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The development of a mathematical model for simulating the blowdown of pressur-
ized hydrocarbon conveying pipelines under fire attack is described. The model is
based on the resolution of the conservation equations using the method of characteris-
tics. It accounts for real fluid behavior, pipeline mechanical strength, as well as phase
and flow dependent transient heat transfer effects, and frictional pressure losses. Fail-
ure is assumed to occur when any one of the simulated triaxial thermal and pressure
stresses in the pipeline wall exceed its ultimate tensile strength. The application of the
model to a hypothetical example involving localized fire attack on an isolated natural
gas pipeline reveals that the pipeline fails because of large thermal stresses on the
outer surface in addition to the internal pressure stresses. The efficacy of emergency
depressurization using different diameter relief valves as a means of protecting the
pipeline mechanical integrity during fire attack is also quantitatively investigated.
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Introduction

In recent years, pipelines have gained significant popularity
as a means of transporting large amounts of pressurized hydro-
carbons across the globe. These provide extraordinary quanti-
ties of energy products to industry and consumers, literally
fuelling economies and way of life. However, their increasing
use coupled with operation under more extreme conditions,
such as high pressures, to maximize throughput have inevitably
resulted in a significant rise in their failure frequency. Such
accidents have often resulted in large number of casualties,
including fatalities and significant environmental damage.1

In the U.S. there are more than 2.3 million miles of natural
gas and hazardous liquid pipelines. These run under homes,
near schools, and offices. Since 1986 there have been 5700
pipeline accidents resulting in 325 deaths, 1500 injuries, and
more than $850 m environmental damage. On average, there

is one pipeline accident every day. According to the U.S.
Office for Pipeline Safety2 every year more than 6 million
gallons of hazardous material are spilled through pipelines.

The Belgium pipeline rupture incident on July 30, 2004
resulting in 27 deaths and 120 injuries3 has since changed
the historical perception that such incidents are mainly con-
fined to outside of the European Union (EU).

In the U.K., more than 28,000 km of pressurized pipelines
pass through both rural and populated areas. Of these
;20,000 km transport high-pressure natural gas above 7 bar,
7000 km multicomponent liquids, such as gasoline, and over
1000 km carry ethylene. Hundreds of kilometers of addi-
tional pipelines are currently being added to the U.K. pipe-
line infrastructure.

By the end of 2007, to address the U.K.’s growing energy
needs, the Government plans to import large amounts of
liquefied natural gas using marine tankers. Once treated and
converted to its natural state, the gas is to be distributed
across the U.K., using pressurized pipelines. It is estimated
that up to $7 billion worth of gas will be fed into the U.K.’s
supply over the next 15 years through this route.
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The earlier has given rise to major public concern leading
to several civil lawsuits awaiting hearing in the High Court.

Indeed a recent EU commissioned study4 recognizes pipe-
lines as a ‘‘major-accident hazard.’’ Despite this, a greater
use of pipelines is being promoted within the EU, including
the development of major European pipeline networks. In
response to this, a new European Directive5 expected to
come into effect by 2008, will require the hazard assessment
of all pressurized pipelines containing appreciable amounts
of hazardous materials. In the U.S. the above is already
enacted in the U.S. Pipeline Safety Act 2000.2 The Act goes
on to require integrity management procedures that will
reduce such risks to acceptable levels.

A major credible hazard involving pressurized pipelines is
loss of mechanical integrity because of thermal loading dur-
ing fire attack. In such circumstances, the determination of
the subsequent discharge rate following rupture is important
since it dictates all the major consequences associated with
pipeline failure, including fire, explosion, dispersion, and
environmental pollution. All of these parameters are key fea-
tures of the Safety Case prepared by the pipeline operators.
Safety authorities on the other hand use such data as the
basis for controlling the risks to populated areas.

Ironically, despite the fact that pipelines pose a signifi-
cantly greater hazard as opposed to pressurized vessels, all of
the studies reported in the literature concerning modeling the
impact of fire loading have been exclusively confined to the
latter.6–8 This is partly due to the more complicated nature of
the large number of interacting processes involved during
unsteady state flow in a pressurized pipeline as opposed to
those for a fluid confined in a fixed volume vessel.

In this article, we report the development of a numerical
model based on the method of characteristics (MOC) for pre-
dicting the transient triaxial pressure and thermal stresses in
pressurized pipelines during localized jet fire attack. Failure
is assumed to occur when the sum of these stresses exceed
the pipe wall material ultimate tensile strength (UTS).

An important part of the study examines the efficacy of
emergency depressurization as a means of protecting the
pipeline mechanical integrity during fire attack.

Theory

The following interacting processes are simulated for the
modeling the failure of the pressurized pipeline during fire
attack:

(i) heat transfer between the escaping fluid, pipe wall, and
the surrounding ambient;

(ii) real fluid flow dynamics, including the discharge and
depressurization rates;

(iii) transient pressure and thermal stresses within the
pipeline wall.

Heat transfer within the pipe wall

A 2D finite difference method is employed for predicting
the transient temperature profile within the pipe wall. In the
case of conduction heat transfer, the governing differential
equation for heat flow is given by Ozisik9
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where k, the thermal conductivity (W/mK); c, specific heat
capacity [J/(kg K)]; q, density (kg/m3).

The earlier partial derivatives can be approximated by:
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where Dx and Dy, respectively, represent the axial and verti-
cal nodal distances, with the subscripts, m and n denoting the
corresponding node locations.

The time derivative, @T
@s in Eq. 1 may be approximated by
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Combining Eqs. 2–4 and rearranging, yields
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where Tm,n
p and Tpþ1

m;n , respectively, represent the nodal tem-
peratures at the previous and the subsequent time steps, a is
the thermal diffusivity.

For the convection boundaries (pipe wall/fluid/surrounding
ambient), the nodal transient energy balance is made by set-
ting the sum of energies conducted and convected into the
node equal to the increase in internal energy. Following Hol-
man10 we have:
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where h and Ta are the heat transfer coefficient and ambient
temperature, respectively.

Figure 1 depicts the various heat transfer boundaries dur-
ing depressurization or blowdown through a relief valve.
These include:

(1) heat transfer between the outside ambient and the pipe
wall, h1;

(2) forced convective heat transfer between the escaping
fluid and the discharge plane, h2;

(3) forced convective heat transfer between the flowing
fluid and the inner pipe wall, h3.
The appropriate heat transfer coefficients are determined

using standard correlations. In the case of the surrounding
ambient and the pipewall heat transfer (h1), a constant heat
flux of 350 kW/m2 (Ref. 11) is employed.

For fluid/pipeline wall heat transfer (h3), we assume the
flow during depressurization is fully developed turbulent.
This is a reasonable assumption considering the relatively
high Reynolds numbers ([106) during depressurization. Con-
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sequently, heat exchange between the discharging fluid and
the pipe wall is due to forced, as opposed to natural convec-
tion. In the case of single-phase flow, the correlation pro-
posed by Gnielinski12 for flow in smooth pipes is used. For
two-phase flow on the other hand, the correlation proposed
by Steiner and Taborek13 is employed. The mixture density,
qmix required for the calculation of the two-phase flow heat
transfer coefficient is obtained from

qmix ¼
qgq1

qg 1� xð Þ þ q1x
(7)

where q1 and qg are the gas and liquid densities, respec-
tively, with x representing the fluid mass fraction.

Fluid dynamics

The governing theory for determining the fluid dynamics,
such as the discharge rate and the fluid temperature, pressure,
and velocity profiles along the pipeline following failure
have been described in our earlier publications.14–18 Briefly,
the procedure involves the numerical solution of the mass,
energy, and momentum conservation equations assuming 1D
flow, using a suitable technique such as the MOC.19

The conservation equations for 1D flow in a pipeline
expressed in terms of pressure (P), specific enthalpy (he), and
flow velocity (u) as dependent variables are given by Oke
et al.20:
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where y, pipeline elevation (8); g, gravitational constant
(m2/s); s, specific entropy [kJ/(kg8C)]; a, speed of sound
(m/s); qh, net rate of heat flow from external sources to the

fluid (kW/m2); bx, frictional force term; w ¼ @P
@s

8: 9;
q
.

The earlier outflow model, validated against field data18

accounts for real fluid behavior as well as heat transfer and
frictional effects. It is applicable to both isolated and uniso-
lated flows where pumping at the high-pressure end contin-
ues despite puncture. Liquid and vapor phases are assumed

to be at thermodynamic and phase equilibrium with one
another traveling at the same velocity. This assumption is
found to be generally valid in the case of rupture of long
pipelines.21,22

The fluid approaching the release plane during depressuri-
zation can be either single or two-phase. If the backpressure
is sufficiently low, the fluid accelerates through the relief
valve at its maximum velocity and expands rapidly from the
upstream to the orifice pressure. Consequently, condensation
may occur, which results in two-phase flow. The procedure
for determination of the discharge rate and the state of fluid
phase at the release plane is described elsewhere.23,24 In
essence, it is based on carrying out an energy balance across
the orifice assuming isentropic expansion coupled with ther-
modynamic and phase equilibrium.

The flow dependent wall friction force term is obtained
using the Moody approximation to the Colebrook equation.25

Peng–Robinson equation of state26 is used for obtaining
the appropriate thermodynamic and phase equilibrium data.
This equation has been shown to be particularly applicable to
high-pressure hydrocarbon mixtures.27,28 The number and the
appropriate fluid phase(s) present at any given temperature
and pressure on the other hand are determined using the sta-
bility test based on the Gibbs tangent plane criterion devel-
oped by Michelsen.29–31 For unstable systems, the same tech-
nique also provides the composition of a new phase, which
can be split off to decrease the Gibbs energy of the mixture.
Pseudo-fluid properties for mixtures are calculated from the
pure liquid and gas properties obtained from the EoS.

The speed of sound for real multicomponent single-phase
fluids is obtained using standard expressions.32 In the ab-
sence of an analytical solution, the speed of sound for two-
phase mixtures is calculated numerically.16

Thermal and pressure stresses

The tangential, radial, and longitudinal thermal and pres-
sure stresses used are those for thick-walled cylinders under-
going elastic deformation following nonuniform heating. The
plastic deformation region is ignored because of the compli-
cations association with modeling such behavior.

Based on the normal stress failure criterion, failure is
assumed to occur when either or both of the earlier total
stresses exceed the vessel material’s UTS.33

The 3D thermal stresses in the pipeline are obtained from
the radial temperature profile T(r) using the following equa-
tions34:
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Figure 1. Schematic representation of the various heat
transfer boundaries during depressurization
under fire attack.
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where M1 ¼ sE
1�l with rTt , r

T
l , and rTr , respectively, represent-

ing the tangential, longitudinal, and radial thermal stresses. a,
pipe internal radius; b, pipe external radius; s, coefficient of
thermal expansion; E, modulus of elasticity; l, Poisson’s
ratio.

The corresponding pressure stresses in the pipeline are
obtained using the equations given by Popov33 for thick-
walled cylinders:

rPt ¼ Pa2
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1þ b2

r2

8>>:
9>>; (14)
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1� b2

r2
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rPl ¼ Pa2

b2 � a2
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The total resident stresses at any location within the pipeline
wall are determined from the sum of the thermal (Eqs. 11–
13) and pressure stresses (Eqs. 14–16).

Results and Discussion

The following represents the results of the application of
earlier model to a hypothetical example involving a carbon
steel pipeline containing pressurized natural gas under local-
ized jet fire attack. Table 1 shows the pipeline characteristics
and the prevailing conditions.

For simplicity, the pipeline thermal conductivity is
assumed to be independent of temperature. In practice, the
thermal conductivity for carbon steel is reduced by about
20% over the temperature range 20–4008C. A reduction in
the thermal conductivity with temperature increases the tem-
perature gradient across the pipe wall thereby increasing the
thermal stresses hence leading to earlier pipeline failure
times. This effect is counteracted by a reduction in the inte-
gral pipe wall temperature (see Eq. 17), which will increase
the pipe wall UTS and hence delay pipeline failure. The net
result will depend on the balance between these two counter-
acting effects, the outcome of which will depend on a
detailed analysis of the particular system under study.

For the sake of an example, it is assumed that a 10-m sec-
tion of the uninsulated carbon steel pressurized pipeline is
completely enveloped by a jet fire a distance of 390 m from
one of its ends.

Two types of failure scenarios are simulated. The first
deals with the impact of direct jet fire impingent on the intact
pipeline. For reference purposes, this is referred to as ‘‘iso-

lated pipeline failure.’’ In the second case, hereby referred to
‘‘unisolated pipeline failure,’’ the effect of emergency depres-
surization using various diameter relief valves on the pipeline
mechanical integrity during fire attack is simulated.

Isolated pipeline

In the case of isolated pipeline, it is assumed that prior to
jet fire attack, the pipeline pressure and temperature are con-
stant throughout its entire length.

Figure 2 shows the variation of the outer (curve A) and
inner wall (curve B) temperatures as a function of time for
the 10-m section of the pipeline under jet fire attack. As it
may be observed, the outer wall temperature exposed to fire
reaches a maximum temperature 540 K some 300 s following
thermal loading. Given the inner wall temperature of 290 K,
the corresponding temperature gradient across the pipewall is
about 250 K. A comparison of the resulting thermal and
pressure stresses with the pipeline UTS will dictate if and
when the pipeline fails during fire attack. This will be dem-
onstrated later.

Interestingly, the corresponding line pressure versus time
data in the same time frame reveal that the thermal loading
of the pipeline does not result in any appreciable change in
the line pressure. This is because of the large heat capacity
of the 1-km pipeline.

Figures 3–5 respectively show the corresponding time de-
pendent variations of the total normalized radial, longitudi-
nal, and tangential stresses across the pipe wall for the iso-
lated pipeline section exposed to fire attack.

The various stress profiles have been normalized with
respect to the pipeline material of construction’s UTS data

Table 1. Pipeline Conditions—Inventory (mol %):
CH4 (90.0) and C3H8 (10.0)

Feed pressure, bara 117
Feed temperature, K 293.15
Pipeline thickness, mm 19
Pipeline inner diameter, m 0.419
Pipeline density, kg/m3 7854
Pipeline thermal conductivity, W/mK 53.6
Ambient temperature, K 293
Flame temperature, K 1500
Pipe roughness, mm 0.05

Figure 2. The variation of pipe wall temperature with
time during jet fire attack for the isolated
pipeline.

Curve A: outer wall; curve B: inner wall.

2446 DOI 10.1002/aic Published on behalf of the AIChE September 2007 Vol. 53, No. 9 AIChE Journal



for carbon steel35 at the prevailing pipeline integral tempera-
ture, C(K). This is given by

WðKÞ ¼

Rb
a

T
�
r; t

�
dr

b� a
(17)

Normalized stress values equal or greater than unity indicate
pipeline failure. Positive and negative values on the other
hand represent tensile and compressive stresses, respectively.

Referring to Figure 3, it is clear that pipeline failure in the
radial direction in the time domain under consideration (300
s) is impossible since the normalized stress values remain
well below unity throughout.

Figures 4 and 5 on the other hand reveal much larger nor-
malized longitudinal and tangential stresses. The relatively low
normalized compressive stresses at the inner wall rapidly trans-
form into tensile stresses toward the outer wall. Comparing the
data given in Figures 4 and 5 it is clear that the pipeline fails in
the tangential direction due to prevailing tensile stresses some
160 s following fire attack. This failure mechanism known as
bulging is schematically represented in Figure 6.

Figure 7 shows the transient variations of the thermal
(curve A, rT) and pressure stresses (curve B, rp) in the outer
pipeline wall section during fire attack. Curves C and D on
the other hand show the corresponding pipeline wall total
stress (rT þ rp) and UTS data. As it may be observed, the
dominant failure mechanism for the pipeline is due to ther-
mal stresses. These, in contrast to the pressure stresses, rap-
idly increase with time during fire loading. The pipeline fails

Figure 3. The variation of the normalized radial stress
across the pipe wall at different time intervals
for the isolated pipeline under fire attack.

Curve A: 50 s, C(K) 5 325.07; curve B: 100 s, C(K) 5
345.33; curve C: 150 s, C(K) 5 364.48; curve D: 200 s,
C(K) 5 382.89.

Figure 4. The variation of the normalized longitudinal
stress across the pipe wall at different time
intervals for the isolated pipeline under fire
attack.

Curve A: 50 s, C(K) 5 325.07; curve B: 100 s, C(K) 5
345.33; curve C: 150 s, C(K) 5 364.48; curve D: 200 s,
C(K) 5 382.89.

Figure 5. The variation of the normalized tangential
stress across the pipe wall at different time
intervals for the isolated pipeline under fire
attack.

Curve A: 50 s, C(K) 5 325.07; curve B: 100 s, C(K) 5
345.33; curve C: 150 s, C(K) 5 364.48; curve D: 200 s,
C(K) 5 382.89.
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at the intersection of curves C and D; 150 s following jet fire
attack.

Unisolated pipeline failure

The effect of emergency depressurization on the resulting
thermal and pressure stresses during fire attack is investigated
in the following.

Figure 8 shows the variation of the line pressure as a func-
tion of time during emergency depressurization through dif-
ferent diameter relief valves [25 mm (curve A), 50 mm
(curve B), 75 mm (curve C), and 100 mm (curve D)] under
fire attack. The corresponding data for the isolated pipeline

are also given for comparison (curve E). A discharge coeffi-
cient of unity is assumed. As it may be observed from the
data, the increase in the relief valve diameter has a signifi-
cant impact on the pipeline depressurization rate and hence
the resulting pressure stresses.

An investigation of the corresponding thermal and pressure
stresses reveals that much the same as that for the isolated
case, the pipeline failure mode during emergency depressuri-
zation under fire attack is due to tangential tensile stresses at
the outer pipeline wall.

Figure 9 represents the variation of the total tangential
stresses as a function of time during emergency depressuriza-
tion using different relief valve diameters under fire attack.
Curves A–D respectively show the total (pressure þ thermal)
outer wall stresses for 25, 50, 75, and 100 mm relief valve
diameters. Curve E shows the corresponding data for the iso-
lated intact pipeline (no pressure relief). Curve F on the other
hand shows the time dependent variation of the UTS.

As it may be observed from the data, emergency depressuri-
zation has a significant impact on delaying the time for pipeline
failure. The corresponding failure times for the isolated pipe-
line, 25, 50, 75, and 100 mm relief valve diameters are 150, 190,
210, and 220 s, respectively. It is noteworthy that despite delay-
ing failure times, for the conditions tested, emergency depressu-
rization does not circumvent pipeline failure.

Conclusion

The development of a mathematical model for simulating
the loss in the mechanical integrity of pressurized pipelines
under fire attack is presented.

Figure 6. Schematic representation of bulging pipeline
failure following fire attack.

Figure 7. The variation of the various outer wall tan-
gential stresses as a function of time for the
isolated pipeline under fire attack.

Curve A: thermal stress, rT; curve B: pressure stress, rP;
curve C: total stress, rP þ rT; curve D: UTS.

Figure 8. Variation of line pressure with time during
depressurization using different diameter
relief valves during fire attack.

Curve A: 25 mm; curve B: 50 mm; curve C: 75 mm; curve
D: 100 mm; curve E: isolated pipeline.
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The governing theory for predicting the fluid dynamics
within the pipeline and that of the escaping fluid is based on
the numerical solution of the conservation equations using
the MOC in conjunction with a suitable equation of state.
The earlier coupled with the simulated triaxial thermal and
pressure stresses within the pipeline wall form the basis for a
comprehensive model for producing a timeline presentation
of the failure mechanism of pressurized pipelines during fire
attack.

Using a hypothetical example involving a pressurized nat-
ural gas pipeline, two types of failure scenarios were quanti-
tatively analyzed. The first involved direct jet fire impinge-
ment on the isolated pipeline.

Examination of the resulting triaxial stress data revealed
that during thermal loading, the prevailing tangential com-
pressive thermal stresses in the inner pipe wall rapidly trans-
form into much larger tensile forces toward the outer wall.
Once these stresses exceed the pipe wall material yield
stress, the pipeline begins to deform by bulging.

With the passage of time, further rise in the temperature
of the pipe wall results in an increase in the tensile stress at
the outer wall. The pipeline catastrophically fails through
rupture when this stress exceeds the vessel wall material
UTS.

Emergency depressurization is found to have a significant
impact on delaying the time to failure with the effect increas-
ing with increasing relief valve diameter. Much the same as
that for the isolated pipeline, the prevailing failure mode is
found to be due to tangential tensile stresses at the outer pipe
wall surface.

Finally, the model presented in this article can be used as
an extremely useful tool for comprehensive safety assessment
of pressurized pipelines during fire attack. It will, for the first
time, enable operators of pressurized pipelines to predict how
relief valve size influences the time-to-failure for jet fire
impingement with high heat fluxes and possibly circumvent
failure at lower heat flux exposures.
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