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SUMMARY

The problem investigated is the break of a high-pressure pipeline carrying natural single-phase gas which may
condensate (retrograde) when the pressure drops. Single-phase non-ideal gas is assumed using a generalized
equation of state. Taking advantage of the choked massflow condition, the break is split into a pipe flow problem
and a dispersion flow problem, both solved using a finite difference control volume scheme.

The transient flow field from the pipeline break location is expanded analytically, using an approximation of
the governing equations, until ambient pressure is reached and matched to the corresponding gas dispersion flow
field using as subgrid model a jet box with a time-varying equivalent nozzle area as an internal boundary of the
dispersion domain. The turbulence models used for the pipe and dispersion flow fields are an empirical model of
Reichard and the k- model for buoyant flow respectively.

The pipe flow simulations indicate that the flow from the pipeline might include dispersed condensate which
will affect quantitatively the mass flow rate from the pipeline and qualitatively the gas dispersion if the
condensate rains out.

The transient dispersion simulation shows that an entrainment flow field develops and mixes supersaturated
gas with ambient warmer air to an unsaturated mixture. Because of the inertia of the ambient air, it takes time to
develop the entrainment flow field. As a consequence of this and the decay of the mass flow with time, the lower
flammability limit of the gasair mixture reaches its most remote downstream position relatively early in the
simulation (about 15 s) and withdraws closer to the break location.
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1. INTRODUCTION

The use of natural gas as an energy source and raw material in the petrochemical industry leads to
transport of large quantities of gas. In many cases this transport is carried out by flowing the gas
through pipelines.

The problem studied is the break of a long pipeline which carries wet natural gas under very high
pressure. If the pipeline breaks, the escaping gas will mix with the ambient air to a mixture with
flammability limits that depend on the mixture equivalence ratio (ratio between mass fractions of
natural gas and oxygen compared with their stoichiometric ratio). The gas will not burn if the mixture
becomes too rich or too lean. To predict the consequences of a pipeline break, it is therefore
necessary to know the temperal and spatial variations in the gas mixture concentration. This requires

CCC 0271-2091/96/090953-31 Received August 1992
© 1996 by John Wiley & Sons, Ltd. Revised November 1995



954 1. @. SAND, K. SIOEN AND J. R. BAKKE

detailed knowledge about the topology of the release area, the mass and momentum fluxes of the gas
and ambient air and their states.

To facilitate the problem, we assume that the pipeline is subjected to a full guillotine break at the
end where the pressure is lowest. Basically this means that we study a case where the geometry of the
break opening does not have too much influence on the mass and momentum flows. We also avoid
handling the counterflowing field of natural gas which would occur if the pipeline break were not
located at an end of the pipeline. The problem is simplified further by assuming that the release area
is limited by a plane with friction (representing the ground), a vertical symmetry plane though the
centreline of the pipe and three boundaries where the flow is free to flow into or out of the
computational domain depending on how the flow field develops.

At the break instance the temperature is assumed to be the same inside and outside the pipeline.
We also assume that the air outside the pipeline is at rest initially. The numerical computations are
based on the assumption that the compressible fluid is always in the gas phase, which means that the
gas becomes supersaturated if its dynamic state corresponds to a two-phase equilibrium state. How
the mass flow depends on liquid condensation is discussed briefly in Section 6.2.

The numerical procedure established is used for computation of the non-ideal highly transient gas
flow from a reservoir under high pressure (a long pipeline). The main problem is split into two, where
the first problem is transient flow in a pipeline neglecting downstream effects because of choking.
The second problem is transient dispersion of gas downstream of the pipeline break location where
the flow field is driven by the momentum flux from the pipeline break.

To include real gas effects in our computations, we use the Benedict, Web, Rubin and Starling
generalized equation of state for the gas flow both inside and outside the pipeline. The governing
equations for the flow and concentration fields in the pipeline are assumed to be one-dimensional.
However, when the bulk flow equations are derived, the radial variation is taken into account using an
empirical velocity profile for fully developed turbulent axisymmetrical pipe flow and an empirical
turbulence viscosity given by Reichardt'; see Section 2.1. Within the pipeline, heat generation caused
by viscous dissipation is computed using a two-layer wall function model for the momentum
boundary layer. The heat flux from the environment to the pipe flow is modelled using an empirical
relation for turbulent pipe flow by Petukov.?

The gas dispersion problem is solved assuming that the pipeline break location is an internal
boundary of the computational domain; see Section 3.4. An approximation of the governing
conservation equations in integral form® is improved and used to expand analytically the one-
dimensional choked flow field from the pipeline break to that of a supersonic turbulent jet and to
match it to the three-dimensional gas dispersion flow field; see Section 3.4.

When the ambient air mixes with the wet gas injected from the turbulent supersonic jet, we use the
two-stream mixing process* to find the molar fractions of the gas composition; see Section 3.3. We
approximate the effect of the ground on the flow field by a horizontal plane with friction. The viscous
shear forces from the plane acting on the flow field are computed using a two-layer wall function
procedure for the momentum boundary layer and for the production and dissipation rate of turbulent
kinetic energy.’

When an isothermal boundary condition is used at the ground, an analogous two-layer wall
function procedure is used for the thermal boundary layer to calculate the heat flux from the ground.
Buoyancy is modelled as well as its effect on turbulence production and destruction.®

The governing equations for the pipe and dispersion flow problems are presented in Sections 2 and
3 respectively. The numerical solution procedure is given briefly in Section 4. In Section 6 we discuss
the pipeline break problem, present our results, give some comments on the numerical accuracy and
give a comparison of the transient simulations with small-scale data from an underexpanded steady
jet for varying reservoir pressure. Conclusions are presented in Section 7.
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2. GOVERNING EQUATIONS FOR PIPE FLOW PROBLEM

We assume that the flow and concentration fields are axisymmetrical, fully turbulent developed and
can be described by mass-weighted time-averaged conservation equations for mass, momentum and
specific enthalpy.” The problem is also governed by a turbulence model, an equation of state and
boundary and initial conditions.

2.1. Turbulence model and conservation equations for bulk flow

The conservation equation for mass is given by

ogp 0
5 +a-(e1) =0, (1)
where the bulk velocity is defined by
V= 1 J U d4 )
=4l

and U is the mass-weighted time-averaged velocity.

To find a bulk form of the conservation equation for momentum, we start with its mass-weighted
time-averaged axisymmetrical form and approximate the turbulent viscosity using an empirical
relation given by Reichardt,’

= Y (o — Py /PP + r/r)lL + 2(/r0)], 3)

where k is the von Karman constant, and r, is half the pipe diameter and 7, is the wall shear, which is
related to the density and the bulk velocity by the definition of the drag coefficient

Cr =2 7,/(pV?). @)
We assume that the pipe wall is smooth and use the drag coefficient recommended by Petukov,’
C; = 2/(2:236 In Re — 4-639), Q)

where Re is the Reynolds number for the bulk flow. To include the radial dependence in the velocity,
we use a measured velocity profile®

U = Ug(ro — n/ro)", (6)

where U, is the centreline velocity.

We substitute these relations into the conservation equation for momentum and integrate with
respect to r over the axisymmetrical cross-section. It follows that the bulk form of the momentum
equation is given by
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where the new effective viscosity is given by

e = 0-146pKro(Ce /27 |1V . ®)
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We have neglected (3/x)(pV*)/49, which has its origin in the variation in the kinetic energy with the
pipe radius,” compared with the error we have made by using the velocity profile given by (6). The
neglected term decreases as the Reynolds number increases, because the turbulent velocity profile
develops a box-formed shape. We have also neglected (1/4) ] A(3 pk) d4 compared w1th
4(8?/0x®)(us V), because it can be shown, on the basis of experlments camed out by Laufer,'®
that the turbulent kinetic energy k& ~ C;. From (8) it follows that u¥; ~ C . For our Reynolds
number range (10°-107), Cl/ ? is one order of magnitude greater than Cy; see the frxctlon coefficient of
Moody in Reference 8.

The specific enthalpy does not have the same r-dependence as U, since heat is generated in the
shear layer close to the pipe wall. However, since the source terms which are most important during
high-velocity and transient flow are independent of A, we simplify the equation by assuming that A
has the same r-dependence as U and get the conservation equation

d d _ 0 (ugwoh\ Dp IJ .
Bt(ph)+3x(pyh)_8x(ah ox Dt +A 4 ®dd+0 @

where O is the dissipation term, given in cylindrical co-ordinates in Reference 11, and o, is the
turbulent Schmidt number; see Table 1.

We assume that the flow field is axisymmetrical and has a negligible gradient in the flow direction.
The flow field is divided in an inner and an outer domain where the velocity field in non-dimensional
variables is given by

yt for y* <
. yESA
= {rsn ok 1o

172 1/2

where ut =u/(t,,/p) ", y* = (ry — )(z,,/p)"'*/v,y{ is the thickness of the inner domain, 7, is
given by (2), (4) and (6) and C; is given by (5). In the numerical simulations we use y{ = 11; see
Reference 8.

It follows that the average dissipation per unit volume is

2/7
B ~ rrv[(S 6)° (y+)2/7[2’° +5_7(;_+) ] + oY (2ro _1>}. an
0 W v

The heat flux from the expenment to the pipe flow was modelled using an empirical relation for
turbulent pipe flow by Petukov,’

Q = (T, = 1) pepllVI(Ce/D1-07 + 127(P2° — 1X(Ce/D) T, (12)
where T,,, T, c, and P, are the wall temperature, the bulk temperature, the specific heat capacity at
constant pressure and the Prandtl number respectively. For a Prandtl number greater than or equal to

0-7, formula (12), originally developed for constant heat flux, is, within the accuracy of the formula,
identical with that of constant wall temperature.®

Table 1. Constants appearing in governing equations

(o8 c, G Cuoo g, g, g o Pr,
1-44 1.92 0-8 0-09 13 1.0 0-7 0.7 09
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2.2. Generalized equation of state
To handle accurately a real gas composition, we use the generalized equation of state.
p=pRT+F, (13)

where p,p,R, T and F are the pressure, the density, the specific gas constant, the absolute
temperature and the departure from ideal gas behaviour respectively.
The specific gas constant is given by

N
R=9?/(i; W,X,-), (13)

where #, W; and X; are the universal gas constant, the molar weight and the molar fraction of the ith
gas component respectively and N is the number of gas components in the mixture. We use the
Benedict, Webb, Rubin and Starling generalized equation of state (BWRSGES)

F =(ByRT — 4y — Co/T* + Dy/T? — Eg[THp* + (bRT — a — d/T)p*

+o(a +d/T)p® + c(p*/T*)(1 + yp*) exp(=7p?), )

where p is the molar density defined by p = pR/Z&. The 11 parameters used in (15) are given by
mixing rules for pure gas equation parameters, molar fractions and binary interaction coefficients.
Equation parameters and binary interaction coefficients are determined by curve fitting to
experimental data.'?

2.3. Boundary conditions for pipe flow problem

The release of gas from a long pipeline under decompression can be classified on the basis of the
temporal variation in the mass flow. The following three flow regimes are easily distinguishable: the
initial flow regime, where the inertial forces are stronger than the viscous forces, the wave-dominated
flow regime, where the pressure at the open end approaches the ambient pressure, and the quasi-
steady flow regime, where the gas flow in the pipeline is affected everywhere by the gas release.
These flow regimes last for the order of seconds, minutes and hours respectively.'?

For a short period of the initial flow regime, before the flow becomes choked, we compute the
velocity and density at the break location by solving simultaneously the continuity and the Euler
momentum equations by an implicit numerical procedure.'*

For choked flow and non-ideal gas one can show, using the isentropic index K = (p/p)(dp/dp)ry
instead of y,'° the continuity equation and the Euler momentum equation, that the mass flux passing a
reference point (subscript ‘r’) upstream of the throat (subscript ‘t’) is given by

1/2
) 2K ) ~ 4 2 1 2/K
m=CDA,p, k—:—l%(l—rl ]/K)/[(Q—:) (;) -1 . (16)
T

where Cp, is a discharge coefficient, y is the specific heat capacity ratio (c,/c,) and r = p‘/p,.16 It
should be noted that for a pressure a few bars over the atmospheric pressure, X is practically identical
with y also for a non-ideal gas.

To determine r such that 7 has a maximum, we differentiate the last factor on the right side of (16)
with respect to . It follows that extreme values occur for

K [4)\? 2
1-1/K _ i 4 14+1/K _ =0. 17
, K———+1(Ar)r — a7
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We solve this transcendental equation using the Newton—Raphson method. The algorithm is given by
Tn41 =rn_F(rn)/F/(rn)v (18)

where F is equal to the left side of (17). As a start guess for the iteration procedure we use the
solution of (17) neglecting the second term, which is

2 K/(K-1)

== ) 19

= (:2) ®

The choked boundary condition is then invoked for p,/r, < r,, where #, is the solution of (17).
The outflow boundary conditions for choked flow are

Vi,=Cpe, atx=1, (20)
po=pr/t atx=L, @1)
po=rp, atx=1L, (22)

where L is the length of the pipeline and ¢, is the velocity of sound. The scalars used in the choked
flow boundary conditions are computed from relations derived on the basis of the BWRSGES; see
Sections 2.2 and 2.4-2.6.

2.4. Computational procedure for equilibrium density

To compute the equilibrium density when the pressure, temperature and mixture molar fractions
are known, we use the Navier—Raphson method to solve

p—pRT —F=0. 23)
Since we only consider variation with respect to p, we get the algorithm

pn+l =Pp— lIJ(prz)/l{l/(pn)’ (24)

where ¥ is given by the left side of (23). As a start guess for the algorithm we use initially the
equilibrium density given by p = p/(RT) and for any following time step the dynamic density from
the preceding time step. For the corresponding temperature we start with the initial temperature and
use the temperature from the preceding time step for any following time step.

2.5. Computational procedure for temperature field

To compute the temperature when the dynamic density and dynamic specific enthalpy are known,
we use the Newton—Raphson method to solve

h—hy=0, (25)

where hy is the dynamic specific enthalpy which satisfies (9) and A is the equilibrium specific
enthalpy of the fluid mixture which is defined on the basis of the BWRSGES, given by

h = hy + (ByRT — 24 — 4Cy/T* + 5D,/ T? — 6Eo/T*)p
+1Q2bRT — 3a — 4d/T)p* + (a/5)(6a + Td/T)p°
+(e/7THBI — exp(=yp™)] — (75*/2) exp(—7p2) + ¥** exp(—7p2)}. (26)
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Table II. Molar fractions for
wet gas composition

Component Xim
c 0-7599
C, 0-1119
Cs 0-0738
i—Cy 0-0084
n—C, 0-0200
i—C;s 0-0061
Cs, 0-0000
N, 0-0060
CO, 0-0078

Here h, is the ideal part of the equilibrium enthalpy and is a function of molar fractions and
temperature. Since we consider only variation with respect to T, we get

Tn+1 = Tn - ‘P(T")/‘PI(T,'), (27)

where W is the left side of (25). As a start guess for the algorithm we use the temperaturé from the
preceding time step. The dynamic density used when computing ¥ is from the simultaneous time
step.

2.6. Velocity of sound in a non-ideal gas

For a non-ideal gas mixture the velocity of sound is a function of temperature and density. The
following thermodynamic relations'” are used to compute c;:

2 (P _(%\(%

s = (Bp)s— (cp> (3p>z’ @
_ T (ap z ap
a=eti(ar) /(). @)

A
100 /(4.“ e
=i\
g8 w /// /[
AWMV LA
o | ALY
o vl acdod

Figure 1. Wet gas phase envelope, computed state of wet gas at pipe exit as a function of time, and upper bound for effect of
including heat of condensation
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To relate ¢, to the equilibrium enthalpy, we use the definition of enthalpy. It follows that

_ () _1(%
o~ (3)-403);

We compute the remaining partial derivatives of p and h using (13)<(15) and (26). The accuracy of
those relations has been tested by a series of static computations using pure nitrogen and the wet gas
mixture given in Table IL. The results are given in Tables IV and V respectively (see Section 6). For
pure nitrogen all tests converge. When we use the wet gas mixture, all tests converge except those
which are carried out for an absolute temperature of 200 K with a pressure in the range 50-200 bar.
However, in these states the gas is either in the liquid phase region or close to it; see Figure 1.

3. GOVERNING EQUATIONS FOR DISPERSION PROBLEM

Transient and stationary turbulent flows may be described by conservation equations for the variation
in mass-weighted time-mean quantities.” Essentially these conservation equations are assumed to
have the same form as the time-averaged conservation equations describing incompressible flow. The
problem is also governed by an equation of state, a turbulence model and boundary and initial
conditions.

3.1. Conservation equations and turbulence model

Conservation of mass is given by

dp 0
§+5;i(pui)—0' (31

Conservation of momentum is given by

) d g 0
Z(pU) + — Ul==-X2 4+ _"(a.)+ F.
MG ')+axj(”UfU') 3x,»+ a, (o) + F;, (32)
where
oU; oy 2 U,
0= #eﬁ(gj'FE) - 35,;(0/6 + Hesr TaZ) (33)

Fy = —g(p — po). F; = 0 for i # 3, p, is the initial density and g is the gravitational acceleration.
The effective viscosity is defined by

Her = B+ iy, (34)

where y and y, are the laminar and the turbulent viscosity respectively.
The turbulence model used is the k—¢ model of Launder and Spalding.'® In this model the turbulent
viscosity is related to the turbulent kinetic energy k and its rate of dissipation £ by

1 = CooPk? /. (35)

where k and ¢ are governed by conservation equations.
Conservation of turbulent kinetic energy is given by

3 3 3 (e Ok
—(pk) + — k)= — [t —
PG )+axj(”uf ) ax,(ak axj) +Py+G - pe, (36)
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where the production rates of turbulent kinetic energy from stress and buoyancy are defined by

Po=0,2l wma G=18%

Yo, pPr, ox,

respectively, g; = g, g, = 0 for i # 3 and Pr, is the turbulent Prandtl number.
Conservation of dissipation rate of turbulent kinetic energy is given by

3 3 3 (1 B ¢
5(/78) + &;(PUJE) = B_ch (UL:T &j) + [Ci(Py + GX(1 + G3R) - Czps];, (37)

where

i+ G

—-_ 38
S W+ U2+ UDPP+G 8
is a modified Richardson number which is zero for vertical flow.®
Conservation of specific enthalpy is given by
] d 3 [ ther Oh Dp .
—(ph)+ —(pUk) = —=F— ) 4+ T 40+,
50+ 5 (PR ax,(o,,ax,)*x)ﬁ +0 (39)
where @ is the time-averaged viscous dissipation modelled as
2
au, du; 2 [aU,
D= it STt ) Bl fud
# (axj+ax,.) 3(ax,() +pe “0)

and Q is the heat flux from the ground modelled by a two-layer wall function procedure for the
thermal boundary layer; see Section 3.2.
Conservation of mixture fraction is given by

d d d Hetr afmix
Z(of.. —(pUf..) = — [ Leff Jmix 41
50 i)+ 5 P Ufi) = 3 (% ) @D
where the mixture fraction f ;. is defined in Section 3.3.

The constants appearing in the governing equations are given in Table 1. To handle accurately a
real gas composition, we use the BWRSGES; see (13)«(15) and (26).

3.2. Near-wall regions

Wall functions are used to account for the momentum boundary layer in the near-wall region of the
flow field without resolving it numerically. This is achieved by modifying the source terms in the
governing equations for momentum using a two-layer model for the wall shear.’ This model also
modifies the source terms in the conservation equations for turbulent energy and its rate of
dissipation.

An analogous two-layer wall function procedure is implemented for the thermal boundary layer to
calculate the heat flux from the wall when an isothermal boundary condition is used.'®

3.3. Two-stream mixing process

To find the molar fraction distribution needed in the BWRSGES, we consider a two-stream mixing
problem.* The fiuid B mixes with the ambient fluid 4 to form the mixture fluid M. We assume that all
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gas components in the fluids 4 and B have the same diffusivity and that there is no chemical reaction.
Then the molar fraction of the jth gas component of the mixing stream is given by

X = Unix WaXim + (1 = S ) W Xja) Venix Wa + (1 — fri) W), (42)
where the mixture fraction is defined as
Jinix = (ij - mjA)/ (ij - mjA)’ (43)

W, and Wy are the molar weights of the fluids 4 and B, respectively and m;y, m;s and m; are the
mass fractions of the mixing stream and the fluids 4 and B respectively.

3.4. Matching procedure for pipe flow and dispersion problem

The choice of boundary conditions at the interface between the one-dimensional pipe flow and the
three-dimensional dispersion flow depends on the flow regime. With the exception of a very short
time interval (less than 1 s compared with hours) the flow at the pipeline break location is choked and
thus pressure disturbances occurring downstream of the break location cannot propagate upstream of
it. Therefore only secondary effects from the flow field downstream of the pipeline break location
will influence the flow field inside the pipeline.

Consequently the one-dimensional pipe flow problem can be decoupled from the dispersion
problem. The results from the numerical simulation of the pipe flow problem are stored on a file and
used as time-varying boundary conditions at an internal boundary of the three-dimensional dispersion
domain.

To avoid resolving the high pressure gradient at the pipeline break location within the three-
dimensional domain, the underexpanded flow is modelled on subgrid level using simplified
conservation equations in integral form to compute approximately the equivalent nozzle area
corresponding to the exit area of the shock structure of nozzle form observed on schlieren
photographs of underexpanded jets;'” see Figure 2.

The nozzle area and the expanded variables are used at the entrance of a supersonic turbulent jet.
The procedure follows mainly Reference 3. However, the reference condition in our work is modified
to account for high velocities, while Birch ef al.® use the stagnation reservoir condition. We also
include the enthalpy equation in the procedure and thereby make the assumption of recovered
temperature at the equivalent turbulent jet origin unnecessary.

To review the procedure, we consider a control volume. The pipeline break is chosen to be located
at the entrance of this control volume, subscript 1. The control volume represents the equivalent
nozzle and its exit corresponds to the origin of our turbulent jet, subscript 2; see Figure 2.

We assume negligible body forces, entrainment and viscous forces. We also assume that the exit
pressure p, is equal to the ambient pressure p, and that this after expansion is quasi-steady. From the
ideal equation of state and the conservation equations for mass, momentum and specific enthalpy we
get

Uy = Uy + (@1 — p)/ (0, Uy), (44)
hy = hy + 0-5(U - U3), (45)
T, =T, +0-5(U% - U})/c,, (46)
P2 = Pa/(RTy), (47)

4, = 4,p,U,/(p,Us), (48)

where 4, is the exit area of the equivalent nozzle.
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<««——— PipeFlow Problem ____, 4 After Expansion _g.

* D=0.7m § t

L

+ 1 Equivalent
Nozzle
|- L=3x10° — Asea
=3x10°m
Shock Steucture 2
( No Entrainment )
Dispersion Problem
W w P ',,_> € ‘-

B, =prAs/p.A
A=AyAZ

Bx =0

Ground By and By are ratio between

open and closed area

Figure 2. Illustration of physical problem with corresponding subgrid models

We can also derive (44) from jump conditions for the density and velocity assuming 4, =~ 4,
during the initial shock. However, (44) is singular and is modified in the following way to handle the
start from rest:

U, = U1 + (o — p)/ (0 UDI, (49)

where
Che. for U, € Cpe,,
UT _ D¢s 1 D¢s (50)
Ul for Ul > CDCS‘

The effect of this modification is that supersonic speed at the equivalent jet origin will be reached
governed by the boundary condition procedure used for the pipe flow problem and not by the singular
nature of (44). See Section 2.3, where in the initial phase we take into account the time-dependent
terms in the conservation equations for mass and momentum.
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3.5. Matching of turbulence models

We assume that the expansion of the flow field to ambient pressure is not affected by the viscosity.
It follows that k, = k; and &, = ¢,. The turbulence viscosity used i m the pipe flow problem is given
empirically by Reichardt." Using both the k- and the k—¢ theory,?® we get

ky = 13 /Ui Cibap1)’, (51)

& = (/P [l (52)

where I_ is the mixing length, which for the pipe flow problem is given by Nikuradse’s formula,2’
C,0 is a turbulence coefficient; see Table L.

3.6. Boundary conditions for dispersion problem

We assume that the external boundaries are so open that choking will not occur. It follows for both

inflow and outflow that
172
2c -
v,= cn{ [1 —op)! ”V]} , (53)

py = pp/p0)'", (54)

where the reference point (subscript ‘r’) is always located such that p,/p,, < 1.
For the other scalar variables we use the zero-gradient condition for both inflow and outflow,

Vo =0 fordp=p,hkcandf,,, (55)

where ¢ at the boundary is equal to its nearest internal value and its initial value for outflow and
inflow respectively. However, the pressure at the boundary is always set equal to its nearest internal
value. This is done to assure that the pressure is determined by the time variation in the momentum
flux from the supersonic turbulent jet, which is the driving force within the domain. The boundary
conditions at the jet entrance are covered under the matching procedure (see Sections 3.4 and 3.5),
with exception of the mixture fraction. To express that rich gas flows from the jet box into the
domain, we set

fmix =1 within the jet box. (56)

4. SOLUTION PROCEDURE FOR GOVERNING EQUATIONS

The conservation and transport equations for the flow inside and outside the pipeline can be written in
the form

o (o) + - (pu¢) (r,,, "’>+s¢. 57)

To solve these equations, we use a finite control volume method.?! The calculation domain is
divided into a discrete number of control volumes. Scalar properties are stored at the centre of each
control volume, while each of the velocity components is located on a staggered grid coinciding with
the control volume surface normal to its direction. Equations of the general form (57) are integrated
over the control volumes using interpolation formulaes for the variation in ¢ between the grid points.
Upwind differencing and a fully implicit formulation are used. The results is a set of algebraic
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equations, where each equation connects the value of a scalar variable ¢; at a point P to its neighbour
values ¢,.
The algebraic equations have the form

N
Ap,bp = kZl Ay, b + Sp,» (58)

where N = 6 for the dispersion problem and N = 2 for the pipe flow problem. These algebraic
equations are solved together with proper boundary and initial conditions by a tridiagonal matrix
solver for all grid points within the computational domain. The velocity components computed within
each time step are used as a first guess at the velocity field. The final values of the velocity
components, the density and the pressure field are calculated using a variational procedure known
as the SIMPLE method,?? extended to account for compressibility. The conceptual idea behind
this method is given by Chorin®® For details conceming the extension to compressibility, see
Reference 24.

4.1. Use of a generalized equation of state

In our computational procedure we use the BWRSGES as the basis for finding the equilibrium
density and equilibrium specific enthalpy, the velocity of sound, the specific heat capacity at constant
pressure and the heat capacity ratio y. The equilibrium density is used when we solve an approximate
momentum equation to get an estimate of the velocity field. The estimated velocity field, the
equilibrium density and the velocity of sound are used to compute coefficients needed in the pressure
correction equation, which together with a variational procedure determines the pressure fieid, the
dynamic density and the velocity field. The equilibrium and dynamic specific enthalpies are used to
determine the temperature field. 7 is used in the inflow and outflow boundary conditions; see Section
2.3.

5. NUMERICAL SIMULATIONS

We simulate numerically the transient flow in a pipeline subjected to a full guillotine break (see
Section 6.1) and the transient gas dispersion downstream of the pipeline break location (see Section
6.3).

5.1. Parameters used in transient pipe flow problem

The length L and diameter D of the pipeline are chosen as 3 x 10°m and 0-7 m respectively. The
initial temperature is chosen as 283 K inside and outside the pipeline. A linear pressure distribution is
used with p,.. and p... located at the pipeline ends equal to 167 and 120 bar respectively. The
corresponding initial density distribution is computed by iteration to satisfy the BWRSGES; see
Section 2.2. A wet gas mixture is used; see Table IL

The initial turbulence level under the pipe flow operating conditions is characterized by the relative
turbulence intensity 2%, the characteristic velocity 2 m s~ ', the turbulence length scale 0-3 m and a
Reynolds number proportional to 10”. The initial relative turbulence intensity is calculated on the
basis of experiments carried out by Laufer,'® the assumption of isotropic turbulence and the drag
coefficient of Moody.? The turbulence length scale is estimated on the basis of Nikuradse’s mixing
length for pipe flow and a relation between the turbulence length scale and the mixing length.2°

An expanding grid is used with the minimum control volume length located next to the pipeline
break position. The minimum control volume length is 5 m and the grid expansion ratio is 1-1.
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5.2. Parameters used in transient dispersion simulation

The computational domain for the dispersion problem is chosen to have the length 743 m, the
width 512 m and the height 256 m. To reduce the storage requirement and the computation time, the
gas leak is assumed to be locaied symmetrically with respect to a vertical plane cutting the pipeline
axially. An expanding grid is used with a grid expansion of 1-1. The minimum control volume length
is S5m.

The jet is modelled on a subgrid level as a jet box. The equivalent nozzle area (see Section 3.4) is
located 52-3 m downstream of the inflow boundary of the computational domain (see Figure 9).
Ambient temperature and ambient pressure are 283 K and 1 bar respectively. The initial velocity,
turbulence intensity and turbulent length scale are 0, 0-09m s~ and 0-005m respectively.

5.3. Graphical presentation

The results from the numerical simulations are presented as graphical plots. We have recorded the
flow rate, bulk velocity, temperature, pressure and density as functions of time at the break location
and the same variables at three different time instants along the pipeline; see Figures 3 and 4
respectively.

The results from the transient dispersion simulation are reported as field plots of mixture fraction,
absolute temperature and velocity. We have chosen six cut planes and 12 time instants to visualize
the temporal and spatial variations in these fields.

The computed mixture fraction (see (43) for its definition) and the temperature are represented by
filled contour plots in a grey tone-scale. The mixture fraction is plotted in Figures 5-7, where one and
zero represent pure gas and air respectively.

The correspondence between the contour levels for the mixture fraction computed on a mass
fraction basis and the contour levels for the molar fraction of the wet gas in the mixing stream is
given in Table III. The temperature and velocity fields are shown in Figures 8 and 911 respectively.

6. DISCUSSION
6.1. Transient pipe flow simulation

The transient flow field in a long pipeline subjected to a full guillotine break at the lowest-pressure
end has been studied using numerical simulations. Since the characteristic pipe flow speed (2 m s )
is very small compared with the sonic velocity, which occurs almost instantaneously after the break,
the flow field is started from rest.

All the simulations carried out are characterized by a strong acceleration of the bulk flow from rest
to choked flow. The chocked flow condition prevents pressure waves generated downstream of the
pipeline break location from travelling upstream inside the pipeline. Only secondary effects from the
flow field downstream of the pipeline break location can influence the flow field inside the pipeline.
One such effect is the convective heating or cooling of the external side of the pipe wall carried out
by the entrainment flow field; see Figures 9 and 10. This flow field results when the compressed fluid
expands downstream of the pipeline break location. However, simulations carried out for both
adiabatic and isothermal boundary conditions show that the heat flux from the pipe wall is negligible.

A simulation was also carried out for an alternative initial pressure distribution inside the pipeline
using p... = 146 bar and p_;, = 131 bar. After approximately 1 s the simulated variables develop
similarly with time as in the other case. The flow rate is approximately 10% higher and the
temperature profile is close to identical.
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Figure 5. Mixture fraction f;, at vertical cut in streamwise direction through jet box

When the break of the pipeline takes place, the bulk velocity drops by approximately 40% within
1 s and decelerates by about 5% within the next 1000 s; see Figure 3. The reduction in the bulk
velocity after the gas flow is choked occurs because the gas density and the velocity of sound depend
on the pressure and the temperature; see Tables IV and V.

As the gas discharges, the pressure inside the pipeline drops to maintain continuity of the mass
flow through the choked flow condition at the pipeline break location. A continuous train of
rarefaction waves forms inside the pipeline and travels upstream of the pipeline break location with
the speed of sound relative to the flow field. The increased pressure gradient accelerates the flow field
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Figure 6. Mixture fraction f;, at horizontal cut in streamwise direction through jet box

the initial pressure distribution from linear to non-linear; see Figure 4.

Within 1 s the pressure and temperature at the pipeline break location drop by approximately 85
bar and 60 K respectively; see Figure 3. The temperature drop is a consequence of the expansion
work done. However, part of the heat loss has been compensated by heat generation from viscous
dissipation; Section 2.1. If the gas condensates, the heat of condensation will also help to minimizing

the temperature drop; see the discussion in Section 6.2.
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We have assumed that the pipeline is fully opened at the break location, so there is no geometncal
effect included in the discharge coefficient, only the effect of viscosity. A measured velocity profile®
is our basis. The discharge coefficient C, = 0-82 follows from the ratio between the bulk and the
centreline velocity.
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Table III. Correspondence between con-
tour levels for mixture fraction and for
total combustible molar fraction of mix-

ture fluid

XM fmix
Stoich 0-08 0-062

0-06 0-046
Lower f.l. 0-04 0.0305

0-03 0-023

0-02 0-016

0-005 0-004

The use of the BWRSGES for computation of the velocity of sound and the density at the pipeline
break location will also affect the maximum mass flow from the pipeline compared with that
computed with an ideal equation of state and an isentropic gas relation. In our computations we have
used a full enthalpy equation with heat generation due to viscous dissipation, so the computed
temperature distribution in the high-pressure-gradient area close to the pipeline break location may be
different from that of others. See also Section 2.1 for our approach for including the radial variation
in the viscous dissipation term.

However, we have assumed that the internal pipe wall is smooth. This may affect the results. In
contrast with the drag coefficient for a smooth pipe wall, the drag coefficient for flow in a fully rough
pipe is independent of the Reynolds number but depends on the relative roughness height.®

The transient pipe flow problem was solved using two different grid resolutions. In the first and
second cases the minimum grid size and expansion ratio were 5 m, 1.1 and 10 m, 1-3 respectively.
The computed variables at the pipe outlet deviated by less than 1% from those computed with the
lower grid resolution.

The time step used satisfies the Courant criterion At,,; = C,,Dlimin{(c;)™", (Va)s '}, were
DL_;, is the minimum control volume length and (V_,), is the maximum velocity from the
preceding time step. The transient pipe flow problem was solved for C,, € [0-2, 0-4, 0-6, 0-8]. The
results from these simulations deviated by less than 1%.

6.2. Comments on retrograde condensation

When a pipeline breaks, the pressure and temperature fall very fast as a function of time at the
break location; see Figure 3. After 100 s the temperature has fallen to 169 K and the pressure to 12
bar. Judging from the wet gas phase envelope (see Figure 1), the mass fraction of liquid in the
corresponding equilibrium state is as high as 60% at the pipeline break location. Whether
condensation will take place or not is therefore determined by the residence time of the gas in a state
with high pressure and low temperature.

We have used an expanding grid where the shortest contro] volume has the pipeline break location
as one of the control volume interfaces. An estimated residence time of the gas within this control
volume is 0-03 s. From the experiments reported by Wegner®> for condensation of supersaturated
steam to water, it seems reasonable to conclude that the temperature gradient is too small and the
residence time too long for the gas to leave the pipeline in a supersaturated state.

However, if condensation takes place, the temperature will increase as a consequence of the
released heat of condensation. The actual mass fraction of liquid in the mixture will therefore be
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Figure 8. Absolute temperature at vertical cut in streamwise direction through jet box

smaller than the simulated 60%. The heat of condensation will act as a reversible factor against
condensation within the pipeline (heat generation from viscous dissipation is already included in the
one-dimensional simulation). A very rough estimate gives us 180 kJ kg~' for the heat of
condensation for the temperature inverval from 283 K to 169 K. From Table V we estimate the
average specified heat capacity at constant pressure to be 2-6 kJ kg™! K™'. It follows that the
temperature increase is approximately 70 K. This shows that if the gas condensates, the heat of
condensation cannot be neglected when we want to calculate the mass fraction of liquid leaving the
pipeline.
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We have traced the computed state of the gas at the pipeline break location on the wet gas phase
envelope as a function of time; see Figure 1. The curve for which the heat of condensation is included
in the computations follows a path somewhere between the curve computed by us and that consisting
of an isotherm from the end of the retrograde condensation area followed by a contour line for
constant mass fraction of liquid.

If condensation takes place inside the pipeline, the inertia forces and the turbulent mixing are so
strong close to the pipeline break location that the liquid phase is expected to be finely dispersed.
Experimental values for dispersed water in steam by Karplus (see Reference 26) show that the
velocity of sound will drop by about 20% and 30% for mass fractions of liquid of 30% and 50%
respectively. This indicates that our flow rate, which is computed assuming that the fluid always stays
in the gas phase, may be too high if condensation takes place inside the pipeline.

6.3. Transient dispersion simulation

A three-dimensional simulation of gas dispersion from a full guillotine break of a long pipeline is
carried out. The break is at that end of the pipeline where the pressure is lowest.

The ratio between the pressure at the break point location and the ambient pressure is higher than
the critical pressure ratio, so within a fraction of a second the flow is choked. As a consequence of the
choking, the pressure at the break opening is higher than the ambient pressure; see Figure 3. It is well
known that the gas expands over a distance proportional to D downstream of the pipeline break
location and lowers the pressure to ambient pressure. The expansion accelerates the fluid from sonic
to supersonic speed. The expansion area behaves as an equivalent nozzle of a supersonic turbulent jet.
The phenomenon is known as underexpanded flow.

The supersonic turbulent jet acts as a pump where the shear forces entrain mass into the jet flow.
The momentum flux, which is conserved except for loss because of viscous work on the ambient
fluid, pushes the increased mass flux downstream. The entrainment sets up a secondary flow field
which mixes air of ambient temperature with the very cold wet gas from the entrance of the turbulent
jet.

The wet cold gas mixes within a short distance from the pipeline break location extensively with
the warmer ambient air; see Figure 8. Far downstream of the jet entrance (at x & 500 m), only a small
percentage of the mass of the mixing stream is wet gas; see Figure 5. Because of the inertia of the air,
it takes time before the entrainment flow field is fully developed. As a consequence of this and the
decay of the flow rate with time (see Figure 3), the lower flammability level for the wet gas
(fmix = 0-31) reaches its most remote downstream position within the order of seconds; see Figure 5.

As the entrainment flow field becomes fully developed and the mass flow decreases, the lower
flammability limit withdraws much closer to the pipeline break location. Qualitatively the distribution
of contour levels for the mixture fraction looks right. Because of the wall friction, the dispersion of
the gas is larger vertically than horizontally. Far downstream of the jet entrance (at x = 519m) the
contour levels spread out more along the ground than above it as time passes; see Figure 7. This may
be caused by the Coanda effect, i.e. the interaction between the jet and the boundary layer, and is not
seen in the simulations carried out with the lowest grid resolution.

As a consequence of the expansion of the gas outside the pipeline break location, the temperature
at the equivalent nozzle exit (the entrance of the jet) falls to 94-5-K during the 160 s shown in Figure
8. This is a lower value than the minimum temperature recorded at the pipeline break location during
the 1000 s shown in Figure 3. This temperature is below the condensation temperature of our gas
composition. Our wet gas is therefore supersaturated as it leaves the equivalent nozzle exit. This is a
consequence of our assumption of treating the gas as a single phase.
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Table 1V. Computed and experimental thermodynamic properties of nitrogen

T(K)  P(bar) plkg m™3) c,(J kg™ K™) (I kg™") c(ms™Y)
comp. exp. comp. exp. comp. exp. comp. exp.
200 1 1.6884 1.6883 1043 1043 207064 207000  288.0  288-1
200 40 73-899 73-153 1249 1251 188409 187800 2817 2861
200 100 202.65 199-24 1658 1640 158976 159000 3080 3167
200 200 37414 371-16 1848 1798 128958 131000  434.0
300 1 11236 1-1233 1040 1041 311179 311120 3531 353.1
300 40 45.549 45.086 1096 1102 303161 303000 3569 3612
300 100 113-19 11173 1183 1189 292492 292000 3778 3804
300 200  211.94 212.72 1297 1294 280467 279300  440.5
400 1 0-84228 0-84246 1045 1045 415374 415400 4074 4074
400 40 33.603 33278 1070 1076 411089 411600  413.6 4178
400 100 82-341 81-169 1107 1119 406127 406800  433.0 4374
400 200 15463 154-18 1160 1175 401928 401500 4827

As we commented in Section 6.2, we expect that condensation will take place within the pipeline
because of the long residence time of the gas in a state of high pressure and low temperature.
However, should this nof be the case, the condensation will start at the exit of the equivalent nozzle
and be followed by an increase in temperature because of the released heat of condensation. This is
illustrated by the rough estimate of the temperature increase given in Section 6.2, which shows that
the heat of condensation should not be neglected when we estimate the mass fraction of condensated
liquid. As already mentioned, as the wet cold gas moves downstream it becomes extensively mixed
with the warmer ambient air and the gas mixture reaches a temperature where the condensated gas
will evaporate. This requires heat, so, provided that there is no rain-out, the temperature will recover
to that of a single-phase gas mixture some distance downstream of the equivalent nozzle exit. Figure
8 shows that it is only at the equivalent nozzle exit that the temperature is as low as 94.5 K. The
minimum temperature elsewhere is 250 K.

We have plotted the velocity field in Figures 9-11. It should be noted that the velocity vectors
shown are interpolated values at the centres of the control volumes. This has the consequence that
the velocity at the jet box centre, which is the maximum velocity in the field, is only half the jet
box exit value. Basically the velocity plots show that the momentum flux from the supersonic
turbulent jet is the driving force of the flow field. The development of the large recirculation zone
representing the entrainment velocity field is shown at a vertical and a horizontal cut plane through
the jet in Figures 9 and 10 respectively. These figures also show that there are oscillations at the
inlet boundary upstream of the jet box. These oscillations may be a consequence of the transient
computations.

The dispersion problem was solved using two different grid resolutions. In the first and second
cases the minimum grid size and expansion ratio were 5 m, 1-1 and 10 m, 1-3 respectively. The lower
flammability level of the gas mixture (0-031) was carried furthest downstream when the highest grid
resolution was used, approximately 600 m compared with 500 m. The timing of these events was
also different, approximately 15 s compared with 10 s.

The stoichiometric limit (0-062) was carried approximately 440 m downstream when the highest
grid resolution was used (see Figure 5), while the code could not follow this concentration level after
the first 2.5 s of simulated time when the lowest grid resolution was used. This seems reasonable,
since all scalar variables computed at a particular node point are averaged values with the control
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Figure 10. Velocity plots at horizontal cut in streamwise direction through the jet box
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volume surrounding the node point. The more details we want, the higher is the grid resolution
required.

Also the tendency of the jet to stay along the ground was more pronounced for the higher grid
resolution. This Coanda effect, i.e. the interaction between the jet and the boundary layer near the
ground, is in principle taken care of by the two-layer wall function procedure implemented for the
three-dimensional dispersion problem.

However, the qualitative behaviour of the flow field did not change as a consequence of the
increased grid resolution. The lower flamability limit of the gas—air mixture reaches its most remote
downstream position relatively early in the simulation and withdraws closer to the pipeline break
location as time passes by. Even the highest grid resolution is still relatively coarse for much of the
dispersion area shown in the figures. We can therefore only expect the results to be qualitatively right.

Also for the dispersion problem both adiabatic and isothermal boundary conditions were used. The
effect of considering the ground to be isothermal did not give significant change in the concentration
field compared with assuming the ground to be isolated.

The effect of buoyancy on turbulence generation or destruction was also checked and shown to be
insignificant with respect to changing the velocity or concentration field. However, as can be seen
from Figures S and 8, buoyancy is affecting the flow and concentration fields through the momentum
equation. The cold heavy flow which is lifted up because of the development of a boundary layer
separation around the 400 m mark along the x-axis (see Figure 9 from TIME=5.0s to
TIME =10-0 s) tips down again for concentration level 0-046 at TIME=15-0s and for level
0-031 at TIME =20-0 s; see Figure 5.

The Courant number used in these simulations was unity. The initial phase of the simulation (10 s)
was carried out also using the value 0-5 without significant change in any field variables.

To get a feeling for the accuracy of the simulations, we have compared the inverse normalized
maximum velocity (U,,/ Ue)_I and inverse maximum concentration level as a function of normalized
displacement (X — a)/D, and X /D, respectively with data from an underexpanded steady vertical
jet,>*” were a is a correction distance for pseudosource location and U, and D, are the equivalent
velocity and diameter respectively. Birch et al.**” showed that using this scaling with a and D, being
functions of the ration between reservoir and ambient pressure, similarity solutions exist for the axial
values.

In this comparison we have used the simulated data as if they were actual n.easured data, taking the
pressure from Figure 3 at the time instances 10, 20, 40, 80 and 160 s. The corresponding reservoir
pressures at the time instances chosen for comparison are calculated using the same isentropic flow
relation as that of Birch ef al.® covering a reservoir pressure range from 51 to 25 bar.

Since our jet has the character of a wall jet, we have used maximum values (in a cut plane normal
to the flow direction) of the velocity and concentration level instead of the axial values. The results
are shown in Figures 12 and 13.

As can be seen from Figure 12, the maximum normalized velocity approaches a similarity solution
(all data approximately in one line) as time increases and the flow field changes slower as a function
of time, getting closer to the character of a steady jet. However, the slope has a lower value than that
of Birch et al.® This seems reasonable, since the maximum velocity of the wall jet will be higher than
the axial velocity of the axisymmetrical jet, which is a consequence of no entrainment of mass into
the jet from the wall-bounded side.

The concentration level does not approach the same similarity solution as that of Birch et al.?’
However, the order of magnitude is correct, approximately 50% of the experimental values. Also
the concentration level decreases as the time increases, indicating that the grid resolution is too
low to follow the concentration level as the gas is carried far downstream of the pipeline break
location.
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Figure 12. Normalized inverse maximum velocity as a function of normalized horizontal displacement compared with data
from an underexpanded steady vertical jet

We conclude that a comparison with transient experiments would have been better; however, that
would require that a similarity solution exists for the transient flow problem to avoid carrying out a
full-scale experiment.

7. CONCLUSIONS

The computed mass flow from the pipeline break location depends on the initial exit pressure but is
relatively independent of the initial pressure gradient inside the pipeline as long as the initial pressure
gradient is high enough to support the choked flow condition.

The computed mass flow of gas from the pipeline break location becomes supersaturated less than
1 s after the break of the pipeline. In the corresponding equilibrium state, approximately 50% of the
mass is liquid condensate. However, the heat of condensation is so high that it is necessary to include
it to compute accurately the mass fraction of condensate.

Experiments carried out for dispersed water in steam by Karplus (see Reference 26) show that the
velocity of sound will drop by about 20% and 30% for liquid mass fractions of 30% and 50%
respectively. This indicates that the mass flow computed by us will be too high if condensation takes
place inside the pipeline and disperses evenly.

From a qualitative point of view the computed dispersion of gas seems right, taking into
consideration that the gas is simulated as being supersaturated at the exit of the equivalent nozzle.

The temperature recovers within a short distance downstream of the equivalent nozzle exit and the
gas ceases to be supersaturated. This is a consequence of the turbulent mixing of the gas with the
warmer ambient air.

Buoyancy affects the dispersion of the mixed gas; however buoyancy-generated production or
destruction of turbulence did not have a significant effect on the concentration or velocity field.
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Figure 13. Maximum concentration (molar fraction) as a function of normalized horizontal displacement compared with data
from an underexpanded steady vertical jet

Owing to the inertia of the ambient air, it takes time to develop the entrainment flow field. A large
three-dimensional recirculation zone develops gradually. It transports air from regions far away from
the jet axis and far downstream of the equivalent nozzle exit and injects it closer to the jet entrance,
where the air is entrained into the jet.

The flammability limit reaches its most remote downstream position before the secondary
entrainment velocity field is fully developed. Owing to increased turbulence and decreasing mass
flow with time, the lower flammability limit withdraws fast towards the entrance of the jet (the
equivalent nozzle exit).

Simulations with one relatively high and one low grid resolution give qualitatively the same
results. However, the position of the lower flammability limit as a function of time and space reaches
further downstream when the higher grid resolution is used.

There was not significant difference in the fiow rate from the pipe using either isothermal or
adiabatic boundary conditions on the pipe wall. Neither was there any significant difference in the
concentration fields using either isothermal or adiabatic boundary conditions on the ground for the
dispersion problem.

Experimental data for transient underexpanded flow were not available in the literature. However,
a comparison with a steady underexpanded axisymmetric jet for varying reservoir pressure (51-25
bar) indicates that the simulated data are correct within an order of magnitude.
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