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A 3-D axisymmetric model is developed to predict pressure wave propagation processes during gelled waxy oil pipeline
restart operations. A finite volume method is implemented on a staggered grid. An iterative predictor-corrector algo-
rithm provides solutions to the combined parabolic-hyperbolic set of governing equations. A new shear-history-
dependent thixotropic rheology model is proposed for pressure wave propagation computations. Moderate Reynolds
number flows within the laminar regime are computed, demonstrating the impact of inertial effects. The results clearly
illustrate the important mechanisms of pipeline restart. The nature of pressure wave propagation is governed by gel
strength as well as overall fluid compressibility. Three sequential pressure wave propagation regimes are dominated by
inertial, viscous, and gel degradation phenomena, respectively. The viscous and gel degradation regimes are effectively
coupled by imposed deformation conditions. For initially homogenous thixotropic gels, strain tends to localize near the
pipeline wall, playing a central role in assuring the pipeline restart. VC 2015 American Institute of Chemical Engineers
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Introduction

Transport and subsea processing of waxy crude oils in
extreme environments is challenging due to ubiquitous gel-
ling and deposition phenomena. Rheological gelling proc-
esses derive from formation of percolating crystal structures
in which a volume-spanning network of solid crystals
occludes the remaining liquid. The structural formation pro-
cess modulates rheological properties of the crude oil.1–4 At
petroleum production fields and installations, occasional flow
outages are unavoidable, due to maintenance and remedia-
tion requirements. Environmental thermal losses result in
significant temperature reduction of the pipeline fluid. When
the fluid temperature falls below the wax appearance temper-
ature, paraffin waxes precipitate.3 Further temperature reduc-
tion drives the formation of a significant solid fraction,
resulting in gel formation and non-Newtonian behavior. In
this study, the combined effect of inertia, viscosity, and gel
breakdown on pressure propagation is investigated with the
intent to facilitate development of useful analytical simula-
tion tools for pipeline restart applications.

Flow restart in gelled pipe segments requires application
of a substantial axial pressure drop. The overall flow com-
mencement process entails several transient subprocesses.
The current report is intended to provide a new exploratory
and developmental analysis of the role of several of the tran-
sient subprocesses in the overall flow commencement pro-
cess. The overall aim of the report is to advance simulation
technologies available for the purposes of field architecture
design, production risk assessment, flow assurance, inhibitor
dosage optimization, and emergency intervention planning.

The current investigation is differentiated from previous
pipe simulation investigations5–13 by presenting for the first
time appropriate scale-up of strain-dependent viscous rheolo-
gies to pipeline time and length scales. Previous published
pressure wave propagation models rely on explicit time
dependent rheologies.5–13 Strain-dependent predictions of the
attenuated acoustic wave, the viscous diffusion wave, and
the gel degradation wave are presented in the current report
for the first time. Inclusion of strain-dependent creep and gel
degradation responses within the rheology comprises (from a
theoretical perspective) a large step forward in affording
accurate, realistic, and determinative pipeline restart
simulations.

Theory

When a high pressure condition is applied at the pipe
inlet, pressure is transmitted axially along the pipeline length
by propagation of acoustic, viscous, and gel degradation
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pressure waves. Subsequently, creeping flow may occur with
concomitant gel degradation. Finally, if sustainable outlet
flow commences, transient flow acceleration may accompany
the pipeline clearing process. Successful pipeline restart
operations result in large scale steady state flow. Thermal
shrinkage coupled with gas release results in gas pocket for-
mation during cooling. Concomitant density variations may
arise. Hence, a radially averaged and local axially-averaged
compressibility approach is employed.

For more than four decades, many researchers have studied
pressure propagation and restart processes for pipelines filled
with waxy crude oil. Cawkwell and Charles5,6 simulated a 1-
D compressible thixotropic pipeline flow. Results were com-
pared with earlier work on incompressible flow.10 Compressi-
bility was incorporated within an isothermal context.
Cawkwell and Charles found that compressible gels required
�42% lower clearing time compared to incompressible gels
to dislodge waxy crude from the pipeline. Recently, more
studies related to pipeline restart were performed for weakly
compressible gels. A 3-D axisymmetric geometry was simu-
lated for a Bingham fluid by Vinay et al.11 Furthermore, a
computation scheme was also developed by Wachs et al.13 in
which the axial velocity is allowed to vary with both axial
and radial position with the assumption of zero radial velocity.
They refer to this model as a 1.5 dimensional simulation. In
these works, a rigorous Lagrangian multiplier mathematical
analysis was performed to treat nondifferentiability associated
with a Bingham/Houska rheology.14 However, real waxy
crude gels exhibit demonstrable creep under stress. The Bing-
ham/Houska construct is a theoretical concept for describing
complex phenomena using simple constitutive relations. The
scheme has two distinct disadvantages for use in pipeline
restart simulators. First, the construct exhibits a discontinuity
which causes numerical instabilities within the calculation
algorithm. Second and more importantly, the rheology is not
representative of creep phenomena. Thus, this work does not
adopt the Bingham/Houska rheology.

In this work, a creep approach is adopted within the
framework of an apparent viscosity coefficient. Creeping
flow has been observed at applied stress conditions lower
than the effective yield stress.15–18 Creep is modeled, in a
first approximation, by a corresponding high viscosity condi-
tion.19,20 Creep results in deformation, which imparts struc-
tural degradation to the gel. Degradation processes are
modeled by a reduction in viscosity, which facilitates restart.
In this investigation, the creep viscosity is established as a
strain-dependent apparent viscosity which is assigned a very
high value (�102 Pa.s–104 Pa.s) initially, at low strains. The
gel state is assumed to follow a point function of absolute
strain instead of time.21–23 Hence, a strain-dependent appa-
rent viscosity is established without a true yield stress.
Gelled waxy crude oil may be classified as an irreversible
thixotropic material with a known degradation and break-
down behavior. Subsequent to breakdown, crystal-crystal
bonds are not immediately reformed. Gel degradation
kinetics has previously been established as a first-order
(exponential decaying7,24,25) and third-order process with
respect to absolute imposed strain or time.21,23 Here, first-
order and third-order degradation kinetics means that the rate
of gel structure breakage is a first-order or third-order func-
tion of the structural parameter, respectively.

Multiplug gel conditions have previously been addressed by
Davidson et al.9 using a Bingham rheology formulation where
yield stress and viscosity are point functions of time. Incom-

pressible and compressible 1-D flow have also been modeled
by Chang et al.7 and Davidson et al.8 using a semianalytical
approach. Recently, rigorous experiments have been performed
by Borghi et al.,26 Margarone et al.,27 Magda et al.28 and Ei-
Gendy et al.29 to analyze pressure wave propagation processes.
Adhesive vs. cohesive failure has been discussed by Lee
et al.,2 Jemmett et al.,30 and Kumar et al.31 with strong impli-
cations for internal vs. near-wall breakdown processes.

In the current investigation, a homogeneous initial state is
assumed. For the homogenous initial gel conditions, the gel
strength profile becomes nonhomogeneous in the axial and
radial directions as a result of deformation and degradation.
For homogenous gels, near-wall breakdown processes are
responsible for reducing pressure drop requirements for flow
commencement. In the case of homogenous initial gel condi-
tions, both the degree of deformation and the stress level
reach a maximum near the wall. Therefore, both cohesive and
adhesive breakage will be initiated near the wall for homoge-
nous gel conditions. Internal failure or core failure on the
other hand, is associated with strong radial heterogeneity.

In this study, strain evolution is incorporated for the first
time within a rheology formalism based on apparent viscos-
ity. A homogeneous waxy crude oil gel is assumed to be ini-
tially at rest. At time t 5 01, a large constant pressure is
applied at the pipeline inlet using displacing fluid. The dis-
placing fluid has a constant steady state value of viscosity. A
finite volume method on a staggered grid is verified by com-
putation of known Newtonian compressible flows. Further
verification of the model is established by confirmation of an
equivalence between the initial pressure wave propagation
speed and the acoustic speed for weak gel conditions. More-
over, a systematic analysis for convergence and grid depend-
ency is presented in result and discussion section.

Strain evolution is ascertained by real-time tracking of the
deformation state using a newly developed algorithm. Three pri-
mary phenomena facilitate initial pressure transmission and flow
restart in the pipeline: (1) Inertial compression, (2) strain accu-
mulation, and (3) gel breakdown. When high pressure is applied
across the pipeline, a fluid element undergoes inertial compres-
sion when the acoustic wave passes through the local pipeline
segment. In the absence of instantaneous adhesive failure, the
gel remains in a no-slip condition at the wall, which results in
the development of strain near the wall. Concomitant strain
accumulation by viscous shearing leads to gel breakdown. These
phenomena result in a highly nonuniform strain distribution
across the pipeline in both the radial and axial directions, caus-
ing heterogeneity in gel structure. In the final stage, accumulated
strain leads to significant reduction in viscosity and facilitates
pipeline restart. This reasoning leads to the hypothesis that strain
is relatively localized near the pipe wall. As such, radial shear
localization and axial stress localization comprise two essential
subprocesses which facilitate timely restart processes.

Conservation equations

The physical processes of restart are described by the fol-
lowing system of equations

Conservation of mass

@q
@t

1r � qUð Þ ¼ 0 (1)

In this relation q represents fluid density, U denotes veloc-
ity field, t represents time and D

Dt ¼ @
@t 1U � r is convective
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time derivative. For isothermal flow, this can be expressed in
terms of the pressure p

vH
@p

@t
1U � rp

� �
1r � U ¼ 0 (2)

In this relation, vH ¼ 1
q

@q
@p

� �
H

denotes the isothermal
compressibility.

Neglecting hydrostatic effects, the momentum balance is
expressed as

q
@U

@t
1U � rU

� �
¼ r � r (3)

The stress tensor r is

r ¼ 2pI1s (4)

In this relation, s represents a deviatoric stress tensor
which follows a pseudo Newtonian behavior

s ¼ 2ld1 n2
2

3
l

� �
r:U

� �
I (5)

where l is viscosity and n is the secondary viscosity which
is assumed to be zero. Furthermore, divergence of velocity is
neglected within the momentum relation for a weakly com-
pressible fluid. Waxy crude oil gels creep under applied
stress. Therefore, creep viscosity is assumed to follow the
form given by Eq. 6, where viscosity is defined as a point
function of absolute strain

l ¼ l0 11kð12expð2m0cÞÞ=cð Þ (6)

In the above rheological relation, m0 represents a kinetic
structural degradation rate parameter. The parameters k ¼ lg

m0l0

and lg is the initial gel viscosity represents gel strength. Our
rheological model is consistent with Ronningsen first-order
gel degradation kinetic rheological model25 at low value of
strain. Taking into consideration the Taylor expansion of Eq.
6 along with the fact that at initial stage of gel deformation
strain is linearly correlated with time, our rheological model
reduces to first-order gel degradation kinetic rheological
model presented by Ronningsen.25 For high value of strain,
our rheological model is consistent with second-order gel deg-
radation kinetics viscosity reduction given by Ronningsen.25

Moreover, Wardhaugh and Boger,32 categorize the rheology
of crude oil into three different regimes, the first regime is a
Hookean like elastic behaviour followed by creeping flow,
which leads to fracture of the gel. In our model, elastic behav-
iour of crude oil is approximated by constant but very high
viscosity. This is possible as under applied stress fluid
deforms slowly. Slow deformation can be associated to very
small strain rate. Hence, high viscosity of the gel along with
small shear rate also explains high stress during slow defor-
mation. The variation of viscosity for our rheological model
as a function of the absolute strain is presented in Figure 1
along with the third-order structural decay relation

l ¼ l0 11k1=ð112m0cÞ0:5
� �

(7)

In Figure 1, l0 is 0.5 pa.s, m0is 100, k1 is 20,000, and k is
200. The equation governing strain evolution is approximated as

Dc
Dt

5kdk (8)

In this relation, d ¼ 1
2
ðrU1 rUð ÞTÞ is the rate of strain

tensor, c is the representative strain, and D=Dt is the convec-

tive time derivative and k:k Corresponds to the Euclidian
norm, defined as

kdk ¼ 1

2

X
1�i;j�d

jdijj
2

 !1=2

Flow Geometry and Boundary Conditions

A 3-D-axisymmetric pipe geometry in cylindrical coordi-
nates is shown in Figure 2. The azimuthal component of
velocity is zero (symmetry). Boundary conditions are
expressed as follows.
� At the inlet, Dirichlet conditions are prescribed for

pressure, strain, radial velocity component, and axial stress
component

u ¼ szz ¼ 0

p ¼ pinlet; c ¼ cinlet

The value of cinlet determines the nature of the displacing
fluid. If the displacing fluid is assumed to be fresh crude oil,
with steady state rheological properties, then cinlet 5 5000 is
assigned which gives viscosity valuel0�0.5 pa.s. On the
other hand, if the displacing fluid is similar to the shut-in
gel, cinlet has a zero value.
� At the outlet, Dirichlet conditions are imposed on the

radial velocity component, axial component of the extra-stress
tensor, and pressure, with a Neumann condition on the strain

u ¼ szz ¼ @c=@z ¼ 0

p ¼ poutlet ¼ 0

� At the wall, a no-slip condition is set on the velocity

u ¼ w ¼ 0

� Along the center of the pipe, a symmetry boundary con-
dition is applied

u ¼ 0; srz ¼ @c=@r ¼ 0

In addition to boundary conditions, quiescent initial condi-
tions are assumed: no flow, pristine gel condition inside the

Figure 1. Viscosity variation with absolute strain for
exponential decay as well as third-order
decay.
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pipeline (c ¼ 0) and the pressure inside the pipeline is equal
to the exit pressure.

Mathematical Formulation

The following viscous scaling scheme is used

Ls ¼
PR

2ss

Ws ¼
Rss

2l0

e ¼ R

Ls

lr ¼
lðc ¼ 0Þ

l0

l̂ ¼ l
l00

l̂0 ¼
ss

P
Re� ¼ q0RWs

2dl00
t̂ ¼ t

Lsd=Ws

ẑ ¼ z

L
r̂ ¼ r

R
ŵ ¼ w

Ws

û ¼ u

eWs

d̂ ¼ d

Ws=Ls

8>>>>>>>>>>>>>>><
>>>>>>>>>>>>>>>:

(9)

R denotes the pipeline radius, P 5 (pin–pout) is the applied
pressure difference across the pipeline where pin is the
applied inlet pressure and pout is the outlet pressure, l
c ¼ 0ð Þ is the dimensional viscosity of pristine gel, l0 is the

steady state crude oil viscosity, and Ws is the axial velocity
scale. The variable group eWs is the radial velocity scale.
The radial velocity scaling is selected on the basis of a low
radial flow condition, such that the dimensionless radial
velocity is of order unity. The parameter ss is a typical value
of the stress required for the scaling, which has no effect on
the results. L is the pipeline length, and also serves as the
axial length scale. Ls is the limiting pipeline length for
restart of the pipeline in the case of incompressible Bingham
gels. The variable group Lsd/Ws is a timescale which
accounts for fluid movement as well as pressure propagation.
Hence, the timescale incorporates the applied pressure, com-
pressibility and steady state crude oil viscosity. Re* denotes
the scaled Reynolds number and q0 denotes the crude oil
density at the outlet pressure. The strain rate is scaled by
Ws/Ls, and l

0
0 is a rescaled viscosity defined as l

0
0 ¼ l0

P
ss

.
In addition to the characteristic scales defined above, other

key quantities are:
� The steady state Reynolds number

Ress ¼
q0Rwmax

l0

� The pressure scaled by the applied pressure difference

p̂5
p2pout

pin2pout

¼ p

P

� The compressibility number

d ¼ vHP

and a is the ratio of actual pipeline length and Ls.
The scaled conservation equations are expressed as

follows

@p̂

@ t̂
1d û

@p̂

@r̂
1

ŵ

a
@p̂

@ẑ

� �
1D̂ ¼ 0 (10)

D̂ ¼ ûr̂1
@û

@r̂
1

1

a
@ŵ

@ẑ

e2Re�exp dp̂ð Þ @û

@ t̂
1d û

@û

@r̂
1

ŵ

a
@û

@ẑ

� �� �
1
@p̂

@r̂

¼ 1

2
e 2

l̂û

r̂2
1

1

r̂

@r̂l̂ @û=@r̂ð Þ
@r̂

1
e2

a2

@l̂ @û=@ẑð Þ
@ẑ

� �
(11)

Re�exp dp̂ð Þ @ŵ

@ t̂
1d û

@ŵ

@r̂
1

ŵ

a
@ŵ

@ẑ

� �� �
1

1

a
@p̂

@ẑ

¼ 1

2e
1

r̂

@rl̂ @ŵ=@r̂ð Þ
@r̂

1
e2

a2

@l̂ @ŵ=@ẑð Þ
@ẑ

� �
(12)

kd̂k ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
d̂

2

zr1
1

2
d̂

2

rr1d̂
2

hh1d̂
2

zz

� �r
(13)

@ĉ
@ t̂

1d û
@ĉ
@r̂

1
ŵ

a
@ĉ
@ẑ

� �
2d̂d ¼ 0 (14)

Numerical Solution

In the finite volume formulation, the calculation domain X
is subdivided into a finite number of control volumes. The
control volumes for specific variables (i.e., u,w,c and p) are
located at staggered positions (for details see Kumar
et al.31). The control volume for strain coincides with the
control volume for pressure. The details of numerical meth-
ods can be found in Kumar et al.31 Kumar et al.31 have
disccused some of the results for pressure propagation in
homogenous and hetrogenous gel without looking details of
restart process. Moreover, the time scaling in their simula-
tion makes calculation of restart process computational very
expensive.

Results and Discussion

The presented 3-D axisymmetric model provides predic-
tions for pipeline restart based on strain-dependent flow rhe-
ology. The code is checked against two limiting cases: (1)
weakly compressible Newtonian flow, and (2) acoustic pres-
sure transmission. Moreover, a systematic analysis of the
error associated with discretization is presented in Table 2.
When pressure propagates at the acoustic velocity, the pres-
sure gradient attains a maximum value at the compression
front, and this sharp pressure gradient is difficult to capture.
Successful verification of the acoustic wave propagation pro-
cess confirms the robustness of the numerical model. The
computations emulate real time flow evolution for initial
homogenous gel conditions. Effects of gel strength, compres-
sibility, Reynolds number, and thixotropy are investigated.
Finally, it is shown that the strain localizes near the wall for
homogeneous gels.

The initial conditions reflect a pristine and quiescent gel
state at time t̂ 5 0. The initial pressure within the pipeline is
assumed to be identical to the outlet pressure. At time
t̂ 5 01, a constant pressure is applied at the pipe inlet by a

Figure 2. Schematic diagram showing the computa-
tional domain.
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displacing fluid whose properties are defined by cinlet. The
displacing fluid is outside the simulation box, and only
comes into existence once it enters ẑ � 0. The results are
presented using non-dimensional coordinates (r̂ 5 r/R and
ẑ 5 z/L and nondimensional time (t̂ ¼ t=ðLsd=WsÞ). There-
fore, dimensionless time values are not directly comparable
for dissimilar cases. However, when necessary, time scales
are converted to an identical scaling to facilitate appropriate
comparison. In addition, a dimensional form is presented to
facilitate appropriate interpretation. The dimensional pressure
varies from 102 to 106 Pa and the actual compressibility
varies from 10210 to 1026 Pa21. The flow geometry dimen-
sions correspond to L/R ratios of 50 to 2000. Dimensionless
steady state viscosity and aspect ratios are selected as l̂0

¼ 8:18=ð2RessÞ and e ¼ 8:18=Ress, respectively. Therefore,
we choose ss 5 200 Pa to give a desired aspect ratio (Ls/
R) 5 100 at Ress 5 818. The dimensional pipe length is given
by L 5 aLs. The parameter a is equivalent to the Bingham
number defined within the Bingham rheology approach.
The summary of parameters used in this study are given in
Table 1.

Effect of mesh size

A structured Cartesian mesh with uniform grid size in
each direction is generated for the computational geometry.
The numbers of grid cells in the radial and axial directions
are denoted by Nr and Nz, respectively. Variation of the
mesh size is considered to investigate grid dependence and
solution convergence. A summary of their characteristics is
presented in Table 2.

The effects of the mesh size in the radial direction are
investigated by comparing the value of the fully developed
steady state axial velocity for Newtonian flow with the ana-
lytical solution. The fully developed steady state velocity
profile for Newtonian flow can be easily derived analytically.
The error “Errorr” between numerical simulated and analyti-
cal axial velocity is defined as the maximum value along the
pipe centerline of the quantity

Errorr ¼
jŵcomputed2ŵanalyticalj

ŵanalytical

(15)

The error “Errorr” is calculated for each mesh size pre-
sented in Table 2 for all grid points and the maximum value
of “Errorr” is reported. The accuracy of axial velocity should
depend on radial grid size. This is confirmed in Table 2,
where, except in the case of very few axial grid cells, for
example, mesh number 3, the axial velocity convergence
does not depend on the number of axial grid cells. In Table
2 for meshes 4 to 9, the increase in the number of grid cells
in the axial direction does not improve the accuracy of the
axial velocity. Hence, the correct prediction of the axial
velocity depends only on the radial grid resolution. Further-

more, from Table 2 it is clear that with the increase in the
number of grid cells in the radial direction, the axial velocity
converges toward the analytical solution. However, due to
finite computational resources the radial grid number Nr =20
has been chosen for further calculations. This particular
choice gives error less than 0.1%.

The effect of Nz is assessed on the fully developed pres-
sure profile for Newtonian flow. After the previous analyses,
Nr is fixed at 20 and Nz is varied from 30 to 300 (mesh 3 to
9). The relative error between analytical and numerical solu-
tions for the fully developed pressure profile is calculated.
The fully developed steady state pressure profile for Newto-
nian flow can be easily derived analytically. The error
“Errorz” between numerical simulated and analytical pres-
sure is defined as the maximum value along the pipe center-
line of the quantity

Errorz ¼
jp̂analytical2p̂computedj

p̂analytical

(16)

From Table 2, it is clear that for all the grid sizes, the
steady state pressure profile gives a small error of order
0.02%. However, the steady state pressure profile is linear
and easy to predict. Therefore, it is important to find a more
robust test of the axial grid dependence and convergence.
For this purpose, the convergence of the pressure profile for
thixotropic flow for a particular time has been analyzed.
There is no analytical solution for thixotropic weakly com-
pressible fluid. Hence, a different criterion has been used to
define the error. The relative error between two meshes has
been computed for weakly compressible irreversible thixo-
tropic fluid pressure profile as

Errorz1 ¼
jp̂avgðNzÞ2p̂avgð300Þj

p̂avgð300Þ (17)

where p̂avg ¼
Ð 1

0
p̂dẑ is the average pressure in the pipeline

and Nz is the number of cells in the axial direction. The
average pressure value for the finest grid is used as a refer-
ence value to analyze the convergence of the solution. The
result is presented in Figure 3a. Figure 3a shows that the
solution converges systematically and the trend confirms the
grid independent solution. The effect of using Nz 5 300 as
the reference value is indicated by the vertical asymptote in
Figure 3a. Clearly, the error approaches zero as Nz

approaches 300 as would be expected. Nevertheless, the true
convergence is also indicated by the line with slope 21.
From Figure 3a and Table 2, it is also clear that relative
error is of order 0.2%–0.5% for grid number 200. Hence, in

Table 1. The Value of Non-Dimensional Parameters

Used in This Study

Parameters Values

L/R 80–1760
d 4 3 1022–4 3 1026

Ress 56–1056
lr 2 3 102–2 3 104

a 0.8–17.6
e 0.01–0.16

Table 2. The Effect of Mesh Size on the Accuracy of the

Solution

Meshes Nr 3 Nz Errorr

Errorz for
Newtonian

Flow

Errorz1 for
Thixotropic

Flow

Mesh1 10 3 50 3.7 3 1023

Mesh2 15 3 200 1.6 3 1023

Mesh3 20 3 30 3.1 3 1022 1.93 3 1024 0.0287
Mesh4 20 3 50 9.2 3 1024 1.96 3 1024 0.0161
Mesh5 20 3 100 9.3 3 1024 1.98 3 1024 0.0066
Mesh6 20 3 150 9.3 3 1024 1.98 3 1024 0.0032
Mesh7 20 3 200 9.3 3 1024 2.00 3 1024 0.0016
Mesh8 20 3 250 9.0 3 1024 2.01 3 1024 0.0006
Mesh9 20 3 300 8.1 3 1024 2.02 3 1024

Mesh10 25 3 200 5.9 3 1024
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this article, Nr 5 20 and Nz 5 200 are used for simulation,
which is a good compromise between accuracy and simula-
tion time requirement.

Solution convergence

An iterative approach is used at all time-steps. This
approach is similar to steady state calculations, assuring con-
vergence. Figure 3b shows convergence characteristics at
various compressibility numbers. The sum of maximum vari-
able change at each iteration step is shown. At a high com-
pressibility (d ¼ 431022), the solution converges much
more slowly as compared with the case of low compressibil-
ity (d ¼ 431024). The comparison between high compressi-
bility and low compressibility is facilitated by maintaining
Ress 5 818.18 and a 5 1.1.

Weakly compressible Newtonian flow

In order to test the numerical model and solution algo-
rithm, the modeled pipeline is assumed to be filled with a
weakly compressible Newtonian fluid. A flow calculation is
performed for the case described by d ¼ 831022 and
Re 5 0.0884, and L/R 5 200. In order to provide a com-
pletely coordinated comparison with literature results, the
dimensionless time variable used by Vinay et al.11 is imple-
mented instead of the scheme presented in Eq. 9. Thereby, a

highly accurate matching of the pressure evolution is found
(Figure 4a), confirming a correct algorithm as verified by a
detailed comparison with the results of Vinay et al. In this
example, due to low Reynolds number and high compressi-
bility, the acoustic wave is attenuated by viscous effects.

Figure 6b shows the propagation of the acoustic wave at a
moderate value of Ress 5 2.2 and d ¼ vHp ¼ 431024. For
the acoustic wave simulation, the dimensionless time given
in Eq. 9 is used. To analyze the compression front propaga-
tion, a non-dimensional front propagation velocity of �0.243
is calculated from Figure 4b. In dimensional form, the com-
pressional front speed can be written as

vf ¼
z

t
¼ ẑL

t̂dLs=Ws

¼ 3:333102 m=s:

In this case, the parameter values a 5 1.1, Ws 5 0.5 are
considered, where the pressure is 4000 Pa and vH ¼ 1028

Pa21. The analytical acoustic wave propagation velocity is

vf �
ffiffiffiffiffiffiffiffiffiffi

1

vHq0

s
¼ 3:333102 m=s:

The matching value of the pressure propagation front
speed and acoustic speed calculated from the analytical
expression further confirms the accuracy of the solution
algorithm.

Figure 3. (a) The effect of axial grid size on the relative error and (b) the effect of compressibility number on the
convergence of the numerical algorithm for with parameters d ¼ 431024, a 5 1.1, and Ress 5 818.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 4. Evolution of the pressure profile at the center of the pipeline for a Newtonian compressible fluid (a) d58
31022 and Ress 5 0.0884 and (b) d ¼ 831024 and Ress 5 2.2.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Compressible non-Newtonian flow

At time t̂ 5 01, pressure propagation commences. In an
idealized analysis, the displacing fluid exerts compressional
stress upon the first gelled segment via inertial compression.
A relatively small deformation accompanies the inertial com-
pression process. The inertial compression is followed by
viscous strain accumulation. Accumulated viscous deforma-
tion causes gel degradation.

Computations are performed with the parameter values
d ¼ 4:031024, a 5 1.1, lr 5 200, and Ress 5 818.18. The
pressure profile evolution with time is shown in Figure 5a.
Stress localization processes are confined to the axial pipe
direction. Axial stress localization and radial shear localization
are dissimilar phenomena, but both have a large impact on
pipeline restart processes. The applied pressure in Figure 5a
represents a flow where inertial effects are present. In this
analysis the effective Reynolds number changes with the
degree of gel degradation. The final, asymptotic value of the
Reynolds number is defined as the steady state Reynolds num-
ber and denoted by Ress. The pressure profile exhibits a high
axial gradient at the compression front. The pressure propaga-
tion front initially travels at a nearly constant non-dimensional
velocity (�1022) and the same holds true for physical veloc-
ity. Hence, it can be inferred that the nature of the pressure
propagation is inertial. After the pressure front reaches the
pipe outlet, the pressure profile is reflected backwards as a
result of the zero pressure boundary condition at the outlet.
This is due to what can be referred to as “inertial puncture.”
“Inertial puncture” is defined by the fact that when the pres-
sure reaches the outlet, some fluid exits the pipe in the pres-
ence of the pressure gradient at the interface, causing excess
pressure release and sudden pressure reduction. This is also
confirmed in Figure 8, where the outlet flow rate evolution
shows positive flow at the time when the pressure signal
reaches the exit, t̂�100. Therefore, the pressure profile is
reflected backwards. The “inertial puncture” process for gelled
fluids is demonstrated for the first time in the current work.
The evolution of the inlet and outlet flow rates is shown in
Figure 5b. Initially, the inlet flow rate decreases as the pres-
sure propagates along the pipeline. This reduction is expected
due to viscous dissipation behind the compression front. The
outlet condition remains quiescent until t̂�100, due to the
finite pressure propagation speed. Gel breakdown results in
increased inlet flow, as the viscosity is reduced as a result of
gel degradation. Therefore, in order to push an identical vol-
ume of fluid, a smaller pressure gradient is required, as the

viscous resistance decreases. Hence, the inlet flow increases at
time t̂�180, and after a transmission lag, the outlet flow also
increases. The time lag between increases in inlet and outlet
flow rates is explained by the fact that pressure propagation is
a noninstantaneous process. Eventually, the inlet and outlet
mass flow rates converge after a transient process is com-
pleted and a quasisteady state is achieved. The true steady
state, with constant flow rates, is achieved only after a much
longer time, when either gel breakdown is complete or con-
vective flow removes all the gel. In this article, simulations
are carried out up to the true steady state only for a few high
compressibility cases due to the very long computational time
requirements.

Furthermore, our time dependent evolution of the outlet
flow rate profile follows a similar trend to the pressure evolu-
tion profile at the interface of the gel and downstream fluid as
reported by El-Gendy et al.29 The fluid flow rate in the down-
stream (Newtonian fluid) varies linearly with the pressure at
the gel and water interface providing a direct comparison of
our outlet flow rate with the reported pressure profile.29 More-
over, a qualitative comparison is also possible between our
inlet flow rate and the experimental results of Borghi et al.26

and Margarone et al.27 Borghi et al. and Margarone et al.
work mainly deals with constant flow rate experiments while
our study deals with constant inlet pressure condition. How-
ever, the nature of pressure evolution at inlet in flow rate con-
trolled restart, and inlet flow rate evolution in pressure
controlled study can appropriately be compared. Initially, the
inlet flow rate in our study decreases as the applied pressure
needs to counter additional viscous dissipation in the down-
stream of the pipeline. For the same reason in the constant
flow rate case, inlet pressure increases in order to maintain a
constant flow. Once the gel starts breaking, the inlet pressure
decreases due to a decrease in viscous dissipation. In our case,
inlet flow rate starts increasing as a result of gel breakage.

To further analyze compression front propagation at the
initial time, a non-dimensional front propagation velocity of
�0.0115 is calculated from Figure 5a. With time, the pres-
sure propagation slows down due to viscous effects as can
be seen in Figure 5a. The compression front speed at the ini-
tial time can be calculated in dimensional form as

vf ¼
z

t
¼ ẑL

t̂dLs=Ws

¼ 3:163102 m=s:

As before, the acoustic wave propagation velocity is 3:33
3102 m/s. The appropriate comparison between theoretical

Figure 5. (a) Time evolution of the pressure profiles and (b) time evolution of the inlet and outlet flow rates for a
weakly compressible thixotropic flow for d ¼ 431024, a 5 1.1, lr= 200 and Ress 5 818.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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and computed propagation velocity confirms an acoustic
wave at low gel strength and high Ress conditions. However,
for high gel strength conditions, where the viscous effect
dominates, the compression front velocity is much smaller
than the acoustic velocity.

The gel breakdown phenomenon begins as soon as the pres-
sure propagation commences (Figure 6). Contour plots show
representative strain distributions. At strain values above
5000, the gel structure is assumed to be completely broken
down. The color variation indicates the extent of degradation
on a logarithmic scale. Dark blue represents the pristine gel
and red represents the degraded gel slurry. Fresh oil is repre-
sented by completely degraded slurry (dark red). Note that the
colours are based on a log scale with many decades.

At t̂ 5 01, fresh fluid displaces the gelled crude oil by
exertion of a high constant pressure. The initial response of
the gel is captured at t̂ 5 18. The pressure commences pene-
trating the gel simultaneously to the compression. The lead-
ing edge of the pressure front is transmitted past a given
fluid element even as the compression of the given element
continues. Behind the front, strain is increased near the wall,
as shown in Figure 6a, with almost constant strain value in
the core regions. At the wall, no slip boundary conditions
apply. Therefore, the additional strain emanates from the
wall. This shear effect does not become significant instanta-
neously. With time, the pressure propagates further down-

stream. At t̂ 5 50 (Figure 6b), the leading edge of the
pressure has reached ẑ� 0.6 from the entrance. The shear
strain accumulates near the wall, and the total strain becomes
the dominant rheological influence near the wall. This pro-
cess is clearly evident in Figure 6c (at t̂ 5 72). Figure 6d
shows strain contours in the pipeline at t̂ 5 128, when the
axial variation has diminished. Note that the orange-red col-
our in Figure 6d indicates a strain of about 1022, many
orders of magnitude less than that required for complete gel
breakdown. The gel has undergone sufficient time for shear
accumulation. From Figure 5b it is also evident that after the
pressure signal has reached the outlet, strain accumulates
and inlet flow rate increases. Shear strain accumulation
causes additional gel breakdown and concomitant viscosity
reduction. Evolution of the outlet velocity profile is shown
in Figure 7, further confirming breakage-induced flow
acceleration.

Effect of gel strength

Various viscosities are considered in order to analyze the
effect of gel strength on the pressure propagation process.
An initial viscosity of 104 Pa�s is selected to emulate a high
gel strength, and an initial viscosity of 102 Pa�s is used to
emulate a weak gel. At high viscosity, inertial effects
become insignificant and the pressure evolution process is
dominated by viscous effects and gel degradation, as shown

Figure 6. Time evolution of the absolute strain inside the pipeline for a weakly compressible thixotropic flow show-
ing pressure propagation and extent of deformation for d ¼ 431025, a=1.1, lr= 200, and Ress= 818 (a) t̂=
18.0, (b) t̂ 5 50.0, (c) t̂ 5 72.0, and (d) t̂ 5 128.0.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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in Figure 8a. The pressure profile decay appears to be an
exponential function of axial position, similar to the Newto-
nian flow case at low Re (Figure 4a). At the initial time a
small increase in pressure appears which looks like an arti-
fact of the numerical algorithm. However, a similar effect
has been reported by Cawkwell et al.5 and Vinay et al.11 for
weakly compressible flow simulation. Cawkwell et al. attrib-
uted the initial rise in pressure to weak compressibility and
inertial effects. Furthermore, Ei-Gendy et al.29 also experi-
mentally found a similar rise in pressure at the initial time.
Moreover, the initial rise in pressure can be explained by the
fact that a Newtonian fluid (displacing fluid) with inertia
pushes a stationary gel. The inertia can be transferred to
increase the pressure. Furthermore, the pressure profile in
Figure 8a is consistent with the non-linear pressure profile
observed by Ei-Gendy et al.29 and inlet flow rate (Figure 8b)
is consistent with inlet pressure profile reported by Borghi
et al.26 and Margarone et al.27

If the initial viscosity is two orders of magnitude higher
than the weak gel case, the effective initial Reynolds number

becomes four orders of magnitude lower due to the variable
group inherent in the Reynolds number definition. The effec-
tive Reynolds number increases with time as the gel breaks.
Hence, pressure propagation prior to breakage is dominated
by viscous effects. The final stage is characterized by com-
plete breakage. In the final stage, the flow properties for
both high and low initial gel strength cases are identical due
to the coordinated final gel condition. As evident from Fig-
ure 8a, when the pressure signal reaches the pipe outlet,
upstream viscous strain accumulation causes gel breakdown
and concomitant viscosity reduction. Thus, the pressure pro-
file flattens near the entrance, facilitating axial stress local-
ization in downstream pipe segments, effectively promoting
restart. Figure 8b shows the inlet-outlet flow rate evolution
with time. The effect of viscosity on the flow profile is illus-
trated. From Figure 5b, it is evident that fluid exits the pipe
at t̂�100 for the weak gel. However, in the case of a strong
gel, with all other conditions the same, the exit flow starts at
t̂�4500 (Figure 8b). Therefore, it can be concluded that the
stronger gel requires a much longer period of pressure appli-
cation to restart, in this case 45 times more.

Effect of compressibility

The effect of compressibility on pressure propagation is
analyzed by considering the compressibility numbers d ¼ 4
31022 and d ¼ 431026. The remaining parameters are fixed
as a 5 1.1, lr 5 200, and Ress 5 818.18. The nature of pres-
sure propagation is similar to the case of d ¼ 4:031024,
while the axial pressure gradient at the compression front
sharpens as shown in Figures 9a and b. From Figure 9 it is
clear that at both at high and low compressibility, small
wave-like oscillations are superimposed on the pressure pro-
file, due to numerical discretization. As the pressure propa-
gates further into the gel, the oscillations are damped out
and the pressure profile becomes smooth. At the initial
unbroken state (where viscosity is 200 times higher than
steady state), the magnitude of the effective Reynolds num-
ber becomes similar to that of the compressibility number
d ¼ 431022, causing an initial wave-like oscillation. When
the compressibility number and Reynolds number have simi-
lar values, there is a balance between the time scales for
pressure diffusion and velocity transit relaxation, enabling
oscillations to propagate in the pipeline, as discussed by
Vinay et al.12 For d ¼ 431026, the compression front is
transmitted quickly and viscous damping does not have time

Figure 7. Time evolution of the outlet velocity profiles
for a weakly compressible thixotropic flow
with d ¼ 431024, a 5 1.1, lr 5 200, and
Ress 5 818.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

Figure 8. Time evolution of (a) pressure profiles (b) inlet and outlet flow rates for a weakly compressible thixotropic
flow with d ¼ 431024, a 5 1.1, lr=23104, and Ress 5 818.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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to dissipate the oscillations, thus wave-like oscillations are
observed for a longer period. Furthermore, it is evident from
Figure 9 that both increasing and decreasing compressibility
make the compression front sharper. In the case of high
compressibility, downstream pressure propagation results in
high deformation and rapid gel breakdown. Therefore, vis-
cous dissipation in the broken gel is lower and the energy
consumed by compression is dominant at the compression
front.

However, at low compressibility, pressure propagation
proceeds quickly and viscosity is unable to flatten the com-
pressional front before the pressure propagation front pro-
ceeds downstream, similar to inviscid flow. Viscous damping
strongly depends on gel strength. If the gel strength is high,
wave-like oscillations are not observed due to fast viscous
attenuation. Figures 10a and b show inlet and outlet flow
rates in the cases of d ¼ 431022 and d ¼ 431026, respec-
tively. From Figure 10a, it can be concluded that, after a
transition period, the flow approaches a true steady value. In
the other cases, the flow is also expected to reach a true
steady state. However, it is computationally expensive to
achieve. Hence, for other cases the solution is not computed
all the way to the true steady state values.

From Figure 11, it may be inferred that for highly com-
pressible gels, strain accumulates faster as a result of addi-
tional deformation near the wall. From Figures 11a and b, it
may be confirmed that significantly more near-wall break-
down occurs as the pressure propagates through a local seg-
ment. When the pressure signal passes a local gel segment,

significant strain occurs nearly instantaneously. Due to the
rapid gel breakdown process, the pressure front remains rela-
tively sharp. Fresh fluid has not penetrated a long distance
from the entrance by convection before the near-wall gel
breaks down at the pipe inlet. The dark red color corre-
sponds to fresh fluid. The convective flow effect is observed
close to the entrance; the gel breakdown phenomenon is
dominant due to viscosity reduction. The governing phenom-
ena in the restart process are gel breakdown and compressi-
bility. Furthermore, it is illustrated in Figures 11c and d that
large scale convective flow follows near-wall gel breakdown.
Furthermore, it shows significant displacement of the gel ini-
tially present in pipeline by fresh fluid.

To examine various values of the compressibility number,
d ¼ 431023 and d ¼ 431025are considered while the other
parameters are fixed. The pressure profiles corresponding to
these parameters are shown in Figure 12a and b. It is clear
from these figures that the small oscillations can be reduced
either by increasing the compressibility from a lower (Figure
9a) to a higher value (Figure 12a) or by decreasing the com-
pressibility from a higher (Figure 12b) to a lower value (Fig-
ure 12b). The mechanisms for small oscillatory wave
propagation were discussed. The changes in compressibility
number result in deviations from these mechanisms.

In Figures 13a and b, pressure profile evolution is shown
for d 5 431022 and d 5 431026, respectively for lr 5

23104, while other parameters are fixed. At high viscosity,
the pressure exhibits a near exponential decay profile in
space for d ¼ 431026, which qualitatively matches with the

Figure 9. Time evolution of pressure profile for a weakly compressible thixotropic flow for (a) d ¼ 431022 and (b)
d ¼ 431026, while a 5 1.1, lr= 200 and Ress 5 818.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 10. Time evolution of the inlet and outlet flow rates for a weakly compressible thixotropic flow for (a) d ¼ 4
31022 and (b) d ¼ 431026, while a 5 1.1, lr= 200 and Ress 5 818.
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results of El-Gendy et al.29 High viscosity severely dampens
the pressure propagation. Moreover, low compressibility
results in significantly less deformation in the gel, which is
not sufficient to cause breakdown. Hence, the pressure pro-
file is found to follow an exponential decay with respect to
axial position, similar to the viscosity-dominated flow
regime. A two order of magnitude increase in viscosity
causes a four order of magnitude reduction in the effective

Reynolds number at the initiation of the restart process.
However, at high compressibility (d ¼ 431022), gel break-
down is much faster and the viscosity is reduced as soon as
the pressure signal passes a local gel segment. Hence, the
pressure propagation is dominated by gel degradation. This
phenomenon leads to a sharp gradient at the compression
front even for strong gels. In Figure 14, the evolution of the
inlet and outlet flow rates with time is shown, corresponding

Figure 11. Time evolution of the absolute strain inside the pipeline for a weakly compressible thixotropic flow
showing pressure propagation, extent of deformation, and penetration of fresh fluid for d ¼ 431022,
a 5 1.1, lr=200, and Ress 5 818 (a) t̂ 5 18.0, (b) t̂= 128.0, (c) t̂= 288.0, and (d) t̂= 800.0.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 12. Time evolution of the pressure profile for a weakly compressible thixotropic flow for (a) d ¼ 431023 and
(b) d ¼ 431025, a 5 1.1, lr= 200, and Ress 5 818.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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to the pressure profiles in Figure 13. For high gel strength
and high compressibility (Figure 14a), the outlet flow
becomes positive at t̂�250 which is 25 times higher than
low gel strength condition (Figure 10a). This is consistent
with earlier observations. From these Figures, it can also be
inferred that to reach a true steady state condition (to dis-
place all the gel present in the pipeline), the time required is
only 6 times more for the strong gel compared to the time
required for the initial pressure signal propagation which is
25 times greater. Figures 10a and 14a show that for both
strong and weak gel conditions, the final flow becomes iden-
tical. Furthermore, Figure 14b along with Figures 8b and 5b
explain the delayed breakage in the gel. The weak gel (Fig-
ure 5b) breaks quickly compared to the strong gel (Figure
8b) at same applied pressure which is obvious. However, for
the same gel strength as Figure 8b, in the low compressible
gel case, the pressure propagates much faster (Figure 14b)
and maintains constant pressure gradient. In this case, gel
breakage is a very slow process (Figure 14b). Hence, the
simulation has not been performed until the gel breakage
becomes significant because of computational time con-
straints. Here, the flow rate increment refers to gel breakage.
A similar trend of gel breakage has been reported in the rhe-
ometer length scale by Magda et al.33

Effect of pipeline dimension and Ress

To illustrate the effect of the Reynolds number on the
pressure propagation, Ress is varied by altering either the

input pressure or a. Pressure alteration effectively changes
the value of Ls (i.e., pipeline length, L 5 aLs 5 aR/e). There-
fore, in order to maintain the pipe dimension at dissimilar
applied pressures, a and e are adjusted. For a long pipe, with
e 5 1/100, a 5 17.6 (length to radius ratio 1760), lr 5 200,
d ¼ 431024and Ress 5 51, Figure 15 shows different pres-
sure evolution profiles. In order to maintain Ress, smaller
applied pressure and pipeline length are used. Extraneous
parameters are e 5 16/100, a517.6 (length to radius ratio
110), lr 5 200, and d ¼ 431024. Although Ress is identical
in both cases, in the first case a larger initial pressure is
exerted upon the entrance gel. The effect is comparable to
the inertial regime discussed earlier with a high Ress. In the
second case, a lower initial pressure is exerted on the
entrance gel and the nature of pressure propagation is similar
to viscous dominated compression flow.

The inlet and outlet flow rates are shown in Figures 16a
and b, corresponding to the pressure profiles shown in Fig-
ures 15a and b, respectively. Even at identical Ress the plots
of inlet and outlet flow rates are very different. In Figure
16a, both the inlet and outlet flow rates oscillate prior to
converging. However, Figure 16b does not indicate oscilla-
tion, and converges similar to low Reynolds number Newto-
nian flow. This is unexpected, as the same Reynolds number
would be expected to give similar flow properties. However,
for longer pipelines, the applied pressure is higher which
may lead to additional gel breakdown compared to shorter
pipes with low pressure, irrespective of an identical value of

Figure 13. Time evolution of the pressure profile for a weakly compressible thixotropic flow for (a) d ¼ 431022 and
(b) d ¼ 431026, a 5 1.1, lr 5 23104, and Ress 5 818.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 14. Time evolution of the inlet and outlet flow rates for a weakly compressible thixotropic flow for (a) d ¼ 4
31022 and (b) d ¼ 431026, a 5 1.1, lr 5 23104, and Ress 5 818.
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Ress. Furthermore, delayed pressure propagation in the longer
pipe provides additional time for shear accumulation and gel
breakdown. These phenomena contribute to the difference in
pressure propagation even at identical Reynolds number.
Finally, it is worth mentioning that pressure profile for high
aspect ratio qualitatively matches with the pressure profile
reported by Borghi et al.26

To illustrate the effect of Ress as well as compressibility,
the evolution of the inlet and outlet flow rates is presented

for various sets of parameters in Figures 17a and b. In this
case, the time scale is converted to match the case of d ¼ 4
31024 and Ress 5 818.18 for appropriate comparison. The
parameter a is adjusted to match the actual pipeline length.
It is evident from Figure 17b that the gel emerges from the
pipe faster in the case of low compressibility, due to faster
propagation of the pressure signal. For d ¼ 431025 and
Ress 5 818.18, the gel emerges from the pipe outlet at
t̂ 5 100. For d ¼ 431024 and Ress 5 818.18, the gel emerges

Figure 15. Time evolution of the pressure profile for a weakly compressible thixotropic flow for (a) e 5 1/100 and (b)
e 5 16/100 other parameters are d ¼ 431024, a 5 17.6, viscosity ratio of gel and broken crude oil 200 and
Ress 5 51.13.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 16. Time evolution of the inlet and outlet flow rates for a weakly compressible thixotropic flow for (a) e= 1/
100 and (b) e 5 16/100 other parameters are d ¼ 431024, a 5 17.6, lr 5 200 and Ress 5 51.13.

Figure 17. Time evolution of (a) inlet flow rates, and (b) outlet flow rates, for a weakly compressible thixotropic
flow for different systems with a single time scale corresponding to the parameters d ¼ 431024, a 5 1.1,
and Ress 5 818.
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from the pipe outlet at t̂ 5 300. Hence, a tenfold decrease in
compressibility increases the pressure propagation time by a
factor of three. After outlet flow commencement, the com-
pressibility has no impact on the outlet and inlet flows, as
shown in Figures 17a and b. Therefore, it is concluded that
compressibility plays a dominant role only during the initial
pressure wave propagation, and not during the subsequent
creep or transient flow acceleration phases. However the ini-
tial pressure propagation process governs pipeline restart in
most cases, as it determines whether or not flow will com-
mence within a reasonable time.

Conclusion

A 3-D axisymmetric model has been developed to predict
weakly compressible transient flow of irreversible thixotropic
fluids. Combined effects of inertia, viscosity and gel break-
down govern the pressure wave propagation process. The
rheology model comprises a strain-dependent apparent vis-
cosity. To facilitate a stable solution, a finite volume method
on staggered grid is implemented with an iterative predictor-
correction solution algorithm.

Compressibility, gel strength and thixotropy play pivotal
roles in the pressure wave propagation and pipeline restart
process for homogenous gels. Elevated compressibility
assists in breaking the waxy crude gel structure due to higher
local deformation. Thixotropy plays a larger role in systems
with larger pipe diameters and larger pipe lengths, giving a
tendency toward-radial shear localization and axial stress
localization, respectively. Gel thixotropy compensates for a
lower applied pressure by reducing the effective viscosity,
although a longer restart time is required. Finally, it is shown
that the shear localizes near the wall. The gel breaks near
the wall prior to convective flow penetration. The model
may be readily extended to multipocket gels.

Pressure propagation is dominated by three separate
regimes: inertial, viscous, gel degradation. Their combined
effects are also clearly illustrated in this article. At low ini-
tial viscosity (weak gel), the pressure propagation is domi-
nated by inertial flows. At high initial viscosity (strong gel),
pressure propagation is dominated by viscous effects after
the initial inertial wave is quickly attenuated by viscosity. At
high compressibility and high viscosity, pressure propagation
is dominated by gel degradation, as rapid gel degradation
causes viscosity reduction and maintains a sharp pressure
front. Due to combined effects of these phenomena, it has
been shown that pressure propagates with near acoustic
speed in a weak gel. The increase in gel strength causes sev-
eral order of decrease in the pressure propagation speed. Fur-
thermore, decrease in compressibility causes increase in
pressure propagation speed. Longer pipes show phenomenon
sharp pressure front, even for moderate compressibility due
to additional strain accumulation and gel breakage.

For thixotropic weakly compressible fluid, critical pressure
depends on compressibility and gel degradation kinetics in
addition to gel strength. On one hand, for very weakly com-
pressible fluid, pressure propagates without gel degradation.
Hence flow may not restart even after successful pressure
propagation. And on the other hand, for highly compressible
fluid, gel degradation is sequential in nature which makes
sure that the flow commences for long pipeline. For interme-
diate compressibility depending on the gel strength, flow
may restart in the pipeline which is longer than critical
length. It is to be noted that in the case of purely viscous

rheology without structure build-up, pressure always propa-
gates in the pipeline. So here flow restart is referred by, flow
restart within experimental time scale and if flow does not
restart in experimental time scale of restart it is referred as
no flow restart case.
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