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Abstract. In the oil and gas industry, one of the most critical stages of offshore platform decommissioning is the wellbore
plugging and abandonment (P&A) operation. Decommissioning standards require that, at the end of its lifespan, the well-
bore be permanently sealed in order to prevent the leakage of contaminating fluids into marine ecosystems. The current
decommissioning operation comprises removing the production tubing, machining the borehole casing, and cementing
the machined section to seal the wellbore. Such an operation has a relatively high cost and several risks. Furthermore,
the cementation does not guarantee permanent sealing due to microcracks that may appear in the cement body in the
long term. An alternative technology for P&A operations is replacing cement with a metallic plug created by the thermite
reaction. A thermite reaction can melt the wellbore elements, enabling the production tubing to be removed faster and
creating an impermeable metallic barrier, reducing, consequently, the time and costs of P&A operations. While promis-
ing, this technology still needs further improvements to be successfully employed in real offshore oil fields. In this sense,
numerical simulation is a useful tool to understand the temperature evolution inside the wellbore, optimize the parameters
of the engineering problem, and design physical experiments. In this work, a two-dimensional axisymmetric finite element
heat conduction model is proposed to simulate the thermite reaction inside a wellbore. The phase change of both thermite
and wellbore components is calculated using the apparent heat capacity method. Also, a level set method is proposed to
capture the phase change fronts and changes in thermite volume during the reaction process. The numerical results are
presented and discussed.

Keywords: heat transfer, plugging & abandonment, thermite reaction.
1. INTRODUCTION

Offshore oil and gas platforms are made up of modules that can be used for drilling, extraction, processing, or even
temporary storage, among other tasks. Typically, a platform lasts between 30 and 40 years, or until the operating costs
outweigh the revenue from the extraction of hydrocarbons. The platform is then decommissioned at this point, and the
well is sealed and abandoned (Tan ef al., 2021). One of the most critical stages in the decommissioning of offshore
platforms is the plugging and abandonment (P&A) procedure for the well. It is known that oil extraction operations result
in the release of chemicals on the seabed (Mestre et al., 2014). In addition, abandoned wells can serve as pathways for gas
or oil to contaminate the marine environment (Abdelal et al., 2015). Thus, there is a need to establish well abandonment
methodologies that avoid environmental impacts while reducing the costs of the decommissioning process. Environmental
requirements dictate that at the end of their lifespan, oil and gas wells must be permanently sealed to prevent the leakage
of underground fluids. However, this procedure presents a high cost and no financial return for oil companies. As a
comparison criterion, many offshore wells will be abandoned in the North Sea and the Gulf of Mexico in the coming
years, and an estimated £3 billion will be spent on decommissioning old oil wellbores, with 50% of this value dedicated
exclusively to P&A operations (Vrélstad et al., 2019).

The most conventional and economical P&A operating process involves manufacturing cement plugs, which act as
barriers in different well sections to prevent the leakage of oil and gas. However, microfissures may form inside the
cement, which may open pathways for leaking through the plug. Additionally, micro-annuli at the cement/casing steel
interface may develop due to the cement shrinkage, causing the leak (Kiran et al., 2017). Leakage failures in cement-
plugged wellbore are reported as the cause of serious contamination of water sources and a fatal accident in Pennsylvania
in 2009 (Abdelal et al., 2015). These environmental and economic concerns require alternative and innovative technolo-
gies for the P&A processes. Thermite has been widely considered as an alternate approach for wellbore closure in recent
years. Thermite is a mixture of metal powder and metal oxide compound that, when activated, performs an exothermic



R. G. D da Silva, T. D. Santos and E. S. Magalhaes
A Computational Heat Transfer Model for Thermite Reaction in Offshore Well Plugging and Abandonment Operation

oxidation-reduction reaction that releases a large amount of energy. Thermite reactions can reach temperatures up to 2500
°C (Khalifeh and Saasen, 2020). One of the most common mixtures used is a combination of iron oxide and aluminum,
whose stoichiometry equation is:

2Al 4+ FeoO3 — 2Fe 4+ Al;O3 + AH, (])

where AH is the amount of energy generated by the reduction reaction. The idea behind the use of thermite for P&A
operations is to generate enough energy through the reaction to melt the wellbore elements and the surrounding rock
formation (Mortensen, 2016). This is expected to create an impermeable barrier after the materials solidify. Alternatively,
the well sealing process could be performed with thermite and bismuth (Abdelal er al., 2015). In this case, the thermite
is used as a “heat source” to melt a bismuth volume without damaging the well components. Bismuth has two interesting
properties for this application: the first is its low melting point (~271 °C), requiring a small amount of energy to reach the
liquid state; the second is the fact that, unlike other metals, it expands during solidification. As a result, the bismuth plug
generates pressure on the wellbore wall, and potentially penetrating the rock fissures and improving the sealing condition.

Regardless of the wellbore sealing technique using thermite, a heat transfer study should be carried out to simulate the
thermal behavior in the wellbore section to be sealed. This way, it is possible to predict the temperature field over time
in the various layers of the wellbore materials and verify whether the heat provided by the thermite will melt the desired
wellbore components or the bismuth volume in the thermite-bismuth technology. Despite its potential application, there
are few works dedicated to thermal simulations of P&A using thermite. For instance, Abdelal ez al. (2015) developed
a numerical model using the finite element method to estimate the wellbore strength during the bismuth expansion and
analyzed whether the resulting wellbore sealing would resist a typical operational pressure after decommissioning; Maga-
lIhdes and de Lemos (2020) estimated the temperature field evolution in a P&A using a three-dimensional finite-difference
thermal model of the thermite reaction; and Zhang et al. (2022) used the experimental temperatures obtained by Abdelal
et al. (2015) to estimate the heat flux acting on the inner surface of the cylindrical cavity of a sandstone specimen. In all
these works, changes in the thermite domain and the evolution of the reaction front are not considered in the numerical
models, which may ultimately lead to discrepancies in the estimated temperature distribution.

In this context, we develop a two-dimensional axisymmetric finite-element heat transfer model to simulate the thermite
reaction propagation inside a vertical wellbore and the resulting temperature field along the steel tube. Based on a physical
experiment we performed, our model considers the reaction front as a wave that propagates along the tube axis. The
observed reduction in the thermite volume is also accounted in our model. We compare the calculated temperature
evolution with the experimental data.

2. EXPERIMENTAL PROCEDURE

A physical experiment was conducted with the purpose of comparing experimental and modeled temperatures along
the outer surface of a vertical tube. In order to evaluate the repeatability of our experimental setup, we performed three
iterations of the same procedure. Figures l1a and 1b depict a three-dimensional representation of the experimental setup
and the positions of five K-type thermocouples along the external surface of the tube. The experimental setup consists of
an AISI 1020 steel tube with a height of 945 mm, an outer diameter of 120 mm, and an inner diameter of 75 mm. The
tube was placed on an AISI 1020 base to ensure stability, and the assembly was covered with a metal protection. The
purpose of the metal protection is to prevent wind influence on the temperature measurements and to avoid any damage to
the thermocouples due to potentially harmful material expelled from the tube. The thermocouples were positioned with
a spacing of 90 mm along the outer tube surface and fixed using capacitive discharge welding, which prevents unwanted
fluctuations during the temperature acquisition.

The tube was filled with approximately 2.5 kg of thermite composed of 25% Al and 75% Fe,O3 by mass, up to a height
of 450 mm. During the filling process, the thermite powder was compacted to minimize its porosity. The ignition of the
thermite was performed remotely using an electric initiator equipped with a pyrotechnic charge. All three experiments
were performed with the same setup. The temperature was measured with a time interval of 0.5 s using a National
Instruments data acquisition system NI cDaq-9189 combined with the thermocouple module NI-9213.

3. THERMAL MODEL

The transient heat diffusion equation is:

oT .
where T' is the temperature, u is the fluid velocity, p is the density, ¢, is the specific heat capacity, k is the thermal

conductivity, and Q is the heat source. Here, we assume no advection effects; therefore, we set u = 0. The thermal
properties vary according to the thermite state (solid or fluid). We use a function § = 6 (T') € [0, 1] to indicate changes
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Figure 1. (a) Three-dimensional representation of the experimental setup. (b) Longitudinal section cut and thermocouple
positioning (dimensions in millimeters).
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where h is the specific enthalpy, and subscripts s and [ indicate solid and liquid states, respectively. The indicator 6 is a
function of the temperature, 7', and it is given by:
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where T is the temperature at which the thermite starts to change its phase, 7; is the temperature where the thermite is
totally in the fluid state, and T, is the phase change temperature defined as:

_ T+

T 5 ®)

and AT is the temperature interval where both solid and liquid states coexist and is given by:
AT =T, —Ts. (6)

In Eq. (4), the third term is the expansion of the Heaviside function centered at 7,, which presents a continuous
second derivative. The definition of a smooth function to indicate the phase changes as given by Eq. (4) is important for
the numerical implementation of the thermite reaction developed here.

The specific heat capacity, given by the derivative of the enthalpy with respect to the temperature, i.e., ¢, = 0h/0T,
is obtained with Eq. (3):

1 of
&= (1 = 0) pscp,s + Opicp] + (b — hs) 7 @

where f is the mass fraction given by:
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Note that, in Eq.(7), the enthalpy difference, hy — h, is the latent heat of fusion, i.e., (h = hs) = L. Note also that
f=-1/2for T =Tsand f =1/2for T =1T;.

The heat source, Q, is modeled as a thin strip (wave) of heat emission resulting from the thermite reaction front.
Since the reaction develops within a finite time interval (few seconds in our experiments; see Sect. 2,), we consider the
heat source Q as a space- and time-dependent function, Q = Q (x,t). Although the evolution of the thermite reaction
could be predicted by chemical kinetics (e.g., de Souza et al., 2022; Pena and de Lemos, 2023; De Souza and de Lemos,
2023), here we consider that the reaction propagates with a velocity v,., which we assume to be time-dependent. We
use the experimental results to adjust the velocity function (Sect. 2). We model the heat source as a continuous uniform
distribution function centered at the reaction position, x,. (), with a width equal to € and a heat peak of Qmax.

We solve Eq.(2) using the finite-element method using the COMSOL Multiphysics® software (COMSOL, 2023). We
employ the standard Continuous Galerkin method to describe the temperature field with a continuous piecewise function
(a polynomial order equal to 2 was chosen to improve the numerical results). Due to the symmetry of our model domain
(see Sect. 2and Fig. 1), and in order to save computation resources, the heat equation Eq.(2) is solved in an axisymmetric
computational domain. The mesh is generated within COMSOL, and it is fixed in time. In a previous model, we used a
moving mesh scheme to capture the free surface of the thermite (thermite-air interface; see Fig. 1), which moves along
the time due to the decrease in the thermite volume after reaction. However, such a moving mesh approach introduced
numerical inconsistency and additional computational costs. Therefore, we decide to keep the mesh fixed and employ a
level-set function ¢ € [0, 1] to model the thermite-air interface. In such a scheme, the thermal properties in Eq.(2) are
defined as:

p= (1 - ¢))pthermite + @ Pair,
k= (1 - ¢)kthermite + ¢kair> (9)
Cp = (1 - d))cp,thermite + ¢Cp,aira

where the thermite properties, pthermites Kthermite> a0d Cp thermite, are functions of the thermite states as given by Eq. (3)
and Eq. (7). The position of the free surface varies with time and is obtained by considering the change in the thermite
volume with reaction. Also, in our model, the reaction position, x,. (¢) is explicitly defined in the COMSOL after an
analytical integral of the kinematic equation of motion with v,..

4. RESULTS
4.1 Experimental temperature

The temperatures obtained from the three experiments (labeled as A, B, and C) are shown in Fig. 2. The behavior of
the temperature curves for the five sensors is similar in both shape and magnitude, indicating good repeatability of the
experimental setup, as expected. The noise observed in the temperature of experiment A is due to the carbonization of
the tape used to protect the thermocouples from external effects. In experiments B and C, this tape was replaced with a
polyamide tape.
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Figure 2. Experimental temperatures of experiments (a) A, (b) B and (c) C.

The highest temperature variation is observed in thermocouple Y5 (Fig. 2), which is positioned at the bottom of the
tube. This is explained by the observed heated metal plug that continues to emit a heat flux at the tube bottom after the
reaction has ended. This plug has an average height of ~92 mm, which is approximately the position of thermocouple
Ys. Figure 3 shows a longitudinal section of the tube after the experiment. In the figure, we observe two different layers
of the plug, named here as a metal plug and a ceramic plug. The metal plug has a height ranging from 30 to 35 mm and
is predominantly composed of iron, concentrated at the bottom due to its high density. The upper layer of the plug, the
ceramic plug, is composed of a ceramic material, predominantly consisting of aluminum oxide, which is also present as a
thin layer of approximately 3 mm adhered to the inner surface of the tube due to fast solidification.
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Figure 3. (a) Longitudinal section of the tube after the experiment and the thermite reaction products: a metal plug, a
ceramic plug, and a ceramic layer along the inner surface. (b) Detailed view of the final plug (metal and ceramic plugs).

The temperature sensors located in the intermediate sections, Y3 and Yy, showed the smallest and slowest temperature
variations. This can be explained by the rapid decrease in thermite volume during the reaction process. As a result, the
tube sections where such thermocouples are positioned do not remain in contact with the molten thermite products for a
long time, and a large portion of the energy received in those regions is due to heat diffusion along the tube.

The response time of the temperature for each thermocouple is shown in Fig. 4. The response time identifies the delay
in temperature variation relative to the beginning of the reaction. The curves in Fig. 4 exhibit a non-linear behavior,
suggesting that the reaction front propagates with a variable velocity along the vertical tube.
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Figure 4. Response time of temperature relative to the beginning of the reaction as a function of thermocouple positions.
The three experiments are shown.

4.2 Thermal model temperature

After the physical experiments, we run several numerical experiments to validate the developed thermal model de-
scribed in Sect. 3. We assume that the thickness of the reaction front is constant and equal to 2 mm, and the internal energy
generation during the reaction is 9 x 10'° W/m?>. The average reaction velocity as a function of time was estimated based
on the temperature response of experiment C.

The model temperatures at the thermocouple positions are shown in Fig. 5. The experimental temperatures for
experiment C are also shown in that figure. We show the results of three different model configurations: a) constant
thermite volume; b) decrease in thermite volume with constant reaction velocity; and c) decrease in thermite volume with
time-dependent reaction velocity.

As seen in Fig. 5a, considering a constant thermite volume, the temperatures at the intermediate tube positions (75,
T3, and T}) exceed the temperatures at position 75, which does not correspond to the experimental result. Modeling a
decrease in thermite volume and assuming a constant reaction velocity (Fig. 5b), the highest temperature variation is
obtained at sensor 75 due to the accumulated thermite mass at the bottom of the vertical tube. However, the temperature
variation at the positions of the sensors 77, 75, and T3 is much lower than the temperatures obtained experimentally. With
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both volume reduction and variable reaction velocity, the model generates temperature profiles closer to the experimental
data (Fig. 5c¢).

The evolution of the liquid fraction (©) in the thermite domain during the reaction for model C (i.e., the model
considering both the decrease in thermite volume and the time-dependent reaction velocity) is illustrated in Fig. 6. Note
the reduction in thermite volume from ¢ = 0 to ¢ = 31 s, which is the end of the reaction. Following the completion of
the thermite reaction, the melted mass at the bottom of the tube initiates the solidification process, as depicted in Fig. 6
at t = 50 s. The resulting solidified plug in the simulation is 91 mm high, which is very consistent with the experimental
results.

Table 4.2 shows the maximum temperature, 7, ., at each temperature sensor for the three experiments and numerical
model C. The measurement uncertainty, according to Holman (2012), for the K-type thermocouple (chromel-alumel) is
0.75% and is also shown in the table. The values of 1544, Tmaz,, and i, calculated by the numerical model C fall
within the experimental data range. However, T},q4, and T,,,, showed lower values than the experimental ones. This
can be explained by variations in the reaction thickness during the reaction, and further experiments should be conducted
to investigate the model’s sensitivity to such physical parameters.

Table 1. Maximum temperature at each sensor in experiments A, B, and C and in the numerical model.

Tmaxl Tmamg Tma:n3 Tmaa:4 Tmax5

ExpA 461,6+3,5 3793+28 3478+2,6 411,0£3,1 587,6+44
ExpB 461,1+35 4469+34 3644+27 430,5+3,2 541,1+4,1
ExpC 4524+34 4583+34 3762+28 4472+34 5557+42

Model 453.7 438.2 306.8 397.3 569.7
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Figure 5. Model (T) and experimental temperatures (Y). (a) Model without considering the reduction in the thermite
volume. (b) Model with a decrease in thermite volume and constant reaction velocity. (c) Model with a decrease in
thermite volume and time-dependent reaction velocity. (d) Experimental temperatures.

5. CONCLUSIONS

A two-dimensional, axisymmetric finite-element thermal model was developed to simulate the thermite reaction inside
a wellbore. Such a model evaluates the temperature field, the phase change, and the liquid fraction of the components
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Figure 6. Liquid fraction (#) and volume reduction along the simulation time.

of a wellbore using the heat capacity model. By comparing the temperatures from a physical experiment, we found
that a time-dependent reaction velocity (v,(t)) better explains the observed data. In future work, we will estimate the
critical parameters of the model during the thermite reaction using advanced inverse problem techniques. The model
developed here has the potential to be used as a design tool for plugging and abandonment operations with thermite and
bismuth-based technologies.
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