°
——fify 10, id. 00Imm,  Ap;-Ap; 140
s —ffy 10, id 00Imm, g pig, 0.1
o= [y 10, id. 0.02mm S
10" - —=—fif, 12, id. 0.00mm _
>
E -8 -0 S0
= --oooasots l..
107 e -
*\
5
1072 -
\
\
\\
STRATITIL
e N7 A N VA
= [ 2
10 107 im0 10
Fig. 4. Occurrence conditions of stratified
flow in inclination =93¢ and
ONE-G conditions.
S aHomyH  MARTIAN- G LUNAR—G® 2
3= uf$- wte dA|Ale] @R £ iAo R T4 B
A% o 5 drk web wel olela o
A W ZkA) 28 9% x&k 7 Oo]] e
el 34 58 34 208 glojvt JHllA] 48 3
o 8] dry-ouel 18 AEAE AT & 22 Hold
g, kellA 7)s wkel el 1 G wEHAUCAN

B= RoA, ONE—G FHZNNHE =Rl 54 &

& godo] vpehia AN, AN 218 @ M"‘ Figr. 37
Fig. 48 o] 34 5.5 9%le] TAE AE 2+ vl 4,
FEUT ME) 2 B=Po R 156 FAXAN p=g°

- 344 -



ONE—G &3 z3004 3
3} Fig. 40]

chapat ujg A B

z2 520] WrAlEl7] s Fig. 3
747k ek vhsk gl A& AR 20 vl

A Ap)sk A 8 A S, & HABD3 P

Ag Bl f e A 9, 24 5Fe] 2T 5 U dok

ol#ldt At 2ol Wk A(28)e] ¢¥ A WA F 4% &

INAA Han, T oA & g2 0ol 7 ol FRE 8t

34 BEo] BT 4= iz AAGe] Bry) S50t AE

A7) ook

4. 2 E

M g AAL 7187 2 OEE AN S8 BE

ST = iz 2 dig] o) ATE AAlste] ta

te Avks g 9y

Dol AAL 7187 el Wei7E 0 e<B<90 (A dFs
-9 35)¢ 3%, 38 259 998 FH9 A7t
o /Vekae S ol A AR Wi AL 71&7] Egkel F7hEl
wep S A7)e] mdtehe widle] FFE Heldh

2) w3k AAF 7]&7] el Wb 90 °<B<180 ¥ W, Bt
o F7hz 8 BFC] 997 W 2 9FE Eoh ®
¢ 1.5G ONE-G®l 3%l 38 5% °3—‘°l &
ol kel fﬂ'f«ﬂil‘/l- 7z} EAEH, 1 FAAE B
o 27, WA}, A4 % ehdAS £/, we) aste) o
v debd 4 giek

3 F¥e] A7t ARG Reh A2 MARTIAN—G %
LUNAR—G®) 7Sl B2 vl AL 7187104 324
s AR £ gAY, pate]l SRS A BF 9
& fhastar, kel 180 MAAESE v w2 o
Aol Au7| SxoAut dgH o EASHA et

oz s

[1]
[2]

13

(4]

AL EI(1974), S A, pp. 8-20.

C. J, Wallis, G. B. and Barry, J. J.(1992),
Validation of a One-Dimensional Wave Model for the
Stratified-to-Slug with
Consequences for Wave Growth and Slug Frequency,
Int. J. Multiphase Flow, Vol. 18, No. 2, pp. 249-271.
Kordyban, E. S.(1970), Mechanism of Slug Formation in
Trans. ASME, ]. Basic

Crowley,

Flow Regime Transition,

Horizontal ‘T'wo—Phase Flow,
Engng, pp. 857.
W.(1999),

Two-Phase Flow

Low-Liquid Loading
in  Near Horizontal

Gas-Liquid
PhD

Meng,
Pipes,

20019 4 5P

o1

Thesis, The University of Tulsa. pp. 148-162.

[5] Taitel, Y. and Dukler, A. E.(1976), Modeling Flow
Pattern  Transitions for Steady Upward Gas-Liquid
Flow in Vertical Tubes, AIChE ], Vol. 22(1), pp.
47-55.

[6] Weisman, J. and Kang, S. Y.(1981), Flow Pattern
Transitions in Vertical and Upwardly Inclined Lines,
Int. J. Multiphase Flow, Vol. 7, pp. 271-291.

a4l 20084 09€ 114

AaaAe 20083 12¢9 02¢

AR &)

12008 124 22¢



