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Summary. A comprehensive model is formulated to predict the flow behavior for upward two-phase flow. This model is composed of
a model for flow-pattern prediction and a set of independent mechanistic models for predicting such flow characteristics as holdup and
pressure drop in bubble, slug, and annular flow. The comprehensive model is evaluated by using a well data bank made up of 1,712 well
cases covering a wide variety of field data. Model performance is also compared with six commonly used empirical correlations and the
Hasan-Kabir mechanistic model. Overall model performance is in good agreement with the data. In comparison with other methods, the

comprehensive model performed the best.

Introduction

Two-phase flow is commonly encountered in the petroleum, chemi-
cal, and nuclear industries. This frequent occurrence presents the
challenge of understanding, analyzing, and designing two-phase
systems.

Because of the complex nature of two-phase flow, the problem
was first approached through empirical methods. The trend has
shifted recently to the modeling approach. The fundamental postu-
late of the modeling approach is the existence of flow patterns or
flow configurations. Various theories have been developed to pre-
dict flow patterns. Separate models were developed for each flow
pattern to predict flow characteristics like holdup and pressure drop.
By considering basic fluid mechanics, the resulting models can be
applied with more confidence to flow conditions other than those
used for their development. '

Only Ozon et al.! and Hasan and Kabir? published studies on
comprehensive mechanistic modeling of two-phase flow in vertical
pipes. More work is needed to develop models that describe the
physical phenomena more rigorously.

The purpose of this study is to formulate a detailed comprehen-
sive mechanistic mode! for upward two-phase flow. The compre-
hensive model first predicts the existing flow pattern and then calcu-
lates the flow variables by taking into account the actual
mechanisms of the predicted flow pattern. The model is evaluated
against a wide range of experimental and field data available in the
updated Tulsa U. Fluid Flow Projects (TUFFP) well data bank. The
performance of the model is also compared with six empirical cor-
relations and one mechanistic model used in the field.

Flow-Pattern Prediction

Taitel ef al.3 presented the basic work on mechanistic modeling of
flow-pattern transitions for upward two-phase flow. They identified
four distinct flow patterns (bubble, slug, churn, and annular flow)
and formulated and evaluated the transition boundaries among them
(Fig. 1). Barnea et al.* later modified the transitions to extend the
applicability of the model to inclined flows. Barnea’ then combined
flow-pattern prediction models applicable to different inclination
angle ranges into one unified model. Based on these different works,
flow pattern can be predicted by defining transition boundaries
among bubble, slug, and annular flows.

Bubble/Slug Transition.Taitel ef al.3 gave the minimum diameter
at which bubble flow occurs as

Y
d. = 19.01[——(““‘2’6)%} .
p

2g

For pipes larger than this, the basic transition mechanism for bubble
to slug flow is coalescence of small gas bubbles into large Taylor
bubbles. This was found experimentally to occur at a void fraction
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of about 0.25. Using this value of void fraction, we can express the
transition in terms of superficial and slip velocities:

vse = 0.25v, + 0333w, oo )]
where v is the slip or bubble-rise velocity given by®
Vs
v, = 1.53[%] PR 3)
PL

This is shown as Transition A in Fig. 2.

Dispersed Bubble Transition. At high liquid rates, turbulent forces
break large gas bubbles down into small ones, even at void fractions
exceeding 0.25, This yields the transition to dispersed bubble flow>:

Y2 2/5
2 040L (&)3/5 L (v +y )12
(PPr)g| \9L 24 SLT TS

0.5
ﬁ*) U @)

= (0.725 + 4.15
(ng + Vg
This is shown as Transition B in Fig. 2.

At high gas velocities, this transition is governed by the maxi-
mum packing of bubbles to give coalescence. Scott and Kouba’
concluded that this occurs at a void fraction of 0.76, giving the tran-
sition for no-slip dispersed bubble flow as

Veg = 30TVg oo ©)

This is shown as Transition C in Fig. 2.

Transition to Annular Flow. The transition criterion for annular
flow is based on the gas-phase velocity required to prevent the en-
trained liquid droplets from falling back into the gas stream. This
gives the transition as

Ya
Vs, = 3.1[———-*801‘(’;2—’)0)] s

G

shown as Transition D in Fig. 2.

Barnea’ modified the same transition by considering the effects
of film thickness on the transition. One effect is that a thick liquid
film bridged the gas core at high liquid rates. The other effect is in-
stability of the liquid film, which causes downward flow of the film
at low liquid rates. The bridging mechanism is governed by the
minimum liquid holdup required to form a liquid slug:

Hyp > 002, 0]

where Hpr is the fraction of pipe cross section occupied by the lig-
uid film, assuming no entrainment in the core. The mechanism of
film instability can be expressed in terms of the modified Lockhart
and Martinelli parameters, Xp; and Yy,
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Fig. 1—Flow patterns in upward two-phase flow.
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Fig. 2-—Typical flow-pattern map for wellbores.
2-1.5H

Yy = o X 8

M H (1-1.5H, ;)" M ®
where X, =

y, = &0 00pd (10)

(&),
aLj ..

and B=(1-Fg)2( fr/fs ). From geometric considerations, H; r can be
expressed in terms of minimum dimensionless film thickness, émm,
as

Hip = 4émin(1—é min) -
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To account for the effect of the liquid entrainment in the gas core,
Eq. 7 is modified here as

(HLF + ALCﬁ—;) > 0020 1 (12)

Annular flow exists if vgg is greater than that at the transition giv-
en by Eq. 6 and if the two Barnea criteria are satisfied. To satisfy the
Barnea criteria, Eq. 8 must first be solved implicitly for Oyin. Hrr
is then calculated from Eq. 11;if Eq. 12 is not satisfied, annular flow
exists. Eq. 8 can usually be solved for Oy, by using a second-order
Newton-Raphson approach. Thus, Eq. 8 can be expressed as

215H,

F@ ) = YM_Hip(l—l-SHLp) PPN (13)
and
) LSH[ X2,
F @) = H3(1-1.5H,;)
QLS XyHr G5 ) - (14)

H (1-1.5H,)?

The minimum dimensionless film thickness is then determined it-
eratively from

- 7

= éminj_F/(Q

S i, S (15)
mmj

A good initial guess is 8, =0.25.

Flow-Behavior Prediction

After the flow patterns are predicted, the next step is to develop
physical models for the flow behavior in each flow pattern. This step
resulted in separate models for bubble, slug, and annular flow.
Churn flow has not yet been modeled because of its complexity and
is treated as part of slug flow. The models developed for other flow
patterns are discussed below.

Bubble Flow Model.The bubble flow model is based on Caetano’s8
work for flow in an annulus. The bubble flow and dispersed bubble
flow regimes are considered separately in developing the model for
the bubble flow pattern.

Because of the uniform distribution of gas bubbles in the liquid
and no slippage between the two phases, dispersed bubble flow can
be approximated as a pseudosingle phase. With this simplification,
the two-phase parameters can be expressed as

Pre = PAL + Pe1oAL)s «eeeeeie i (16)
Brp =pidp F (14, o an
and vip = Vg F Vg o (18)
where A, = v /Vie oo (19)

For bubble flow, the slippage is considered by taking into account
the bubble-rise velocity relative to the mixture velocity. By assum-
ing a turbulent velocity profile for the mixture with the rising bubble
concentrated more at the center than along the pipe wall, we can ex-
press the slippage velocity as

................................. (20)

vg = vg—1.2v, .

Harmathy® gave an expression for bubble-rise velocity (Eq. 3).
To account for the effect of bubble swarm, Zuber and Hench? modi-
fied this expression:

A
. 1_53[§9M] -

2
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Fig. 3—Schematic of slug flow.

where the value of n’ varies from one study to another. In the present
study, n’'=0.5 was used to give the best results. Thus, Eq. 20 yields

Vi
gaL(pL_pg) 05 _ VSg
1.53[—————-—% H}? = —_I—HL_I'ZVM' ............ 22)

This gives an implicit equation for the actual holdup for bubble
flow. The two-phase flow parameters can now be calculated from

Prp =P HL +p(1-Hy) ...l 23)
and ppp = u H; +pu(1-Hp. ..ol 24

The two-phase pressure gradient is made up of three components.
Thus,

(g_Lfi) - (j-’z’) + (g—fz)er (g—’z) ................. (25)

The elevation pressure gradient is given by

d, .
(E”) = DB SO, 26)
e
The friction component is given by

dp\ _ FreProvip
dL B N

where frp is obtained from a Moody diagram for a Reynolds number
defined by

Prpvred
Brp

Because bubble flow is dominated by a relatively incompressible
liquid phase, there is no significant change in the density of the flow-
ing fluids. This keeps the fluid velocity nearly constant, resulting in
essentially no pressure drop owing to acceleration. Therefore, the
acceleration pressure drop is safely neglected, compared with the
other pressure drop components.

Reyp

Slug Flow Model. Fernandes e7 al.10 developed the first thorough
physical model for slug flow. Sylvester!! presented a simplified ver-
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sion of this model. The basic simplification was the use of a correla-
tion for slug void fraction. These models used an important assump-
tion of fully developed slug flow. McQuillan and Whalley!2
introduced the concept of developing flow during their study of
flow-pattern transitions. Because of the basic difference in flow ge-
ometry, the model treats fully developed and developing flow sepa-
rately.

For a fully developed slug unit (Fig. 3a), the overall gas and liquid
mass balances give

Vsp = Bverpg(1-Hyzg) + (1B (-Hypg) «oovoonn .. 2%
and vg = (1-BwsHys—BVimgHimg -oovvevnnin (30)
respectively, where

B =L/l oo 31

Mass balances for liquid and gas from liquid slug to Taylor bubble
give

(g eo-vydHys = g (-Vip)H 1p
and (vig—ve )(1-H ) = (Vg—Verg)(1-Hp)

The Taylor bubble-rise velocity is equal to the centerline velocity
plus the Taylor bubble-rise velocity in a stagnant liquid column; i.e.,

Y

A .

Vop = 1200 + 0.35[g—(p-p‘—552] ATTTTTR 34)
L

Similarly, the velocity of the gas bubbles in the liquid slug is

L

Va
Vs = 120, + 1.53[5‘142{"—")] HY,

where the second term on the right side represents the bubble-rise
velocity defined in Eq. 21.

The velocity of the falling film can be correlated with the film
thickness with the Brotz!3 expression,

Vi = {196.7g0, ,

where 9 , the constant film thickness for developed flow, can be ex-
pressed in terms of Taylor bubble void fraction to give

Vira = 9916[gd(1- /@)]V ..................... G7)
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The liquid slug void fraction can be obtained by Sylvester’s!! cor-
relation and from Fernandes ef al.’s1? and Schmidt’s!4 data,
- Vsg
Hg”_0.425+2.65v,,,' e (38)
Egs. 29 or 30, 31 through 35, 37, and 38 can be solved iteratively
to obtain the following eight unknowns that define the slug flow
model: 8, Hyrg, HgLs, V1B, VLTB, VgLS, VLLS, and vrg. Yo and Sho-
ham!3 showed that these eight equations can be combined algebra-
ically to give

(9-916 \/g_d)(l-\/ I_HLTB)O-SHLTB—VTB(I_HLTB) +A=0,

where A = Hy wrp + (1-Hyg)

L

0.25
X |vm—H, 1.53[%‘52_—9‘)] (1-Hy 9™

With vrg and Hg; s given by Eqs. 34 and 38, respectively, A can
be readily determined from Eq. 40. Eq. 39 is then used to find H; 1
with an iterative solution method. Defining the left side of Eq. 39 as
F(H;1g), then

0.5 -
F(Hyz) = (9.916/2d)(1-/1-Hyza) Higvrs(-Hyrg) + A.

...................... “n
Taking the derivative of Eq. 41 with respect to Hy7p yields
F'(Hyrp) = vig + (9-916 /g_ci)

05
x (1— / 1_Hm) + Hurp .
4 -ty (1= [t )

...................... “42)
Hj7g, the root of Eq. 39, is then determined iteratively from
Y o Fi) )

118,y = Mg HLTB’-). .......................

The step-by-step procedure for determining all slug flow vari-
ables is as follows.

1. Calculate vy and Hprs from Eqs. 34 and 38.

2. Using Egs. 40 through 43, determine H;7p. A good initial
guess is Hr7p=0.15.

3. Solve Eq. 37 for vy 7. Note that Hyrg=1-Hi7p.

4. Solve Eq. 32 for vy 5. Note that Hyjg=1-H,;s.

5. Solve Eq. 35 for vg 5.

6. Solve Eq 33 for VeTB-

7. Solve Eq. 29 or 30 for S.

8. Assuming that I; g=30d, calculate Lgy; and Lypg from the defini-
tion of 8.

To model developing slug flow, as in Fig, 3b, we must determine
the existence of such flow. This requires calculating and comparing
the cap length with the total length of a developed Taylor bubble.
The expression for the cap length is!?

2
1 VNgTB Vi

L. =5|vp+ 1-H - s
2 [ ® T H NLTB( wers) HNLTB]

where vy, 78 and Hyy rp are calculated at the terminal film thickness
(called Nusselt film thickness) given by

1/3
8 = | 3 gYoerek 1(1-Hyy 1p)
N 4 8(Pr—Pg) ’
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The geometry of the film flow gives Hyy g in terms of dy as

2

20
Hyip = 1-( 1-—d—”) e (46)
To determine vy,73, the net flow rate of dy can be used to obtain

(1-Hy;9)

Vngrs = Vra— (V1 —vg,_s) m. ................. @7

The length of the liquid slug can be calculated empirically from
Lis=10Cld,

where C' was found!® to vary from 16 to 45. We use C'=30 in this
study. This gives the Taylor bubble length as

Lig = /BB oo 49

From the comparison of L and Ly, if L. = Lyp, the flow is devel-
oping slug flow. This requires new values for L}y, Hfz, and
vize calculated earlier for developed flow.

For L}, Taylor bubble volume can be used:

Lip
V;‘TB = j A;‘B (L)dL,
o

where Ay can be expressed in terms of local holdup Ar7p(L),
which in turn can be expressed in terms of velocities by using Eq.
32. This gives

VgV )H
AR = s, 6
V2gL
The volume can be expressed in terms of flow geometry as
LY + L L
V;TB = ngAp(T - VglsAp(l—HLls)v—TB. ..... (52)

Substitution of Egs. 51 and 52 into Eq. 50 gives

Ly + Ly L
Vs (‘_;m_‘ “VgLs(l*HLLs)E

Lip

v~ VudHus
= l-\———=="="=|dL...............cc..... 53
f [ st ] Y

[

Eq. 53 can be integrated and then simplified to give

B2+ (‘2—“b‘—“ﬁ)L’;B +2 o0, (54)
2 a?
a
where a=1-vse/org, ... .o (55
Ve,V (2—-H,
p = Yo Ves2 ) LS e e e (56)
Vrg
and ¢ = EUS g 7

/2

After calculating L%, , the other local parameters can be calcu-
lated from

VESL) = 2BLVrg e (58)
and by @) = Ymtudflus (59)

J2gL

In calculating pressure gradients, we consider the effect of vary-
ing film thickness and neglect the effect of friction along the Taylor
bubble.
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For developed flow, the elevation component occurring across a
slug unit is given by

d .
(d—‘L’) = [(1B)pus + Bpelgsin, ..o, (60)
where p;s = prHps + p(-Hppg). ool (61)

The elevation component for developing slug flow is given by

d .
(EP) = [(A-*)prs + B * prpalgsin,
where pyp4 is based on average void fraction in the Taylor bubble
section with varying film thickness. It is given by

Prea = Pl iea + P (1-Higps),
where Hj7p4 is obtained by integrating Eq. 59 and dividing by L%,
giving
2vp—vuHys

v ZgL;B

The friction component is the same for both the developed and de-
veloping slug flows because it occurs only across the liquid slug.
This is given as

(&),-
dz f
where 8 should be replaced by §* for developing flow. fis can be
calculated by using

H LTBA = C e et e e i (64)

N

Re;g Prsvmdfitrs.

For the pressure gradient due to acceleration, the velocity in the
film must be considered. The liquid in the slug experiences decel-
eration as its upward velocity of v; ;¢ changes to a downward veloc-
ity of v 7. The same liquid also experiences acceleration when it
exits from the film with a velocity v, rp into an upward moving liq-
uid slug of velocity vy rs. If the two changes in the liquid velocity
occur within the same slug unit, then no net pressure drop due to ac-
celeration exists over that slug unit. This happens when the slug
flow is stable. The correlation used for slug length is based on its
stable length, so the possibility of a net pressure drop due to accel-
eration does not exist. Therefore, no acceleration component of
pressure gradient is considered over a slug unit.

Annular Flow Model. A discussion on the hydrodynamics of annu-
lar flow was presented by Wallis.!7 Along with this, Watlis also
presented the classic correlations for entrainment and interfacial
friction as a function of film thickness. Later, Hewitt and Hall-Tay-
lor!8 gave a detailed analysis of the mechanisms involved in an an-
nular flow. All the models that followed later are based on this ap-
proach.

A fully developed annular flow is shown in Fig 4. The conserva-
tion of momentum applied separately to the core and the film yields

dp
A(dL) —7;S;—p.Acgsing =0

and AF(gL) + 1,8~ TpSp—PpLApgsing =0. .......... (68)

The core density, p,, is a no-slip density because the core is con-
sidered a homogeneous mixture of gas and entrained liquid droplets
flowing at the same velocity. Thus,

Pe= Prhre T PelAre)h o (69)
. Fgog
where A, = ——-————ng T Ry e 70
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Fig. 4—Schematic of annular flow.

Fg, is the fraction of the total liquid entrained in the core, given by
Wallis as

Fg = 1-exp[-0.125(v.;~1.5)], ......cooiiiiiint. an
Sg/‘g Pey”
where v_,;, = 10,0002 ( pL) i (72)
The shear stress in the ﬁlm can be expressed as
2
F= f,pL{, .................................. (73)

where fr is obtained from a Moody diagram for a Reynolds number
defined by

prved
Rep = T 74)
_ q(1-Fg) _ v (1-Fg)
where vy = . = 401Dy e (75)
and dygp = 40(1-0)d- + v oo (16)
This gives
_f 2
IF 2 Vst
T (-Fy) pL[ B0 _é)] .................... an
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Eq. 77 reduces to

o d_(U-Fp &(d_t’)
4O \dL ),

Tr

where the superficial liquid friction pressure gradient is given by

(EE) _ fsiPrviy
SL

QL] T T e (79)

Ssi is the friction factor for superficial liquid velocity and can be

obtained from a Moody diagram for a Reynolds number defined by

A (80)

For the shear stress at the interface,

T = i PV e B e (81)
where v, = vee/(1-20) ..o it (82)
AN =07, oo (83)

where Z is a correlating factor for interfacial friction and the film
thickness. Based on the performance of the model, the Wallis ex-
pression for Z works well for thin films or high entrainments, where-
as the Whalley and Hewitt!? expression is good for thick films or
low entrainments. Thus,

Z=143000 forFg>09 ..........coiiiiiiinant, 84
and Z = 1 + 24(—3—")1% for Fp < 09. .............. (85)
&
Combining Egs. 81 through 83 yields
_d_z (dp)
T, =TS ) (86)
4(1-20*\dL/ .

The superficial friction pressure gradient in the core is given by

(d_p) =fscPcV§c
dL sc 2d

where f5c is obtained from a Moody diagram for a Reynolds number
defined by

Ny, = PVsclflscy +vveennniiinnaniiiienn, (88)
Vee = Fphg + Ve oo 89)
and pe=pd e+ u (-0 oo (90)

The pressure gradient for annular flow can be calculated by sub-
stituting the above equations into Egs. 67 and 68. Thus,

)y __z (dp .
(E)C = 1220y (az)sc +pgsind ...l CIY)
and d—p == (1;175)2__ fi d_p
dL - 6483(1-0)3 \fs. J\dL o
__z (% .
B2 (dL)sc +pgsin®. ..ol 92)

The basic unknown in the above equations is the dimensionless
film thickness, 0. An implicit equation for § can be obtained by
equating Eqs. 91 and 92. This gives

dp
L

Z s — . -
BB () orpos e

C

(-FE? fr(dp) _
_64(23(1@3&( dL)SL 0 et 93)
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To simplify this equation, the dimensionless approach developed
by Alves et al.20 is used. This approach defines the following di-
mensionless groups in addition to previously defined modified
Lockhart Martinelli parameters, Xjs and Yyy.

¢2 - (dp/dL)c —8Pc sin 6
¢ (dp/dL)sc

e %4)

(dp/dL)y -gp, sin 6
d g2 =
N YT

By using the modified Lockhart Martinelli parameters, Eq. 93 re-
duces to

e 95)

X2
Yoo VA + M
M 46(1-9)[1-40(1-9)1% * [48(1-9)P

=0, ........ 96)
The above equations can be solved iteratively to obtain 8. If Eq.

96 is F(9), then taking the derivative of Eq. 96 with respect to &
yields

L Zia=20)]

FO = misriaeior
_ z

31 D141

2.5Z[4(1-20)] 3X2{4(1-29)]
T40(1-0)[140(1-0)P5 [40(1-0)1*

............ ©7n

The Newton-Raphson method can be incorporated to determine
4, the root of Eq. 96. Thus,

F(9;
Qjﬂ = éj_—ﬁ@"

Once @ is known, the dimensionless groups ¢ and ¢¢ can be ob-
tained from the following form of Eqgs. 91 and 92

$2 = (1_55 S e (99)
2 o _(FE? fr
9k = 20y
Z
— -7
28y M
> a0 7 (100)
m—YMU—(l—ZQ)z]Z
Alves?0 stated that Eq. 100 can be expressed as
Pi-Yy
¢ = 2SO N (101)
X,

The total pressure gradient can then be obtained from either Eq. 94
or 95 because the pressure gradient in the film and core must be the
same. Thus,

), = (i) = ) e
5] =15 =¢el57] *+8gpcsing.......... (102)
(dL ; \dL/. TAdL/ . ¢
%), (i), = o), < onen
or{=—=1 =155} =¢:l57] +gpLsinb. ......... (103)
(dL T drj, AdL SL ‘

Note that the above total pressure gradient equations do not in-
clude accelerational pressure gradient. This is based on results
found by Lopes and Dukler?! indicating that, except for a limited
range of high liquid flow rates, the accelerational component result-
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TABLE 1-—-RANGE OF WELL DATA

Nominal Diameter Oit Rate Gas Rate Oil Gravity
Source (in.) (STB/D) (MSCF/D) ("APl)
Oid TUFFP* Data ito8 010 10,150 1.5t0 10,567 9510705
Bank
Govier and 2t04 810 1,600 114 t0 27,400 17 to 112
Fogarasi2?
Asheim?3 27/3t0 6 720 to 27,000 740 to 55,700 35to0 86
Chierici et al.24 27/gto 5 0.3t0 69 61027914 8.3t0 46
Prudhoe Bay 5%to7 600 to 23,000 200 to 110,000 241086
*Includes data from Posttmann and Carpenter,25 Fancher and Brown,26 Hagedorn, 27 Baxendell and Thomas,28 Orkiszewski, 29
Espanol,30 Messulam,3! Camacho,32 and field data from several oil companies.

ing from the exchange of liquid droplets between the core and the
film is negligible.

Evaluation

The evaluation of the comprehensive model is carried out by
comparing the pressure drop from the model with the measured data
in the updated TUFFP well data bank that comprises 1,712 well
cases with a wide range of data, as given in Table 1. The perfor-
mance of the model is also compared with that of six correlations
and another mechanistic model that are commonly used in the petro-
leum industry.

Criteria for Comparison with Data
The evaluation of the model using the data bank is based on the fol-
lowing statistical parameters.

Average percent error:

n

E, = (%Ze,,)xloo,

i=1

Ap lCdlL’_Ap imeas

where ¢,; = Ap,
imeas

........................ (105)

E] indicates the overall trend of the performance, relative to the
measured pressure drop.
Absolute average percentage error:

‘where e = Ap icalc_Apimea.\"

E;indicates the degree of scattering of the errors about their average
value.
Average error:

i=1

E4 indicates the overall trend independent of the measured pressure
drop.
Absolute average error:

Es = (%ileil).
i=1

Es is also independent of the measured pressure drop and indicates
the magnitude of the average error.
Standard deviation:

Z (e'_E“)Z ........................... (111)

E¢ indicates the scattering of the results, independent of the mea-
sured pressure drop.

Criteria for Comparison With Other
Correlations and Models
The correlations and models used for the comparison are a modified

1 Hagedorn and Brown,2” Duns and Ros,33 Orkiszewski2? with Trig-
=13 Z fe 1x100. ... (106)  gia correction,* Beggs and Brill*> with Palmer correction,36 Muk-
i=1 herjee and Brill,37 Aziz et al.,38 and Hasan and Kabir.2-3° The com-
L parison is accomplished by comparing the statistical parameters.
E; indicates how large the errors are on the average. The comparison involves the use of a relative performance factor
Percent standard deviation: defined by
Z (e _E )2 (107) .o |E\HE; | EyE,
-------------------------- yp - IEl ’—IEI ] I E2 —E2 )
max min max min
TABLE 2-—-RELATIVE PERFORMANCE FACTORS
EDB vw bw VNH ANH AB AS Vs SNH  VSNH  AAN
n 1712 1086 626 755 1381 29 1052 654 745 387 70
MODEL 0.700 1.121 1.378 0.081 0.000 0.143 1.295 1.461 0.112 0.142 0.000
HAGBR 0.585 0.600 0.919 0.876 0.774 2.029 0.386 0.485 0.457 0.939 0.546
AZIZ 1.312 1.108 2.085 0.803 1.062 0.262 1.798 1.764 1.314 1.486 0.214
DUNRS 1.719 1.678 1.678 1.711 1.792 1.128 2.056 2.028 1.852 2.296 1.213
HASKA 1.940 2.005 2.201 1.836 1.780 0.009 2.575 2.590 2.044 1.998 1.043
BEGBR 2.982 2.908 3.445 3.321 3414 2.828 2.883 2.595 3.261 3.282 1.972
ORKIS 4.284 5.273 2.322 5.838 4.688 1.226 3.128 3.318 3.551 4.403 6.000
MUKBR 4.883 4.647 6.000 3.909 4.601 4.463 5.343 5.140 4.977 4.683 1.516
EBD=entire databank; VW=vertical well cases; DW=deviated well cases; VNH=vertical well cases without Hagedorn and Brown data; ANH=all well cases without Hagedorm and
Brown data; AB=all weil cases with 75% bubble fiow; AS=all well cases with 100% slug flow; VS=vertical well cases with 100% slug flow; SNH=all well cases with 100% slug flow
without Hagedorn and Brown data; VSNH=vertical well cases with 100% slug flow without Hagedorn and Brown data; AAN=all well cases with 100% annular flow; HAGBR=
Hagedorn and Brown correlation; AZIZ=Aziz et al. correlation; DUNRS=Duns and Ros correlation; HASKA=Hasan and Kabir mechanistic model; BEGBR=Beggs and Brill correlation;
ORKIS=0rkiszewski correlation; MUKBR=Mukherjee and Brill correfation.
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EyE; EJ-E, |
E 3max—E 3min |E4mx|”'E 4mml

EPom | Bofown (112)
E5 max_E5 min E6 _E6min

The minimum and maximum possible values for F;,, are 0 and 6,
indicating the best and worst performances, respectively.

The evaluation of the model in terms of Fy, is given in Table 2,
with the best value for each column being boldfaced.

Overall Evaluation. The overall evaluation involves the entire
comprehensive model so as to study the combined performance of
all the independent flow pattern behavior models together. The eval-
uation is first performed by using the entire data bank, resulting in
Col. 1 of Table 2. Mode! performance is also checked for vertical
well cases only, resulting in Col. 2 of Table 2, and for deviated well
cases only, resulting in Col. 3 of Table 2. To make the comparison
unbiased with respect to the correlations, a second database was
created that excluded 331 sets of data from the Hagedorn and Brown
study. For this reduced data bank, the results for all vertical well
cases are shown in Col. 4 of Table 2, and the results for combined
vertical and deviated well cases are shown in Col. 5 of Table 2.

Evaluation of Individual Flow Pattern Models. The performance
of individual flow pattern models is based on sets of data that are
dominant in one particular flow pattern, as predicted by the transi-
tions described earlier. For the bubble flow model, well cases with
bubble flow existing for more than 75% of the well length are con-
sidered in order to have an adequate number of cases. These results
are shown in Col. 6 of Table 2. Cols. 7 through 10 of Table 2 give
results for well cases predicted to have slug flow exist for 100% of
the well length. The cases used for Col. 7 and 8 were selected from
the entire data bank, whereas the cases used for Cols. 9 and 10 and
11 were selected from the reduced data bank that eliminated the
Hagedorn and Brown data, which is one-third of all the vertical well
cases. Finally, Col. 11 of Table 2 gives results for those cases in the
total data bank that were predicted to be in annular flow for 100%
of the well length.

Complete performance results of each model or correlation
against individual statistical parameters (Ej, Eg) are given in the
supplement to this paper.4

Conclusions

From Cols. 1 through 11 of Table 2, the performance of the model
and other empirical correlations indicates the following.

1. The overall performance of the comprehensive model is supe-
rior to all other methods considered. However, the overall perform-
ances of the Hagedorn and Brown, Aziz et al., Duns and Ros, and
Hasan and Kabir models are comparable to that of the model. For
the last three, this can be attributed to the use of flow mechanisms
in these methods. The excellent performance of the Hagedorn and
Brown correlation can be explained only by the extensive data used
in its development and modifications made to the correlation. In
fact, when the data without Hagedorn and Brown well cases are con-
sidered, the model performed the best (Cols. 4 and 5).

2. Although the Hagedorn and Brown correlation performed bet-
ter than the other correlations and models for deviated wells, none
of the methods gave satisfactory results (Col. 3).

3. Only 29 well cases were found with over 75% of the well length
predicted to be in bubble flow. The model performed second best to
the Hasan and Kabir mechanistic model for bubble flow (Col. 6).

4. The performance of the slug flow model is exceeded by the
Hagedorn and Brown correlation when the Hagedorn and Brown
data are included in the data bank (Cols. 7 and 8). The model per-
formed best when Hagedorn and Brown data are not included for ail
well cases and all vertical well cases (Cols. 9 and 10).

5. The performance of the annular flow models is significantly
better than all other methods (Col. 11).
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6. Several variables in the mechanistic model, such as bubble rise
velocities and film thickness, are dependent on pipe inclination
angle. Modifications to include inclination angle effects on these
variables should further improve model performance.
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Nomenclature

a = coefficient defined in Eq. 55
A = cross-sectional area of pipe, L, m2
b = coefficient defined in Eq. 56
¢ = coefficient defined in Eq. 57
C = constant factor relating friction factor to Reynolds
number for smooth pipes
C' = coefficient defined in Eq. 48
d = pipe diameter, L, m
e = error function
E, = average percentage error, %
E, = absolute average percentage error, %
E3 = standard deviation, %
E4 = average error, m/Lt2, psi
Es = absolute average error, m/Lt?, psi
Eg = standard deviation, m/Lt?, psi
f = friction factor
Fg = fraction of liquid entrained in gas core
F,, = relative performance factor, defined in Eq. 112
g = gravity acceleration, m/s?
h = local holdup fraction
H = average holdup fraction
L = length along the pipe, m
n = number of well cases
n' = exponent to account for the swarm effect on bubble
rise velocity
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Subscripts

Ngre = Reynolds number
p = pressure, m/Lt2, psi
q = flow rate, L3/t m3/s
= wetted perimeter, L, m

v = velocity, L/t m/s

V = volume, L3, m?

X = Lockhart and Martinelli parameter
Lockhart and Martinelli parameter
empirical factor defining interfacial friction
length ratio, defined in Eq. 31
film thickness, L, m
ratio of film thickness to diameter
difference
absolute pipe roughness, L, m
angle from horizontal, rad or deg
no-slip holdup fraction
dynamic viscosity, kg/m-s, kg/m™
kinematic viscosity, L2/t, m%/sq
density, m/L3, kg/m3
surface tension, m/t?, dyne/cm
shear stress, m/Lt2, N/m3

([

S UQp TR Do PISO™ N ~
I

a = acceleration

A = average

¢ = Taylor bubble cap, core
crit = critical

= elevation
= friction

film
gas
hydraulic
ith element
interfacial
liquid
liquid slug
mixture
modified
maximum
minimum
Nusselt
pipe
relative
slip
superficial
slug unit
total
Taylor bubble
two-phase
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Superscript

* = developing slug flow

S1 Metric Conversion Factor

in. X2.54% E+00=cm

*Conversion factor is exact.

dimensionless groups defined in Egs. 94 and 95
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