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Abstract - In this work the bubble growth in a multicomponent mixture at high pressure is analysed. This study is highly relevant as it
is representative of the change of phase of petroleum in reservoirs. A physical model based in the Navier-Stokes equations complemented
by appropriate boundary conditions at the interface between the gas and the liquid phases is presented. The introduced model assumes
spherical symmetry to alleviate the computational cost of solving the problem. This computational cost is further reduced by introducing
several approximations, which reduce the model to a system of three ordinary differential equations, two parabolic problems and a
chemical equilibrium computation. Numerical solutions of this model for a simple mixture are presented.
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1. Introduction

The physical problem of the bubble growth has been studied since the middle of the nineteenth century [1]. However,
it was at the beginning of the twentieth century when Rayleigh obtained the first conclusions, stating that the radius of a
bubble evolves proportionally to time if only inertial effects are considered [2]. Later, the effect of the surface tension, which
is important at the beginning of the growth, was also included in this model [3]. With the objective of modeling the thermal
effects, Plesset and Zwick [4] included the conservation of energy equation in the aforementioned formulation. Under the
assumption of a thin boundary layer and a modified ideal gas model, the authors reduced the thermal problem to a quadrature,
concluding that the asymptotic evolution of the radius of a bubble is proportional to the square root of time. This regime is
known as diffusive growth period, which arises after two initial phases dominated by inertial and surface tension effects
respectively. Several asymptotic techniques have been used to analyse this problem, for example self-similar solutions [5],
integral methods [6], or the method of matched asymptotic expansions. In particular, Mikic et al. [7] obtained various
interpolation formulas, coupling an initial growth described by Rayleigh solution followed by the Plesset and Zwick thermal
model for long times. The development of numerical methods allowed several researchers to propose more accurate models.
Forster and Zuber [8] modeled the liquid evaporation at the interphase as an axisymmetric heat source, which allows the
computation of the temperature gradient by means of Green’s functions at the boundary. Dalle Donne and Ferranti presented
a model to study the bubble growth of superheated sodium [9]. These results were verified by Plesset and Prosperetti [10].

The study of bubble growth in multicomponent mixtures can be split into bubble growth in supersaturated mixtures and
bubble coalescence in undersaturated mixtures [11]. The last article was the basis of further studies, as the one made by
Cable and Evans [12], which considered a finite element model making use of the thermal diffusion equation obtained by
Scriven [13]. Recent investigations include the application of asymptotic expansions to the analysis of the Rayleigh-Taylor
instability [14], numerical analysis of bubble growth in microchannels [15] and the application of homotopy perturbation
methods to bubble growth in gas-hydrates [16].

The present work is focused on the study of bubble growth in multicomponent mixtures at high pressure. This study is
highly relevant as it is representative of the change of phase of petroleum in reservoirs, which is an important phenomenon
in the oil industry [17, 18]. This problem has some different features with respect to the aforementioned studies. Firstly, the
ratio between gas and liquid density may not be negligible in petroleum. As a result, a usually neglected non-linear term in
the energy and species continuity equations is conserved in the model presented here. In addition, both problems are coupled.
Secondly, the multicomponent nature of the fluid forces us to solve the chemical equilibrium at the surface of the bubble.
This is usually modeled by means of an ideal gas law, that cannot be used here due to the high-pressure constraint. The model
presented here tackles this problem by using a cubic equation of state in the chemical equilibrium computation.
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The rest of this work is organised as follows: first, in Section 2 the model is described. Second, in Section 3, results
obtained with this model are presented. Finally, in Section 4, the main conclusions are drawn.

2. Statement of the problem
2.1. Navier-Stokes equations

The model proposed here solves the continuity equation (1), the momentum equation (2), the equation of conservation
of energy (3) and the species continuity equation (4) for the incompressible liquid surrounding the bubble. Under the
assumptions of spherical symmetry around the bubble, Hirschfelder and Curtiss [19] approximation for the diffusion
velocities surrounding the liquid and ideal liquid enthalpy, this model adopts the following form:
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As usual, t is time, r the radial coordinate, p liquid density, v liquid velocity, p pressure, T temperature and X; the
liquid mass fraction of component i. The parameters c;, k, u and D; are respectively liquid heat capacity, thermal
conductivity, viscosity and diffusivity coefficients. With respect to the initial conditions, uniform pressure, temperature and
mass fraction of each specie are givenatt = 0,

t=0: p:poo:T:Too:Xi:Xioo- (5)

Moreover, the following Dirichlet conditions at infinity are considered:

T 200 D =P, =Tw Xi = Xiw- ©6)

The boundary conditions at the surface of the bubble, i.e. r = a(t), are obtained from conservation and equilibrium
equations at the bubble interface. To obtain the following equations, spatially uniform magnitudes (density, temperature,
pressure and composition) are assumed inside the bubble, where gas velocities and spatial and temporal derivatives of the
gas density and composition are neglected.
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Here, the subscripts g and s distinguish magnitudes of gas inside the bubble and at the bubble interface (surface).

Also, new variables a, bubble radius, Y;, gas mass fraction of component i and ﬁ-l and fl-”, component fugacities of liquid
and gas phases, are introduced. The parameters o, ¢4, and [ are respectively surface tension, gas constant volume heat
capacity and latent heat of evaporation.

2.2. Non-dimensional model
A first integral of the mass and momentum conservation equations leads to the Rayleigh-Plesset equation [9]:
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where Apy(t) = py(t) — po, is the system supersaturation, which results from the chemical equilibrium at bubble
interface (11). Moreover, to nondimensionalise the previous equation, the following variables are introduced:
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which represent two different non-dimensional times (being D the thermal diffusivity), the dimensionless volume and
the dimensionless bubble growth velocity respectively. Moreover,

Apg
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N

is the dimensionless supersaturation, where M, is the molecular weight of the liquid and R is the ideal gas constant.
Thus, equation (12) is transformed into a system of three ordinary differential equations, with the corresponding initial
conditions a(0) = a., a(0) = 0:
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where the following dimensionless parameters have been introduced:
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The initial radius, a, is taken as the characteristic length. As the initial growth velocity is set to zero, the bubble only
grows for initial radius larger than the critical radius, a, >

Apg(O).
Following [9] or [10], the resulting free boundary problem posed by the energy equation (3) and the boundary condition
(9) can be transformed into a fixed boundary problem by using the new variable:

_r*—a(t)?
~ 3a3 (20)

Furthermore, defining the dimensionless temperature ® = (T — T,,) /T, the dimensionless latent heat [ = l/(Twcy)
and the heat capacity ratio ¢, = c,4/c;, the boundary condition at the bubble surface reads:
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Both parameters { and ¢, are of order unity, but &, is usually smaller than [. Moreover, assuming that temperature
changes occur in a thin layer around the bubble, it can be inferred that 3{/V}, <« 1. Finally, making use of the initial condition
and the boundary condition at infinity and defining e = (6 — 2)/2, a good approximation of the thermal problem is:
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Making use of the same considerations as in the previous problem, the species continuity equations (4) and (10) take a
similar form:
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where the Lewis number, Le; = Dy /D;, and the incremental mass fraction, AX; = X; — X, 0f each component have been
introduced.

2.3. Chemical equilibrium

The chemical equilibrium equation (11) allows to compute the equilibrium pressure at the interface and, as a consequence
of that, the corresponding gas density and vapor composition can be obtained. In this work petroleum is modeled as a mixture
of Methane (CH,) and n-Decane (CH;(CH,)gCH3), and the Peng Robinson equation is used as equation of state [20]. Thus,
it suffices to solve only one PDE for the species continuity equation, for example for the Methane (component 1). The value
of AX, is obtained using the relation 37 ; X; = 1, so AX, = —AX;.

To compute the coefficients of the Peng-Robinson equation, the molecular weight, the critical properties and the acentric
factor of both species must be known [21, 22]. With these data, along with the temperature and the composition of the liquid
at the bubble surface, the saturation pressure and mass fractions of the gas components are obtained closing the previous
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system of equations: (11), (15)-(18), (22)-(23) and (24)-(25). It should be noticed that the chemical equilibrium is solved
using an iterative method usually known as equilibrium flash computation. This process starts by using p., as an initial guess
of the saturation pressure. To assure the convergence of the iterative process, the initial guess of the equilibrium constants is
calculated using the approximate result given by Wilson equation [23].

3. Results

In this section, some representative results corresponding to the system of equations (11), (15)-(18), (22)-(23) and (24)-
(25) are presented. The spatial discretisation of the PDEs is made by means of Chebyshev rational polynomials of order N =
15 collocated at Chebyshev-Gauss nodes (see [24, 25]). A 4" order Runge Kutta scheme has been used for the time
discretisation (time step At = 10713 s). Calculations have been done for a supersaturated mixture of Methane and n-Decane
(initial mole fractions X, ., = 0.55 and X,., = 0.45) at an initial temperature of 375 K and three different supersaturations.
Constitutive parameters have been obtained from several references: [26], [27], [28], [29] and [30], and, as a consequence,
setting a, = 1078, the dimensionless parameters listed in Table 1 applies. It should be noticed that the latent heat has been
approximated as [ = 3,4 - 10° J/kg; this approximation will be justified in the next section.

Table 1: Dimensionless parameters.

Parameter Symbol Definition Value
La Laplace number pa.o/u? 0.722
Ley | Le, Lewis numbers Dy /D; 10.842 | 35.237
[ Dimensionless latent l/(Tw ;) 0.479
heat

Pr Prandtl number uc/k 2.457

P Pressure coefficient | RM,~'T,,a.2/D.> 370.1935
€ € (6—=2)/2 0.334
) ) 2/(1—py/p) 2.669
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Fig. 1: Influence of initial supersaturation.

On the one hand, the obtained results (see Fig. 1) show that the bubble does not suffer important variations in the
temperature and the radius evolutions. For example, the radius increases a 0.4 % and the temperature decreases 0.4 K for the
P = 20 MPatest case. On the contrary, it can be seen in Fig. 1 (c) that the variation is bigger in the mole fraction of Methane
which indicates that species diffusion is the dominant phenomenon in the bubble growth in petroleum, i.e., the decrease in
the saturation pressure is due to the volatility of Methane. This is the expected result due to the Lewis numbers considered.
When saturation pressure becomes constant, the value of the growth velocity falls and the expected diffusive growth of the
bubble is reached. On the other hand, it should be noticed that higher supersaturations translate all the curves vertically but
characteristic times remain unaffected. Species diffusion remains as the dominant phenomenon. It is also remarkable that the
supersaturation reaches its minimum at the same time in all cases, and that species diffusion is faster as the initial
supersaturation is higher.

3.1. Influence of the latent heat
In the previous section it was stated that an approximate value of the latent heat was used (we were not able to find the

required values for the Methane and n-Decane mixture in the literature). There are models available for the computation of
the latent heat (see for example [31] or [32]), however they are only valid for ideal conditions. Consequently, the values have
been taken at standard conditions, and then the molar average of the mixture has been computed. A sensibility analysis to
study the effect of this parameter has been performed (see Fig. 2). It is known that the latent heat decreases as the pressure
and temperature conditions approach the critical point, where [ = 0, therefore the effect of decreasing its value has been
studied. Fig. 2 shows that the only quantity that varies significantly is the temperature (the radius growth rate is not affected
since species diffusion is dominant).
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Fig. 2: Comparison with different values of the latent heat (p,, = 20 MPa).
3.2. Importance of the non-linear term

The ratio between the gas and liquid densities is not negligible in the case considered. As a result, the non-linear term
arising in equations of conservation of energy and species continuity should not be automatically neglected. Nevertheless,
Fig. 3 shows that the effect of the non-linear term is not important for this particular problem. The reason behind this is that
the aforementioned non-linear term is proportional to the bubble growth velocity, whose value is small in this particular
problem.
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Fig. 3: Influence of the non-linear term (p,, = 20 MPa).
4. Conclusions

In this work a model has been developed to study bubble growth in petroleum. It should be mentioned that the introduced
model can be also applied to study other relevant problems in industry such as bubble growth in fire extinguishing
multicomponent mixtures or refrigerants. The model has been used to study the bubble growth in a mixture of Methane and
n-Decane, that can act as a simplified model for petroleum. We have shown that species diffusion controls the bubble growth
rate. The supersaturation in the liquid rapidly decreases due to the volatility of Methane, until a stationary state is reached.

The effect of the initial supersaturation has been analysed. The conclusion is that higher saturations produce higher
growth rates, caused by the increase of species diffusion. However, the characteristic times of each growth stage remain
essentially unchanged. A sensibility analysis to the value of the latent heat has been performed. This has been mainly done
because of the difficulty of obtaining precise values of this parameter. The conclusion is that this parameter only affects to
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the temperature of the bubble, which decreases proportionally to the value of the latent heat. Bubble growth is not affected,
as it is driven by mass diffusion and not thermal diffusion in this problem.

Finally, the effect of the inclusion of a non-linear term in the model that results from the fact that the gas and liquid
density ratio is not small has been analysed. The result is that the effect of this term is not important in this particular problem
because of the small bubble growth velocity.
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