
A Hybrid Multiphase Flow Model
Haroun Mahgerefteh and Garfield Denton

Dept. of Chemical Engineering, University College London, London WC1E 7JE, U.K.

Yuri Rykov
Keldysh Institute of Applied Mathematics, 125047 Moscow, Russia

DOI 10.1002/aic.11569
Published online July 14, 2008 in Wiley InterScience (www.interscience.wiley.com).

The development of a hybrid model for predicting outflow following the rupture of
downward sloped pressurized hydrocarbon pipelines is described. The model addresses
the failure of the Method of Characteristics (MOC)-based numerical solution technique
in predicting post depressurization outflow through coupling it with a hydraulic flow
model. The resulting hybrid simulation is tested against the hypothetical full bore rup-
ture of a 100-m-long, 0.158-m-diameter pipeline at various angles of decline in the
range 0 to 2908 containing different classes of hydrocarbons. These include a two-
phase mixture, flashing liquid, liquid, and a permanent gas. The results indicate that in
the case of the two-phase mixture and the permanent gas, both the MOC and the
hybrid models produce very similar results with outflow being independent of the angle
of decline. However, large differences in the data are obtained in the case of liquid
and flashing liquid inventories with the MOC significantly under predicting outflow.
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Introduction

Pressurized pipelines are increasingly used as the main
mode of transport for large amounts of hydrocarbons across
the globe. Although such mode of transportation is consid-
ered relatively safe, given their extensive use, pipeline rup-
ture incidents occur almost on a daily basis with some lead-
ing to catastrophic consequences. An average of over 6.3
million gallons of oil and other hazardous liquids is reported
to be released from pipelines each year, more than half the
amount released from the Exxon Valdez disaster.1 Pipeline
rupture incidents are no longer limited to developing coun-
tries. Even in the United States, despite its stringent pipeline
safety regulations,2 data published by the US Office of Pipe-
line Safety3 reveal over 2600 incidents of pipeline rupture in
the past decade. These have lead to a total of 186 fatalities,

702 injuries, and $3.4 billions of property damage. The cor-
responding cost of the damage to the environment is immeas-
urable. In 2004, a gas pipeline explosion in Belgium resulted
in 18 deaths and over 120 serious injuries.4

In most developed countries it is now a regulatory require-
ment to demonstrate that all the hazards associated with
pipeline rupture have been quantitatively accounted for and
appropriate remedial action is taken in order to bring the
consequences of failure to as low as reasonably practicable.
Pivotal to this is the prediction of the release rate and its var-
iation with time in the event of pipeline rupture. This infor-
mation governs all the major consequences associated with
pipeline rupture including fire, explosion, dispersion, and
environmental damage. It forms the basis for emergency
response time as well as allowing pipeline operators and
safety authorities to determine minimum safe distances to
populate areas.

The modeling of the outflow following pipeline rupture
represents a set of unique challenges. Pipeline rupture results
in an expansion wave that propagates from the rupture plane
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toward the intact end of the pipeline at the speed of sound.
This wave imparts a drop in pressure which in turn results in
a series of expansion waves which propagate into the dis-
turbed fluid with an increasing negative velocity, 2u, and
decreasing speed of sound, a. These waves result in the
acceleration of the fluid particles in the opposite direction at
a velocity u 2 a, and hence outflow.

The development of a rigorous transient outflow model
therefore requires the precise tracking of these expansion
waves and their propagation as a function of time and dis-
tance along the pipeline length. This involves detailed con-
sideration of several competing and often interacting factors
including heat and mass transfer, unsteady flow, and thermo-
dynamics. Because of the fact that the speed of sound is
markedly affected by the state of the fluid which may vary
as a function of time and distance along the pipeline fluid,
the model must also incorporate an accurate equation of
state. Due consideration must also be given to the effects of
heat transfer and friction both of which are flow and phase
dependent. Finally, the calculation algorithm must be capable
of avoiding instabilities when encountering the rapid transi-
tions when crossing phase boundaries.

In recent years, a considerable degree of effort in model-
ing such highly transient flows for hydrocarbon pressurized
pipelines has been undertaken (see, for example, Refs. 5–7).
Crucially, however, such work is based on the fundamentally
important assumption of the so-called Homogeneous Equilib-
rium Model (HEM),5–7 in which the constituent phases are
assumed to be at thermal equilibrium and pressure equilib-
rium, traveling at the same velocity. This allows the treat-
ment of the multiphase mixture as a single fluid with average
properties in direct proportion to the percentage mass of the
constituent phases, thus significantly reducing the modeling
complexity and the computational workload.

Notably, recent extensive studies involving the flow of dif-
ferent pressurized hydrocarbons through an orifice by
Richardson et al.8 have shown that the HEM breaks down
when the proportion of liquid in the two-phase mixture
becomes appreciable. The model is also inapplicable in the
case of flashing compressed liquids because the dissolution
of vapor may not be instantaneous. For such liquid mixtures,
the authors successfully predict flow rates using the Ber-
noulli8 incompressible flow equation in conjunction with a
suitable discharge coefficient. However, this has been possi-
ble for relatively ‘‘low’’ dissolved vapor compositions. Also,
the transition between the applicability of the HEM as
opposed to the incompressible flow model is not clear. Addi-
tionally, there is a significant range of mixtures in which nei-
ther of the two models is suitable.8

It is important to note that Richardson et al.8 investigations
have been confined to situations in which the diameter of the
pipe work upstream of the orifice is much larger than the ori-
fice diameter. However, in the case of catastrophic full bore
pipeline rupture (FBR), the area available to flow is signifi-
cantly less restricted, thus providing better opportunity for
unhindered phase disengagement during depressurization. As
such one would intuitively expect the HEM to perform better
under such situations. Indeed, HEM-based simulated results
have produced reasonably good agreement with field data for
the full bore rupture of real horizontal pipelines containing
flashing hydrocarbon mixtures or condensable gases.5–7

However, these tests were conducted using horizontal
pipelines. In practice, long pipelines often pass through vari-
ous topographies. This poses an immediate problem in the
case of modeling of rupture of downward sloped or
‘‘declining’’ pipelines because the MOC-based simulation ter-
minates once the line pressure has reached 1 bara. As such
the gravity induced discharge of any remaining inventory in
the pipeline is not accounted for. Such limitation may give
rise to serious underestimations of the consequent hazard.

In this article, we report the development of a hybrid out-
flow model for predicting release rates following the rupture
of downward sloping pipelines. The model’s performance is
tested against cases involving the hypothetical full bore rup-
ture of different angled pipelines containing various classes
of inventories including a two-phase mixture, flashing liquid,
a permanent liquid, and a permanent gas. In each case the sa-
lient features in the data are compared and contrasted.

Theory

Full details of the background HEM outflow theory for
pipeline failure is given elsewhere,5–7 and only a brief
account is given here. In the case of unsteady generalized 1D
flow, the mass, momentum, and energy conservation equa-
tions for an element of a fluid within the pipeline are respec-
tively given by9

dq
dt

þ q
@u

@x
¼ 0 (1)

q
@u

@t
þ qu

@u

@x
þ @P

@x
¼ a (2)

q
dh

dt
� dP

dt
� ðqh � ubyÞ ¼ 0 (3)

where q, u, P, and h are the density, velocity, pressure, and
specific enthalpy of the homogenized pseudo fluid as a func-

Figure 1. Schematic representation of declined pipeline
showing the pertinent model parameters.

l0, Initial height of fluid in the pipeline; l, height of fluid at
time t; y, angle of decline relative to the horizontal.
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tion of time, t, and distance, x, along the pipeline, respec-
tively. qh is heat transfer across the pipe wall to the fluid,
whereas by is the friction force term given by

by ¼ �2
fw
D
qu uj j (4)

where fw is the Fanning friction factor and D, the pipeline
diameter.

Also,

a ¼ � 2fwqu uj j
D

þ qg sin h

� �
(5)

where y is the angle of inclination of the pipeline to the hori-
zontal plane.

The solution of the above equations leads to a set of quasi
linear hyperbolic equations which can only be solved numeri-
cally. The Method of characteristics (MOC)10 has been used

as the preferred numerical solution method,5–7 as opposed to
other numerical techniques such as finite difference11,12 and
finite element methods13,14 as both have difficulty in handling

Figure 2. Hybrid Model outflow calculation algorithm.

Table 1. Pipeline Characteristics and Prevailing Conditions
for the Isle of Grain Pipeline Full Bore Rupture18

Length (m) 100
Internal diameter (mm) 154
Wall thickness (mm) 7.3
Roughness (m) 0.0005
Initial line pressure (bara) 21.6
Initial line temperature (K) 293.15
Ambient temperature (K) 292.25
Ambient pressure (bara) 1.01
Pipe wall density (kg/m3) 7854
Pipe wall thermal conductivity [W/(m2 K)] 53.65
Pipe wall specific heat capacity [J/(kg K)] 434
Wind velocity (m/s) 6.5
Fluid inventory (mol %) Propane: 95%

n-Butane: 5%
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the choking condition at the rupture plane. The MOC handles
choked flow intrinsically via the Mach line characteristics.
Moreover, MOC is considered to be more accurate than the
finite difference method as it is based on the characteristics
of wave propagation. Hence, numerical diffusion associated
with a finite difference approximation of partial derivatives is
reduced.15

As mentioned earlier, the MOC outflow model terminates
when the line pressure reaches 1 bara. The following
describes the development of the post depressurization hydro-
dynamic model for predicting outflow of any remaining liq-
uid in a declining pipeline following its failure. Figure 1 is a
schematic representation of a declining pipeline showing the
relevant modeling parameters under consideration.

Applying the energy balance equation across both ends of
the pipeline for turbulent flow16 gives

u21
2
þ gl0 sin hþ uðP2 � P1Þ ¼ gl sin hþ u22

2
þ F (6)

where subscripts 1 and 2 denote closed and open end condi-
tions, respectively. Also, y 5 angle of decline relative to the
horizontal plane; F 5 energy dissipated per unit mass of
fluid due to friction; l0 5 initial height of fluid in the pipe-
line; l 5 height of fluid at anytime t.

As both ends of the pipeline are at ambient pressure (pipe-
line is completely depressurized), P1 5 P2.

Now, the energy dissipated per unit mass of fluid due to
friction is given as16

F ¼ 4
R

qu2
l0
D
u22 (7)

where D and R are the internal pipeline diameter and the
shear stress, respectively.

The fanning friction factor, fw, is given by

fw ¼ 2R

qu2
(8)

Substituting fw into Eq. 7 gives

F ¼ 2fw
l0
D
u22 (9)

Substituting F in Eq. 6:

u22
2
¼ g sin hðl0 � lÞ � 2fw

l0
D
u22 (10)

Rearranging gives

u2 ¼ Lg sin h

0:5þ 2fw
l0
D

" #1=2

; (11)

Figure 3. Variation of % cumulative mass discharged
with time for the rupture of the Isle of Grain
pipeline transporting 95% Propane and 5%
n-Butane following its FBR.

Curve A: MOC HEM; Curve B: Field data; Initial line
pressure: 21.6 bara; Initial line temperature: 293.15 K.

Figure 4. Variation of% rupture plane pressure with time
for the rupture of the Isle of Grain pipeline
transporting 95% Propane and 5% n-Butane
following its FBR.

Curve A: MOC HEM; Curve B: Field data; Initial line pres-
sure: 21.6 bara; Initial line temperature: 293.15 K.
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where L 5 lo 2 l.
The fanning friction factor is calculated using the Chen cor-

relation17 for transition and turbulent flow through rough pipes:

1ffiffiffiffiffi
fw

p ¼ 3:48� 1:7372 3 ln
e
rin

� 16:2446

Re
3 lnA

� �
(12)

where

A ¼
e
rin

� �
6:0983

1:0198

þ 7:149

Re

� �0:8981

(13)

e 5 Pipeline roughness; rin 5 pipeline inner radius; Re 5
Reynold’s number,

Re ¼ qDu2
l

(14)

Figure 2 shows the calculation flow block diagram for
determining outflow following the rupture of a pressurized
pipeline based on the combined MOC HEM and the hydro-
dynamic model, hereby referred to as the ‘‘Hybrid Model.’’
In essence the procedure involves the application of the
MOC HEM simulation for determining outflow until 1 bara
pressure equilibration along the entire pipeline length. The
outflow of any remaining liquid is then determined using the
above hydrodynamic model. In the case of two-phase mix-

tures, at 1 bara, the amount of liquid in the pipeline is deter-
mined using an isothermal flash and assuming its immediate
disengagement from the vapor toward the open end of the
pipeline. It is further assumed that during the post depressuri-
zation liquid outflow, the space vacated by the liquid in the
pipeline is displaced by ingress of the ambient air passing
through the rupture plane thus maintaining the intact end
pressure at 1 bara.

Results and Discussion

The following describes the results of the application of
the Hybrid MOC model for the full bore rupture of a 100-m-
long, 0.154-m-i.d. pipeline containing different classes of flu-
ids including flashing liquid, permanent liquid, two-phase
mixture, and a permanent gas at 21.6 bara. For comparison,
the overall pipeline dimensions including the prevailing con-
ditions given in Table 1 are the same as those for a real hori-
zontal pipeline ruptured by BP and Shell on the Isle of
Grain18 for which outflow data based on a pressurized lique-
fied petroleum gas mixture (95% Propane 1 5% n-Butane)
were recorded.

An equidistance grid system comprising 50 nodal points is
employed for the simulations. The corresponding discretization
time element is determined based on 90% of the Courant, Frie-

Figure 5. Variation of % cumulative mass discharged
with time for the pipeline transporting 100%
Butane at a decline angle of 2108 following
FBR.

Curve A: MOC HEM; Curve B: Hybrid Model; Initial line
pressure: 21.6 bara; Initial line temperature: 293.15 K.

Figure 6. Variation of % cumulative mass discharged
with time for a 100-m pipeline transporting
100% Butane at different angles of decline
following FBR.

The dashed lines show the depressurization time to 1 bara.
Curve A: 2108; Curve B: 2308; Curve C: 2508; Curve D:
2908; Initial line pressure: 21.6 bara; Initial line tempera-
ture: 293.15 K.
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drichs, and Lewy value.10,19 The Peng Robinson equation of
state20 is used to generate the vapor–liquid equilibrium data.

Horizontal pipeline: flashing liquid

Figures 3 and 4 show the variation of the % cumulative
discharge mass and rupture plane pressure with time follow-
ing the full bore rupture of the actual Isle of Grain Liquefied
Petroleum Gas inventory until complete depressurization to 1
bara. As it may be observed, the simulated data using MOC
HEM (curve A), are in a reasonably good agreement with
the measured data (curve B) during most of the depressuriza-
tion period. The finite differences in the data may be attrib-
uted to the experimental errors associated with the mass
(65%) and pressure measurements (60.5 bara) and devia-
tions from the homogeneous equilibrium flow behavior for
the two-phase mixture. The larger disagreement in the data
near the tail end of the discharge process where the pressure
forces begin to dissipate is consistent with the increased
inapplicability of the HEM assumption. It is postulated that
in this region, the liquid fraction begins to separate and lag
behind the vapor due to the increased influences of friction
and gravitational pull. This is consistent with the over predic-
tion of the mass discharge by the HEM as both liquid and
vapor phases are assumed to travel at the same velocity.

Figure 5 shows the variation of the % cumulative mass
discharge with time following the FBR of the 100-m pipeline

containing 100% liquid Butane to 1 bara at an angle of
decline of 2108. Curve A shows the simulated data based on
MOC HEM. Curve B on the other hand shows the outflow
data predicted using the Hybrid Model as applied according
to the calculation flow algorithm presented in Figure 2.

As it may be observed from Figure 5, MOC HEM simu-
lated data (Curve A) significantly under predict the mass of
fluid released from the pipeline following its full bore rupture
as it ignores the post depressurization hydraulic discharge of
the remaining inventory. In contrast, the Hybrid Model suc-
cessfully predicts the complete discharge of the entire inven-
tory (1133.5 kg) which is released in 39 s.

Figure 6 shows the corresponding variation of % cumula-
tive mass discharged with time at different angles of decline
following the FBR of the 100-m pipeline transporting 100%
Butane. The approximate time corresponding to the complete
depressurization of the pipeline to 1 bara at each angle of
decline is indicated on the same figure using the dashed
lines. Several important trends may be observed in the data:

(i) During the initial pressure equilibration period, the rate
of cumulative mass loss remains, for the most part, independ-
ent of the angle of decline. This is consistent with the
pressure forces being the dominant factor in driving out the
inventory.

(ii) The post depressurization discharge rate increases with
the angle of decline consistent with the increasing influence
of the gravitational field effect.

Figure 7. Variation of % cumulative mass discharged
with time for the pipeline transporting 100%
Hexane at a decline angle of 2108 following
FBR.

Curve A: MOC HEM; Curve B: Hybrid Model; Initial line
pressure: 21.6 bara; Initial line temperature: 293.15 K.

Figure 8. Variation of % cumulative mass discharged
with time for a 100-m pipeline transporting
100% Hexane at different angles of decline
following FBR.

Curve A: 2108; Curve B: 2308; Curve C: 2508; Curve D:
2908; Initial line pressure: 21.6 bara; Initial line tempera-
ture: 293.15 K.
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(iii) All the curves indicate an apparent discontinuity
marked by the slowing down of the discharge rate around 1
bara followed by a rapid recovery. This is due to the assump-
tion that the transition between the MOC HEM and hydrody-
namic flow occurs after the complete depressurization of the
pipeline. In practice this may happen earlier thus resulting in
a higher discharge rate than that predicted. Interestingly, the
extent of this transition, where the outflow remains relatively
unchanged, decreases with increase in the angle of decline.

(iv) As expected the total evacuation time decreases with
increase in the angle of decline.

Permanent liquid

Figure 7 presents the variation of % cumulative discharge
mass with time for the 100-m pipeline containing liquid Hex-
ane following its full bore rupture at an angle decline of
2108. Curve A shows the data based on MOC HEM,
whereas curve B shows the corresponding data using the
Hybrid Model.

As it may be observed from Figure 7, once again, MOC
HEM (curve A) significantly under predicts the inventory
released from the pipeline following its full bore rupture. Of
the total 1242 kg initial inventory, only 0.7% (8.6 kg) corre-
sponding to its expansion from 21.6 bara to atmospheric

pressure is released in the first 0.2 s following pipeline fail-
ure. In contrast, the Hybrid Model successfully predicts the
complete discharge of the entire inventory (1242 kg) which
is released in 36 s.

Figure 8 is a plot of the % cumulative mass discharged
with time at different angles of decline in the range 10–908
for the 100-m pipeline transporting 100% Hexane following
its FBR. As expected, the time to completely discharge the
pipeline contents dramatically decreases with increasing the
angle of decline due to the increase influence of gravity.

Two-phase mixture and permanent gas

Figure 9 shows the variation of the % cumulative mass dis-
charged with time for the 100-m pipeline containing a two-
phase mixture of 80% Hexane and 20% Methane following
its FBR at different angles of decline. On this occasion, both
the MOC HEM and the Hybrid Model produce very similar
results. This is consistent with the entire liquid content of the
pipeline being discharged by the pressurized Methane by the
time the pipeline reaches 1 bara. Also, the rate of depletion of
the inventory during pressure equilibration is independent of
the angle of decline, once again, indicating the dominant
influence of the pressure forces due to the presence of the gas
in the mixture. The same observation may be made in the
case of the pipeline containing only methane following itsFigure 9. Variation of % cumulative mass discharged

with time for a 100-m pipeline transporting
80% Hexane and 20% Methane at different
angles of decline following FBR.

Curve A: 2108 (MOC HEM); Curve B: 2108 (Hybrid
Model); Curve C: 2308 (Hybrid Model); Curve D: 2508
(Hybrid Model); Curve E: 2908 (Hybrid Model); Initial
line pressure: 21.6 bara; Initial line temperature: 293.15 K.

Figure 10. Variation of % cumulative mass discharged
with time for a 100-m pipeline transporting
100% Methane at different angles of decline
following FBR.

Curve A: 2108; Curve B: 2308; Curve C: 2508; Curve
D: 2908; Initial line pressure: 21.6 bara; Initial line tem-
perature: 293.15 K.
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FBR. As indicated in Figure 10 in this case, the discharge
rate is relatively independent of the angle of decline.

Conclusion

The accurate prediction of outflow following the rupture
of pressurized pipelines is central to determining all the con-
sequences associated with failure. By far the most widely
accepted method for producing such data is based on the nu-
merical solution of the conservation equation using the MOC
along with the HEM assumption.

In this article, the development of a Hybrid Model based
on coupling the MOC HEM with a hydrodynamic model for
predicting outflow following the rupture of angled pipelines
is described. The model addresses a principal limitation of
the MOC HEM by accounting for the post depressurization
hydrodynamic discharge.

Outflow simulation results following the full bore rupture
of a 100-m-long, 0.154-m-diameter pipeline containing vari-
ous classes of hydrocarbons at different angles of decline are
presented and discussed.

In the case of flashing liquid inventories in declining pipe-
lines, the MOC HEM model under predicts the amount of in-
ventory loss as compared to the Hybrid Model as it fails to
account for the discharge of the remaining liquid in the pipe-
line following its depressurization to 1 bara. Also, the rate of
discharge prior to the pressure equilibration of the pipeline
does not depend on the angle of decline. This is consistent
with pressure forces as opposed to the gravitational field
effect being the dominant factor in driving out the inventory
during this initial period. The post depressurization discharge
rate is however markedly affected by the angle of decline.

Similar trends are also observed for compressed liquids
with the exception of the differences between the predictions
between the two models being much more pronounced than
those for the compressed volatile liquid. MOC HEM only
accounts for the loss of liquid due to its finite and very rapid
expansion from the line pressure to 1 bara.

In contrast, the presence of a relatively small proportion of
gas in the liquid results in a dramatic change in behavior
with the rate of loss of inventory no longer being dependent
on the angle of decline. The results indicate that the entire
liquid inventory is discharged by the gas by the time the line
is depressurized to 1 bara.

Comparison with the Isle of Grain field data for the rup-
ture of horizontal pipeline filled with LPG reveals that the
homogenous equilibrium based outflow model starts to over
predict the discharge rate near the tail end of the depressuri-
zation process possibly due to phase slip between the constit-
uent gas and liquid phases.

Finally, it is important to note that pivotal to the underly-
ing theory presented in this article are the assumptions of ho-
mogenous equilibrium flow during depressurization from the
line pressure to 1 bara followed by the instantaneous disen-
gagement and discharge of any remaining liquid from the
vapor. Although comparison with the Isle of Grain data indi-
cate the validity of the HEM during most part of the depres-
surization process, comparative experimental data supporting
the immediate phase separation for angled pipelines do not

exist. Clearly, the ideal approach would involve the develop-
ment of a heterogeneous equilibrium model ascribing sepa-
rate conservation equations to each constituent phase includ-
ing gas, bulk liquid, and liquid droplets accounting for cross-
phase concentration changes. Apart from significant increase
in computational workload, such modeling work would
require extensive empirically obtained data such as bubble
dissolution rates, surface tension properties, and range of
other flow regime dependent parameters which are not cur-
rently available. In the absence of such information, the
model presented in this article represents a practical alterna-
tive from a safety point of view as it simulates the worse
case scenario.
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