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Agenda

* Study motivation - to accelerate deep geothermal drilling

* Laser-rock interactions

* Flushing medium analysis

* Process requirements

* Cryogenic supply system

* Mechanical design for a low temperature nitrogen supply system
* Risk assessment of a cryogenic system
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Study motivation - to accelerate deep geothermal drilling

6 km deep gheotermal drilling in Szaflary, Poland, 2024

|

Comparison of Drilling Methods -

Average Speeds

Drilling Method Average Speed | Technology Status
Conventional 10-30 Commercial /
Mechanical Drilling meters per day Widely Used
Laser Drilling 100-150 Experimental

meters per day

Gyrotron (Microwave) 300-500 In Development /
Drilling meters per day Field Testing

www.deepu.eu
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To accelerate deep drilling: Thermal spallation laser drilling

IR-image

Temporal plot of temperature

IR-record of DeepU laser
thermal spallation
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Electron microscope

Spalls characterization _images of spalls

b)

Spalls collection and preparation R N &
a) e |

Granite {

» size of the particles can be controlled with

laser power Sandstone
« thermally spalled particles were characterized

(size distribution, sphericity, roundness)
» spalls must be removed from borehole and

transported to the surface by pneumatic force of  Limestone
flushing system
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Flushing medium for deep drilling

The primary role of the flushing medium is to transport
rock cuttings to the surface, remove excess heat and
protect the lens housed within the drill head.

Due to the pressures reaching hundreds of bars and
temperatures in the range of thousands of degrees
present at the bottom of the borehole, water-based agents
are not a suitable option, primarily because of the
associated safety risks. In addition, thermodynamic
stability, heat transfer capabilities, and economic
feasibility must all be carefully considered.

Taking all these factors into account, the focus shifts
toward gaseous flushing agents—particularly inert or
noble gases. Based on the results of the economic

analysis, nitrogen has been identified as the most s BB AR SRR A R s B
suitable candidate for the flushing medium. www.deepu.eu
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Process requirements

Maximum depth of the borehole, m ;. um 260m
10

To clean the borehole of spalled or melted and resolidified

cuttings, a sufficient flow rate of working gas must be supplied.

As borehole depths reach several kilometers, pressure N %
losses in both the supply line and the return annulus may 1 K

become a limiting factor for deeper operation if the pressure
at the bottom is to be limited. S PTS

@Q&
l))

The required flow rate depends
on several factors:

Particle diameter, mm
£ LA (-]
&
S
N4

« Shape, size and density of
the drilled particles

« Borehole depth, diameter,
and annulus area

« Thermodynamic state of the
flushing gas

3600’77

. 0.6 o7 0.8 0.9 1.0
Maximum 3810m Particle sphericity, -

lf\

Assumption: pressure at the bottom limited to
30 bar(a). Higher allowable pressures enables

deeper boreholes.
P www.deepu.eu
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u u n ’
Process requirements — cooling and pneumatic
tra nspo rt Minimum 1.23 kg/s Required mass flow of nitrogen, kg/s
Since the mass flow rate required for pneumatic e

transport is the highest, meeting it also ensures 91
sufficient cooling and effective lens protection.

Laser pipe severely limits the space available for the
supply lines. Fluid with sufficient density is required to
provide necessary flow rates at depths reaching over
4000m. : S

Maximum
) 4.07 kg/ls

Particle diameter, mm

The supercritical state is
essential to maintain an
adequate mass flow rate
despite significant pressure
drops in small process pipes
and to prevent the formation
of two-phase flow.

Particle sphern:uty

Assumption: pressure at the bottom limited to 30 bar(a). Higher allowable pressures
require even higher mass flow rates.

www.deepu.eu
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Model validation

Experimental test stand for pneumatic
transport model validation consists of
over 2-meter-long transparent PC pipe.

Borehole annulus geometry is
consistent with test stand accordingly
to the equivalent flow diameter.

The purpose is to ensure the model's
accuracy and reliability by validating it
against experimental results.

www.deepu.eu
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Model validation

600
. ays . . 2 2
An initial experimental campaign was N AF . 0%
conducted to measure pressure drop in L 2D i
a single-phase gas flow within an ey ;8 e :
annular section without cuttings. The .0 '

results showed good agreement with
theoretical values.

dP/L, [Pa/m]
8

g

w—Theoretical

Further experimental campaigns for
two-phase flows (gas + cuttings) are
planned with various cuttings size,
density, shape, as well as variable ;
flushing gas flow rate to validate 0o w0 : ‘

complete theoretical model. : - = = = -

v, [I/s]

® Experimental

100
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Cryogenic supply system

T’ [K] p = 33.9bar p = 1bar
— 300K | e e e e e e mmm e —
(27°C)
LN, from local ASU
or external supply
> Pressurized, single phase
p=1 bar
T=77K 126K
(-147°C) Critical point
‘ é ; ’ II: :II To drill stringi ik
i (-196°C)
CII; ;I: Cryogenic Main Control o
Liquid Nitrogen Pump System s, [J/(kg K)]

Storage Tank

www.deepu.eu
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Complex analytical model had to be
developed to cover following phenomena:

(EIC, Pathfinder Programme, G.A. 101046937)

Supercritical nitrogen supply system

Heat inleaks through insulation and
coupling

Pressure losses within supply pipe

Pressure losses in the annulus from
both solid and fluid friction components

Laser power dissipation into the
returning supercritical nitrogen

Deep U-tube heat exchanger breakthrough: combining laser and cryogenics gas for geothermal energy exploitation

Return flow of flushing
medium and cuttings

Casing

Cryogenic process supply pipe
(self-compensating) supplying
cold supercritical nitrogen
Laser beam pipe with optics

Nut
Coupling
Sealing

Vacuum insulation

Expansion bellows
www.deepu.eu
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Mechanical design - requirements

—— Casing

-
The mechanical design of the cryogenic system t
must meet numerous requirements related to:

1. Temperature - materials must retain their key
properties even at cryogenic temperatures.

2. Heat load - The design should minimize thermal
bridges between cryogenic and room-
temperature components.

3. Vacuum - The casing and process pipes should
exhibit low permeability and outgassing rates.

4. Mechanical load - Significant pressure
differences and weight pose challenges for
many common materials.

5. Economics - Materials should be readily
available and easy to work with, such as being
suitable for welding and machining.

Cryogenic process supply pipe
| — (self-compensating) supplying
cold supercritical nitrogen

__——— Laser beam pipe with optics

— Nut
=4

Coupling
~ Sealing

N Vacuum insulation

Expansion bellows
www.deepu.eu
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Mechanical design - coupling Laser beam pipe

with optics  \/acuum insulation

Coupling two drill string segments in a cryogenic
environment presents several engineering
challenges. The connection must perform reliably
under extreme conditions while remaining practical
for field operations.

Copper
gaskets

» Leak-tight sealing feasible at cryogenic
temperatures

* Mechanical strength
* Fast and robust assembly
* Low thermal load

Electrical feedthrough

Cryogenic process
supply pipe

www.deepu.eu
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Risk assessment for cryogenic system

Introducing a cryogenic system into deep geothermal drilling
brings new failure modes that must be considered.

Failure modes directly related to the cryogenic system in most
cases are related to vacuum insulation degradation.

Vacuum loss can result from the following failure scenarios:
1. Process pipe break — cryogenic fluid leaks into the

vacuum space
2. Laser pipe break — warm shielding gas enters the

vacuum
3. Casing pipe break — warm return gas, contaminated with

cuttings, flows into the vacuum

Each failure mode has a different set of potential
consequences to all subsystems within the drill string.

Proper mitigation actions were proposed for each identified
failure scenarios. www.deepu.eu
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Risk assessment for cryogenic system

Nitrogen gas flow into the vacuum space and laser energy
deposition on the pipe wall are two failure modes with the most —> £1
severe consequences to the whole system due to the possible
chain of subsequent failure modes.

RECOGNIZED FAILURE MODE SEVERITY OF THE CONCEQUENCES >

F6. LASER ENERGY DEPOSIT ON THE ENTIRE SYSTEM — F2
PIPE WALL DESTRUCTION \

F1. CRYOGENIC NITROGEN FLOW TO

VACUUM INSULATION i
FS. ELECTRICAL ARC ’ DESTRUCTION

(ONLY IF ELECTRICAL MEATER 3N THE BORIHOLE)

Fl
F2. GASEOUS (WARM) NITROGEN
FLOW TO VACUUM INSULATION LENSES DAMAGE I
VACUUM LOSS
F3. CONTAMINATED NITROGEN -

FLOW TO VACUUM INSULATION

F&

F6

vy

F7. ICE BLOCKAGE OF PROCESS PIPE

F8. HEAT LOAD UNDERESTIMATION
PNEUMATIC

F9. MECHANICAL BLOCKAGE OF TRANSPORT STOP » F4
PNEUMATIC TRANSPORT

F4. CRYOGENIC NITROGEN FLOW www.dee u.eu
FROM THE MODULE CRVOSEN 1053 P
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Cryogenic solutions can be adapted to deep
drilling requirements providing both robust
construction and efficient thermal insulation

Thank you

www.deepu.eu
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