MODULE 56 - ADVANCED MARS CURRICULUM - UNDERSTAND, CALCULATE, VERIFY.

Industrial safety: chemical hazards, pressure and work
permits

Conceptual visualization — industrial safety is built from prevention, independent barriers, isolation, detection, emergency response and
controlled recovery.




Prevent maintenance and process incidents through isolation, work permits, atmospheric checks

and controlled return to service.

Before starting — reconnect chemistry, maintenance and habitat interfaces before authorising work around
hazardous energy or process equipment. Important quantities and assumptions are stated at first use.

Mastery objectives

e identify hazardous energy, chemical, pressure, atmospheric and environmental conditions
before work starts

e treat isolation, lockout, atmospheric verification and rescue readiness as physical barriers
rather than paperwork

e distinguish terrestrial safety references from the future legal regime of a Mars settlement

e prove safe return to service through controlled barrier removal, functional checks and

post-maintenance monitoring

1. A settlement is also an industrial site

Pumps, tanks, batteries, furnaces, machine tools, compressed gases, solvents and ISRU
processes create industrial hazards. Mars adds one severe constraint: evacuation and outside
emergency response are nearly absent. Prevention must therefore reduce event probability and

limit propagation with resources already on site.

2. Identify every energy source

Maintenance must consider more than electrical power. Hydraulic or pneumatic pressure,
springs, gravity, heat, rotating parts, chemistry, batteries and charged capacitors can remain
hazardous after the main command is off. Isolation identifies each source, separates it,
dissipates stored energy and verifies the safe state. This lockout tagout discipline makes the safe

state explicit before hands-on work begins.



3. Work permits

Some tasks require structured authorization: hot work, confined-space entry, opening a
chemical line, high-energy work or bypassing a protection. The permit defines location, task,
isolation, measurements, protective equipment, duration and stop conditions. It becomes invalid

when configuration changes.

Permit-to-work barrier architecture

A bow-tie view connects hazardous energy, isolation/test/permit barriers, active monitoring, rescue and verified restoratio
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Permit closure is a second hazardous operation: temporary protections must be removed without reintroducing energy unexpectedly.

A permit is a physical barrier plan: hazards are identified, isolated and verified before work, then restored under controlled evidence.
Pedagogical synthesis by Delta-Sierra from the primary sources cited in this course; schematic, not to scale.

4. Hazardous atmospheres

A volume can be dangerous through oxygen deficiency, oxygen enrichment, toxic gas or
flammable vapor. Measurement needs an appropriate calibrated sensor and correct sampling
location. A reading near a hatch does not prove the entire cavity is safe. Ventilation is verified

before and during work when required.



5. Hot work and fire

Welding, grinding or heated surfaces can ignite polymers, dust or vapor. The permit requires
area cleaning, removal or shielding of combustibles, fire watch, extinguishing capability and
post-work inspection. In a pressurized habitat, atmospheric composition and ventilation add

further constraints.

6. Chemicals and incompatibilities

Safety is more than reading labels. Oxidizers, fuels, acids, bases and reactive products are
separated; secondary containment and ventilation are provided; decomposition products are
understood. A small spill can affect air, water and surfaces, so recovery planning belongs in

storage design.

7. Machinery and motion zones

Robots, lathes, mills, handling arms and autonomous vehicles create pinch and crush hazards.
Hazard zones are defined and maintenance modes reduce speed and energy where possible. An
emergency stop does not replace a design that prevents unexpected motion during hands-on

work.

8. Controlled return to service

Maintenance completion is itself hazardous. Tools are removed, guards restored, valves
checked, sensors connected and people cleared from the area. Re-energization can be staged
under enhanced monitoring. A correct repair followed by uncontrolled startup can create a

second incident.



Deepening: permits and cognitive load

An excessively long generic permit becomes ritual. It should highlight the few hazards that can
seriously injure people or damage the settlement and the checks that control them. Checklists

should support thinking rather than merely create a signature record.

Deepening: independent barriers

Two barriers are not independent if one failure removes both. A software alarm and software
shutdown on the same controller may not represent two independent protections. Diversity can

come from mechanical, electrical, procedural, geometric and human-monitoring layers.

9. Worked example: stored pneumatic energy

A service vessel contains 0.12 m3 of gas at 600 kPa absolute and a downstream line must be
opened. Even without a full thermodynamic calculation, volume and pressure demonstrate that
closing an upstream valve is not enough. The line must be isolated, vented to a safe destination

and verified at safe pressure before opening.

Calculated case study: minimum preparation time for a work permit

TEACHING ASSUMPTION — A job requires isolation of 5 energy sources at 4 min each,

two independent checks of 6 min each and 15 min of atmosphere and work-area measurements.

Let N be the number of sources; t_i isolation time per source in minutes; n_v number of

verifications; t_v verification time; t_m measurement time; and T total preparation time.
T=Nxti+nvxtv+tm=5x4+2x6+15=20+ 12+ 15=47 min.

The 47 minutes are a teaching administrative model, not a regulatory duration. They show that

safe permit preparation consumes time before technical work even begins.



10. Exercise

Prepare a work permit to replace a pump on a pressurized oxidizer line. Identify at least six
hazards, isolation steps, atmospheric monitoring, personal protection and controlled restart

sequence.

11. Reasoned solution

The line is shut down, isolated on both sides where possible, depressurized to a safe destination,
flushed or inerted as appropriate, then verified. Electrical and mechanical pump energy is
locked out. The area is checked and restart occurs progressively with leak monitoring. Every

critical step should have a clearly assigned person.

12. Mini-project

Create the settlement work-permit system with four categories: energy/pressure, chemicals, hot
work and confined space. Define triggers, mandatory measurements, authorizers, validity, stop

conditions and archiving for lessons learned.

Industrial safety on Mars: prevent the second accident

A Mars settlement is simultaneously a habitat, laboratory, utility plant, workshop, warehouse,
farm and chemical-processing site. That combination creates interactions that are uncommon in
ordinary terrestrial buildings. A maintenance action on a pump can affect atmosphere control; a
welding task can threaten a nearby polymer store; a software bypass can defeat a physical
interlock; a line thought to be depressurized can still contain trapped energy. Industrial safety

therefore has to be integrated with configuration management and settlement operations.

This module remains intentionally conceptual. It explains how to recognize hazardous energy,
how barriers are organized, how permits coordinate work and how return to service is
controlled. It does not provide recipes for performing hazardous maintenance or handling
dangerous chemicals. Real operations require equipment-specific procedures, trained personnel,

validated protective equipment and mission-approved limits.



Hazard, exposure and risk are different ideas

A hazard is a source with the potential to cause harm: pressure, voltage, chemical reactivity,
heat, moving machinery or an oxygen-deficient atmosphere. Exposure describes how people or
equipment can come into contact with that hazard. Risk combines the likelihood and
consequence of harmful exposure under a defined scenario. The distinction matters because a
hazard can exist without exposure, and an exposure pathway can often be removed without

eliminating the underlying energy source.

Risk assessment should identify the scenario rather than assign a vague label. “High pressure”
is not yet a complete scenario. A useful description includes where the pressure exists, what
boundary could fail, who or what could be exposed, which barriers prevent release, how failure

would be detected and what the credible consequence is.

Hierarchy of controls and independent barriers

The strongest control removes the hazard or changes the design so people do not need to
encounter it. Engineering barriers such as physical isolation, containment, interlocks,
ventilation and guards come next. Administrative controls such as permits and procedures
coordinate the remaining risk. Personal protective equipment is important but should not be the

only barrier for a high-consequence hazard.

Barrier independence deserves special attention. Two barriers that rely on the same sensor,
power supply, software state or valve may fail together. A permit should therefore ask not only
“how many barriers exist?” but “what common causes can defeat them?” Diversity can come
from independent measurement, different physical principles, separate power paths or human

verification.

A barrier ledger can list each preventive and mitigative barrier, its owner, its verification
method and the evidence that it is available before work starts. The ledger does not replace

engineering analysis; it makes the analysis operationally visible.



Hazardous energy inventory before maintenance

Electrical isolation is only one part of hazardous-energy control. Stored pneumatic or hydraulic
pressure, rotating inertia, elevated masses, springs, hot surfaces, cryogenic or chemical energy
and charged capacitors can remain after normal shutdown. The work team should identify every
credible source associated with the task and with neighboring equipment that can affect the

task.

The safe condition needs positive verification. A control screen showing “off” is not the same
as demonstrating the energy source is isolated. The conceptual sequence is: identify sources,
establish isolation using the approved method, dissipate or restrain stored energy where
applicable, verify the state with appropriate independent evidence, and protect the isolation

from unauthorized change during the work.

Because the exact procedure depends on equipment, this course does not prescribe valve
positions, test voltages or chemical steps. The engineering lesson is that the proof of safe state

must be stronger than the command used to request shutdown.

Work permits are coordination tools

A work permit is useful when the task can create or encounter significant hazards, especially
when several teams or systems interact. It defines the exact equipment, location, task boundary,
authorized time window, isolations, required measurements, barriers, stop conditions,

simultaneous work and the person responsible for accepting the equipment back into service.

The permit should become invalid if the configuration changes in a way that affects the risk
assessment. A nearby process starting, a ventilation change, loss of communications, a new leak
or a different chemical inventory can all invalidate assumptions. This is why permits are living

controls rather than signatures collected once at the beginning.

Permit preparation also manages cognitive load. A well-designed permit does not bury critical
controls under pages of generic text. It highlights the few conditions that must remain true, the

measurements that matter and the clear conditions that require work to stop.



Simultaneous operations: hazards can arrive from the next room

One of the most dangerous planning errors is to analyze a job in isolation. A team may prepare
to open equipment safely while another team starts a test, moves a rover, changes electrical
routing or performs hot work nearby. The permit system should therefore include a

coordination view of simultaneous operations, often abbreviated SIMOPS in terrestrial industry.

The important question is whether one task changes the barriers or exposure of another. A
shared ventilation zone, common power bus, common fire path or shared access corridor can
couple otherwise unrelated jobs. Scheduling can be a safety control: two individually

acceptable jobs may be prohibited from occurring at the same time.

Hazardous atmospheres and confined spaces

A space can become dangerous through oxygen deficiency, oxygen enrichment, toxic
contaminants or flammable material. The atmosphere can also vary spatially, so a single
convenient measurement point may not represent the entire volume. Monitoring strategy

depends on geometry, expected gases, ventilation and the work being performed.

A confined-space problem is not defined only by size. Restricted entry and exit, poor natural
ventilation and the possibility of hazardous atmosphere or engulfment can make an apparently
simple volume high risk. Rescue planning belongs in the entry decision before anyone enters. A
plan that says “call for help” without ensuring the rescuers can reach the person safely is

incomplete.

On Mars, rescue capacity is especially constrained. The settlement may have only a few trained
people and limited protective equipment. This favors designs that reduce the need for human

entry through remote inspection, robotics, external service points and replaceable modules.

Pressure systems and stored energy

Pressure stores energy because a fluid or gas can expand when a boundary opens. The exact
energy depends on thermodynamic conditions and cannot always be represented by one simple

formula. For beginner reasoning, however, pressure multiplied by a characteristic volume



provides a useful scale for comparing situations, while detailed design must use validated

pressure-system methods.

E scale = AP x V

Here AP is a pressure difference in pascals and V a volume in cubic metres, giving joules
because 1 Pa-m?3 = 1 J. This is a teaching scale estimate, not a design formula for vessel
rupture. If AP = 300 kPa and V = 0.02 m3, the scale is 300,000 x 0.02 = 6,000 J. The point is to

recognize that apparently small volumes can contain significant stored energy.

Pressure safety also includes trapped sections. Closing two valves can isolate a small volume of
liquid or gas that later heats, reacts or is compressed. Configuration drawings and permits

should therefore show where energy can remain trapped after normal shutdown.

Chemical compatibility and material control

Chemical safety begins with knowing what is present, its concentration range, compatible
materials, storage requirements and what must never be mixed. Labels and digital inventory
should agree. A container that has lost identity should be quarantined rather than guessed from

location or appearance.

Incompatibility is not limited to dramatic reactions. A chemical can attack seals, contaminate
life-support sorbents, damage a catalyst or create a long-lived residue that is difficult to remove.
The settlement should therefore connect chemical inventory to materials databases and process

equipment configuration.

Small-volume laboratory materials deserve the same traceability principle as bulk industrial
feedstocks. A settlement may depend on a few grams of an analytical reagent, medicine

precursor or catalyst whose loss can disable a function for months.



Hot work and ignition control

Activities that can generate heat, sparks or hot particles require a broader view than the tool
itself. Nearby polymers, dust deposits, insulation, gas lines and ventilation paths can create an
ignition or propagation route. The work permit should establish the area boundary, remove or
protect vulnerable materials, coordinate atmosphere conditions and define post-work

monitoring.

Because Mars habitats contain oxygen and polymer-rich interiors, fire prevention is inseparable
from habitat zoning and material selection. A workshop designed for routine hot work should
use physical separation and dedicated controls rather than relying on an exceptional permit for

every normal operation.

Machines, motion zones and human factors

Robots, rovers, lifts, presses and machine tools can create crush, pinch and impact hazards.
Automated motion can be especially deceptive because a system that appears inactive may
move after a delayed command, remote input or software transition. Maintenance states should

therefore prevent unexpected motion at the energy source and in the control logic.

Human factors matter during gloves-on work, low visibility, fatigue and communication delay.
Controls should make the safe state obvious. Critical isolation points need clear identification
that survives dust, darkness and partial power. A procedure that requires remembering an

invisible software condition is weaker than one that provides direct evidence.

Apply the return-to-service contract after maintenance

The core controlled-return rule is applied here to maintenance: the job is not complete when the
tool is removed. The team must reconcile isolations, restore guards and interlocks, verify
configuration, communicate status and prove the function under a bounded test before normal

operation resumes.



If the equipment was modified rather than simply repaired, management of change is required.
Drawings, software versions, spare compatibility, procedures and training may all need updates.

A physical fix is not complete while the documentation still describes the old system.

Calculation laboratory: barrier coverage, permit workload and
stored energy

Barrier availability
B available = N verified / N _required

If a work plan requires four independent barriers and only three can be verified, B_available =
3/4 = 0.75. The ratio is not a risk score; it simply makes a missing required barrier explicit.
Work should not begin until the approved barrier set is restored or the task is formally

redesigned.

Permit preparation workload

T permit = T hazard review + T isolation + T verification +

T coordination

If the hazard review takes 25 minutes, isolation planning 20 minutes, verification planning 15
minutes and simultaneous-work coordination 10 minutes, preparation requires 70 minutes

before the task itself. Shortening this by omitting a step does not make the hazard disappear.
Atmosphere-monitoring coverage

C monitor = N required points verified / N required points
If the approved monitoring plan requires five representative locations and only four are

available because one sensor channel has failed, coverage is 0.8. The correct response is not to

declare the space “80% safe”; it is to recognize that the required evidence is incomplete.



Stored-energy scale

For a first isolated volume with AP = 150 kPa and V = 0.04 m3, the comparison scale is 6,000 J.
A second isolated 80 kPa, 0.02 m3 volume contributes 1,600 J, so the summed comparison scale

is 7,600 J. This remains a conceptual comparison, not a rupture calculation.

Scenario: the permit omits a neighboring task

A maintenance team has a valid permit for a pump. Ten minutes after work begins, another
team starts a thermal test in the adjacent bay. The test increases ventilation flow and changes
the pressure balance across a shared duct. The original permit did not identify the test because

the schedules were reviewed separately.

The correct lesson is not merely “add the missing task next time.” The settlement should ask
why simultaneous work was invisible. A shared scheduling board, digital permit cross-check or
zone-based conflict review may be required. The original permit should be suspended until the

changed conditions are assessed.

Scenario: a barrier shares the same sensor as the controller

A process controller and its automatic shutdown both use one pressure transducer. The
documentation lists the controller and shutdown as two protections. A sensor fault can defeat

both simultaneously. The event reveals that barrier count overstated barrier independence.

The corrective action may involve independent measurement or a diverse protective principle,
but the course-level lesson is broader: barrier diagrams should show dependencies, not just
boxes. A safety review should search for common power, common software, common sensors

and common physical paths.

Scenario: equipment modified without documentation

A technician replaces a component with an approved alternative that changes connector layout
and diagnostic behavior. The equipment works, but drawings, spare lists and troubleshooting

instructions still describe the previous configuration. Months later, another team wastes time



during an emergency because the documentation is wrong.

This is configuration debt. The change should not be closed until the technical record, spare
compatibility and procedures are updated. Mars makes this discipline more important because

future technicians cannot rely on an unlimited external maintenance organization.

Scenario: a near miss is not reported

A valve moves unexpectedly during maintenance but nobody is injured. The team resets the
system and continues because the schedule is tight. That choice discards valuable warning
information. A near miss should be captured with enough detail to understand whether the

unexpected motion came from software, stored energy, remote command or human error.

The objective is organizational learning, not punishment. If near misses are associated with

blame, people will hide the exact signals that could prevent a fatal event later.

Progressive exercises with solutions

» Exercise 1 — Hazard versus risk

» Exercise 2 — Barrier independence
» Exercise 3 — Preparation time

» Exercise 4 — Return to service

» Exercise 5 — Confined space

Industrial-safety mini-project

Create a conceptual permit package for maintenance on a settlement process unit. Do not
specify hazardous operating steps. Instead identify the task boundary, categories of energy,
required independent evidence of safe state, simultaneous operations, atmospheric
considerations, stop conditions, command responsibility, rescue concept, return-to-service

checks and documentation updates.

Then inject three changes after the permit is issued: a neighboring task starts, one verification
sensor becomes unavailable and the repaired component differs from the original configuration.

Explain when the permit must pause and which records require revision.



Interactive beginner glossary

e hazard — source with harm potential.

e exposure — contact pathway to a hazard.

 barrier — preventive or mitigative protection.

e work permit — controlled authorization for a defined task.

* SIMOPS — interacting work occurring at the same time.

e management of change — controlled review of modifications.
* near miss — warning event without the full harmful outcome.

 safe-state verification — confirmation that protective conditions are actually established.

Industrial safety begins by mapping energy, material and motion
before writing procedures

A permit-to-work system is effective only when it reflects the real hazards of the equipment.
Before a procedure is written, the team should identify electrical energy, pressure, gravity,
springs, rotating inertia, heat, reactive chemicals, stored vacuum, software commands and
moving mechanisms. The safe state is then defined as a measurable condition for each

hazardous source.

Isolation is more than switching something off

A control-screen “off” command may stop normal operation while leaving power physically
available. Closing a valve may isolate a section while trapping pressure between two
boundaries. Disabling software may still leave gravitational or spring energy. A robust isolation
therefore identifies the energy source, establishes a physical or functionally equivalent barrier,

and verifies the resulting state with an independent observation where practicable.

The verification step matters because the isolation action itself can fail. A mislabeled breaker,
stuck valve or incorrect software channel can make the team believe a system is safe when it is

not. The permit should record what was actually measured after isolation.



Barrier diagrams should show common causes

Safety reviews often count alarms, interlocks, relief devices and procedures as separate
protections. They may not be independent. A pressure alarm and automatic shutdown using one
transmitter share a measurement failure. Two valves powered by the same bus share an
electrical vulnerability. Two software protections running the same logic can share a defect.
Independence must therefore be demonstrated rather than inferred from the number of boxes on

a diagram.

Common-cause exposure indicator

E common = N barriers sharing dependency / N barriers claimed

If three claimed barriers exist and two depend on one
sensor, the simple exposure indicator is 2/3. This does not
calculate probability of failure; it highlights where a
single dependency can defeat more than one nominal barrier
and therefore where design review should focus.

Work permits manage changes in configuration

A permit is valid only while its assumptions remain true. If ventilation changes, adjacent
equipment starts, another team introduces an ignition source or the pressure boundary is
reconfigured, the permit may need to pause. This is why simultaneous operations need a shared
view. Independent teams can create one combined hazard without either team violating its own

local procedure.

Stop-work conditions should be concrete: unexpected pressure, loss of communication,
unplanned odor, sensor disagreement, protective equipment damage, change in neighboring
work, loss of required lighting or any other condition identified by the hazard review. A vague

instruction to stop “if unsafe” transfers too much interpretation to the most stressful moment.



Verify barrier removal before re-energisation

Re-energisation can recreate pressure, motion, heat, voltage or chemical flow. Treat this as an
application of the controlled-return contract: remove barriers in a defined order, verify
personnel clear, restore protection and stop the test immediately if the observed state differs

from the permit assumptions.

If the maintenance changed design rather than restoring the previous state, the configuration
baseline must change too. Drawings, spare compatibility, procedures and training cannot

remain behind the physical plant.

Emergency response must avoid creating a second casualty

Confined spaces, toxic releases and fires can tempt rescuers into immediate entry. Rescue
planning should exist before the work begins and identify protective equipment, retrieval

methods, communication, medical support and the conditions under which human entry is
prohibited. A rescue that disables additional crew can turn a manageable event into a

settlement-level crisis.

Safety exercise: walk the energy map

Select one pump, rover charger or chemical-processing skid. Draw every energy and material
input. For each one, write how it is isolated, how isolation is verified, what can remain trapped,
what common dependencies exist between barriers and what indication proves safe return to
service. Then assume one verification instrument is unavailable and design a conservative

alternative or stop condition.

Safety calculation laboratory: a barrier only counts when it is
present and independent

Industrial safety should not reduce risk to a single score. Simple calculations are useful when
they expose missing barriers, stored energy and time pressure without pretending to replace

hazard analysis.

Independent-barrier coverage

C barrier = N verified,independent / N required



If a permit requires four independent barriers but only
three can be verified as both present and independent,

coverage is 3/4 = 0.75. Work should not begin merely because
“75% is high.” The ratio exposes that an approved condition

is missing.

Two protections that share the same sensor, software path or
power supply may fail together and therefore should not
automatically be counted as independent.

Multiple pressure volumes: comparison scale
E scale,total = £(AP 1 x V 1)

For two isolated teaching volumes, one at 150 kPa difference
and 0.04 m3, another at 80 kPa and 0.02 m3: first scale =
150,000x0.04 = 6,000 J; second = 80,000x0.02 = 1,600 J;
summed comparison scale = 7,600 J. This is still a
conceptual energy scale, not a vessel-rupture model.

» Exercise — common cause

IDENTIFY ISOLATE VERIFY ZERO RETURN TO
energy - chemistry - valves - breakers - measure - independent SERVICE
pressure boundaries check staged restart - abort
path

Teaching composite: safe work follows an explicit barrier chain from hazard identification to controlled return to service.

Barrier-analysis studio: prevent one maintenance task from
defeating another safety layer

A work permit is useful only when it reflects the actual configuration around the job. In a
compact Mars settlement, systems share power, ventilation, coolant, gases, corridors and

operators. Two individually safe tasks can therefore combine into an unsafe state. The



engineering goal is to identify hazardous energy and material paths, isolate them, verify the

isolation independently and control changes until return to service is complete.

Start with an energy map

Before opening equipment, map electrical, pressure, mechanical, thermal, chemical,
gravitational and stored elastic energy. “Power off” addresses only one category. A pressurised
line can still release energy after a motor is isolated; a capacitor can retain charge; a raised
mechanism can fall; hot metal can ignite contamination; incompatible chemicals can react after

a valve is opened.

Gas expansion energy scale

E scale = Ap x V

Question. What order of magnitude of mechanical energy may
be associated with a pressurised volume?

Symbols. Ap is pressure difference in pascals and V is
volume in cubic metres. Since one pascal times one cubic

metre equals one joule, the units are energy.

Example. A 0.04 m3 isolated volume sits 500 kPa above its
surroundings. The simple scale is 500,000x0.04 = 20,000 J,
or 20 kJ.

Interpretation. Twenty kilojoules is enough to demand
serious control; the formula is not a detailed thermodynamic
discharge model, but it prevents the crew from treating a
small physical volume as harmless merely because it looks
small.

Limit. Actual available work depends on gas behaviour,
pressure history, temperature, geometry and discharge path.



Independent barriers must not share the same hidden weakness

Two barriers are not truly independent if both depend on one sensor, one power bus, one
software controller or one operator action. A barrier diagram should therefore show not only

barriers but their support functions. This is how common-cause vulnerability becomes visible.

Simple independent-barrier success model

P protect =1 - (1-p1)(1-p2)

Question. If two genuinely independent protective barriers
each have a probability of succeeding on demand, what is the
probability that at least one succeeds?

Example. If p:1 = 0.90 and p2 = 0.95, simultaneous failure
probability is 0.10x0.05 = 0.005, so P protect = 0.995 or
99.5%.

Critical warning. This multiplication is valid only under
the independence assumption. If both barriers lose the same
electrical bus, the model can be dangerously optimistic.

Atmosphere control changes the permit

Work that can release vapour, dust, oxygen, fuel or cleaning agent should specify ventilation
state, monitoring points, alarm limits and what happens if ventilation is lost. A confined or
partially isolated volume may accumulate contaminants much faster than the larger habitat. The
permit should therefore define where the concentration is measured, how often, and who has

authority to stop the job.

Require positive evidence before permit closure

Permit closure requires affirmative evidence: expected valve and breaker positions, acceptable
atmosphere where relevant, functional protection, leak-free operation and a recorded handover.

Absence of an alarm is not sufficient evidence that restoration is safe.



Simultaneous-work drill

Team A isolates a coolant pump for seal replacement. Team B plans hot work in an
adjacent bay. Both tasks independently satisfy their local checklist. Identify at least five
interfaces that could make the combined state unsafe, then decide what the permit

coordinator must verify before either job begins.

» Reasoned solution

First-Man industrial safety: the permit is a physical model of the job

A work permit is not a signature sheet. It is a compact model of the work boundary: what
equipment is involved, which energies can reach it, which chemicals or atmospheres are
present, what other teams are doing nearby, which barriers must be established, who verifies
them, what changes cancel the permit and how the plant is returned to service. If the permit
does not change what people physically check, isolate and monitor, it is paperwork rather than a

safety control.

On Mars, the same equipment can couple several hazardous energies: electrical power,
pressurised gas, stored mechanical energy, hot or cryogenic fluids, reactive chemicals and a
pressure boundary separating crew atmosphere from the external environment. Isolation

therefore starts with an energy map, not with one switch.

Residual energy after isolation is the quantity that can still hurt you

Eresidual = L Estored,i after isolation

Starting question
After normal power is removed, what stored energies can
still be released into the work area?

Read aloud
Read: “residual energy equals the sum of every stored-energy
contribution that remains after isolation.”



Symbols, pronunciation and meaning
Estored,i represents each relevant stored-energy source:

compressed gas, charged capacitor, raised mass, rotating
inertia, thermal inventory, spring force or another
identified source.

Units
Energy terms must be converted to a common unit, typically
joules or kilojoules, before addition. Some hazards are
better controlled by pressure, voltage, temperature or force
thresholds rather than energy alone.

Origin and status of values
Sources come from the equipment energy map and measurements.
The equation is a bookkeeping framework; the correct
physical model differs by energy type.

Why this operation
Removing the supply prevents new energy entering, but stored
energy already inside the system can remain. Listing and
summing it forces the team to look beyond the disconnect
switch.

Substitution and calculation
Teaching example: a pneumatic volume contains an estimated
40 kJ of releasable energy, a capacitor bank 8 kJ and a
moving assembly 5 kJ. Residual inventory is 53 kJ until each
source is discharged, restrained or otherwise controlled.

Calculator entry
Enter 40+8+5. The arithmetic is trivial; identifying every
term is the real safety work.

Mental estimate
Forty plus roughly ten plus five is in the mid-fifties, so
53 kJ is plausible.

Independent check
Verify each source independently using the appropriate
physical measurement: pressure gauge or vent proof, voltage
measurement, mechanical restraint and zero-motion
confirmation.

Physical or operational interpretation
A zero electrical reading does not mean zero hazardous
energy if pressurised or mechanical sources remain.

Plain-English translation



Turning equipment off is not the same as making it safe to
touch.

Variation / sensitivity
One overlooked high-pressure accumulator can dominate the
entire residual hazard even if several smaller energy
sources are correctly discharged.

Limit / assumption
A scalar energy sum cannot represent direction, release
rate, toxicity or local geometry. Hazard controls must
remain specific to each source.

What this does not prove
A low calculated energy does not prove acceptability. Small
chemical, electrical or pressure hazards can still cause
severe injury under the wrong conditions.

Boundary case to test
If measurements disagree with the isolation plan — for
example pressure remains nonzero after the vent step — work
does not proceed. The discrepancy is evidence that the model
of the system is incomplete.

Verification must be independent of the action that created the safe state

If the same indicator both commands a valve closed and reports “valve closed,” a single failure
can deceive the operator. Where consequence justifies it, verify safe state with an independent
observation: downstream pressure, physical disconnect, electrical test instrument, mechanical
position or atmosphere measurement. The phrase “zero energy” should refer to verified

conditions at the work boundary, not merely control-room status.

Map Isolate Prove Release
all energies, chemicals stop inflow and secure independent controlled return to
and interfaces stored energy measurements at work service and
boundary cancellation

Simultaneous operations create hazards between permits

Two individually safe jobs can become unsafe together. Welding near an oxygen-enriched
maintenance area, venting a line while another team works in the discharge zone, de-energising

a bus needed by a medical refrigerator, or opening a pressure boundary while software testing



commands a valve are interface hazards. The permit system therefore needs a coordination

view showing overlapping areas, shared utilities and incompatible activities.

Management of change begins when the job stops matching the plan

A different gasket, an unexpected pipe routing, a new software interlock state or a failed
detector can invalidate the original hazard analysis. The disciplined response is not to “work
around it” informally. Pause, update the boundary and controls, obtain the required technical
review and issue an amended or new permit. This is especially important in a settlement where

improvisation is unavoidable: improvisation can be safe only when changes are made visible.

Treat energisation as a new hazard window

This application focuses on the short interval when dormant hazards become active again. The
team establishes a protected test boundary, identifies abort criteria and keeps rescue or

shutdown capability available until the system survives the defined proving period.

Confined-space and hot-work hazards combine atmospheric testing, ignition control, ventilation and rescue preparedness. Pedagogical
synthesis by Delta-Sierra from the primary sources cited in this course; schematic, not to scale.

Industrial-safety qualification lab: prove isolation before work begins

A work permit is useful only if it changes the physical state of the system. Forms do not stop
stored pressure, electrical energy, reactive chemicals or moving machinery. The permit process
should connect hazard identification to isolation, verification, protective equipment, atmosphere

checks where relevant, communication, work boundaries and controlled restoration.

Identify every energy and material source

A pump can be electrically isolated while pressure remains trapped. A chemical line can be

drained while an upstream valve leaks. A vessel can be at zero gauge pressure while containing
an unsafe atmosphere. Before work begins, the team should trace all credible sources of energy
or hazardous material into the work zone and decide how each source is blocked, dissipated or

monitored.

Independent verification is especially valuable for high-consequence work. The verifier should
check the physical state, not merely confirm that another person signed the permit. Instrument

zero, valve position, electrical absence and atmosphere readings may all need direct evidence



depending on the task.

Ventilation clearance time for a simplified well-mixed
volume

t = -1n(C/Cy) x V / Q

1 — Concrete question
In a simplified well-mixed enclosure with constant clean-air
flow and no continuing source, how long does dilution take
to reduce a contaminant from Cg to C?

2 — Intuition
Ventilation removes a fraction of the remaining contaminant
continuously, so concentration falls exponentially rather
than by the same absolute amount each minute.

3 — Quantities
Define initial concentration, target concentration,
enclosure volume and clean-air flow.

4 — Formula
Time equals minus the natural logarithm of the concentration
ratio, multiplied by volume divided by flow.

5 — Read aloud
“t equals negative natural log of C over C zero, times V
over Q.”

6 — Symbols
C is target concentration; Cg initial concentration; V
volume; Q ventilation volumetric flow; 1n is natural
logarithm.

7 — Pronunciation
ln is read “natural log.” C zero is the initial
concentration.

8 — Units
V/Q has units of time; the logarithm is dimensionless.

9 — Convention
C and Cg must use the same concentration units. Q and V must

use compatible volume/time units.

10 — Why this relationship
For a well-mixed volume, outflow removes contaminant in
proportion to the concentration still present, producing



exponential decay.

11 — Assumptions
This model assumes perfect mixing, constant clean-air flow,
no leaks that worsen the state, no continuing contaminant
source and no adsorption/desorption. Real clearance must be
verified by measurement.

12 — Unit check
ln(C/Cy) has no units; V/Q gives time.

13 — Numerical case
Target fraction: C/Ce = 0.05.
n(0.05) = -2.996.
-ln(0.05) = 2.996.

Volume-to-flow time constant: V/Q = 80 m3 + 16 m3/min =

5 min.

[
Il

2.996 x 5 min.

Q

t 14.98 min, rounded to about 15.0 min in the ideal
well-mixed model.

14 — Operations
First compute the concentration ratio, take its natural log,
change the sign, then multiply by the air-change time V/Q=6
min.

15 — Algebra check
The result corresponds to about 2.3 ideal air-change time
constants; exponential decay to 10% is expected at 2.303
time constants.

16 — Mental estimate
One time constant leaves about 37%; two leave about 14%; a
little more than two should reach 10%.

17 — Interpretation
The ideal model predicts about 14 minutes to reach 10% of
the initial concentration under stated assumptions.

18 — What it does not prove
It does not prove the atmosphere is safe for entry. Poor
mixing, pockets, continuing release or a different exposure



limit can make the real clearance longer.

19 — Sensitivity
Halving flow doubles V/Q and therefore doubles the predicted
clearance time.

20 — Practice

Guided exercise. Compute ideal well-mixed ventilation
time to 5% of initial concentration for V=80 m3 and Q=16

m3/min.
Detailed guided correction.

C/Co = 0.05.

n(0.05) = -2.996, so -1n(0.05) = 2.996.

. V/Q = 80/16 = 5 min.

t =2.996 x 5 = 14.98 min, about 15.0 min.

. This is a model result, not a clearance certificate.

g A W N =

Atmosphere must be measured at the actual work
location and against the relevant hazard criteria.

Autonomous exercise. A technician proposes entering
exactly 15 minutes after ventilation begins because the
ideal model predicts 5%. Explain a defensible permit
decision when the space contains dead zones and only one

remote sensor exists.

» Autonomous correction — open after attempting the
exercise

21 — Mission decision
Use the model to plan ventilation duration, but release the
space only after required measurements and isolation checks
meet the permit criteria.



Close the permit only after restoration evidence is reconciled

The permit record should end with the actual restored configuration, not merely the completed
maintenance task. Any temporary jumper, bypass, inhibited alarm or changed valve lineup

becomes explicit configuration debt with an owner and deadline.

Qualification drill

Write a permit for maintenance on a chemical-transfer pump. Include electrical isolation,
upstream/downstream valves, trapped pressure, drain path, atmosphere or contamination check
if applicable, personal protective equipment, independent verification and restoration sequence.

Then inject a leaking isolation valve and explain how the work boundary must change.

Source context. NASA-STD-3001, ECLSS references and spaceflight operations material
provide the human-systems context. The dilution calculation is a generic teaching model and

must not replace a validated industrial hygiene procedure. NASA-STD-3001 Volume 2.

Simultaneous work is a systems hazard

Two individually safe permits can interact. One team may isolate ventilation for duct
maintenance while another opens a chemical line whose risk assessment assumed normal
ventilation. A third may energise temporary equipment on the same electrical branch. The
permit system therefore needs a coordination view of concurrent work, shared isolations and

common utilities.

Before approving a job, check not only its local hazards but also other active permits that touch
power, ventilation, pressure boundaries, fire detection, egress or hazardous-material systems. A
daily coordination board can prevent one maintenance task from silently invalidating the

controls of another.

Stored energy persists after shutdown

Electrical capacitors, compressed gas, springs, elevated masses, hot surfaces, rotating
machinery and chemical reactants can remain hazardous after the primary supply is switched
off. The permit should specify how stored energy is dissipated, restrained or verified. “Breaker

open” is not equivalent to “zero energy.”


https://standards.nasa.gov/standard/NASA/NASA-STD-3001_VOL_2

Verification must use an instrument or physical method appropriate to the hazard. For electrical
work this may involve an approved absence-of-voltage test; for pressure it may require gauges
plus a proven vent path; for atmosphere it requires sampling at the relevant location. The course
should train the operator to ask what could still move, burn, pressurise, react or expose the

worker after the obvious source is removed.

Emergency restoration versus normal restoration

A crisis may justify temporary restoration before the full work scope is complete. That state
should be explicitly labeled degraded, with known protections, time limits and follow-up work.
Temporary bypasses are dangerous when they become invisible normality. The
permit/maintenance record should therefore remain open until permanent restoration and

verification are complete.

R59 permit-to-work practicum: energy isolation must be
demonstrated, not assumed

Industrial work on Mars combines terrestrial process hazards with scarce atmosphere,
constrained rescue capacity and equipment that may be performing several life-support roles at
once. A permit is therefore not a form that makes work safe. It is a structured argument that
hazards have been identified, energy and material sources have been controlled, the work party

understands the boundary, and restoration will not create a new hazard.

Draw the isolation boundary before touching hardware

Start from the equipment and trace every path that can deliver energy or hazardous material:
electrical feeders, batteries, capacitors, pressurised gas, hydraulic pressure, thermal energy,
rotating inertia, springs, gravity loads, chemical feeds, stored vacuum and software commands
that can restart machinery. Then ask how each path is isolated and how the isolation is verified.

“Switch off” is not evidence of zero energy.

Verification needs an independent physical observation

Depending on the system, verification can include a suitably rated electrical test, pressure
indication followed by a controlled bleed check, mechanical restraint, valve-position

confirmation plus downstream measurement, or an attempted start under controlled conditions.



The exact method belongs to the hazard and hardware. The educational principle is universal:

do not infer isolation solely from the command that requested it.

Atmosphere models set expectations; instruments release people

The well-mixed ventilation formula is valuable because it teaches how volume, flow and target
fraction interact. But real spaces contain corners, thermal gradients, dead legs and local sources.
A permit should therefore treat the calculated time as a planning estimate for when to sample,
not as an automatic entry time. Measurement locations should reflect the actual hazard physics,
including low or high points when density matters and the worker’s breathing zone when

exposure matters.

Simultaneous operations create hidden re-energisation paths

One crew may isolate a line while another task changes a cross-tie, software mode or temporary
supply. The permit system should identify conflicting work and establish ownership of shared
isolations. In a small settlement, the same individual may hold several roles, which makes
explicit handover more important rather than less. A restoration authority should know every

active permit that depends on the isolation before removing it.

Use post-maintenance watch to detect latent restoration faults

The final application is post-maintenance surveillance. Trend pressure, current, temperature,
leakage or process quality through a defined watch period so that a latent restoration fault is

detected before the system is again treated as normal.

Primary-source bridge. NASA-STD-3001 and NASA spaceflight-operations material provide
broader human-systems and operations context. The permit workflow here is a Delta-Sierra
training construct and must be adapted to the actual hardware, hazards and governing standards.

NASA-STD-3001 Volume 2.

R60 industrial-safety control: a work permit is a verified temporary
configuration

On Mars, industrial maintenance can change the safety state of an entire settlement. Opening a
line, bypassing an interlock, isolating ventilation, entering a vessel or introducing a hot-work

ignition source can affect atmosphere, fire control, power, life support and emergency access. A


https://standards.nasa.gov/standard/NASA/NASA-STD-3001_VOL_2

permit should therefore describe a temporary system configuration that has been physically

verified, not simply record that someone authorised the job.

Define the energy and material boundary before touching hardware

The work team should identify every path by which energy or hazardous material can enter the
job: electrical feeds, stored pressure, gravity, springs, rotating equipment, hot surfaces,
chemical inventory, purge gas and software-driven actuators. Isolation is complete only when
those paths are placed in a safe state and the state can be verified. A valve position on a screen
is evidence, but for high-consequence work the team may need an independent physical

indication, pressure decay, test point or try-start verification.

Lockout/tagout logic must include remote and automatic commands

A Mars plant will contain automation and remote control. Maintenance planning must therefore
consider commands from software, supervisory systems and another operator station. If a
controller can re-energise an actuator after local isolation, the energy boundary is not
controlled. The permit should state which automatic sequences are inhibited, how that

inhibition is verified and how the normal logic is restored and tested after the work.

Primary terrestrial safety reference at use. OSHA 29 CFR 1910.147 is used here as an Earth-
based engineering reference for hazardous-energy control, lockout/tagout and verification of
isolation. It is not presented as law applicable on Mars. OSHA 1910.147 — Control of

hazardous energy.

Primary-source bridge. NASA’s spaceflight operations material provides context for
procedural discipline, configuration control and high-consequence operations. The work-permit
architecture here applies those principles to a Mars industrial setting. NASA — Spaceflight

Operations.

Gas testing is a time-stamped measurement, not a permanent certificate

Atmospheric measurements can become stale as soon as conditions change. A confined space,
chemical room or process enclosure may require testing before entry, continuous monitoring
during work and a defined response to alarm. The team should record location, time, instrument
identity, calibration/functional check, measured species and limits. “Gas test complete” is not

useful if no one can tell where the probe was placed or whether ventilation changed afterward.


https://www.osha.gov/laws-regs/regulations/standardnumber/1910/1910.147
https://www.osha.gov/laws-regs/regulations/standardnumber/1910/1910.147
https://www.nasa.gov/reference/jsc-spaceflight-operations/
https://www.nasa.gov/reference/jsc-spaceflight-operations/

Primary terrestrial safety reference at use. OSHA 29 CFR 1910.146 provides a concrete
Earth reference for permit-required confined spaces, atmospheric testing and rescue planning.
R61 uses the engineering principles as a design analogue, not as Mars jurisdiction. OSHA

1910.146 — Permit-required confined spaces.

Ventilation calculations need a verification endpoint

The ideal well-mixed model used in the R59 formula is useful for estimating purge time, but the
operation should end on measured concentration, not on elapsed time alone. Real spaces can
contain dead zones, stratification, adsorption, continuing leaks or recirculation. The procedure
should therefore use the calculation to plan the purge and the sensor to verify the result. If the
measurement disagrees with the model, the measurement triggers investigation rather than

being discarded because the timer has expired.

Hot work requires a fire-and-atmosphere plan

Welding, cutting and grinding can create ignition sources, hot particles and fumes. The permit
should define combustible control, nearby process isolation, local extraction, atmospheric
monitoring when relevant, fire watch, extinguishing capability and post-work monitoring. On
Mars, where atmosphere and replacement hardware are scarce, a small industrial fire can
propagate into a habitat or utility emergency, so the work boundary must include adjacent

systems.

Primary terrestrial safety reference at use. OSHA 29 CFR 1910.252 provides a direct Earth
reference for welding, cutting, hot work and fire prevention. The Mars course uses it as a
safety-design benchmark alongside NASA human-spaceflight constraints. OSHA 1910.252 —
Welding, cutting and brazing.

Management of change prevents the “temporary” bypass from becoming permanent

Emergency repairs often create temporary hoses, jumper cables, software overrides, relocated
sensors or altered operating limits. Every temporary change needs an owner, technical basis,
start time, expiry/review point and restoration plan. The risk is not only that the change fails;
later crews may assume the temporary configuration is normal. Configuration drift turns

yesterday’s workaround into tomorrow’s hidden common cause.


https://www.osha.gov/laws-regs/regulations/standardnumber/1910/1910.146
https://www.osha.gov/laws-regs/regulations/standardnumber/1910/1910.146
https://www.osha.gov/laws-regs/regulations/standardnumber/1910/1910.252
https://www.osha.gov/laws-regs/regulations/standardnumber/1910/1910.252

Rescue capability must exist before confined work begins

A rescue plan that depends on improvising after an entrant collapses is not a rescue plan.
Identify who can enter, what protective equipment is required, how the casualty is extracted
through the actual geometry, how the atmosphere is monitored, how medical care is reached
and which other mission functions lose staffing during the rescue. A permit can be technically

correct yet still be unsafe if no qualified rescue team is available at that time.

Scenario exercise — all boxes checked, wrong configuration

A crew isolates a chemical transfer pump electrically and closes the visible upstream valve. The
line remains pressurised from a parallel header that shares a normally open cross-connect. The
permit form lists “electrical isolation” and “valve closed,” but the physical energy boundary is
incomplete. The correct control is to map the complete process path, isolate or positively block
the cross-connect as required, verify pressure at an appropriate test point and only then
authorise opening the line. The lesson is that permits do not create safety; verified configuration

does.

Primary-source bridge. NASA-STD-3001 Volume 2 provides human-system safety
requirements relevant to hazardous operations and crew protection. The detailed industrial

permit system here is an educational Mars-surface extrapolation. NASA-STD-3001 Volume 2.

R60 permit drill: prove isolation at the workface

Give the maintenance team a simplified process diagram with two feeds, a cross-connect, one
drain and one remotely controlled valve. The permit writer must mark the intended isolation
boundary, then a second person walks the actual plant and verifies that the hardware
configuration matches the document. Introduce one discrepancy—a mislabeled valve,
unexpected pressure, or an actuator still responding to remote commands. The correct action is

to stop and resolve the discrepancy, not reinterpret the permit to fit the plant.

Next, change the job scope after work begins. For example, a corroded fitting requires hot work
that was not part of the original permit. The team should recognise that the original controls no
longer cover ignition, fumes and fire watch. The work pauses, the hazard analysis changes, and
the permit is revalidated. This prevents “scope creep” from silently carrying one authorisation

into a different risk state.


https://standards.nasa.gov/standard/NASA/NASA-STD-3001_VOL_2

The final phase tests restoration. After the repair, temporary grounds, blinds, jumpers, software
inhibits and tool inventories are checked before the system is returned to service. A successful
repair with an undocumented temporary bypass is not a successful closeout. The configuration

handed back to operations must be known, tested and recorded.

Maintenance ends only after barrier removal, controlled testing and a defined post-maintenance watch prove the system safe. Pedagogical
synthesis by Delta-Sierra from the primary sources cited in this course; schematic, not to scale.

Primary sources and bridges

NASA-STD-3001 is the human-systems requirements anchor, ECLSS material provides
concrete pressure, atmosphere and fluid-system context, and spaceflight-operations material
connects the hazard model to procedures and crew execution. The work-permit method in this
lesson is an engineering teaching framework built from those safety principles rather than a
reproduction of one NASA permit form.

¢ NASA-STD-3001 Volume 2 e NASA JSC — Spaceflight Operations

e NASA — Environmental Control and Life

Support Systems


https://standards.nasa.gov/standard/NASA/NASA-STD-3001_VOL_2
https://www.nasa.gov/reference/environmental-control-and-life-support-systems-eclss/
https://www.nasa.gov/reference/environmental-control-and-life-support-systems-eclss/
https://www.nasa.gov/reference/jsc-spaceflight-operations/

