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Accomplishments

The scientific basis, technical feasibility, and economic potential of directed energy millimeter-
wave (MMW) rock drilling at frequencies of 30 to 300 GHz has been investigated as a new
approach to access Earth’s internal energy resources. Directed energy drilling would overcome
the limitations of rotary drilling at great depths or high temperatures. Thermodynamic energy
requirements for rock vaporization have been updated from first principles and compared to past
experiments with lasers. It is shown that current and future commercial MMW sources could
deliver the required energies at affordable costs. Also, the longer wavelengths are superior to
shorter wavelengths for directed energy drilling and thereby make it likely that practical directed
energy drilling systems can be realized. MIT has filed for a patent (MIT case # 13021), the
Plasma Science and Fusion Center (PSFC) has joined forces with the MIT Rock Dynamics
Laboratory in a proposal to U. S. DOE to continue and expand the research, and a gyrotron
system has been acquired by the PSFC for the proposed rock ablation research.

Directed Energy Drilling

Mechanical drilling technologies are fully mature. New approaches are needed to make future
major advances in increasing access to and reducing costs for underground energy resources. A
number of novel techniques have been proposed as reviewed, for example, by Maurer [1, 2] and
Pierce [3]. Directed energy penetration enabled by millimeter-wave technology is a new approach
investigated here for the first time. The main advantages of using directed energy are: 1) no
mechanical systems in the wellbore that could wear out or break, 2) no temperature limit, 3) equal
ease penetrating any rock hardness, and 4) potential for replacing the need for casing/cementing
by a durable vitrified liner. Directed energy drilling research has been pursued for almost five
decades since the invention of the laser. A wealth of data has been collected with 1 to 10 um
wavelength lasers establishing the potential of directed energy drilling systems [4-7], but a
transition to a practical system has so far proven to be elusive. The deepest rock penetration
achieved to date has been only 60 cm, and that was only possible because the test rock could be
turned around to come in 30 cm from each side [8].

There are fundamental physics and technological reasons for the lack of progress with laser
drilling. First, the rock extraction flow is incompatible with short wavelength energy which is
scattered and absorbed before contact with the desired rock surface. Second, laser technology is
deficient in energy, efficiency, and is too expensive. By going to the MMW range of the
electromagnetic spectrum this state of affairs can be changed. Longer wavelengths can propagate
more efficiently through small particulate filled propagation paths and high power MMW sources
are more energetic, efficient, and lower cost by a very large margin. A million dollar class MMW
source in Japan has produced more directed energy in eight minutes of operation at megawatt
power levels and 52% efficiency [9] than possible by any laser system in existence including the
largest laser in the world, the billion dollar class National Ignition Facility (NIF).



MMW Gyrotrons

Gyrotron technology has been developed as part of an international research effort to develop
fusion energy [10]. These MMW sources are a subclass of free electron lasers sometimes also
referred to as electron cyclotron masers [11]. A high voltage electron beam inside a magnet field
causes electrons to gyrate around magnetic field lines to efficiently convert the electron beam
energy thorough electron cyclotron resonance into powerful radiation. Gyrotron tubes with
continuous output power levels of 1 MW have been developed at 110 and 170 GHz with
electrical to millimeter-wave power conversion efficiencies of > 50% [9]. Many gyrotrons are
currently in use around the world in fusion research laboratories such as at General Atomics, San
Diego with a 5 MW, 6-tube 110 GHz gyrotron system [12]. A 24 MW, 24-tube system at
170 GHz is planned for the International Thermonuclear Experiment Reactor (ITER) [13] in
Cadarache, France. The U. S. DOD is field testing 100 kW and developing compact 2 MW, 95
GHz continuous wave (CW) gyrotrons for its active denial weapon. These gyrotron systems are
completely contained with all power supplies on a Humvee or a plane. They have been driven
around country terrain and shown to be reliable, and therefore could be easily adapted to remote
drill sites. Rugged fieldable gyrotron systems could be ordered today and adapted with modest
development to drilling.

MMW Drilling Concept

A MMW deep drilling system has no mechanical moving parts except for the advance of the
waveguide. All the drilling, extraction, and vitrified liner formation is accomplished by the
directional energy and concurrent purge gas flow. Figure 1 shows an elevation cross-section
view of the bottom of a borehole with a cylindrical metallic waveguide as a conduit for the beam
energy and purge gas flow. The metallic MMW waveguide is of smaller diameter than the
borehole, which leaves an annular region of free space between the outside diameter of the
waveguide and the inside diameter of the borehole for exhaust. The reaming of the borehole to a
diameter larger than the central waveguide is facilitated by the natural divergence of a MMW
beam launched from a waveguide [14]. The borehole itself acts as a dielectric waveguide (like a
long wavelength fiber optic) to continue the propagation of the energy to the ablation surface,
making possible a large stand off distance, Z, that could be over 100 m between the central
waveguide and vaporization front.

Rock and product glass melt are good MMW absorbers [15, 16]. A fully absorbed 1 MW beam
in a small borehole < 15 cm diameter will rapidly raise the rock surface temperature to a boiling
temperature of over 3000 °C. Heat loss to surrounding rock would be small because of the
quickly advancing ablation front. The resulting saturated pressure rock vapor will form nano
particle smoke [17-19] that would be blown out by the purge gas. The purge gas (e.g. air) can be
readily introduced into overmoded waveguide (inside diameter large relative to wavelength) by
waveguide gaps that would not introduce significant losses to MMW beam transmission [20].
The purge gas would not only help to form and blow out the rock extraction smoke, but would
also keep the waveguide clean and cool. If underground water is present it would be
instantaneously converted to superheated steam to augment the purge gas. However, complete
rock vaporization may not be necessary for extraction since the viscosity of the glass melt would
be sufficiently low at 3000 °C (< 2 Poise) [21] to allow the pressure generated by the high
temperature gas products to drive part of the melt into the micro fractures in subsurface rock that
occur naturally [22] or that are thermally induced by high temperature penetration. This would
reduce the energy requirements to extract the rock, since it would be displaced at lower
temperature rather than transported to the surface. It would make for a thicker, stronger vitrified
liner. Therefore, rates of penetration could be faster with less energy than what would be
predicted based on complete rock vaporization below.



The glass melt on cooling could form a durable high
temperature borehole wall that later could be perforated
where needed. The formation of glass borehole liners by
rock melting penetration has already been documented by
research at Los Alamos [23]. Glass materials have the
potential to be stronger materials than many rocks or high
strength concrete. A separate casing or high specific gravity
fluid fill to keep the borehole from collapsing due to
lithostatic pressures may not be needed up to some
maximum depth far greater than now though. A glass lined
borehole would also serve as a robust conduit ideal for
transferring high temperature corrosive geothermal fluids.
The vision present here is that all the current drilling steps of
grinding, extraction, and casing could be replaced with one
directed energy operation.

The requirement for a vitrified liner to maintain an open
borehole should not be considered as the only option. The
high pressures generated by vaporized rock at temperatures
> 3000 °C in a confine volume would have an upper limit of
10° MPa (10* atmospheres), equivalent to lithostatic
pressures at 15 km (50,000 ft), based on a simple ideal gas
law calculation in constant volume. This is an unexplored
parameter space where the ideal gas law may not be valid
and a supercritical rock fluid regime may exist. However,
this speculation demonstrates that there may be other paths
to open well stabilization, unimaginable by current
mechanical drilling experience that could make possible
record penetration into the Earth’s crust with directed energy
sources. The technology that has been developed by DOE
and the world wide fusion energy research community to
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Figure 1. Cross-section of circular borehole
with MMW drilling waveguide.

heat plasmas to 300 million degrees °C opens up new possibilities for drilling that should be
explored. The proposal that has been submitted to DOE in the course of this investigation will

pursue some of these issues if funded.

Thermodynamic Basis

The total energy, H, required to vaporize rocks starting from a cold solid state was originally
expressed by Maurer [1] as the sum of the energies required to first heat the solid state to the
melting point, then the required latent heat of fusion to transform the solid to a molten phase,
followed by the energy necessary to heat the molten state to the vaporization point, and then
finally the latent heat of vaporization required to transform the melt to vapor phase. This formula

is written as:

H=c/(T,-T)+H +c,(T,-T,)+H,

where ¢; = mean heat capacity of solid rock, J/g/°C
Cm = mean heat capacity of molten rock, J/g/°C
T; = initial temperature of rock, °C
Tm = melting temperature of rock, °C
T, = vaporization temperature of rock, °C

)



H¢= latent heat of fusion, J/g
H, = latent heat of vaporization, J/g

This is a simplified expression ignoring the intermediate phase transitions in the solid and melt
phases and the temperature dependence of the heat capacities, which are averaged here, but
should give approximately valid estimates of energy requirements.

Updating the data given in Maurer [1], Tables 1 and 2 give the specific energies necessary to fuse
and vaporize rocks from first principles.

Table 1. Estimated Energy to Melt Rocks

Specific | Mean Heat Melting Latent | Total Heat
Rock Gravity | Capacity of | Temperature | Heat of | of Fusion
solid® Fusion® | from 20 °C
(g/cm®) (J/g/K) (°C) (Jlg) | (kIlecmd
Granite 2.7 1.05 1215 -1260% | 335 4.3-4.4
Basalt 2.8 1.05 984 -1260?% 419 4.0-4.8
Sandstone 2.2 1.04 1650° 335 4.5
Limestone” 2.6 1.04 2600° 498 11.0

* CaCO;3 decomposes to CaO at 895 °C, requiring 1.78 kJ/g.

®E. S. Larsen, “Temperatures of Magmas”, American Mineralogist, VVol. 14, pp. 81-94,
1929, °H. K. Hellwege, ed., Landolt-Bérnstein Numerical Data ..., VVol. 1, subvol. a,
section 4.1, 1982, “Maurer [1]

Data from the atmospheric sciences community on stony meteorite ablation to nano particle
smoke on entry into the atmosphere [18, 24] and Trouton’s Rule [25] are used to make estimates
of the vaporization parameters. Using the data found in Bornshten [24] and the Clausius-
Clapeyron equation it is possible to estimate the pressure dependent rock saturated vapor pressure
temperatures from the surface to higher subsurface pressures (~3 atmospheres at 10 km depth
open well). Its takes 4 to 5 times more energy to vaporize rocks compared to that needed to melt
them, an approach that would not be practical with inefficient laser technology, but would be
possible with the more efficient gyrotron technology. The physics of directed energy rock
penetration does not degrade with higher pressure and temperature (and may benefit) unlike the
principal penetration mechanisms of other drilling approaches.

Table 2. Estimated Energy to Vaporize Rocks
Molar | Mean Heat | Vaporization | Latent Heat | Total Heat of
Rock Weight Capacity | Temperature of Vaporization®
of Melt* | 1-3Atm.” | Vaporization®
(@) (J/g/K) (°0) (kJ/g) (kd/icm?)

Granite 69 1.57 2960 — 3230 48-5.3 25.7-28.4

Basalt 70 1.65 2960 — 3230 39-42 24.7-215

Sandstone 62 151 2800 - 3010 43-45 18.7-19.9

Limestone 51 1.61 3360 - 3620 6.0-6.5 30.9-334

% A. Navrotsky, “Thermodynamic Properties of Minerals”, Mineral Physics and
Crystallography, pp. 18-27, 1995, ®VV.A. Bornshten [24], “Trouton’s Rule [25], “includes
results of Table 1.

Remarkably the specific energies derived by this analysis are in approximate agreement with the
lower end measurements obtained with laser systems. This supports the interpretation that with



laser drilling the infrared energy is typically obstructed by the extraction plume and only under
rare circumstances, or at the start of a pulse, is it well coupled to the rock surface. See for
example the results of Bacon et al [5] and Graves, lonin et al [6]. Using MMW radiation should
overcome this limitation because for small particles Rayleigh scattering is proportional to 1/A%.
Going from a wavelength of 1 um to 1 mm will decrease scattering losses by a factor of 10*. In
addition, the particles will be smaller, nanometer in size by vaporization [17-19] versus micro
meter size by spallation, the preferred lower energy laser approach, adding more improvement.

Estimated Rates of Penetration
Having knowledge of the specific energy (S.E.) of vaporization it is a simple matter to determine
the rate of penetration (ROP) by complete rock vaporization for a given absorbed power density
(P.D.). The relation is given by:

P.D.[kw / cm2]

ROP|cm/s|= 2
| ] SE[kI/cm’ ] @

This equation is plotted in Figure 2 10000
for three different specific energies
10, 20, and 40 kdcm®. For a £ 1000
specific energy of 26 kd/cm®, E
representative of granite and basalt, g 100 |
and an absorbed power density o
range of 1 to 50 kW/cm?, the MMW  § .
directed energy penetration rates 10¢ Specific Energy
would vary from about 1.4 to 70 © — 40
m/hr.  Higher power densities are > 1 - ig jem? | 3
not recommended to avoid plasma
breakdown. If a plasma is created 0.1 - - -
then the energy will no longer be 0.1 1 10 100 1000

directed, but  omni-directional
reducing the forward penetration
rate. Experiments with short pulse ~ Figure 2. Relation between power density and rate of
gyrotron beam air breakdown show  penetration for rock vaporization.

that power densities at one

atmosphere pressure need to be over 1 MW/cm? for breakdown [26]. Though this breakdown
threshold would decease with continuous operation, it would also increase with the higher
pressures that would be found in deep wells.

Power Density (kW/cmZ)

The size of the borehole that can be achieved with a given level of gyrotron power can now be
estimated. The relation between power density and wellbore diameter (D) for a given total

gyrotron power (P) is given by:
D=2 P (3)
z(P.D.)

This equation is plotted for several power levels in Figure 3. A 5 cm diameter wellbore could be
penetrated at 50 m/hr with 1 MW of power. If we consider a 2 MW gyrotron that will be
available commercially in the near future it would be possible to penetrate a 15 cm (6”) wellbore
at about 10 m/hr. The MMW power ultimately determines the size and penetration rate that can
be achieved.



Estimated Costs

The primary cost for MMW drilling
will be the electricity necessary to
power the directed energy beam not
the hardware. A 2 MW gyrotron with
magnet sells for $2.1 M [27] and
would amortize to less than $11 k per
well if 200 wellbores are drilled. The

100

50 ¢

Total Beam

20 | Power

1.0 MW \ 10 MW

Borehole Diameter (cm)

rest if the MMW drilling facility cost 10¢

would be mostly that of the electric 0.01

power plant which at 4 MW for this St

example would be similar to present

drilling systems. There are a humber ) . . .

of other costs associated with drilling, 01 1 10 100 1000

but having such a low capital expense
for the heart of a faster drilling system
bodes well for a significant reduction . . :
in costs over the current mechanical  Figure 3. Relation between power density and wellbore
drilling costs that can exceed $10 M diameter

per deep well [28].

Average Power Density (kW/cmz)

The electricity costs can be readily estimated based the present analysis. For a 7 km deep well
penetrated at 10 m/hr with a 2 MW (7” bore dia.), 50% electrical efficient gyrotron, this would
correspond to 2.8x10° kW hrs or a cost of $280k ($40/m) at $0.10 a kWhr. This is not a large
number in comparison to costs of over $10 M (>$1400/m) to those depths using mechanical
drilling systems which scale exponentially with depth [28] allowing for significant margin for
addition of other costs and still be competitive with mechanical drilling. However, it should be
cautioned that we are assuming an idealized case with rock removed by vaporization only and
that there are no power losses. Also, as mentioned earlier, other costs are involved. The
proposed follow on research will help to better define these costs.

Next Step v
A continuous 10 kW, 28 GHz turn key gyrotron EI

system has been delivered to the PSFC under a long i
term loan agreement that includes use for research of |

enhanced geothermal systems (see Figure 4). It will l -
become operation in the Fall of 2009. The operating

range will be in the lower left corner of Figure 3 for
directed energy penetration, not ideal, but on the
plot. When the switch is thrown on and the first
rock is ablated with millimeter-waves it will add a
concrete result to support the present study. Such an
achievement combined with the knowledge obtained
here with the MITEI seed funding could motivate a

rapid advance to increase access to underground Figure 4. 10 kW 28 GHz gyrotron system
€nergy resources. being installed at MIT PSFC.
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