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Abstract. Thermal spallation drilling is an excavation technique aimed at perforating hard rocks at high rates. In
this technique a stream of dense supersonic gases issued from a combustion process impacts the rock. The high heat
transfer rate is responsible for the dilatation of the exposed rock surface which leads to the opening and subsequent
coalescence of the natural flaws which exist in the material. Once a critical flaw is formed, a spall is created and
separated from the surface. Thus, fresh rock surface is exposed to the hot gases. This process leads to a progressive
penetration of the rock surface. The prediction of the drilling rates requires the knowledge of thermo-mechanical
rock properties and also of the physico-chemical processes involved in the flowfield. Indeed, the aforementioned
interaction leads to a compler compressible flowfield with shear and boundary layers regions as well as large eddies
carrying energy. This work investigates the flowfield structures present when a dense supersonic jet interacts with
cavities of given shape. Different prescribed cavity geometries are studied, for each of them several flow parameters
are varied. In particular, the influence of the pressure ratio between the dense jet and the cavity interior, and of
the distance between the jet exit and the rock surface on the rock surface conditions are studied. To this end, a
numerical code is used which solves the governing equations of mass, momentum and energy for two-dimensional
azisymmetric configurations for a compressible mizture of perfect gases. These equations are discretized by a finite
volume technique on unstructured meshes.
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1. Introduction

The technique dubbed thermal spallation drilling has been considered during the 1980’s as a way of pene-
trating hard rocks in depths of several kilometers with the aim of producing geothermal energy (Williams et al.,
1988). As schematically shown in Fig. 1, in this technique a dense supersonic jet, produced by a high pressure
combustion process, interacts with the exposed face of the rock surface. The result of such an interaction is the
progressive perforation of the rock. Since contact is avoided between the burner nozzle and the rock surface,
the drilling tool is submitted to reduced wear, when compared to traditional rotary drilling equipment. This
technique has also been used for drilling small holes in iron ore mining for the placement of explosive charges
(Williams et al., 1988; Rauenzahn, 1986). However, not until recently the underlying physical mechanism lead-
ing to the rock breakup during thermal spallation drilling has been understood. Indeed, as shown in Fig. 2,
the intense heat flux, which results from the interaction between the supersonic jet and the rock surface, leads
to the buildup of compressive stresses in the vicinity of the region exposed to the hot gases. These stresses
provoke the opening and coalescence of the flaws, which naturally occur within the material, in a direction
parallel to the exposed surface. Once a flaw of critical dimension is formed, the buckling of the surface layer
seems to occur and a spall is formed. The spall is then separated from the rock matrix and swept away by
the gas flow, thus exposing a new rock layer to the intense heat flux. Since the thermal spallation mechanism
involves rapid heating and breakup of a very small portion of the rock, it can be expected that the rocks which
are more suitable to this penetration technique are hard fragile rocks possessing large thermal diffusivity and
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Figure 1: Schematic illustration of the thermal spallation drilling technique (Wilkinson and Tester, 1993).
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Figure 2: Tlustration of the fracture mechanism leading to rock spallation (Wilkinson and Tester, 1993).

linear expansion coefficient. Indeed, this technique has been successfully applied to create boreholes in granite
(Rauenzahn, 1986; Rauenzahn and Tester, 1991b). One should note that increasing the jet temperature until
the rock melts is not energy efficient, since extra energy is required in the phase change process, and the layer
of molten rock is harder to displace than the spalls.

Experimental studies used a rocket-engine type combustor, burning methane or propane with either air or
oxygen, and led to heat fluxes of the order of 1 MW /cm? (Wilkinson, 1989; Wilkinson and Tester, 1993). Drilling
velocities up to 10 meters per hour were obtained in granite, to an excavated depth of 300 meters. The diameter
of the borehole perforated, around 30 cm, is 10 to 20 times larger than the nozzle exit diameter. Concerning
the operating costs, it should be noted that, while the classical rotary rock drilling techniques involves costs
which evolve exponentially with depth, thermal spallation drilling costs vary linearly with penetration depth
(Tester et al., 1994). More recently, efforts have been concentrated in developing this technique to drill natural
gas reservoirs. Also, recent experimental work (Viegas, 2004) shows successful perforation of both granites and
carbonates.

Numerical studies of this drilling technique have developed a model for the interaction between the supersonic
turbulent gases and the receding rock surface (Rauenzahn and Tester, 1991a; Wilkinson, 1989). However, little
attention has been given to the effect of the choice of the hot jet parameters on the resulting flowfield, which is
essential to the prediction of drilling rates.

2. Aerothermodynamical phenomenology

Several physical phenomena are tightly coupled during the thermal spallation drilling process:
e turbulent, unsteady, supersonic and subsonic compressible flows,

e radiation and convection heat transfer between the hot burned gases and the rock surface,
e interaction between the rock spalls and the flowfield.

The complete modeling of these phenomena is an open problem, the main difficulties associated with such
modeling are discussed now.

Recent studies of supersonic hot and dense jets (Panda, 1998; Wu et al., 1999) have shown that, even in
the absence of solid obstacles, high amplitude transverse oscillations are observed, which involve important
pressure fluctuations. These oscillations, which are responsible for an increased mixing between the jet and the
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surroundings, are found to be connected to the shock waves present in the flowfield. As shown in Fig. 1, the
presence of a solid obstacle substantially modifies the flow. Besides from decelerating and deflecting the flow,
the obstacle may have an amplification effect on longitudinal acoustic instabilities (Glaznev, 1991; Sokolov,
1992; Gorshkov et al., 1993; Gorshkov and Uskov, 1999). The overpressure induced by these oscillations may
have characteristic frequencies of the order of several kilohertz and amplitudes of dozens of decibels. Both the
frequency and the amplitude are found to be functions of the distance that separates the jet exit from the
obstacle, also known as standoff distance, of the pressure ratio between the jet and the ambient air, and of the
jet Mach number.

As far as turbulence modeling is concerned, the compressibility effects influence turbulent fluctuations both
within the jet and on the boundary layer that develops over the rock surface. As opposed to low velocity
flows, pressure fluctuations which occur in supersonic flows exert an important influence on the turbulence
characteristics (Sarkar, 1995; Sarkar et al., 1991a; Sarkar et al., 1991b; Sakar and So, 1997), and, in particular,
on the pressure-dilatation correlation and on the turbulent kinetic energy dissipation rate, which are found to
be increasing functions of the turbulent Mach number. The boundary layer that develops over the rock surface
is also modified by compressibility effects (Zeman, 1993; Zhang et al., 1991; Adumitroaie et al., 1998). Since the
turbulent transport within the boundary layer is influenced by the aerodynamical compressibility, convective
heat transfer between the gas and the rock surface is also modified.

Hydrocarbon combustion products often contain an important content of microscopic solid particles (Glass-
man, 1996). Since the temperature of these particles is close to those of the hot burned gases, the radiation heat
flux between the flow and the rock surface which may be of the same order of magnitude as the convection heat
transfer. Both these contributions should be accounted for when calculating the total heat flux, and thus the
surface regression rate. The radiation heat transfer may be decreased by using gaseous fuels and by operating at
either fuel lean or stoichiometric conditions. However, this may not be desirable from and efficiency standpoint.

The ejection of solid particles, whose diameter tipically lie between 1 and 10 mm (Wilkinson and Tester,
1993), by the spallation process should also influence the aerodynamic of the flowfield. In particular, the
aerodynamic drag of the spalls, which may have velocities substantially different from the local gas velocity,
may alter the turbulence characteristics and, consequently, the convective heat flux between the rock and the
gas.

3. Mathematical formulation of the problem

In present case, the flowfield is simulated using the two-dimensional Navier-Stokes equations for a complex
gas mixture, which can be written in the integral conservative form as

// ou ydzdy +/ (Fydy — Gydz) +/ Hydzdy =0. (1)
v Ot s v

The vector of conserved quantities, U, the expressions for the convective flux vectors, F and G, in the
longitudinal (z) and radial (y) directions, respectively, are written as
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The nomenclature used in this system of equations is the one usually adopted in aerospace applications, such
that p is the density, u and v are the Cartesian velocity components, E is the total energy per unit of mass, Y;
is the mass fraction of the i-th species, and p is the static pressure. The viscous stresses Tz, T4y, Tyy and the
heat fluxes ), and Q, are given by
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where p and A are the mixture viscosity and thermal conductivity, and V,, and V,, are the diffusion velocities
of species k in the directions z and y, given by Fick’s law (Williams, 1985).

In the solution of the equation system (1), N — 1 chemical species are necessary, since the mass fraction of
the last chemical species, Y, is calculated as Yy = 1— El 1 1Y;. The state equation for a mixture of thermally
perfect gases,

p=pRTY —, (8)
= Wi

is used to evaluate the pressure, p. In this equation, T is the temperature, R is the universal gas constant and
W; is the molecular weight of species . The total energy, E, is defined as the sum of the internal energy, e, and
the kinetic energy,

1
E:e+2 u® +v?) ZY@Z (u® +v?) ZYh (u +0?) . (9)

The internal energy is a function of the mixture composition and of the temperature, T', which is calculated by
a Newton method once e is known.

Note that the formulation above is used since it allows for temperature and composition dependent specific
heats and transport properties, as well as variable composition of the burned gases (Figueira da Silva et al.,
2000; Pimentel et al., 2002). The thermodynamic and transport properties are computed using Chemkin-IT
subroutines and databases (Kee et al., 1991; Kee et al., 1986)

4. Numerical method of solution

Computations are performed using a numerical code (Figueira da Silva et al., 1999; Figueira da Silva et al.,
2000) that solves the governing equation system (1-2) using an upwind cell-centered finite volume method
on unstructured triangular meshes. Temporal discretization uses a classical, 2nd-order, Runge-Kutta time
stepping scheme (Mavriplis, 1988). In the spatial discretization, the interface fluxes are formulated using the
Advection Upstream Splitting Method (AUSM™, Liou, 1996). Spatial second order accuracy is sought with
MUSCL (Hirsch, 1990) extrapolation.

5. Results and discussion

5.1. Calculation domain, initial and boundary conditions

In this study three fixed geometries are considered for the calculation domain. These geometries are shown
in Fig. 3 (a). The difference between them is the shape of the surface of the rock being attacked by the flow of
hot gases. The chosen forms are a plane, a sphere and an ellipse. The radius of the burner exit hole, 1 mm,
and its external diameter, 10 mm are fixed. These dimensions are chosen in accordance to the experimental
setup developed in parallel with the present numerical study (Viegas, 2004). The diameter of the perforated
hole, 30 mm, is also kept constant. Two values are considered for the distance between the burner exit and the
point of impact of the jet along the symmetry axis (z), 15 and 30 mm, this distance is also referred to as the
standoff distance.

In Fig. 3 (a) are indicated the boundary conditions used. The walls are considered adiabatic and non
catalytic, a spallation model for the regression rate due to the process of thermal spallation is not included. The
nozzle is also considered to be an adiabatic, non catalytic, surface. At the entrance of the calculation domain
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Figure 3: Computational domains, boundary conditions and meshes used: (1) wall, (2) entrance, (3) exit, and
(4) symmetry.

the flow is supersonic and parallel to the symmetry axis, with fixed Mach number (M = 2), static temperature
(T, = 2850 K) and static pressure (P;, = 1 atm). The composition of the jet corresponds to the main products
of combustion of a stoichiometric, natural gas/oxygen mixture, i.e., CO2, H,0, CO, OH (13.7/53.7/20.0/12.6)
in volume. Note that this composition is frozen throughout the computational domain. Considering either
equilibrium of finite rate kinetics of the combustion would lead to smaller temperatures at stagnation regions
of the flow due to increased dissociation.

At the exit boundary a simple extrapolation of the flow properties is used. Concerning the initial conditions
prevailing at the computational domain, except for the exit nozzle of the burned gases, the gas is initially at rest.
At the whole computational domain, the initial mixture composition and the static temperature are identical
to those of the hot gases leaving the nozzle. In this study several values of static pressure for the gas that is
initially at rest are considered, pezt = 0.5, 0.9, 1.1 and 2.0 atm.

Concerning the computational meshes adopted, the domain of calculation is discretized using triangular
meshes, as shown in Fig. 3 (b). The boundary elements of the different geometries maintained intervals of same
dimension. The number of resulting computational volumes is 6122, 5863 and 5199 respectively. Although a
study of the sensitivity of the obtained result on the number of triangles in the mesh has not been made, it is
believed, based on previous experience (Figueira da Silva et al., 2000), that the chosen discretization is sufficient
to capture the overall flow structures present.

5.2. Description of the overall flow structure

Figure 4 (a) shows the evolution, starting from the beginning of the computation, of the temperature field
inside the cavity in four instants, for the case of an ellipsoidal cavity and an external pressure of 0.5 atm. The
total simulated time is of 4.5 ms. In this figure, it is possible to observe the formation of the supersonic jet, where
the classical shock waves and expansion diamond patterns (Shapiro, 1983) are clearly seen. This is characteristic
of under expanded supersonic jets, i.e., in which the pressure is initially superior to the ambient pressure. This
jet is slowed down and deviated by the impact with the rock wall, creating an area of high temperature on
the rock surface close to the symmetry axis. It is observed that the temperature at the surroundings of the
rock surface, close to the jet center, does not vary considerably once past the initial transient of the impact
between the jet and the rock. The stagnation point corresponds to the maximum values of temperature and
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(a) Temperature (b) Longitudinal velocity

Figure 4: Evolutions inside the cavity for different, equally spaced, time intervals, (a) temperature (K) and (b)
longitudinal velocity and streamlines, for p;, = 1 atm and pez; = 0.5 atm.
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Figure 5: Comparison between the temperature fields and Eulerian streamlines obtained for different prescribed
geometries and for different cavity to jet pressure ratios: 0.5, 0.9, 1.1 and 2.0 (from top to bottom). The
temperature range spans from 2400 to 3600 K, with 286 K intervals.

pressure in the flow. Aerodynamic resonance effects, that will be detailed further on, are observed, however,
in most simulated cases, the amplitudes of pressure and temperature fluctuations are small, when compared to
the averaged levels. The jet deviation by the rock wall is followed by the formation of an area of recirculation
of hot gases, which can be better visualized by the streamlines shown in Fig. 4 (b).

The recirculation zone, that can be clearly seen in Fig. 4 (b), lies between the cavity walls and the burner
body, having as fluid limits the supersonic jet and the suction area located between the burner body and the
cavity wall. Once formed, the dimension of this zone is practically constant during the simulation. It should
be noted, however, that a pulsation of small amplitude of the dimension of this zone is observed. The presence
of this first recirculation zone induces the formation of a secondary recirculation that, unlike the previous one,
is not stable. As this secondary recirculation size increases, it is displaced by the flow toward the exit of the
computational domain. When this zone reaches the exit of the domain, the boundary conditions adopted are not
valid anymore, since part of the flow comes from the exterior to the interior of the calculation domain. Results
where the total calculation time is increased showed that the formation of this zone of secondary recirculation
occurs in a periodic way. However, a rigorous analysis of this phenomenon requires more extensive calculation
domains than those adopted here, as well as a more realistic description of the exit boundary condition.

5.3. Influence of the geometry of the hole on the flow structure

In Fig. 5 are compared the temperature fields and the Eulerian streamlines obtained after stabilization of the
primary recirculation zone, for the different chosen cavity geometries, and four values of pressure ratio between
the jet and the exterior. For all of the chosen cavity geometries, an increase of the pressure ratio between
the exterior and the jet leads to a decrease in the size of the zone of secondary recirculation. This occurs
simultaneously with a rapid increase of the zone of primary recirculation. For the largest values of external
pressure, the secondary zone is not observed. The causes of the disappearance of this recirculation zone were
not investigated. However, it may be expected that, for larger values of the pressure ratio between the jet and
the exterior, a larger amount of external gas is put in movement by the effect of the jet suction. Indeed, the
momentum of the supersonic jet is responsible for the negative transverse velocities close to the burner rim.
This figure also shows that, for a given ratio of pressures, a decrease of the cavity volume leads to a small
increase in the size of the primary recirculation.
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Figure 6: Pressure (Pa) history at the stagnation point for different cavity shapes and two values of the cavity
initial pressure, pest, (a) 0.5 atm, (b) 2.0 atm.

5.4. Influence of the jet pressure and of the standoff distance

As it was observed previously, at the jet impact point on the symmetry line, the temperature and pressure
conditions are the most severe. Therefore, it is expected the largest regression rate of the rock surface at this
point. However, a parametric study of the regression rate of the rock surface requires a model for the process
of thermal spallation, which is out of the scope of this work. It is of interest here the study of the physical
parameters that lead to a steady state of the flow. To this end, it is shown in Fig. 6 the time evolution of
the pressure at the point of central impact of the jet on the surface of the rock, for different hole shapes and
for two cavity pressure values. For the depicted cases, after an initial transient, the pressure is stabilized in a
value that seems to depend on the form of the cavity. In the case with larger initial external pressure, for which
the supersonic jet is overexpanded with respect to the gas present in the cavity, the initial transient is quickly
weakened. In the case where the exit pressure of the jet is larger than the existent in the cavity, important
pressure variations are observed, in which the amplitude can reach 10% of the average value, before the steady
state is reached. In the cases shown in Fig. 6, these oscillations are progressively dampened, until the pressure
value reaches a plateau. It should be noted that other flow properties, as the temperature and density, presented
similar oscillations.

The results shown in Fig. 7 allow to verify that a damping of the pressure oscillations does not always occurs.
In this figure the pressure evolutions are compared in the bottom of a plane cavity, for two distances between jet
and wall and four values of the initial pressure. This figure shows that, the smaller the distance between the jet
exit and the bottom of the cavity, the larger the value of the pressure at the jet impact point. For the cases of
smallest distance between the jet exit and the wall, 15 mm, undampened, periodic, pressure oscillations appear.
In the case corresponding to the largest value of the external pressure (2.0 atm), the over pressure caused by
such oscillations is insignificant. In the case where the jet is underexpanded, the pressure oscillations that are
observed reach 15% of the average value of the pressure. In this case, the oscillation frequency is constant and
equal to 500 kHz.

Although the mechanism responsible for the presence of a characteristic frequency needs to be investigated,
a first exam of the time evolution of the flow suggests the existence of an acoustic coupling involving fluctuations
in the shear layer existent at the jet periphery. These fluctuations may lead to oscillations in the longitudinal
position of the normal shock wave located at the vicinity of the wall, which affects the pressure prevailing on
the cavity bottom. These oscillations, which bear a clear ressemblance to those described in section 2, seem to
have gone unnoticed in previous thermal spallation works. Whether these oscillations could benefit or hamper
the perforation process remains an open question.
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Figure 7: Pressure (Pa) history at the downhole stagnation point for (a) two values of the standoff distances
and two values of the cavity initial pressure, (b) for a standoff distance of 15 mm and pe,; = 0.5 atm.
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