% Technical papers

Hvbrid safety

While there is no doubt that hybrids are considgredifer than traditional solid or liquid rocketgimes,
there is a popular misconception that they ardiyatafe, and never go boom.

Sadly, an ill-designed hybrid, or one that is scidje mechanical abuse, will most certainly go bang
Several have, and lives have been lost.

The following is a guide to some of the issues eaniag the safe design and operation of amateurdsyb
focusing on nitrous oxide hybrids in particular.

In complement, the United Kingdom Rocketry Assaoidt safety code (version 5, section 5.2 gives
some excellent advice on hybrid usage and safetyw(ukra.org.uk

Needless to say, in these days when uncurbeditiigia the biggest threat to democracy and theyiuof
happiness, we have to state that the followingleysour opinion, and we accept no liability wheser
for accidents arising from following the advice &iar nor do we assume liability due to errors cioetzh
within this paper.

Partl: oxidizer choice

As far as rocketry performance is concerned, Hyeliqueroxide or just raw oxygen give better Specific
Impulse and Density Impulse (packageability) thiéious oxide (‘nitrous’), but nitrous is so much m@o
user-friendly than these, which is why it's so gapu

First off, nitrous is not highly reactive to humdike peroxide, nor excessively cold or shock-gereslike
liquid oxygen (Lox).

Nitrous is, however, a powerful anaesthetic angé as such by the medical profession: inhalentazh
and you might never wake up again.

Inhale Lox or peroxide vapour, and say goodbyetw yungs: terminal frostbite or combustion.

You can carry bottles of nitrous in the back ofs/éout not in cars, there should be a barrier bextwe
driver and bottle incase of a leak as nitrousgewaerful anaesthetic; stupidly we’ve all done itf keep all
windows open.)

Unless you want to be flame-grilled in an accidgot’d be crazy to carry Lox or peroxide in yourrow
vehicle; they have to be pre-delivered to a progsrsite or launch-site which adds to the cost.

Nitrous has to be raised to a moderately high teatpes before it will decompose and release itgery

In contrast, look at Lox the wrong way, and itlita-ignite your test-stand and torch the tarmaeumehth
it because bitumen is a hybrid fuel.

Part 2: mechanical safety

Manual versus remote fill as it affects Nitrous taks

Any container that can safely withstand the pressiithout bursting will do for a nitrous tank.

Stand next to a vessel pressurised full of nittausever, and your delicate bits are right next to a
potential grenade; it's the shrapnel of the explgdiasing of a grenade that does the ripping ttroug
everything bit.

The United Kingdom Rocketry Association (www.ukrg.ok) quite rightly regards standing anywhere
near a cylinder under pressure as potentially oz

Their safety code only allows people to be closaugh to manually fill a nitrous tank if the tank is
deliberately designed with a high margin of satetprevent bursting.
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Commercial hybrids are available such as the Aehoteanually-filled hybrid system which has this
kind of strengthened tank, but for experimentalridgdUKRA will rightly require sufficient proof of
tests performed to verify the tank safety if any@ be near it.

Remote-controlled filling of flight tanks is prefed.

It doesn't really need saying, baty homemade tank from a rocket that has suffered eecovery-
system failure needs re-tested

Aspire’s smaller vehicles (FLARE, ADV2a, and ADVRi¢krock) utilise manual fill.

Remote-filled systems allow the luxury of smalkenk safety margins, and so thinner-walled, lighter
tanks, but the potential mass saving if using &rahin tank is proportionately smaller as theigkeh
diameter gets smaller.

For example, the number of fabric layers of a cagitpdank is an integer, it can't be a fractional
number, so small composite tanks can’t be madeavitbptimum composite thickness; they're over-
heavy.

Similarly, small aluminium tanks suffer minimum gguproblems, and over-proportionally large bolt-
holes which raise stress.

A manual fill system is simpler to construct, bwdlves a higher level of design and testing of all
tanks and plumbing that will be pressurised; sadétye filling crew is the prime consideration.

Obviously, youcan safely be close to the massively overstrengthéardds used to transport nitrous
from the suppliers; they're properly engineered arahufactured to allow you to move nitrous around
the country after all, and they're tough unless gioap them on their necks and break the valve off.
Then you get a rocket alright.

Such a commercial container is safe enough to katittbugh not idiot-proof) but is far too heavy to

fly.

Thin-wall aluminium tanks

So just how strong do nitrous tanks have to bestaedsonably safe to be near without being too heavy
to launch?

Military missile-design literature recommends aigiesafety factor oft least 2.0 times expected
internal pressure on pressure-vessels that are teelmually handled while they're pressurised.

But this applies to production tank; the fundamental point is that a batch oftary production tanks
have beerested to destructionto ensure that they really do burst at well over2tD safety factor,

and not a worrying 2.00001

Now we amateur groups don’t tend to make batchésndfs, therefore we can’t perform a suitable
number of destruct tests.

Several rocketeers over the decades, making oriant, have learm their cost that home-made thin-
walled tanks, especially aluminium ones, need atlaafety-factor of at leatiree to handle the inevitable
dings, scratches, and accidental alteration ofrrtial properties (typically inadvertant annealidg)ing
manufacture.

Unexpected stress raisers can cause ally to rip apauch loweraverage stresses than you bargained for,
especially if you're brave enough to try welding 8000 series aluminiums, as this locally killsrtheat
treatment which is what originally made them strdftgey must be re-tempered.

So for manual filling, then Aspire’s approach, lthea the personal experiences and advice from eagin
who make home-made tanks, is that you shtastlyour hybrid’s one-off tanks to ensure that thefglya
withstandthree timesthe vapour-pressure of nitrous on a hot day witfeilure, or 3 times 60 Bar £80
Bar.

CO; paintball-gun tanks, for example, are designdzbtoarried around during such adult tig-tag, bashed
off trees, and people have sometimes fallen on thgtmout injury.

These tanks are all pre-tested to ardiveltimes nitrous pressure, and are stamped to gayels;, so a

bad batch will fail during factory testing well loe reaching the shops.

So AspireSpace have been comfortable enough wittuahéilling of hybrids that use such paintballkan
such as our highly successful FLARE and ADV2a ehkic
Paintball tanks are a good safe choice, but thegneewhat overheavy.
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Also, most (Luxfer) paintball tanks use a 5/8thdJIN- internal thread on their necks; sourcing &ablé
tap can be tricky.

Composite tanks
The general advice from composite manufacturgrgisDlY home-made composite tanks have resulting

properties that are far too variable from tankatwktto predictuse remote filling only.

More to the point, when composites are damagedrtheing micro-cracks are rarely visible on the
surface, so the tank may rupture next time it' sgueised without any visible prior warning.

If you treat your composite tank like eggs from thement it's made, then throw it away after itstfir
flight then maybe...

But the whole point of all the hassle of a comgotink is to go for absolute minimum tank mass, so
there’s absolutely no point in building a compogitek that isn’t remote-filled.

Composite tanks need a separate internal lineusegaw composite leaks, and can cause nitrous to
‘explosively’ decompose as we'll see in part 3. Butn thin-wall aluminium liners are not thought to
provide the whole structure with enough unifornityallow anyone to be near one when pressurised.
Plastic liners are lightweight, but you must ensheg the plastic is one that isn't a fuel or catalusing a
polythene liner for example turns the tank intamgeptial hybrid if blowback of chamber gasses wastr
occurs! Use the fluorocarbons such as PTFE or RETerials suitable for nitrous oxide are listedhat
end of this paper.

Tank testing
No pressure-vessel, nomatter who or what companigitas at all safe until it's been pressuredest

Until somebody’s tested it, don't use it

If there’s no information stamped on its basef eoime rocketeer who you know is bad at recovery-
systems sells you a scarred and pitted secondthakgregard it as dangerous until you've tested it
Don'’t even assume that a tank specifically solchfious hybrids will take full nitrous pressurenge are
only designed to take the lower pressure that gowgh a permanently-open vent-hole system.

Remember to test the tanks to the safety-margirthby|ll need: at least 180 bar for any tanks javer
be near.

Many CQ@ fire extinguisher bottles are tough enough everattsport nitrous around in, but beware
secondhand ones: test them first.

A safer testing method
Theonly safe (safer) way to test a high-pressure systéydigulically: never use compressed gas
you're just making a gas-pressurised grenade again.

Buy a hydraulic hand-pump and some hydraulic jetkam an auto-store (such as Halfords or the)like
Before pumping the tank up, make absolutely suvé/gdled all the air out of the system (no bubpBs
separately filling the tank and pump completely éfiloil before you connect them.

For safety, arrange to have at the very leastid bdtk wall between you and the tank during tegti

or preferably the corner of a building.

You don’t need to be able to see the tank anywayleaks will show up as a steady drop in pressure
on the hand-pump’s pressure-gauge, their locatvealed afterwards as a green stain on fresh
newspaper.

And if the tank bursts, the loud splurt of a soggplosion sounds exactly like an enormous aquajet
going off.

Bits of burst tank won't go very far under fluidessure, because fluids can't store energy in casiore
nearly so well as gasses, but jack-oil is impredgimessy: the whole area gets slimed.

Make sure nobody else can wander into the dangarveile you're testing, and take extra precautions
you're testing a large tank.

After testing is finishedthoroughly clean the inside of the tank because jack oil isfael. Cleaning
procedures are covered in part 3.
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Remote fill systems

Sadly, tanks that casafely withstand 3 times nitrous pressure can be tooyheasome vehicles.

If this is the case, then you should resort to ibgpieg a safe remote-filling system.

If nobody’'s_eveigoing to be near a tank while it's pressurised,dnly remote filling and dumping
throughout the whole life of the tank, then theesafactor on burst can be 1.0001, or however lycky
rocket is feeling.

1.5 times the expected nitrous pressure is a rabhkoremote-fill margin for a reusable tank, betgsurise
the tank and plumbing a few times to this 90 Bdiotleefirst flight to be sure.

Pre-launch and aborts

Remote-fill systems must be designed to fail-sagewill empty the run-tank if electrical or
pneumatic/hydraulic power is lost.

Otherwise, excepting a sniper, there's no way twessurise a remote-fill tank if the remote-filkgm
dies and the hybrid didn’t launch.

You can't approach the pad without serious risyotarself, so the pad could be out of bounds umgil t
pressure lowers the following winter!

The simplest approach is the one commonly usedjahiehole’s secondary function is a deliberaté& tea
slowly lower the tank pressure in the event of laorta

A deliberate leak is a good idea even on a veetdystem, and the time it takes to depressurisaids
entirely up to you. (Evacuate the pad for an hbaugh, and the RSO may become displeased!)
Below 20 Bar as read on a pressure-gauge thronglkulars, gives the required safety factor of 3raga
the original 60 Bar, and you can then approacip#uke

For safety, vent all remaining nitrous in an abitl, and wait 15 minutes before re-filling othése the
tank will be excessively cold and thrust will bstl¢see our physics of nitrous oxide article).

Launch

The remote-filling mechanism absolutely must diseart from the rocket at or before launch,
otherwise half the pad gets carried aloft and tioiet vehicle crashes.

Following the advice of NASA literature on remoisabnnection systems, consider backup
mechanisms incase the primary disconnection mestmjaims.

Too many backups decrease reliability (the KIS8gdple) butone backup increases reliability greatly.

For example, if the tie-down strap on the commétdigertech system breaks or wasn't installed
properly, then the backup is that the fill-line hsithrough almost instantly, before the rocketlatis
the pad.

The Reaction Research Society has launched rog&etg an ingenious re-rig of a standard hydraulic
quick-disconnect coupling:

The coupling’s release-collar is tied to a stakthanground, and the male part is fixed into theked
pointing aft.

When the rocket pulls upward on the coupling ahtdu) the lanyard tied to the release-collar goet ta
and the coupling disconnects automatically.

This is a good design for the backup release, whgpire have adopted as ADV2b'’s backup
disconnect.

Note that some couplings can’t be disconnectedrbefe-pressurising the line.

Hydraulic overpressure, the headspace

Pick up any fresh bottle of camping-gas or,@@d give it a gentle shake; the sound of waveshisig
inside reveals that the bottle hasn’t been comglélied with liquid, there’s obviously a small avant of
gas in there as well.

This small ‘head space’ of gas is in there for pppse, because after filling, the liquid’s densitly
change with any future changes in temperature.

Infact just-subcritical fluids like nitrous, GQor butane can change density rather a lot witipegature if
they're around room temperature.
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The danger is that if the temperature increasedighid density will drop (see our physics of oiis
article).

If the tank was completely full of liquid, then ttank’s fixed volume now won'’t be enough to conthia
mass of liquid as it expands. (i.e. increasesoiisme)

If the tank is stoppered, the liquid will then sptessurise.

Liquids don't compress easily, so the ensuing hyldraelf-pressure can often be enough to burdtaihie,
or any closed-off feed plumbing downstream of #ret

To prevent such an accidental hydraulic overpresshien just as in nature’s design of the egg,al sm
percentage of the tank volume is deliberatelyfiet of liquid to allow for expansion with tempena.

This gas pocket can then compress to absorb rdasomdume changes without overpressuring the tank.
(Seriously large run-tanks benefit from eitherlefezalve, which is a commercial safety valve desd to
open at a set over-pressure, or a commercial isisthat is designed to burst at a set over-pregsu

This ‘head spacef gas is often created by situating a vent-pifigl@ way below the top of the tank, so
that the liquid never fills above the level of trent (see our physics of nitrous oxide article).

As every excess gram of run-tank matters, whatréaaonable minimum volume of head-space?
Using tables of nitrous properties with tempera(i®ef. 1) the Aspire run-tanks are designed to @bso
the liquid expansion caused by a 10 degree C iserganitrous temperature after the vent is cleged
the nominally British climate’s 15 degrees C.

This requires a 12% ullage (12% of the tank volisneapour) which reduces to 0.7% at 25 degrees C.
In practice, we use 13% to 15% depending on howrately we know the tank internal geometry.

(See our physics of nitrous oxide article for teguired calculation.)

Leaks:

Leaks show up in any pipe-joints carrying the lijphase of nitrous as regions covered in ice; the
nitrous sucks heat out of the atmosphere as isleakto atmospheric pressure and vaporises (see ou
physics of nitrous oxide article), freezing the @ratapour in the air around the leak.

It'll freeze your hands or face too if they're nealeak:.wear goggles and gloves when you work

with nitrous.

Cryopumping (sort of)

As the first syllable suggests, this pitfall shoafdy occur at cryogenic temperatures such as when
use Lox, but it caused the demise of our firsionigrhybrid Rickrock flight (ADV2c), so is worth
mentioning.

Rickrock 1's manual-fill system used a manual vwealte, this was a simple banjo-bolt that was
screwed shut after filling.

On this occasion, we didn’t realise that it hadzé&o partly open due to a phenomenon akin to
cryopumping up the threads of the bolt during aspdn the filling operation.

This caused a leak that slowly lowered the run-famglssure, and Rickrock 1 sailed away on a low, fla
trajectory that broke the recovery system dueadigh an apogee airspeed.

Cryopumping occurs when the metal of some cavithiled by cold fluid in contact with it.

The cold reduces the local pressure, and increhsegensity, of the air in the cavity, and so naire
flows into the cavity from outside.

Despite any previous purging of the cavity by irgas, this air flowing in from outside contains erat
vapour, which freezes on contact with the cold wall

Although the term cryopumping implies cryogenic paratures, vaporising nitrous will also chill
metal components sufficiently for this to occur.
We’'ve since redesigned the vent-valve for Rickrack
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Part 3: Nitrous oxide decomposition hazards

The day the hybrid world changed

On the 28 July 2007 a terrible accident occurred at Scaleah@sites’ hybrid test site in the USA.
Three of our fellow hybrid rocketeers died whereapnarge flight-weight run tank of nitrous
exploded, and they were all too close to the tah&mit happened.

This accident sent shockwaves around the worldyraamateur rocketry groups became scared of
nitrous and either halted their research or swildbea different oxidiser.

After the accident, research and evidence was @nedwhich showed that nitrous has a dark side to
its nature that we were unaware of. A lot of tlsearch was done years before the Scaled expldsion;
would have been nice if those researchers andepsainal’ rocketeers could have been bothered to
pass on their findings to Scaled and tdefsre the accident.

But | think the world has over-reacted to the Sgalecident. Now that we have more knowledge of
nitrous we simply have to incorporate the new fiigdiinto our hybrid designs. There’s no need to
demonise nitrous; it's still one of the safest tck oxidisers.

What happened?
So what exactly happened at Scaled? The completeearmay never be known for sure, but there are

several theories.

The facts are that a large composite tank had fiéezhwith nitrous in preparation for a flow test

the hybrid injector. This test was cold: there wabe no ignition of the motor. Either just before

during the flow test, a large portion of the nits@pontaneously decomposed into nitrogen and oxygen
gas, with a large release of heat from the decoitipogthe casualties suffered severe burns) that
raised the run tank pressure. This overpressutiiserlin tank, and as there were no pressure relief
devices on the tank such as a burst disc or presslief valve, the tank burst.

Although a lot of damage then occurred to thedesa, it was significantly less damage than would
have occurred had there been a detonation of treusi The definition of a detonation is that the
flame front spreads through the nitrous at supérspeed. In fact no evidence has yet been uncadvere
to suggest that nitrous will detonate.

The data suggests that spontaneous decompositiavccar, spreading through the nitrous at a rapid
pace, but significantly slower than a typical faél-deflagration.

It appears that only the nitrous vapour is the rt/liiquid nitrous doesn’t appear to support congd
decomposition because the surrounding liquid stiakéeat out of the reaction (this is called
guenching): all attempts in the literature to igrlituid nitrous have failed.

I reckon that the damage at Scaled was caused@bi£9E event.

This stands for Boiling Liquid Expanding Vapour Bogion.

When the nitrous vapour decomposed and rupturethttie the tank pressure suddenly dropped to the
pressure of the atmosphere outside the tank. Boised all of the liquid nitrous to flash-boil into
vapour, expanding enormously in the process.

This expansion provided the energy for propagatidiurther cracks in the tank wall (shrapnelling)

and then propulsion of these fragments of tanleat kiigh velocity.

The expansion was further enhanced by a greatebe&uaf moles in the decomposed gasses and their
increased compressibility factor (a so-called ‘rgak effect).

As this was happening, the now greatly increaseabatof nitrous vapour decomposed, causing a
release of heat which caused further gas expansion.

Complete decomposition of the nitrous in a run tailktheoretically cause a 20 times increase in
pressure, though the tank will have burst long keefeaching that pressure.

The key question is, what caused the nitrous vafmdecompose?

It turns out that nitrous is a good solvent. Thal&d run tank used a composite tank liner, so bare
composite resin was in contact with the nitrousyelt as the waxy deposits that you get on theaserf
of composites. This became the fuel, or possildycitalyst, for the decomposition. Plastic satdrate
with nitrous can decompose ‘explosively’ when igmitenergy is provided.
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Static discharge
What provided the ignition energy?

It was a hot (38 degrees C), very dry day in treedeest area that day, which is conducive to the
buildup of static electricity. Our nitrous hybritigically have metal tanks and combustion chambers,
so they're earthed when in contact with our megai-stands. But the Scaled hybrid had a composite
tank and chamber. Assuming that the injector phate metal, then this could have built up a large
static charge as the nitrous flowed through it. @leetrical conductivity of nitrous is low enoudtat
with flowing nitrous it is theoretically possible produce a large enough static discharge to teitia
decomposition.

As liquid nitrous flows through an injector, nituapour appears. This vapour can be easily ignited
by an electric spark at typical tank pressures,emeh a very feeble spark will do it (0.14 joule).

One rocketeer from Arocket recounts: “I can tell yoom personal experience that a big spark will se
off nitrous.”

Scale effect

Another issue with the Scaled (sic) hybrid waddtge size; probably the largest nitrous hybridreve
tested.

As hybrids get larger, the decomposition hazardeiases with increasing system scale due to tarlk wal
surface-to-internal volume scaling.

And there’s the quenching effect: the radius offéhesl pipes of many of our small amateur hybrids ar
smaller than the quenching distance. This is a(siz®ind 7 mm for pressurised nitrous, though it
changes with pressure) below which the metal vedltbe pipe are near enough to soak up any rouge
heat energy from decomposition, stopping the reaatead.

In Ref. 8, the researchers could only get nitrasour to sustain a reaction in a ¥z inch diamet2s7(1
millimetre radius) metal pipe by heating it priorignition (204 degrees C and 55 Bar). In a 1-inch
pipe and larger, there was no quenching at typitadus pressures.

Rocketry use of nitrous

Nitrous has many uses, from medical anaesthetcsprensing whipped cream, and it's been used for
over 100 years. There have been very few accidésepting the poor souls who'’s colons exploded
during surgery due to catalytic decomposition afouis anaesthetic reacting with intestinal chersical
Farted out of existence is a sad way to go.)

But the rocketry use of nitrous is a new thing, mestill in the learning phase.

Rocket propulsion is unique in that large quargité nitrous are stored at room temperature in thin
walled flight-weight tanks.

The combustion chamber is closely coupled to thetank. This is a significant source for ignition
which does not exist in other applications.

Nitrous oxide can be safely handled in extreme ttimms in the liquid state, but hazards exist ia th
vapour state at elevated temperatures and/or pesssu

The release of thermal energy is by exothermic outée decomposition; this has a handy side-effect
in that it helps motor combustion stability.

There is a large energy release upon decompositimyt double that produced by an equivalent
weight of TNT.

Despite its potential decomposition hazard, if hadgbroperly, nitrous is one of the safest rocketry
oxidisers.

To minimise the risk of decomposition, SpaceDevestdts nitrous in liquid form at —18 degrees C
(zero degrees F).

Let’'s look at the hazards:

Contamination

The presence of even a small amount of fuel ofdysttaaterial in tanks and feed plumbing can gyeatl
reduce the energy threshold required for initiatbnitrous decomposition.

A mixture of nitrous and 9% hydrocarbon (ethanoililly at only 40 degrees C exploded in a lab.
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I've listed compatible and non-compatible mater&tlhe end of this paper, though an awful lot of
materials have still to be tested: if you googlendgrous material compatibility you'll find that rebof
the websites are way behind the current research.

The way to deal with contamination issues is t@ghe system a damn good clean; equipment must be
thoroughly degreased before use.

Professional rocketeers working on manned nitrgbsith systems have, in my view, been forced to go
completely overboard on their cleaning since tha&l&taccident. They're using the strict procedures
used foroxygen rocket systems. If you're going to all the botb&full oxygen cleanliness, you might

as well use oxygen in your hybrid as it'll give yaunigher specific impulse.

Here’s one of their 4-step cleaning proceduregods beyond the procedure we at Aspire use on our
H20 Lox hybrid:

» Dust and loose contaminants removed by scrubliiveg, ¢tleaned with oxygen cleaner, then

rinsed in water.

» Ultrasonic cleaning.

* Rinse and soak in de-ionised water 3 times to renaaygen cleaning agent.

*  Dry the parts with nitrogen.

* Inspect cleaned parts, re-clean if fail:

* Visual inspection looking for loose contaminantgmrase.

*  Wipe with a white lint-free cloth (check that thetb remains clean).

» Ultraviolet lamp inspection.

» Store all cleaned parts in sealed plastic bagsedimspect just prior to assembly.

In my personal opinion, an adequate cleaning proeefbr us amateur nitrous rocketeers is to wash
your run tank and feed plumbing in ‘trike’ (old-ktydry-cleaning fluid) or chloroform, then acetone,
then rinse with good clear Highland water. (Okaytrike is frowned upon because it damages the
ozone layer, but theret®othing that beats it for cleaning.)

Bear in mind that thousands of grubby HPR nitrogsrids get assembled in muddy fields and lobbed
skyward without incident, though the quenching siEght be saving them.

Incompatible grease

Although a properly installed O-ring in a propedigsigned groove will seal perfectly when dry, it's
become an amateur and HPR rocketry habit to snosee grease around the O-ring, primarily to give
a sacrificial heat-proof coating.

There have been several instances of people readfifor their solid rocketry supply of petroleum
jelly/vaseline and smearing nitrous hybrid engine @ings with it.

A little thought reveals that such grease is a, fllist the nitrous is an oxidiser: sure enothytir
hybrids blew up upon ignition.

Use only oxidiser-compatible greaseshese fluorocarbon greases can be bought from 2CiNBng
suppliers or rocketry vendors.

Adiabatic compression

This is also called ‘water hammer’ (even thoughreéteeno water), and until recently we all thought i
only occurred with pure high-pressure oxygen (géspirespace had to design against it for our H20
Lox hybrid.

What happens is that if a run valve is opened sugdgox rushes down the feed pipe until it hits
another shut valve or obstruction such as thetomjethe gox's momentum piles it up against the shu
valve, and the temperature rises purely becaugeafompression. This self-heating can reach the
ignition temperature of the pipework, and starre. f

In nitrous’ case, the self-heating can reach its-dacomposition temperature.

Here’s a note from XCOR: “We had a few milligranidiel in a Snaptite valve which we didn't know
about; we had some nitrous in it as well, and wé ith a water hammer. Adiabatic heating made
the fuel/nitrous mix diesel, and that was enouglthat small space, to set off the nitrous. Thaltes
was a very loud CRACK! and a thoroughly ruined Sit@walve.”
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The way to prevent adiabatic compression is todasodden rushes of oxidiser: open run valves
slowly and reduce the deadspace downstream ofsaead volumes in the feed lines (e.g. a tee
fitting) are prone to adiabatic compression.

Reduce the pressurisation rate of your run-tanfoadill it to no more than 20 psi per second (Rf)
to avoid adiabatic compression. The way to doithis reduce the diameter of both your fill pipelan
your tank vent.

Bruno Berger at the Swiss Propulsion Laboratoryf.(RE) understandably worries about imploding
cavitation bubbles of nitrous vapour, because vthep implode, they can generate very high
temperatures.

As the liquid nitrous flows down the feed pipe be&n tank and injector its pressure drops, which
causes some of the liquid to flash into vapourti2se flow) causing lots of little vapour bubbles.

If you get an adiabatic compression in the feee tinat the injector, these bubbles could impldide.
there are enough of them imploding then the froihlct generate decomposition energy faster than the
liquid nitrous can quench it, leading to the feguepverpressurising (blows up).

Reverse flow

This is thought to be the main hazard to nitrousridg, the most likely hazard to occur.

There are two different times when this could ocbefore the liquid nitrous has run out, and after
when there is only vapour left in the system.

Taking the before case first:

Terminal flatulence

We all want the highest chamber pressure to gebitigest specific impulse; as close to the tank
pressure as possible, but there’s a practical.limit

A common trend is to use too large a hole/holegHerinjector, in order to minimise the pressurepdr
across it, but this is a very dangerous practice.

The pressure drop is there partly to prevent vetychmbustion chamber gasses having the poteatial t
flow back upstream into the feed system or tartkéfe is a chamber pressure pulse. Too low a
pressure drop across the injector encourages suiihle forward-reverse flow oscillations in the
chamber:

Screaming hybrids are NOT cool, they’re dangeroushot gasses could get back into the feed
system and decompose the nitrous there, blowing upe feed pipework and starting a fire.

Use asmaller orifice size to get the chamber oscillatiander control.

Ref. 2, in line with most injector design practicadvises a pressure drop across the injector of 20
percent of the chamber pressure at the end ofutre(vhen the liquid has just run out) when thetan
pressure is at its lowest.

On a particularly cold day in the UK (i.e. a lomkgpressure), a commercial hybrid with too large an
injector orifice (causing too low an injector pressdrop) went boom.

The Space Propulsion Group have had several nitrglugd feed pipe explosions while still with
liquid in the tank, believed to be caused by rexdi@v into the feed system.

For example, at the end of the burn, our Aspinoud tanks are at about 36 Bar, so we tune thdenozz
throat size so that the chamber pressure is n@htgan 30 Bar at the end of the burn as 30 Bagim
(100+20) percent = 36 Bar

The injector pressure drop is therefore 36 — 30Bab

Firstly, make sure that the upstream feed piper@en run tank and injector) is suitably wide enough
(large enough cross-sectional afgg.) that the flow velocity within it is less than hfetres/second
(i.e. effectively stagnant) to minimise pressuigsés in this pipe, otherwise you'll get an unwanted
pressure drop along the pipe which reduces thetorjpressure drop.

ar= n"lnitrous

To check the flow velocity us (The mass continuity equation)

ipe
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Then use the following equation to design the nunaberifices required by the injector:
n= rhnitrous K
A\)rifice 2pnitr0usAP

(from the continuity equation inserted iB®rnoulii's equation)

Wheren is the number of orifice$i ;s is the nitrous mass flow rate in kg/sfgusce is the internal

cross-sectional area of one orifice (méefyethe liquid nitrous density might be around 880 kg/at
the end of the burn, adkP is the injector pressure drop (Pascals) at theoétite burn.

We've experimentally determined the energy losstemtK for nitrous to be approximately 2.0 as the
nitrous partially vaporises within a sharp-edggddtor orifice. (Length of the orifice divided bigi
diameter is around 4)

Flashback through vapour

Flashback of hot chamber gasses into the nitropswaafter all the liquid has B
run out is thought to be a greater hazard (Rei@) before the liquid runs out. i
This is because there’s much more vapour in the $gstem, and this vapour
goes all the way up and into the tank, so the tamkgo boom too.

Hybrids have exploded when the liquid nitrous hasaout, and a chamber
pressure spike has reversed the flow.

Here’s a picture of the remains of a run tank (ksan Troy from Arocket)
after a flashback event at the end of a run reduft@n explosion of the
vapour from within the tank:

Another way to blow up the feed system is to ldtigoiter gas back-flow
through the injector. Don't let this happen.

Inadvertent liquid engine, a hard start:

One of the biggest bangs of recent years in theptéessional (defined as k 4

getting paid for it) rocketry field occurred whemi&rous hybrid engine

accidently became a liquid engine, and then blew up

The nitrousmust not be in liquid form once it's inside the combustidmeber because of the danger
of it pooling in corners of the motor; molten plaguel may be pooling in the same corner.

In this case, the nitrous was injected tangentiatly the chamber instead of axially for several
promising technical reasons, but centrifugal efeetcompressed the nitrous, and at the higher
pressure it reverted into a liquid again. A desigarsight allowed molten plastic to occupy the same
area, and it did the classic liquid-engine ‘haattsupon ignition.

This bang was compounded by the fact that the éeigbiter was situated at the nozzle instead of
where you aught to put it: close to the injectortle chamber could happily fill with unburnt niti

One way to fill the chamber with liquid is to us@targe an injector orifice, with its resultant tow
a pressure drop. This could keep the nitrous frapourising properly.

Arocket have seen “a very scary explosion of a-tiétied steel nitrous oxide tank due to a hard star
with a paraffin hybrid. When the pyro (run) vahaléd, a much larger volume of nitrous entered the
preheated, flame-filled combustion chamber, an@ehgosed. Bits of combustion chamber went
everywhere; we never found the injector.”

Pacific Rocket Society, Black rock desert, Noventt®95: a fill line leaks inside the combustion
chamber, saturating the HTPB fuel with nitrous. blgnition the chamber blows up.

Warming the run tank

On cold days, the run tank has to be heated irr dodget the nitrous pressure up (see our ‘physfics
nitrous oxide’ paper).

It goes without saying that care has to be takexvtid hot-spots that could decompose the nitrdus.
you're using an electrical tank heater, don't {eivierheat.
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Hot-spots within heat exchangers have been fousdttoff nitrous: use a heat exchanger coil with a
uniform wall temperature such as a coil submergetiwater bath to warm nitrous.

Now that we know the hazards, what can be donetdabem?

The decomposition process
Know thine enemy: it's instructive to review thecdenposition process. See Ref. 9 for a very detailed
theoretical model, the results of which are sumseatibelow:

Nitrous decomposition is a marginal reaction witstjenough heat released to sustain itself. khsdye
guenched: either nearby metal pipe walls or aelilugas added to the vapour act to absorb heat and
guench the reaction.

The decomposition rate of nitrous vapour is 6 agadgmagnitude slower than peroxide
decomposition, making it a safer oxidiser: it'sslegnsitive. This abnormally low reaction ratedsgly
caused by “the non-adiabatic spin-forbidden trémsiélementary unimolecular decomposition
process” (it's a quantum thing: | don’t understandord of it either!)

All attempts in the literature to ignite liquid ratus have failed (unlike liquid peroxide).

Small concentrations of dilutent gas added to threus vapour increase the ignition energy of the
vapour, making the mixture extremely difficult gmite at dilution levels greater than 30%.

Adding extra gas to the run tank is sometimes daflepercharging’, and has the side effects ofngis
the tank pressure slightly, and reducing the teogléor 2-phase flow in the feed system.

Reference 9 defines two distinct modes of nitraeodhposition:

Local thermal ignition
This is regarded as the most common mode/ gre@eard expected in nitrous rocketry, since it
requires only small localised quantities of theremaérgy. This starts a self-sustained deflagratiave
in the nitrous vapour (starting at the injectorc@all the liquid has run out) that travels up tek,
causing havoc (decomposing the rest of the nitvapsur).
The rate of increase of tank pressure (the violefitke explosion) that this causes depends upsn th
wave’s flame speed. The inherently slow decompmsitif nitrous results in a low flame speed of only
15 cm/second at 41 Bar. The flame speed decreafemuereasing pressure and increasing dilution of
the vapour.
The guenching distance is around 7 mm for pureustiat 27 degrees C (300 K), and increases with
dilution:

Figure 11 shows the quenching distance estimate for N20O/O; muxtures at 40. 50 and 60 atm for an 1initial

temperature 300K, Note that the quenclung distance for pure N,O 15 around 0.7 cm and 1t mcreases with

wmcreasing level of dilution as expected.

25

CQuenching Distance, cm

0] 0.05 01 015
O2 Mass Fraction

Figure 11: Quenching distance for N>0/0; mixtures at 40, 50 and 60 atm.
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The minimum ignition energy for pure nitrous vapaivery roughly 100 millijoules (not a lot). There

is abig effect on local thermal ignition if you dilute tienk vapour: dilution by 30% gox raises the
ignition energy to roughly 500 Joules, making igmitvirtually impossible.

(Note: as yet I'm not sure whether this dilutioguiie is based upon the mass of vapour at the end of
the burn, or is based on the total nitrous masiseastart of the burn: I'm waiting to hear from SPG
Dilution with nitrogen is expected to have a simiéfect, and helium is expected to be better: lihge
same effect at lower dilutions because heat getdumied away more easily in helium. Ref. 8 suggests
you need 4 times less helium compared to nitrogen.

It may seem odd that adding gox to the run tankeadigtmakes things safer. | assume it adds a bit to
the specific impulse as well.

The time taken for local thermal ignition-causedateposition of the tank vapour to occur is
surprisingly slow: a typical time to maximum ovegpsure is 5 seconds, (time to typical flight-weight
tank burst is 2 seconds).

This is slow enough for an automatic safety systeneact and do something.

Dilution doesn't really change the maximum overptes.

Homogenous ignition
This is simultaneous ignition of a sizable bulkleé nitrous vapour when sufficient energy is added
(high temperature, such as caused by a fire)rdgarded as the less likely of the two types.

Above a certain high temperature,
the heat produced by the 1200
exothermic decomposition reaction

exceeds the heat loss to the 1150 s
surroundings and the temperature ‘G
rises. v 1109 _g_

A slow increase in temperature & 1050 x J
begins (an induction period). This 5 -

is followed by an exponential g 1000 overheat } 1
growth in temperature (causing o

very rapid gas expansion) once the E 950 temperature’\| 1

temperature reaches the overheat

900
temperature. 850 K
As this graph shows, below around £50 J
850 Kelvin, the induction period is
too long for propulsion systems 800 . : ' ' :

0 5 10 16 20 25 30
Time, sec
Induction time as a function of initial temperature. no heat loss case.

(the nitrous has drained out of the
tank and/or feed system by then) st
auto-ignition is not going to
happen.

Homogenous ignition is most likely to occur in fieed system due to reverse flow or adiabatic
compression. It's unlikely to occur in the run tahle to the need to heat the whole of the nitroutst
high ‘auto-ignition’ (short induction period) tenagure.

The effect of diluting with inert gasses is smallen 80% dilution only raises the ‘auto-ignitioahfrt
induction period) temperature by 30 Kelvin.

Flame traps
There’s been talk on Arocket of the possibilityaofding a flame trap to the feed line.

Nitrous has a much larger quenching distance tyjaioal fuel/air mixtures, so a grid of stainlessett
tubes put into the feed line could be able to st;pdecomposition that starts at the injector.

The quenching distance for nitrous is around 7immdtres, so | reckon that a grid of 5 millimetre
diameter tubes will work, and the tubes are larggugh not to cause much of a pressure drop.
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But | must stress that | haven’t found any evideofcanyone having tried a flame trap with nitrous.
This is a (potentially hazardous) experiment thestds doing.

Nitrous material compatibility

Use stainless steel!

As a general guide, materials that are oxygen ctibipare suitable for nitrous.

It's worth pointing out that | haven't seen anydaiice for a catalyst for nitrous that works at room
temperature, they all seem to need elevated tetupesa

Metals

Aluminium, Stainless Steel: satisfactory

Copper and its oxides (and brass/bronze), nickel pdatinum, are highly catalytic with nitrous
especially at elevated temperatures, so avoid tiseir

Brass, copper, carbon steels are corrosive in pcesef moisture: do not use corrosion-prone metals
e.g. iron oxide (rust) is a catalyst.

Avoid rust contamination from steel fill tanks; ustainless steel filters in the fill line.

Plastics

Fluorocarbons such as Polytetrafluoroethylene (B;TP&lychlorotrifluoroethylene (PCTFE), PET:
satisfactory

Other plastics are an ignition hazard.

Nitrous can saturate plastics and composites tgrhi@m into ‘explosives’.

HTPB fuel saturated with nitrous can be ‘explosive’

Elastomers

Think carefully about what material to use as ymunr-tank O-rings. Just because commercial HPR
hybrids use ‘rubber’ O-rings doesn’t automaticatisike it a good idea.

Fluorocarbon-coated O-rings (Buzak and Shambarocat®) : use these where possible.
Unfortunately, they don't stretch very much.

Buna-N and neoprene degrade in nitrous liquid aiéeeral days.

Butyl (isobutene - isoprene) rubber (lIR): notowunended, possible ignition and significant swellin
Nitrile rubber (NBR): not recommended, possibletign and significant swelling.

Chloroprene (CR): not recommended, possible igniind significant swelling.
Chlorofluorocarbons (FKM) (VITON) : not recommended, significant swelling.

Silicon (Q) : satisfactory

Ethylene - Propylene (EPDM): not recommended, pdssgnition and significant swelling.

Silicone saturated with nitrous is an impact séreiexplosive.

Lubricants

Nitrous can form an explosive with many hydrocaband lubricants:
Fluorocarbon based lubricant (krytox): satisfactory

Hydrocarbon based lubricant: definitely not recomdes, possible ignition.

Recommendations

* Keep everybody well back from the test area whemeimous is being loaded/is loaded into
the run tank or whenever nitrous is flowing.

* Use a large-volume (large diameter) burst diskhenrtin tank. Mandatory for manned
systems.

»  For motor static testing, keep the run tank uprgghonly liquid gets to the injector at ignition.

* Keep itvery clean: even very small traces of contaminatind)dae cause problems.

* Avoid the use of catalytic materials.

* Nitrous is a good solvent of hydrocarbons: grubbgdrmarks, O-ring polymers, and valve
seals.

* Venting nitrous through the combustion chamber khba avoided at all costs.

+ Dilution of the nitrous vapour in the run tank é&commended.

» Avoid hard starts: fire the igniter before admigtithe nitrous into the chamber.
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If using nitrous in a confined space use an oxyg@Is0r to monitor dangerous concentrations
of nitrous which could be inhaled.

Properly earth all ground support equipment (&itiks and fill lines), and keep mobile phones
switched off when anywhere near nitrous.

Construct tanks and lines out of conductive malteffiar composites, work out a way of
dissipating static (aircraft composites have migihhs their outer layer to dissipate lightning
strikes. Other approach is to embed carbon namsfibr nanotubes within the resin.) Scaled
are now using a metal tank internal liner.

Avoid adiabatic compression: minimise feed-linedigalume downstream of the run valve,
slow the valve opening.

Prevent back-flow of igniter gas through the inject

Reduce the pressurisation rate of your run-tanfoadill it to no more than 20 psi per second.
Use small enough injector orifices and widen thezfethroat to get a good pressure drop
across the injector right through the burn (a dbp0% of the combustion chamber pressure
as the liquid runs out).

Develop safety procedures, and pre-chill the pufnymu pump nitrous from the fill tank to

the run tank.

Use pressure relief devices/burst discs on alpedpolumes of liquid nitrous to prevent
hydraulic overpressure.

Review all moving parts in the nitrous system (tatprs, valves) for friction, impact, and
static discharge.

Avoid eddies or stagnation zones in the feed pipkwaoe to sudden changes in cross-section.
These can act as flameholders which prevent argnaeasition from going downstream.
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Glossary:

Feed systemthe pipework between the run tank and the injector.

Fill-tank: the commercial container supplied with the nitrous

Run-tank: the lightweight tank inside your rocket-vehiclattis filled from the fill tank.
(In a conventional hybrid, the term ‘fuel tankjist plain wrong as the fuel is the plastic in the
combustion chamber.)

Quenching when the heat necessary to continue the decotigpostaction is drained away into another

source, stopping the reaction.
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