Thermal Fractional Ore
Processing System

Space Resource Extraction Application — Detailed
System Description

Executive Summary

The space variant of the Thermal Fractional Ore Processing
System applies the same architectural principles — staged
thermal separation, closed-loop resource recovery,
spectroscopic process control, and zero-waste output — to
asteroid, lunar, and planetary body resource extraction. The
core thermodynamic logic is gravity and atmosphere agnostic.
What changes between Earth surface and deep space
operation is which mechanisms implement those principles,
not the principles themselves. The architecture scales from a
portable terrestrial unit to an orbital processing platform by
substituting implementation modules while preserving the
conceptual framework intact.

Environments Addressed

*  Low gravity bodies — Moon (0.16g), Mars (0.389g), large
asteroids (fractions of 0.01g)

+  Zero gravity — orbital facilities, small asteroids,
microgravity processing

. Vacuum — asteroid surface, lunar surface, orbital

+  Controlled atmosphere — sealed processing
environments with tunable gas composition

*  Combinations of the above — each environment
addressed by module substitution, not architectural
redesign

What Remains Constant Across All
Environments
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*  Thermal cascade principle — heat stages material
through melt thresholds regardless of gravity

»  LIBS spectroscopic monitoring — electromagnetic,
unaffected by gravity or vacuum

+  Off-gas capture — pressure differential moves gas
regardless of gravitational field

*  Modular bay architecture — same interface standard,
different implementation modules per environment

*  Provenance stamping — works on any solidified output in
any environment

»  Zero waste philosophy — same product hierarchy logic,
same catch basin and second-pass architecture

*  Closed-loop water system — same thermodynamic
principles, different fluid management hardware

Gravitational Environment Analysis

Full Gravity (Earth Surface — 1g)

The baseline terrestrial system described in the terrestrial
detailed document. Gravity drainage drives melt flow between
bays and into molds. Passive density stratification handles
separation where density differences are sufficient. Centrifuge
modules supplement where they are not. Quench pool
operates with conventional water management.

Micro-Gravity (Moon 0.16g, Mars 0.38g, Large
Asteroids)

Gravity drainage functions but sluggishly. Melt movement is
slower, requiring wider drain apertures and longer residence
times to achieve comparable throughput. Passive density
stratification occurs but timescales extend dramatically — what
separates in minutes at 1g may require hours at 0.16g. The
threshold at which centrifuge modules become more
cost-effective than passive stratification shifts significantly
downward. On the lunar surface, centrifuge modules are
preferred at most bays.
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Surface tension effects become more prominent relative to
gravitational effects at reduced gravity, affecting quench pool
behavior. Water management hardware requires modification
but the thermodynamic principles of the closed-loop system
remain identical.

Zero Gravity (Orbital Facilities, Small Asteroids)

Gravity drainage is unavailable. Every gravity-dependent
element of the terrestrial system requires active replacement.
This is not a fundamental problem — it is an implementation
substitution that the modular architecture accommodates
directly. The core thermal cascade and spectroscopic control
architecture are unaffected.

Melt Flow Without Gravity

»  Pressure differential flow: Sealed bays with gas pressure
applied from one side force melt through the outlet without
gravity. The off-gas infrastructure already present in the
system provides pressurized gas to drive this.

»  Electromagnetic pumping: Molten conductive materials
respond to moving magnetic fields and can be pumped
without mechanical contact or gravity. Particularly
effective for metal fractions.

+  Centrifugal bay design: The entire bay spins rather than
just the separation vessel. Melt migrates to the outer wall
under centrifugal force and drains from collection points at
the perimeter.

In zero gravity, surface tension becomes the dominant force
containing molten material rather than gravity. A molten mass
in zero-g is self-contained by its own surface tension — the
processing system works with this rather than against it. The
centrifuge spins the molten mass and density separation
proceeds outward from the center toward the vessel wall,
where density-banded drain points collect each fraction.
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The Centrifuge as Primary Architecture

On Earth, the magnetically suspended centrifuge vessel is an
optional enhancement module deployed where density
differences are small or product purity requirements are high.
In zero gravity, it becomes the primary separation mechanism
throughout the entire train. Every bay is effectively a heated
centrifuge rather than a gravity-drain vessel.

The design developed for the terrestrial application —
magnetic suspension, inductive wall heating, slip-ring power
and data transmission, overlapping pipe connections, batch
operation with multiple density-banded drain points — requires
no modification for zero-gravity deployment. It was designed
without mechanical contact between the spinning vessel and
its support structure, without gravity-dependent bearing loads,
and without gravity-dependent melt containment. It is
inherently suited to the space environment.

An additional advantage emerges in zero gravity: the
centrifuge can achieve higher effective g-forces than practical
on Earth, where structural loads and vibration transmission to
the surrounding facility constrain spin rates. In a free-floating
orbital facility or on a low-gravity body, higher spin rates are
more feasible, improving separation resolution for mineral
pairs with small density differences.

Vacuum as a Separation Mechanism

The space environment introduces a separation mechanism
unavailable in the terrestrial system: vacuum distillation. Every
material has a characteristic vapor pressure. At atmospheric
pressure, this vapor pressure must exceed ambient pressure
before evaporation occurs, which typically requires
temperatures near or above the boiling point. In vacuum,
materials with even very low vapor pressures evaporate freely
at much lower temperatures — sometimes hundreds of
degrees below their atmospheric boiling point.
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This creates a parallel separation cascade operating alongside
the thermal melt cascade. While the melt cascade separates
by melting point, the vacuum distillation cascade separates by
vapor pressure. The two mechanisms are complementary —
materials that resist melt separation may separate readily by
vapor pressure, and vice versa.

Vacuum Distillation Targets

+  Zinc — boils at 907°C at atmospheric pressure,
evaporates at substantially lower temperatures in vacuum

. Lead, cadmium, mercury, arsenic, antimony — all have
usable vapor pressures at achievable temperatures in
vacuum

*  Sulfur compounds — volatile in vacuum at temperatures
where they would remain solid in atmosphere

* Reactive and refractory metals — vacuum metallurgy is
already established industrial practice for materials that
cannot be processed in atmosphere without
contamination

Condenser Array Design

In vacuum, evaporated material travels in straight lines until it
contacts a surface. Condenser geometry therefore determines
collection selectivity. Multiple condenser surfaces positioned at
different temperatures and angles downstream of each bay
collect different vapor pressure fractions as the evaporated
material cools and deposits. Each condenser surface is a
collection plate for a specific material fraction.

Space provides cold surfaces for free. Condenser panels
oriented away from the sun and toward deep space reach
temperatures well below what any Earth-surface cooling
system can achieve without refrigeration energy. The thermal
gradient available for condensation in the space environment
is orders of magnitude larger than what is available on Earth,
improving separation resolution and condensation efficiency
simultaneously.
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Atmospheric Options

Sealed processing bays can operate under any controlled gas
composition regardless of the external environment. The same
atmospheric tuning available in the terrestrial system applies in
space, with additional options enabled by the vacuum
surroundings.

. Inert atmosphere — argon or nitrogen blanket prevents
oxidation of metal product streams and eliminates oxide
layer interference with LIBS readings

*  Reducing atmosphere — CO from captured off-gas or
introduced hydrogen reduces metal oxides throughout the
train, potentially eliminating the need for a dedicated
reduction bay

*  Oxidizing atmosphere — deliberately introduced oxygen
burns off sulfide minerals cleanly before they reach
downstream bays

* Reactive atmosphere — chlorine or other reactive gases
convert specific metals to volatile compounds for
gas-phase collection, fitting within the closed-loop reagent
constraint if the reactive gas is recovered and reused

*  Vacuum — no introduced gas, full vacuum distillation
operation, lowest possible contamination of product
streams

In practice, individual bays within a single installation can

operate under different atmospheric conditions simultaneously,

separated by pressure management between bays. The
system can run reducing conditions in the metal recovery
bays, inert conditions in the silicate separation bays, and
vacuum conditions in the distillation bays, all within a single
continuous processing train.

Thermal Management in Space

Heat Retention

In vacuum, there is no convective heat loss — only radiative.
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Hot surfaces lose heat more slowly in vacuum than in
atmosphere because convection, which is typically the
dominant heat transfer mechanism in air, is absent. This
makes maintaining bay temperatures easier and reduces the
energy input required to sustain operating conditions, partially
offsetting the energy cost of replacing gravity-driven processes
with active systems.

Cooling and Quench

The water quench stage of the terrestrial second pass requires
modification in zero gravity and vacuum. Water in vacuum at
low pressure boils at extremely low temperatures and cannot
form a stable pool. Alternative quench mechanisms:

+  Gas quench — inert gas injected locally against hot
material, then captured and recirculated. No water
management complexity in zero-g.

* Radiative shock — expose hot material suddenly to a cold
radiative surface. No fluid contact. Thermal gradient from
hot residue to space-cooled surface is large and
controllable by geometry.

*  Mechanical contact cooling — press hot material against
a cold refractory surface. Conductive heat transfer.
Simple and reliable.

Where water is available from the asteroid or body being
processed — carbonaceous chondrite asteroids contain
significant water ice and hydrated minerals — a spray quench
system can function. Fine water mist injected into a sealed
chamber contacts hot material, flash-vaporizes, and the steam
is captured for turbine power generation before condensing.
The quench water is then sourced from the same ore body
being processed, making the system self-supplying in this
input.

In-Situ Resource Utilization

Many asteroid types, particularly carbonaceous chondrites,
contain materials directly useful to the processing system
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itself. Water ice and hydrated minerals provide quench water.
Carbonaceous material provides carbon for reducing
atmosphere generation. Sulfur compounds can be converted
to sulfuric acid as on Earth. The ore body provides its own
processing consumables, reducing or eliminating supply chain
dependence for system operation.

This is particularly significant for deep space or permanent
installation scenarios where resupply is expensive or
infeasible. A processing system that sources its consumables
from its own feed material is operationally self-sustaining in a
way that no Earth-supplied system can be at interplanetary
distances.

Output Handling in Space

Castable outputs — metal ingots, silicate fractions, residue
blocks — are produced identically to the terrestrial system.
Provenance stamping functions the same way. Standardized
geometry enables automated handling and storage without
gravity-dependent stacking infrastructure.

In zero gravity, cast units are secured to storage structures
rather than stacked. The uniform geometry of the mold outputs
simplifies automated attachment and retrieval. For orbital
facilities, cast outputs can be packaged for transfer to Earth or
other destinations, or used directly for in-space construction.

The refractory concentrate fraction — high melting point
minerals concentrated by the two-pass system — has
particular value in space. Refractory materials are essential for
thermal protection systems, rocket nozzles, and
high-temperature structural components. Producing these in
space from asteroid feedstock eliminates the cost of launching
them from Earth, which at current and near-future launch
prices represents enormous economic value.

Configuration Matrix
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+  Earth surface (1g, Ambient air): Gravity drain, passive
stratification

*  Earth surface (1g, Controlled inert): Gravity drain, cleaner
product streams

»  Earth surface (1g, Vacuum chamber): Gravity drain plus
vacuum distillation

*  Moon surface (0.16g, Vacuum): Centrifuge dominant,
vacuum distillation, slow gravity assist

*  Mars surface (0.38g, CO or controlled): Partial gravity
drain, centrifuge assist, atmospheric tuning

»  Asteroid surface (~0g, Vacuum): Centrifuge dominant,
vacuum distillation, surface tension containment

*  Orbital facility (Og, Controlled or vacuum): Full centrifuge,
vacuum distillation, electromagnetic pumping

Strategic Significance

Space resource extraction is currently constrained not by the
availability of materials — asteroid belts contain metal
concentrations that dwarf all known terrestrial reserves — but
by the absence of practical processing architecture suited to
the environment. Systems designed for Earth cannot be
transplanted without fundamental redesign.

The TFOPS space variant does not require fundamental
redesign of the terrestrial system. The modular architecture
developed for flexibility between terrestrial ore bodies adapts
to the space environment by the same mechanism — module
substitution at standardized interfaces. The thermal cascade,
spectroscopic control, closed-loop resource recovery, and
zero-waste output philosophy require no modification. Only the
mechanisms implementing gravity-dependent steps require
replacement, and those replacements are active systems
already present in the centrifuge module design.

A company deploying terrestrial TFOPS installations builds
direct operational experience with every subsystem that the
space variant requires. The centrifuge vessel design, the slip
ring power transmission, the LIBS monitoring architecture, the
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off-gas capture and gas separation systems, the provenance
stamping infrastructure — all of these are developed, tested,
and operationally proven in the terrestrial context before the
first space deployment. The technology development pathway
is sequential and self-funding rather than requiring speculative
capital for a system with no terrestrial revenue.

The Architectural Insight

Most systems designed for one environment require
fundamental redesign for another. TFOPS requires module
substitution. The principles are gravity and atmosphere
agnostic. The terrestrial system is not a precursor to the space
system — it is the same system with environment-appropriate
implementation modules installed. This is not an accident of
design. It is the direct consequence of building around
thermodynamic and spectroscopic principles that do not
depend on gravity, rather than around gravity-dependent
mechanisms that happen to work on Earth.
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