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NOMENCLATURE

specific heat, J/(kg.°C)
dimensionless specific heat
prescribed heat flux, W/m3
dimensionless heat flow

thermal conductivity, W/(m°C)
dimensionless specific mass

time, h
temperature, °C

A" TURATST OO0 O

Greek symbols

0 dimensionless temperature
) specific mass, kg/m?3

T dimensionless time
Subscripts

0 initial

i pip layer

© ocean

18

thermal exchange coefficient, W/(m2°C)

dimensionless thermal conductivity

ABSTRACT

Ensuring oil production flow in offshore systems is a critical aspect of oil
exploration operations. Any interruption in the production process, whether
partial or complete, can result in significant financial losses and cause solid
deposition in the production line. Such deposition is due to the crystallization
of paraffin and hydrates, a common problem caused by low temperatures in
deep waters. Among various mitigation strategies, the Pipe-in-Pipe (PIP)
system with active heating is a technological solution to address this issue.
This work aimed to perform a numerical simulation of the PIP system using
the Finite Volume Method with an implicit formulation, considering the
effect of temperature on fluid properties and the system's dynamic response.
A control loop using a Pl velocity algorithm was developed to maintain the
temperature above the critical point. Such simulation studies were performed
using the Python programming language in the Anaconda suite. The results
showed that the fluid properties greatly influence the dynamic response. The
P1 control maintained the temperature in the desired condition, demonstrating
its operational effectiveness in preventing solid deposition and delivering
stable and low-oscillatory behavior. This research emphasizes the
significance of taking temperature's impact on fluid properties into account
when simulating offshore oil production systems and demonstrates the
effectiveness of implementing feedback control.
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INTRODUCTION

Production in offshore fields, mainly in deep and
ultra-deep waters, presents characteristic challenges
for flow assurance. The deposition of paraffin and
hydrates along the production pipelines is critical. It
occurs due to the working condition in deep waters:
the consequent temperature profiles (MATQOS, 2019).
In conditions of production shutdowns and closure of
safety valves, blocking the fluid flow, the low
temperature of seawater accentuates the formation of
solid particles (VIANNA, 2010).

Pipe-in-pipe (PIP) systems, or multi-layer
piping, are widely used in the modern oil industry in
deep water conditions; this is due to their effect of
efficient thermal insulation (BI; HAO, 2016). A
conventional PIP system comprises an outer tube, an
inner tube, and a layer of insulation filling the region
between them. This type of physical structuring is
characteristic of a compliant PIP  system
(KARAMPOUR et al., 2017 apud GUO et al., 2020).

Integrating this system with active heating,
regarding the problem of deposition in PIP pipelines,
is essential for the flow guarantee project in deep water
pipelines. This strategy improves thermal insulation
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and prevents the oil temperature from reaching a
critical condition of solid deposition (AN; SU, 2015).

With the increasing distance between the wells
and the processing unit, temperature monitoring
solutions associated with control strategies have
become essential to understand the process condition
and establishing operational policies. Therefore, this
work investigated the numerical simulation and
heating control of a PIP system, using the Finite
Volume method with implicit formulation with a
Proportional-Integral (PI) controller adjusted through
the Internal Model Control technique (IMC). The
simulations considered a production shutdown, where
the fluid inside the pipelines is stagnant.

Physical Problem Formulation

The physical problem under analysis was
proposed by VIANNA (2010), based on a duct system
composed of two concentric tubes equipped with
direct electric heating and insulating material between
the internal and external duct (Figure 1).

outer duct

thermal

insulation

stagnant
fluidinsulation Inner duct and

heating source

Figure 1. Complete model formed by multiple layers.
Source: VIANNA (2010), adapted by the authors.

Mathematical Model

The model comprises the phenomenon of heat
conduction through the pipe walls and in the stagnant
fluid and the convection on the outer surface of the
wall in contact with the ocean. The two concentric
ducts of the PIP system give rise to four cylindrical
layers, considered homogeneous, isotropic, and those
adjacent to have perfect thermal contact. All
thermophysical properties are constant except in the
stagnant fluid layer (VIANNA, 2010). Thus, the
mathematical formulation in cylindrical coordinates is
given by the partial differential equation:

AT 10 [ oT(r0
PiCp; %t " Tor rk; i +gi(r,t)
inr; <r<rj; t>0 (6)

Where i represents each layer of the PIP, being 0
to 3 for the stagnant fluid layer, the inner duct layer,
the heat-insulating layer, and the outer duct layer.

The boundary conditions are:

1.  Neumann-type symmetry condition.
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~ko(T) T2 = 0; inr=0; t>0 @)
2. Neumann-type perfect thermal contact
condition.
Ti = Tiyq
0Ti(r,t) OTip 1 (r, O)¢;
k(1) —5 = = ki (1) — 5 ==
in the interfacesr = 1;,4,i =0,...,2,t >0 (3)
3. Robin-type convection heat exchange
condition.
dT; (1, t
ks % +hT5(r, ©) = hTy;
inr=r,t>0 4)
4. Initial condition.
Ti(r,O) = Tio,int= O,Vr (5)

According to VIANNA (2010), this model can be
scaled to reduce the variables involved in the model
and the distance between the points of the time mesh.
The dimensionless groups are:

_Te)-Te, k¥ t T
O(R,T) = i e R = - (6)
Pj Cp. k;
h="0 G=0 K= ()
r*zg . _ hr*
G=15 Bi=— (8)

Thus, an equation is formed for each PIP domain
and its boundary conditions. This set of equations was
solved using the Finite Volume method, with an
implicit formulation in which the properties of the
fluid vary with temperature.

Finite Volume Method

According to Maliska (1995), there are two ways
to obtain the approximate equations in the finite
volume method. The first is based on performing the
balance of the property in question in the volumes. The
second is integrating the differential equation's
conservative form in its elementary control volume in
space and time. The representation of the elementary
control volume can be seen in Figure 2.

The temporal discretization of the equations can
be explicit, partially implicit, or fully implicit
(MALISKA, 1995). The fully implicit formulation
used here evaluates all the temperatures surrounding
the point P at the same instant, leading to the formation
of a coupled equation system. This formulation is used
more frequently since it confers numerical stability.
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Figure 2. Representation of the elementary volume.
Source: VIANNA (2010), adapted by the authors.

However, in the stagnant fluid domain, there is
the problem that the properties vary with temperature.
Integration with the implicit method would be highly
complex and computationally costly if each property
were estimated at the current time. Vianna (2010)
calculated each property at the nodal point of the
control volume based on the previous temperature
value. This same consideration was made in this work.

Thermal conductivity, in particular, is evaluated
at the interfaces. As the implicit algorithm always
marches between the nodal points of each volume, this
property can be calculated from a harmonic mean
between adjacent points (PATANKAR, 1980), with
the average value at each interface given by:

_ ZKOWKOP
Ko, (8) = o ©)
_ ZKOEKOP
Koo (8) = oo (10)

These equations were used to calculate the
conductivity at the fluid domain interfaces and for all
interfaces present in the PIP system. According to
Vianna (2010), the thermophysical properties of the
stagnant fluid are expressed by a linear variation with
temperature as follows:

p(T) = AT+ A,; Cp(T) =B, T+ B,;

Where the thermophysical properties and
parameters are given in Tables 1 and 2, the units are
per the international system.

RESULTS AND DISCUSSION

The verification of the proposed solution was
performed based on the comparison of the results
obtained by Vianna (2010), who implemented the
model using the explicit formulation, and the results
obtained by Araujo et al. (2017), who used the implicit
formulation using constant properties of the fluid.

As a case study, the stagnant fluid was adopted
with an initial temperature of 80 °C, a seawater
temperature of 4 °C, and an external heat transfer
coefficient of 2035 [W/m2°C]. The critical
temperature at which deposit formation occurs was
considered 20 C, and the properties of the medium and
the constant parameters are contained in Table 1. The
discretization of the space was the same as Vianna
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(2010), in which the domain is composed of 50
volumes, 30 for the fluid layer, 5 for the inner duct
layer, 10 for the thermal insulation layer, and 5 for the
outer duct. Since it is an implicit formulation, the
discretization of time is not limited by the stability
criterion, though it can change the convergence of the
result (MALISKA, 1995). In this work, 500 partitions
were initially adopted for the time domain.

Table 1. Thermophysical parameters and properties.

Propertie | Inner Thermal Outer | Sea
S duct insulation duct | water
Thermal
conductiv | 52.34 0.17 52.34 | 0.59
ity
Specific | 7700. 7700. | 9225
mass | 00 | 000 | g0 |
Specific | 502.1 502.1 | 3993.
heat 0 | 200000 157 g
Internal -1 - 5 . 035 | -
diameter
External | 5s . 040 | -
diameter
Cor_nposn Carb. | Polypropyl | Carb. Water
ion steel ene steel

Table 2. Parameters of the thermophysical properties
of the fluid.

Parameter Value
A1 -0.5535
A 966.7991
B1 5.1186
B2 1519.7178
Ci -0.0001
C 0.1304

The simulation was performed using Python
language in the Anaconda packet. The machine's
processor is AMD Ryzen 5 3400G, with 3.70 GHz and
available RAM of 16 GB.

First, a qualitative analysis was performed via a
visual comparison of the result obtained in this work
with those from Vianna (2010), as shown in Figure 3.

It is possible to observe that Vianna (2010)
obtained an uncertain solution profile, a region
encompassing the measurements with a standard
deviation of 2 °C. Such an approach resulted in a
temperature field, as its purpose was to simulate an
uncertainty associated with the measurement. The
solution obtained in this work is contained within this
region of calculated measurements.

It can be seen that the dimensionless time
required for the temperature to reach the critical
temperature in solution (3a) was approximately equal
to 25. In contrast, solution (3b) shows that this instant
is between 20 and 35 dimensionless times.

Based on the results presented by Araujo et al.
(2017), the influence of the variant fluid properties can
be verified, as shown in Figure 4. The difference is
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noticeable when the effect resulting from the variation
of fluid properties over time is neglected. Such authors
obtained approximately 35 units of dimensionless time
for the temperature to reach the crystallization
condition, using 33 volumes for the insulating layer. In
this work, as seen in (3a), it was possible to obtain a
result close to that of Vianna (2010) with the same
simulation configuration.

=
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= Ameasured Temperature
== = Critical Temperature

o o
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Dimensioncless Temperature
i

o
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m— Ameasured Temperature
== = Critical Temperature
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o
o

Q
o

@
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)
o
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Dimensionless time, T
(3b)

Figure 3. Comparison of the temperature profile over
time at the measurement point, located on the surface
of the inner duct: (3a) solution of this work; (3b)
solution by Vianna (2010).

The average temperatures for dimensionless
times from 0 to 40.614 were analyzed and compared
to the modification in the number of elementary
volumes. Also, the time for the temperature to reach
the critical condition was computed. The results are
provided in Table 3.

Note that the number of elementary volumes and
the time for the inner duct surface to reach the critical
temperature are proportional. One explanation is the
increase in elementary volumes in the insulating layer.
When the number of volumes in this domain increases,
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this layer's influence to mitigate the thermal exchange
effects becomes evident. Consequently, the average
temperature at the measurement point increases as less
heat is lost to the external environment (seawater).

m— Ameasured Temperature
w=mm Critical Temperature
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Figure 4. Temperature profile at the measurement

point, located on the surface of the inner duct:
solution by Araujo et al. (2017).

Table 3. Convergence test results.

Number Average Dlmgnsmnle
ss time to
of temperatur
Tempor reach
Elementa e at the e
al mesh critical
ry Measureme temperature
Volumes nt point []

50 500 0.3494 24.6500
250 500 0.3601 24,9215
500 500 0.3615 24,9898

1500 500 0.3624 25.0349
2000 500 0.3625 25.0405
3000 500 0.3626 25.0462

50 3000 0.3485 24.312

50 10000 0.3483 24.3035

50 30000 0.3483 24.3034

As for the variation in the number of discrete
points for time, an inverse response occurs: the smaller
the time difference between the points, the fluid will
cool down moderately faster until it reaches the critical
temperature. This phenomenon is linked to the varying
properties of the fluid. In Figure 4, it was possible to
observe that neglecting its effects results in a
dimensionless time until the phenomenon of
crystallization occurs, more significant than that
stipulated by Vianna (2010). So, when refining the
mesh, the effects of property variations over time
intensify.

Given the convergence analysis presented in Table 3,
it is possible to choose the configuration that provides
good performance and computational speed, with that
using 500 control volumes and 500 instants of time,
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there is little difference in the temperature averages
and low computational time.

As the fluid temperature tends to stay below the
critical temperature as time passes, it is essential to
develop a heating proposal to avoid this problem. Two
heating scenarios are evaluated: first, a constant
heating; and, subsequently, a PI-type feedback control
to maintain the fluid temperature above 30 °C, using
the described model to generate the measurements.
The pairing between the controlled variable and the
manipulated variable is, respectively, temperature (T)
and heat flux (g>0).

The tuning of the PI controller parameters was
based on the internal model technique (IMC)
(SEBORG et al., 2011). An approximate linear model
was generated according to the method by Sundaresan
and Krishnaswamy (REDDY, 2019), simulating a
collection of real data from synthetic measures
obtained in front of a step in the manipulated variable
(9). The values of the tuned Kc and t; parameters are,
respectively, 35 and 80. The closed-loop simulation
results can be seen in Figures 5 and 6.

—— Measured Temperature
== T_setpoint
70- ---= Critical Temperature

B
L=

T(R,t), (°C)

20 30 40 50 60
time, (h) *
(52)

10

@

~

(=1}

w

Heat Flow - kW/m?
w F-Y

2'0_ 30 a0 50 60
time, (h)
(5b)

Figure 5. Constant electric heating. (5a) temperature
response; (5b) fixed heat flux.
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In Figure 5, it is observed that, with intermittent
heating, adopting a constant heat flow of 6.1 kW/m3,
it is possible to maintain the fluid temperature at the
setpoint (nominal condition) of 30°C after 60 hours of
heating. In Figure 6, the performance of the PI
controller to maintain the temperature at the same
setpoint is observed. Note that the control fulfills this
objective, in which, in approximately 18 hours, the
temperature is in the desired condition. The controller
is activated after 15 hours of fluid stagnation to
prevent the heat flux from being negative, representing
cooling and not heating, which is undesirable and
makes no physical sense. Furthermore, to evaluate the
robustness of the controller, two servo tests were
applied with a step of +5 °C at 27 hours and another
step of -7 °C at 35 hours. The control was maintained
with fast and stable responses.

Another analysis can be done by looking at the
area under the curves generated for the heat flux. In
constant heating, the region under the curve is much
larger than that obtained with the controller, which
results in a more significant expenditure of energy to
heat the fluid. Thus, the control proposal becomes
interesting because it provides lower energy costs.

— Measured Temperature, Kc=35; 1_1=80
--- T_setpoint
701 Critical Temperature

0 5 10 25 30 35 40

15 20
time, (h)
(69)

Heat Flow - kW/m?

0 5 10 15_20 25 30 35 40
time, (h)

(6b)

Figure 6. Pl performance to control the temperature.
(6a) temperature response; (6b) heat flux
manipulation.
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Finally, the closed-loop response was evaluated
with the controller in front of measuring equipment
with a standard deviation for the associated
uncertainty of 2° C. The response can be seen in
Figure 7. The controller performed satisfactorily,
maintaining the temperature at the specified setpoint
even with a poor-quality sensor.

- Measured Temperature, Kc=35; 1_I=80
10 ---- T_setpoint
-~ Critical Temperature

0 10 . 20 30 40
time, (h)
(79)
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0 10 20 30 40
time, (h)
(7b)

Figure 7. Performance of the PI controller against a
noisy measurement with a standard deviation of 2 °C.
(7a) temperature profile; (7b) heat flux profile.

CONCLUSIONS

In this work, the temperature field of the pipe-in-
pipe system was simulated using the Finite Volume
method with implicit formulation, considering the
thermophysical properties of the fluid varying with
temperature and time.

The obtained results were satisfactory,
considering its stability according to the convergence
test. It is worth noting that the method employed is not
associated with the stability criterion of the explicit
solution adopted by Vianna (2010), resulting in a gain
in computational time, which may modify the steps in
time and space.
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The control proposal for electric heating proved
effective in keeping the temperature above the critical
temperature and at the desirable temperature
(setpoint), thus mitigating the possibility of deposits
appearing and allowing lower energy costs.
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