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Letter from the President:
Happy New Year!
Thank you for choosing Fauske & Associates, LLC, (FAI) as your process safety partner.
We very much appreciate the opportunity to collaborate with you on your mission to
ensure your processes and work environment are safe. With your support and loyalty we
achieved a successful 2019, and we look forward to strong business growth in 2020.

Whether we’ve helped you with specific hazards testing needs or an accident modeling
project, or simply acted as an independent technical consulting resource, we truly
appreciate the opportunity to serve you.
2020 is a landmark year for FAI as it marks our 40th year of business! We’re excited to
celebrate this milestone by releasing new products, welcoming new members to the
Fauske team, and continuing our tradition of providing data-driven solutions to complex
process safety problems.
Finally, I want to also take a brief moment to introduce myself as the new President of
Fauske & Associates, LLC. I’ve been part of the FAI family since 2009, hold a degree in
Chemical Engineering from the University of Iowa, and have a true passion for process
safety. I am honored to lead a dynamic and talented team at a company with a rich
process safety history, and we look forward to growing with you as together we strive to
make the world a safer place.

- Zachary Hachmeister.

Further Clarification of Non-Equilibrium and
Equilibrium Flashing Flows
By Hans K. Fauske, D.Sc., Emeritus President and Regent Advisor, Fauske & Associates, LLC

For chemically reactive systems most emergency releases involve two phase flow. Non-equilibrium
conditions are generally required in order to relate the mass flux for flashing flows to local exit conditions.
Upstream of the exit region, the flashing process will approach equilibrium conditions if the vent duct is of
sufficient length. For flow lengths less than about 100 mm (the non-equilibrium regime) the flashing flow
increases strongly with decreasing length, approaching all liquid flow as the length approaches zero
(orifice flow).

Non-Equilibrium Flashing Flow
If all liquid exists at stagnation conditions (no vapor), extensive data suggest that a simple length criterion
on the order of 100 mm characterizes the residence time (~ 1 ms) requirement for approaching
equilibrium flashing flows, which are well described by the Equilibrium Rate Model (ERM) (Fauske, 1985):

where λ is the latent heat of evaporation, vfg is the change in liquid-vapor specific volume, T is the
temperature, and C is the liquid specific heat, all evaluated at stagnation conditions. In contrast, the
maximum non-equilibrium mass flux as the flow path length approaches zero is given by

where P is the stagnation gauge pressure and ρ is the liquid stagnation density. Considering that

determines the relevant velocity and the length requirement of about 100 mm for all liquid stagnation
conditions (near saturated liquid and subcooled liquid).

Equilibrium Flashing Flow
If liquid-vapor (void fraction α > 0.1) exists at stagnation conditions, the length L (mm) required to satisfy
a residence time of about 1 ms is given by

and in the case α < 0.1 at stagnation condition, the length increases to L(0.1/α) resulting in length
requirements different than 100 mm. In other words the 100 mm length requirement is only relevant to all
liquid stagnation conditions.

Length Requirement of 100 mm
It is of interest to note that the simple length criterion of about 100 mm is based on data reflecting a large
variation in stagnation pressure from about 2 bara to about 68 bara. Considering Eq. (2) this represents
a large variation in the velocity from about 14.6 m s-1 to 134 m s-1. This raises the question, why is there
a relatively constant length criterion of about 100 mm, even for high pressure discharge with associated
high velocity?

Recalling that in the absence of any vapor at stagnation conditions (xo = 0) the reference to residence
time is related to nucleation (the formation of sites where vapor bubbles can grow). This is in contrast to
stagnation conditions with vapor (xo > 0) where the residence time relates to vaporization, and where
nucleation sites (vapor) already exist.
Note that at 68 bara the superheat relative to atmospheric pressure is 185°C while at 2 bara it is only
20°C, suggesting a ratio of 9.25. It is interesting to observe that this superheat ratio compares closely to
the ratio of velocities, 134/14.6 = 9.18.
The relatively constant length criterion of 100 mm is not sensitive to the variation in stagnation pressure
(and associated variation in velocity), as a result of the variation in superheat having an equivalent effect
on the residence time related to nucleation.

Reference
Hans K. Fauske, 1985, "Flashing Flows Or: Some Practical Guidelines for Emergency Releases,"
Plant/Operations Progress (July, 1985).

GAIN-LFR Program Completion Recognition

"the spirit of collaboration and mutual trust between organization were consistently promoted…” - From
the Award Message

Dr. Sung Jin Lee
Dr. Sung Jin Lee, PhD, was commended for his participation on a team comprised of individuals from
Argonne National Laboratory, Fauske & Associates, LLC, and Westinghouse Electric Company who
collaborated on a project titled “Development of an Integrated Mechanistic Source Term Assessment
Capability for Lead- and Sodium-Cooled Fast Reactors”. This project was conducted between January of
2018 and June 2019, supported in part by Gateway for Accelerated Innovation in Nuclear (GAIN), a
Department of Energy (DOE) program.
"Getting awarded within the GAIN program... was important, but equally important was Sung Jin’s role in
ensuring that we got the most out of ANL’s work." - Paolo Ferroni, PhD

Factor in a Sampling Plan
By Timothy L Cullina, P.E., Fauske & Associates, LLC
As Published in the Chemical Processing Magazine Hazardous Dust eHandbook

If you were creating a feature film on combustible dust, which would be the prequel — the sampling plan
or the dust hazard analysis (DHA)?
Combustible dusts are fine particulates that present a deflagration hazard when suspended in air. You’ve
seen that movie and know the characters, plot and staging from all the reruns. Oxygen plays itself on the
enclosed stage when the Fugitive Shape Shifter, interpreted by a local Particulate Solid, reprises the
villain’s role, eluding good housekeeping and dispersing onto the scene where the hot Ignition Source
and Friends spark about.

How will this episode end? Will local kid, Pea Solid, and the beautiful Eye Source make explosive
fireworks together? Or will Pea Solid steer clear and go straight to complete the process? That depends.
How well did the sampling plan and the DHA inform the facility?
Industry experts, a.k.a., the people who write the National Fire Protection Association (NFPA) Standards,
recognized that a DHA needs direction, and a written sampling plan would provide a start when they
included this requirement in Chapter 5 of the NFPA 652 Standard:
A sampling plan shall be developed and documented to provide data as needed to comply with the
requirements of this chapter (Hazard Identification) …shall include the following:
1. Identification of locations where fine particulates and dust are present
2. Identification of representative samples
3. Collection of representative samples
4. Preservation of sample integrity
5. Communication with the test laboratory regarding sample handling
6. Documentation of samples taken
7. Safe sample collection practices
These writers must have thought of the sampling plan as the prequel. The sampling plan is like a movie
screenplay and identifies the steps to ultimately managing the risks associated with combustible dusts.
Ideally, the sampling plan should be devised and documented before valid samples are taken and tested;
otherwise, it would be called a sampling history.
But, for most of us, life and work and dust are not that clean and simple. The problem is where and how
to begin knowing that sampling mistakes and omissions can lead to lost time and wasted money — or
worse, incorrect risk assessment and an unhappy ending.
Unless you’re in “the business,” you rarely see the screenplays to the movies you pay to see.
Is the same true of the sampling plan and the DHA? Screenplays describe the scenery, provide
comments on expressions and give actors cues to movements and messages. Let’s imagine a sampling
plan as a screenplay.
The Screenplay
Here you’re the writer, the director and maybe even a minor character or an extra in the background, but,
please, do not be a tragic hero.
Imagine the shot. You’re filming on location. The screen play identifies the locations and describes the
scene laid out before the cameras:

• It takes place on the factory floor.
• Hot lights with illuminated dust halos hang above.
• White over grey two-tone ventilation ducts cross overhead, disappearing off stage.
• Silver sprinkler heads sprout from grey over black, water pipe blending into the dark ceiling above the
out-of-focus small black truss-work that supports the roof.
• A pedestal fan whines off to the side.
• Moveable three-step stairs provide access to the top of a round mixing vessel, hatch opened, faint
vapors visible, gone briefly and then back again.
• Parallel trail marks reveal the wheeled path of the stairway across a well-dusted floor.
• Extras move about wearing dust masks and look away while pouring bags into other mixing vessels.
• Noise fills the air with a steady mechanical din.
The antagonist waits in the wings.
Quiet on the set… and … “Action!”
From stage left enters an orange-trimmed forklift sporting a beer keg-like fuel tank mounted behind the
driver. It’s used to deliver a well-stacked pallet of 50-lb bags held in place by a partially torn wrap of grimy,
stretched plastic. Bags have been removed, and others of a different color have been added. The side
bar instructs the camera to zoom in on one of the added bags neatly stenciled, WHEAT FLOUR. The bag
below has a script type spelling out Maltodextrin.
“CUT!!”
Then the screenplay flops unforgivingly into the producer’s round file as he mutters, “Rubbish,” and then
adds “No one, not even Harry Potter, is going to believe in evil flour.”
Address a Potentially Dangerous Setting
So, forget the analogy, but keep the vision and imagination. Light halos tell us dust is in the air. Wheel
tracks from the mobile stairs indicate dust on the floor. Light dust clouds rising from the manholes during
powder loading suggest failed or absent dust collection at the mixing vessels.
The descriptions in the screenplay (sampling plan) identify where the potential enclosures, ignition
sources, fuels, dispersers and oxidizers are. Alfred Hitchcock called them “MacGuffins.” We call them
sides of the explosion pentagon.
To know what and how to sample, you must identify and write down the combustible dust hazards that
each process component makes possible, even if you think they are improbable. The components
include ducts, conveyors, silos, bunkers, vessels, lights, fans, forklifts, the inside of the process
equipment and the fugitive emissions that get out. This doesn’t mean testing everything, unless you really
need to test everything. This is simply identification. Vetting comes later. Remember: no dust, no hazard.
Each facility compartment, whether building, room or box containing combustible particulate solids,
should be evaluated. Attention also should be given to identifying hidden areas where accumulations may
go unnoticed. This approach applies to the out-of-sight tops of tall equipment, ducts, ledges and pipes.
Remember: dust hides.
The same can be said of oxygen and the ignition source. Because getting rid of the oxygen takes more
than just a little effort, unless you’re applying a lot of effort on oxygen displacement you should assume
that it is present. Ignition sources are not always controlled as easily as we want and should almost
always be considered a potential.
At each point through the process, identify whether a fire (no dispersion necessary), a deflagration (no
enclosure required) or an explosion hazard may exist. Remember: know dusts, know hazards. In our
screenplay analogy we’d make note of the following “MacGuffins”:

Know what happens to raw materials in the process by following the money. That is, follow the raw
material, the products they become and the waste left behind. Does the material start as a powder or
larger solids? Does it become a smaller particulate, potentially fugitive dust? Does the material change
chemical makeup and change its hazard? Are there different sizes of the same material at different
process stages? When is the material wet and when is it dry?
The dust has two environments — inside equipment and outside. Consider each environment on its own
and with its own hazards. One process simply may be a series of different spaces with sources of fugitive
dusts.
The other, equipment process, is where material gets smaller or larger, wetter or drier, conveyed
mechanically or pneumatically, heated or cooled, reacted, mixed, sieved, molded, cut or manipulated in
other ways that may alter the material. Do process enclosures change volumes, head spaces, freeboard,
pipe or duct sizes during the process? What fresh hazards are introduced or eliminated by any of these
changes?
The NFPA Standards writers must have been thinking of a sequel. Nothing states that sampling must be
done before the DHA. If you have dust, inside equipment or out, it’s probably safe to assume that two and
maybe even three of the five sides of the explosion pentagon are in place: the dust (fuel), its enabler,
oxygen and a potential ignition source lurking nearby. Looking at each situation this way brings you face
to face with your risk much more quickly, and while it may not be the deciding factor for testing or not, it
should get you thinking about how to reduce the risk.
Follow Your Process from Start to Finish
Is there rail delivery of particulate materials to silos? Pellets usually are too large to present a flash fire or
explosion hazard, but pellet handling creates a potentially ignitable dust. These pellets do not require
independent sampling or testing, but if the dust is not contained and becomes a flash fire or an
accumulation hazard, this location should be documented and the material should be identified as a
candidate fugitive material sample. This same particulate may be collected upstream in the process and
therefore may not be required to be sampled at receiving. If this is the case, document it.
In the absence of fugitive dust, there still may be hazards during receiving. Silos that receive pellets also
receive the dusts from pellet damage. Cloud formation will occur in the silo, making this dust a candidate
for sampling and testing. Is this handling damage particulate the same or smaller? When the same
material exists in several different places, the sample with the smallest size particle can represent them
all.
The DHA should acknowledge that this is an explosion risk, and therefore ignition source control is critical
to explosion protection. Bonding and grounding are important ignition source controls. Explosion venting
can be provided but is not required by NFPA on enclosures with problematic, difficult-to-protect
geometries, such as tall, narrow silos. The sampling plan won’t necessary address these protections, but
knowing this advises the sample selection and testing.
A straightforward approach is to screen all area and process samples identified before collecting them to
narrow the field based on different combinations of raw materials and particle size, before testing.
Samples of fugitive dust should be collected and tested to identify the risk level in the areas that require
concurrent housekeeping efforts to keep area accumulations less than 1/32 of an inch each day.

Mixing and Size Reduction/Grinding
For any number of unit operations, internal considerations will need to look at the potential for ignition by
hot spots, tramp materials, sparks or other means to determine effective protection measures. If the
fugitive material collected is not representative of the in-process particulate, then collecting an in-process
sample is required, but only if this particulate is smaller.
Dust Collection
Dust collectors typically have the finest dust clinging to filters. Sampling from the dust collector should
include, if possible, dust from the filter and from the collection bin.
Sampling Protocol Considerations
Careful notes should be taken at each sample collection time and location. Taking a picture makes good
documentation reference. Include complete material identification, sample location, date, time, method of
collection and any unusual conditions at the time. Material sample temperature and moisture content and
ambient temperature and humidity may be useful for in-plant interpretations but is not required for dust
explosion testing.
Alternate Testing Strategy
One strategy is to test the smallest particulate from each process material type of concern, but even this
can quickly get prohibitively expensive if you process dozens or hundreds of materials. If all your
materials are likely to have a Kst less than 200 bar-m/s, consider using that Kst value as the design
parameter. Finally, a dust collector sample should be collected for testing.
Recommended Tests
For materials that are of uncertain potential combustibility and explosibility, a go/no-go test series can be
performed to make these determinations. When known combustible dusts are involved, this step may be
unnecessary unless special circumstances exist such as a predominance of large particulate handled or
samples mixed with large quantities of inert materials in which you want to establish that the sample is
not combustible.
It must be representative of actual conditions, or there may be more than just regret if an explosion event
occurs. Criminal neglect or intent investigations may follow. All samples should receive particle size
analysis and moisture content determination.
Other common tests include:
• explosion severity test (Kst and Pmax– ASTM E1226),
• minimum ignition energy (MIE – ASTM E2019), and
• minimum explosible concentration (MEC – ASTME1515).
Additionally, you must consider whether other tests may be of value depending on the potential ignition
sources in your facility. They may include layer ignition testing (LIT) if there are hot surfaces where dust
may accumulate or the limiting oxygen concentration (LOC) test if this means of ignition control is a
practical consideration for the unit operation. For nonconductive materials, static charging and relaxation
parameters may be useful.
Do not hesitate to discuss your test results with your testing lab or other consultants and DHA providers
to ensure your understanding of the results.
But wait! You might ask, if I figure this all out now, what does the DHA guy do? Good question. Clearly,
the sample plan is like a first draft of the DHA. Sample plan development should anticipate the need to
evaluate test results with the location, equipment and dust conditions identified such as when
unacceptable airborne emissions and accumulations of fugitive dusts or process contained dust clouds
and accumulations may be exposed to ignition sources.
From here, prevention and mitigation strategies can be developed. As the dust consideration complexity
increases, the number of factors to consider also increases and brings the sampling plan and the DHA
closer to a singularity.

What's Trending on the FAI Blog?

Beyond Zero Injuries and The Sticky Note
By AnnMarie Fauske, Customer Outreach and Digital Outreach Manager Fauske & Associates, LLC

In a recent issue of Safety & Health Magazine from the National Safety Council, author and speaker Bill
Sims Jr. penned "Beyond Zero Injuries".
In the article, Sims shares a story to illustrate how he differs from most experts who consider "Zero
Injuries" the impervious goal of all work place safety programs. After one doubter challenged Sims he
shared, " The BP Horizon rig ran for seven years with zero injuries and handed out safety awards one
morning. That night, 11 men would die and CNN would report 390 maintenance items were neglected for
repair on that rig. So how well did zero injuries work for BP?"
The point is made that zero at-risk behaviors are the goal - "from the management system and the
workers in an interdependent culture where safety is never second to profits," states Sims. "Until leaders
understand that there is a level of safety beyond zero, they will be stuck on the dreaded 'hockey stick
plateau' in their safety performance".
He suggests every six-month safety meetings should include a pile of sticky notes. Ask employees
"What's the next serious injury we will have? Where will it occur? What time of day?" Employees should
then put their sticky notes on a wall grouped in clusters by where and when the injury will occur. "By
finding the biggest clusters of sticky notes - that's probably where you next serious injury will occur,"
concludes Sims.

I might add the "three-thoughts" rule. This is what I call the ability to think about someone three times
over a short period of time and suddenly the phone rings... or, you know you need to call and check on
that person - because inevitability, something's up. How many times do we perform an activity at work,
whether its conducting a test, walking a certain path or carrying a piece of equipment and something
occurs to us to make it better, or safer? If its more than once, say something. If its 3 times, say it loud!
In the business of nuclear and chemical process safety engineering and testing, we constantly examine
conditions and variables, setting and patterns - often, we advise and remind customers that with each

variable change, your safety test has to change, too. Fine particulates in a combustible dust, for example,
may test differently by batch and particle size. In sizing pressure relief devices for reactive chemicals,
knockout tanks may not be sized correctly to accommodate effluent handling. Quantifying reaction rates
and the resulting flow regime from an upset scenario is the first step. Then, relief devices and piping can
be sized. Here, knockout tanks (used to separate liquid from vapor in a two-phase relief situation) are
important and we notice that customers often use inadequately sized tanks for upset conditions - either
by habit, assumptions or equipment limitation. (A knockout tank that is the same size as a reactor or
storage tank is often incapable of effectively serving its purpose. As a rule of thumb for reactive upset
scenarios, knockout tanks typically need to be 2 to 4 times the volume of the process vessel that is
expected to relieve into it.) These are just some examples.

So, would you put sticky notes on your daily "habits", assumptions or equipment that cause you to pause
3 times in a short period? How would that look? Place sticky notes on your office or lab door as it occurs
– a place of prominence for you and others? Write up a weekly summary or share in your weekly
meeting?
As process safety engineers, we believe sticky note exercises in a group every six months is a great idea
for many organizations. Frequency depending on variables such as staff and equipment changes can be
increased.
Are you driving a beyond zero program? Learn how we can help.

Contact Us

Investigation of the Explosions at
Fukushima Daiichi Accidents
By Wison Luangdilok, PhD, Senior Consulting Engineer, Fauske & Associates, LLC

Abstract
The explosions at Fukushima Daiichi accidents are investigated and discussed, in particular the least
well-understood explosion at unit 3. An analysis was performed to estimate the amount of hydrogen
burned in the unit 3 explosion to shine light on the pre-explosion conditions. This amount was estimated
to be more than 10 times the amount burned at the unit 1 explosion. A significant level of understanding
of the explosions and the required conditions has been achieved in this investigation that can help
prevent or mitigate such future explosion events during a severe accident in boiling water reactors. This
article presents some of the contents that was first presented at the Reactor Safety Technology Expert
Panel Fukushima Daiichi Accident Forensics Meeting, November 18-19, 2019 at Argonne National
Laboratory Offices in Washington, D.C.

1. Introduction and Background

During the nuclear accidents that started at 2:46 pm on March 11, 2011 when the 15-meter high tsunami
waves hit the Fukushima Daiichi nuclear power station site that caused an extended station blackout over
several days, three reactors at Units 1, 2, and 3 eventually underwent a core meltdown.
There were three separate explosions initiated from the top floor of the reactor building of Unit 1 (1F1),
Unit 3 (1F3), and Unit 4 (1F4) at 3:36 pm on March 12, 2011, 11:01 am on March 14, 2011, and 6:14 am
on March 15, 2011, respectively (Japanese Government, 2011). There was no explosion at Unit 2 (1F2).
The explosions at Unit 1 and Unit 3 were caught on video cameras (with no sound recorded) by television
stations from a far distance that gives the overall picture of the dynamics of the explosions. If there were
no such videos it would have been impossible to know that the explosion dynamics of 1F1 and 1F3 were
very different (as depicted in Fig. 1).

The explosion dynamics of 1F4 remains unknown since there was no video capture of the 1F4 explosion
at the time when it happened. One interesting twist is that, according to the TEPCO investigation, the
migration of hydrogen in vented gas from Unit 3 to Unit 4 through the connected vent lines to the same
shared vent stack during the venting of Unit 3 was responsible for supplying fuel to the 1F4 explosion
(Rempe et al., 2017). It is believed that the potential explosion at 1F2 was averted due to two reasons.
First, the pressure wave from the 1F1 explosion caused the 1F2 reactor building top-floor blowout panel
to open allowing accumulated hydrogen to vent out of the building (Rempe et al., 2019). Second, due to
the unique situation at 1F2, the steam, generated from the 1F2 reactor building bottom floor torus room
that was partially flooded by the tsunami (NEA, 2015), helped render inert the supposedly flammable
mixture (Sonnenkalb et al., 2019). Based on the current understanding and the pattern of the
occurrences, an explosion from the top floor of the reactor building has become a unique signature of a
severe reactor core meltdown accident in a boiling-water-reactor (BWR)-type nuclear power plant.
Many questions regarding how the explosions occurred and how they can be related to what was going
on inside the reactor (in-vessel hydrogen generation) and inside the primary containment vessel (PCV)
(ex-vessel hydrogen generation) have been discussed with no clear answers (Rempe et al., 2017, 2019).
The types of questions that have been asked by experts include (1) where and how did the ignition occur,
(2) did hydrogen leak into the reactor building through degraded seals on the head of the PCV, (3) what
level of hydrogen accumulation and pre-explosion conditions are needed to cause the observed damages
from the explosions, (4) what type of pre-explosion conditions were necessary to cause the 1F3
explosion to be a mushroom-shaped fireball which was much more energetic than the 1F1 fastdeflagration-type explosion (Yanez et al., 2015), (5) what was the role of PCV head failure in the 1F3
explosion, and (6) how much in-vessel and ex-vessel hydrogen generations are needed to fuel both the
1F3 and 1F4 explosions given the fact that the 1F3 explosion alone was so spectacular in displaying the
powerful mushroom-shaped fireball that would have involved a huge amount of hydrogen by itself
(Rempe et al., 2019).
The dynamics of the explosion can be linked to the necessary pre-explosion conditions which can be
further linked to the extent of in-vessel and ex-vessel hydrogen generation required to fuel the explosions
through core-melting phenomena over the course of the accident. The dynamics of the 1F3 explosion
was very different from the 1F1 which indicates that the pre-explosion conditions were likely very
different. The explosion in Unit 1 was directed horizontally from the top floor of the reactor building.
Building roof and sidings were blown away by the explosion but concrete pillars remain intact with little

damage. The explosion in Unit 3 was much more energetic based on the severity of building damage.
The combustion process of the explosion at 1F1 was a fast deflagration of premixed hydrogen
accumulated in the operating bay (5th floor) of the reactor building. A video of the explosion indicates the
presence of a condensation shock wave (for about a 0.5-second duration) propagating into an open air at
about the speed of sound after the initial bursting of the 1F1 reactor building. The deflagration was not
fast enough to transition to detonation. The explosion “smoke” at about one second after the initial
bursting appeared light in color, suggesting it was primarily dust. The “smoke” was dispersed relatively
close to the building in the vertical direction and was directed northward due to the prevailing wind at that
time.
The explosion at 1F3 was a multi-mode combustion. There appeared to be at least two modes of
combustion involved in the explosion. The first mode was probably a deflagration, but, of hydrogen (and
possibly CO)-rich atmosphere accumulated in the operating bay 5th floor. This first mode of combustion
occurred inside the reactor building and could not be seen in the available video until the initial bursting of
the 1F3 reactor building. Following the bursting of the 1F3 reactor building, the top floor of the reactor
building became roof-less, and the second mode of combustion began in an open air on top of the
reactor building. The second mode was combustion of a hydrogen (and possibly CO)-rich gas cloud in an
open air in the form of a rising and expanding spherical fireball over the reactor building. Large objects
were thrown high into the sky with the rising fireball. Big pieces of concrete and equipment were also
thrown into the spent fuel pool. The fireball reached a large diameter of ~120 m within 3 seconds. The
dynamics of the 1F3 explosion is depicted by a sketch in Fig. 2.

Fig. 2 Sketches of 1F3 explosion at 1-second intervals from real images
The second mode of combustion was directed vertically with an almost perfect spherical fireball
appearing above the building and shooting up high into the sky (about three times the vent stack height).
Large chunks of materials appeared to be carried upward with the fireball. Unlike the explosion at 1F1,
the available images of 1F3 explosion damages indicate that concrete pillars on the building top floor
were highly damaged. The “smoke” resulted from the fireball appeared in darker color of dust and debris
than that of the first combustion mode, which appeared white and remained at lower elevations close to
the building.
The fact that the 1F3 explosion was much more powerful than the 1F1 explosion requires that the amount
of combustible gases involved in the entire explosion must also be much greater. In the 1F1 explosion,
the deflagration apparently burned the entire combustible gas-air mixture that initially existed in the 5th
floor of the reactor building. In the 1F3 explosion, a similar deflagration of initially existed combustible
gas-air mixture is postulated since this mode of combustion could not be seen in the video until the initial
bursting of the 1F3 reactor building. It is then expected that if most of the combustible gas mixture were
to be consumed in the first deflagration, the explosion would have been over. However, this is not the
case for the 1F3 explosion. Following the bursting of the reactor building, there was a huge fireball
burning immediately over a period of about 9 seconds over the reactor building. For this to happen, there
must have been still a large amount of unburned combustible gases (which did not exist in the 1F1
explosion) ready to fuel the fireball.
There is a question that has been discussed often among severe accident experts (Rempe et al., 2019).
Can the abrupt PCV depressurization (which is believed to be a result of PCV upper head seal failure)
before and during the time of explosion provide the necessary fuel? The time of the 1F3 explosion was
within the time frame when the 1F3 PCV pressure began to drop significantly from about 0.52 to about

0.39 MPa. From 10:55 to 11:02, about 6 minutes prior to the explosion, the drywell pressure dropped
from 0.52 MPa to 0.48 MPa. The average depressurization rate for this 6-minute duration prior to the
explosion was 95 Pa/second. The 1F3 explosion lasted for about 9 seconds, the total pressure drop of
just 885 Pa is too little to fuel the observed gigantic fireball. Then, after the explosion from 11:02 to 11:15
am, the drywell pressure continued to drop further from 0.48 MPa to 0.39 MPa. The average
depressurization rate for this 13-minute duration after the explosion was 115 Pa/second. However, the
post-explosion PCV depressurization had no role in fueling the explosion.
This article analyzes the explosion that occurred at Fukushima Daiichi Unit 3 with the goal of estimating
the amount of hydrogen gas burned during the explosion. The current understanding is that hydrogen gas
generated from Unit 3 fueled the explosions both at Unit 3 and Unit 4 and that hydrogen gas was
generated by both in-vessel metal oxidation and ex-vessel core-concrete interactions. The combustion
mode of the 1F3 explosion has remained not well understood and the key to understand this is to know
the amount of hydrogen burned in the explosion. If the amount of hydrogen burned in the explosion can
be estimated, a better understanding of the explosion mechanism can be achieved.

2. Estimate of Hydrogen Burned in F13 Explosion
In the realm of hydrocarbon fuel explosion research, there is a relatively accurate method that relates the
size (radius) of the spherical fireball to the fuel mass burned (Fig. 3). The correlation for the maximum
fireball radius R (in meter) as a function of hydrocarbon fuel mass Mhc in metric ton can be conveniently
expressed by the following equation that represents the detonation mode explosion (Dorofeev et al.,
1995):

R=33 Mhc0.32
(1)
Here, the hydrocarbon fuel refers to gasoline, kerosene, or diesel fuel. The heats of combustion per
kilogram of these hydrocarbon fuels are actually very close to one another. The average value of the heat
of combustion of these fuels is 43.11 MJ/kg.
The accuracy of applying the correlation for hydrocarbon fuel to hydrogen fuel is unknown. In order to
deal with fuels with a significant difference in the value of the heat of combustion, the maximum fireball
radius should be expressed in terms of the total combustion heat released rather than the fuel mass.
Equation (1) can be recast in term of the total combustion energy released that remains in the fireball as
follows (Luangdilok, 2019):

(2)
where qhc is the average heat of combustion of hydrocarbon fuel (43.11 MJ/kg), Xhc = fraction of radiative
heat loss from the hydrocarbon flame, qH2 is the heat of combustion, and MH2 is the mass of hydrogen

burned. This equation represents the maximum fireball radius due to a detonation-mode fireball explosion
as a function of the fuel mass.
For 1F3 explosion, the fireball radius R is determined from video snapshots depicted in a sketch in Fig. 2.
The mass of hydrogen burned is given by solving Eq. (2) for MH2 (metric ton)

(3)
The fraction of radiative heat loss from the hydrocarbon fireball can be calculated from a fuel mass using
the Dorofeev et al. (1995) correlation which can be derived as

(4)
The radiative heat losses from methane jet flames and hydrogen jet flames originated from a nozzle were
extensively investigated by Molina et al. (2007). For a wide range of flame length and fuel jet velocity, the
fraction of radiative heat loss from the hydrogen fireball is approximately 0.03 smaller than that of the
methane flame, i.e. XH2 = Xhc - 0.03.
Next, the right size of the near-perfect spherical fireball needs to be determined. For this purpose, the
fireball radius of 53.125 m is selected as the best estimate value. This particular moment of the nearperfect spherical fireball occurred between the snapshots shown in Fig. 2 at 1 and 2 seconds. The fireball
at the 1-second snapshot was approaching a fully-grown spherical shape while at the 2-second snapshot
the fireball is already fully grown and slightly elongated into an ellipsoidal shape. It is noted that the
analysis of the fireball shape and size is based on the actual high-resolution photos that are not provided
here. The right fireball size is assumed to be in the middle between these two snapshots. Using qhc=
43.11 MJ/kg, qH2=120 MJ/kg, R=53.125 m, the radiative heat loss fraction from Eq. 4 is 0.0775, and the
mass of hydrogen burned at the 1F3 explosion is estimated from Eq. 3 to be ~1540 kg. This estimate is
sensitive to the size of the fireball chosen and the uncertainty associated with this estimate is in the range
of 250 kg which is approximately the range between the fireball size at 1 and 2 seconds.

3. Discussion of the F13 Explosion
The formation of a rising fireball during an explosion is typical of combustion conditions where a release
of fuel and ignition occur simultaneously (Dorofeev et al., 1995). The combustible gases are not well
mixed with the air at the time of ignition. The gases continue burning as they mix with ambient air. The
rising fireball forms. Then, a strong convective column (as seen in the 1F3 explosion (Fig. 2) and in the
LNG pipeline explosion test (Fig. 3) by Wang et al. (2017)) is formed below the rising fireball.
Alternatively, a rising fireball can also be developed after the explosion of over-enriched fuel-air mixtures
when the explosion products, still containing a great amount of fuel, continue to burn with the ambient air.
These two modes, including a combination of both, have been used as possible explanations for the 1F3
explosion. A discussion given below provides a basis to determine which one is the likely one.
The analysis result indicates that a large amount of hydrogen or hydrogen equivalent must be involved in
the 1F3 mushroom-shaped fireball explosion. However, the required amount of hydrogen in the explosion
is too large to be released during the fire-ball explosion which occurred over a duration of just 9 seconds.
The result suggests that the likely combustion mode for the 1F3 explosion was that a large amount of
unmixed hydrogen-rich gases leaked and filled the atmosphere of the reactor building 4th and 5th floors
at ~75% H2 concentration prior to the explosion. There was a direct release of some hydrogen gas during
the explosion as a result of the PCV depressurization, but this additional source is not substantial since
the total required amount of hydrogen or hydrogen equivalent is huge.

4. Conclusion

The huge mushroom-shaped fireball explosion at the Fukushima unit 3 was likely a manifestation of an
accumulation of a large amount of unmixed hydrogen-rich gases that leaked and filled the atmosphere of
the reactor building 4th and 5th floors during the accident at ~75% H2 concentration prior to the
explosion. The amount of hydrogen burned in the unit 3 explosion was estimated to be more than 10
times the amount burned in the unit 1 explosion, i.e. 1540 kg vs 130 kg (Yanez et al, 2015).
For more content like this, subscribe to our nuclear technical bulletin. Our "Nuclear Technical Bulletins"
are a forum on recent advances in nuclear safety.
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Process Safety Scale-Up Aspects of an
Epichlorohydrin Hydrolysis Reaction
By Donald J. Knoechel, Ph.D., Senior Consulting Engineer, Growth Leader for Reaction Calorimetry and Testing
Services, Fauske & Associates, LLC

The acid-catalyzed hydrolysis of epichlorohydrin to make monochloropropanediol (MCPD) has been
chosen as the round-robin reaction for the DIERS community for the year 2019-2020. As a lead-in to that
exercise, we at Fauske & Associates, LLC, carried out a series of reaction

calorimetry (RC) experiments together with thermal screening by differential scanning calorimetry (DSC)
of the post-reaction mixtures and analysis of the decomposition kinetics using AKTS [1] to determine a
TMR24ad (temperature where the time-to-maximum rate is 24 hours under adiabatic conditions) for the
runaway scenario. We recently presented part of this work at the 2019 DIERS Users Group Meeting held
in Burr Ridge, IL, September 16-18, 2019, titled "Reaction Calorimetry Data and Scale-up Considerations
for the Hydrolysis of Epichlorohydrin." In part one of this series of articles, we present a portion of the
reaction calorimetry and thermal screening results from this study. Part two will explore some simple
calculations to show how these thermal challenges offered by the epichlorohydrin hydrolysis are handled
with scale. Part three will look at how our main adiabatic calorimeters (ARC, VSP2) characterize the
polymerization/decomposition given the previous thermal screening and RC results.
A simplified depiction of the chemistry is shown below.

Epichlorohydrin (EPI), catalyzed by aqueous acid, reacts with water to form monochloropropanediol
(MCPD). This post-hydrolysis reaction mixture can polymerize and ultimately decompose on heating.
Reaction calorimetry is used to characterize the desired process heat of reaction and, in turn, project an
adiabatic potential to help identify what temperature could be reached in a loss-of-cooling scenario or allin addition. Thermal screening of the post-hydrolysis reaction mass by DSC gives us a first look at where
in temperature that secondary reaction activity may initiate. Kinetic modeling by AKTS [1] definitively
identifies the extent of overlap of the projected loss-of-cooling/all-in addition scenario and the secondary
polymerization/decomposition. Finally, the data from RC, DSC and the results of the AKTS modeling, all
of which characterize the energies involved in a generic Epichlorohydrin hydrolysis recipe, will be used to
identify a criticality class per Stoessel [2,3] for the process.
Our generic laboratory recipe has a composition of epichlorohydrin 27.1% wt., 72.4% wt water, and 0.5
% wt acid catalyst (69.0% nitric acid). Using this recipe, Figure 1 shows the heat flow profile for a semibatch reaction (380 g scale) conducted at 80°C with an EPI addition rate of 3 g/min (35 min) addition to
the starting mass of acidified water. The area under the heat flow profile curve represents the total heat
of our semi-batch reaction and integrating yields -87.0 kJ or a normalized heat of reaction of –78.5 kJ/gmole EPI. Dividing the total heat by the thermal mass (mass x heat capacity) projects a theoretical
temperature rise under adiabatic conditions due to the intended heat of reaction. For this semi-batch
reaction, the calculated adiabatic temperature rise is +60.9°C.
Figure 1
Heat Flow Profile for EPI Hydrolysis at 80°C with 3 g/min EPI Addition

We note that at the end of the addition, 76% of the heat evolution has been realized, meaning 24% of the
total energy is accumulated. If cooling was lost at the end of the addition, for example, the dynamic
adiabatic potential would decrease to +14.6oC. So here just from the intended heat of reaction we see a
sizeable adiabatic potential as from 80°C a loss of cooling/all-in addition scenario could result in a
temperature rise to 140.9°C (maximum temperature of the synthetic reaction [MTSR] per Stoessel [2, 3])
where the vapor pressure of water would be 39 psig.
But that's not all of the story. If we take the post-hydrolysis reaction mass from this 80°C RC run and look
at it in the DSC, we see the scan shown in Figure 2.

Figure 2
DSC Scan of Post-Hydrolysis Reaction Mass from an 80°C with 3 g/min EPI Addition Rate RC Run
In the DSC scan, we see the secondary reaction potential due to polymerization/decomposition at
elevated temperatures. Taking the integrated energy from the scan, -508 J/g, and dividing by the heat
capacity of the reaction mass tested (3.758 J/g°C), we calculate an additional +134.9°C adiabatic
temperature rise potential. Adding this higher temperature-activated energy to our previous intended
reaction energy predicts a total possible temperature rise of +195.8°C!
To confirm that the intended heat of reaction under loss of cooling/all-in addition conditions can raise the
temperature of the reaction to a temperature where the secondary reactivity can initiate, adiabatic
calorimetry is needed. Adiabatic testing of this reaction system using the vent sizing package (VSP2) and
the accelerating rate calorimeter (ARC) will be the subject of the third article in this series.
Alternatively, kinetic modeling by AKTS [1] of several DSC runs at different scan rates of a posthydrolysis mixture affords a time-to-maximum rate versus temperature plot shown in Figure 3.
Figure 3
Time-to-Maximum Rate Versus Temperature for a Post-Hydrolysis Reaction Mass from an 80°C with
0.822 g/min EPI Addition Rate RC Run
Note: The series of DSC scans using scan rates of 8.0, 4.0, 2.0, 1.0 and 0.5 °C/min were carried out on samples from a postreaction mass from an RC run at 80°C with a 0.822 g/min EPI addition (126 min). The RC results from this run will be shared
in Part 2 of this series.

Here we see that the projected temperature rise from the all-in scenario from the reaction calorimetry
experiment (maximum temperature of the synthetic reaction [MTSR] of 140.9oC) coincides with a time-tomaximum rate of < 4 hours. However, the same plot identifies the TMR24ad temperature as 113.7°C.

The collected and derived data can be used to identify a criticality class per Stoessel [2, 3] for this recipe
of the EPI hydrolysis process. Figure 4 below shows the general criticality class diagram (note TD24 =
TMR24ad). If we assume the maximum technical temperature (MTT) for this process is the open system
reaction mass boiling point (taken as water, 100°C), together with the process temperature (Tp) of 80°C,
the TMR24ad of 113.7°C, and MTSR of 140.9°C, the criticality class is 4 (MTSR > TMR24ad > MTT >
Tp).
The RC experiment presented above had a 3 g/min-controlled addition of EPI (35 min). Even with this
rather moderate addition rate, the adiabatic potential is reduced by the controlled addition as the
accumulated energy (24%) dynamically decreases the adiabatic potential to +14.6°C reducing the MTSR
to 80 + 14.6 = 94.6°C. Under process conditions utilizing a controlled addition of EPI, the criticality class
shifts from 4 all the way to 1 (TMR24ad > MTT > MTSR > Tp), though we note that the margins between
Tp (80°C), MTSR (94.6°C), MTT (100°C), and TMR24ad (113.7°C) are small. Furthermore, the process
can only be considered criticality class 1 if, when cooling is lost, the EPI addition is stopped so that no
more reactant can enter the now uncooled reactor.

Figure 4
The other option defined by Stoessel for defining MTT is for a closed system. That would be the
temperature at the maximum pressure, which is the set pressure of the relief device on the reactor. This
is important if the intended scale-up equipment has a pressure steam or single fluid jacket system using a
heat transfer fluid capable of temperatures beyond that of, particularly for this example process, free
steam (100°C). In the closed system, with no relief device, MTT could very well be defined by the
maximum possible jacket temperature (utility failure overheating scenario). If this temperature were, say,
150°C, then the original classification could be considered 5 (MTT > MTSR > TMR24ad > Tp) which, with
a controlled EPI addition is reduced to 2 (MTT > TMR24ad > MTSR > Tp).
In summary, the information gathered and illustrated using RC, DSC, and knowledge of the scaled-up
process equipment definitively shows how important it is to control the intended heat of reaction in this
epichlorohydrin hydrolysis process. Not only is there plenty of intended reaction energy to deal with, but
there is also secondary polymerization/decomposition energy waiting to be initiated should the reaction
runaway. While this reaction is easy to control in a laboratory reaction calorimeter via jacket cooling, just
how easy is it to control at scale?
In our next newsletter we will explore some simple calculations to show how these thermal challenges
offered by the epichlorohydrin hydrolysis are handled with scale.
Reaction Calorimetry was performed in a Mettler-Toledo RC1eMidTemp, and Differential Scanning
Calorimetry in a TA Instruments Q2000 using 20 μL high pressure crucibles from TÜV SÜD [4].
If you have process scale-up concerns or reaction calorimetry needs, please contact Dr. Don Knoechel at
(knoechel@fauske.com or 630-887-5251) to discuss your process.
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Safer Scale-Up of Batch and Semi-Batch
Reactions; Part 4
Scale-Up Case Studies
By Richard S. Kwasny, Ph.D., Senior Consulting Engineer, Fauske & Associates, LLC

Background
Scale-ups of chemical reactions or processes can be challenging at times. We are presenting three types
of case studies, which demonstrate the need to understand scale-up issues in terms of process safety
fundamentals. The goal of these studies is to give you a better understanding of some of the scenarios
we are asked to evaluate and our recommendations to allow for a safer scale-up.
These case studies must be limited to the information we generated internally for well-known chemistries
or examples in the open literature. However, they do represent real process safety issues.
The three studies presented involve the data interpretation involving reaction calorimetry, an adiabatic
calorimetry study using the VSP2, and an electrical classification scenario involving flammability at
elevated temperature and pressure.

Case Study 1
Analyzing Phenol-Formaldehyde Resin Reactions for a Safer Process Scale-Up
Donald J. Knoechel, Ph.D., Senior Consulting Engineer, Fauske & Associates, LLC
Elizabeth J. Raines, Chemical Engineer, Fauske & Associates, LLC

Phenol-formaldehyde resin reactions commonly occur in the chemical industry; however, there is a
history of incidents. This article will explore the lessons learned and steps needed to reduce reaction
hazards, which include:
1. Understanding reaction chemistry and thermochemistry,
2. Temperature control,
3. Addition of raw materials,
4. Emergency relief, and
5. Modifications to make the process inherently safer.
Usually, in batch equipment, one would rely on jacket cooling to remove the reaction heat and control
temperature. If we scale our phenol-formaldehyde batch process to 2,000 kg of phenol and run it in a
12,000 liter (diameter 2.2 m) reactor, the stirred volume for our generic recipe would be 3,500 liters
corresponding to a heat transfer area of 9 m2 (A). If the tank was glass-lined steel, a typical heat transfer
coefficient (U) would be ~300 W/m2K. Assuming a maximum temperature difference between the reactor
and jacket (ΔT) of 50°C, our maximum cooling capacity would be UAΔT = 300 x 9 x 50 = 135,000 W. For
the 2,000 kg phenol batch size the normalized cooling capacity is 67.5 W/kg phenol.

However, practitioners of phenol-formaldehyde processes universally cool their operations through the
use of oversized condensers and reflux water most of the time under various levels of vacuum. One
customer shared with us the cooling capacity of their condenser as 38.4 K BTU/min. This cooling
capacity would be the equivalent of condensing 1076 kg water/hr or converting to our current unit of
choice, 675,236 W. Normalizing to our 2,000 kg batch size yields 338 W/kg phenol.

Figure 1 shows the expanded plot of our 50°C batch reaction though this time with the normalized cooling
capacities for the glass line steel jacketed reactor and that provided by the previously mentioned reflux
condenser presented as horizontal dotted lines. Also shown are similar lines for a Hastelloy reactor (U =
500 W/m2K), and a stainless steel reactor (U = 1000 W/m2K).
Please note that all the values for the heat transfer coefficient are at the upper end of the performance
range for each material of construction. Certainly, jacket fouling and choice of heat transfer fluid can
affect these assumed U values, as well.
One can easily see that jacket cooling in either the glass-lined steel reactor or Hastelloy reactor is
inadequate as a significant portion of the heat flux profile exceeds the cooling capacity line. One can see
that jacket cooling in a stainless steel vessel is close to having enough cooling capacity, and possibly with
a slightly longer catalyst addition, it may well have been enough. Even with cooling by reflux, the cooling
capacity line is just shy of completely surpassing the peak heat rate of this batch process.
So what other options are available for scale-up of these types of processes? If one is fortunate enough
to have aqueous formaldehyde as the aldehyde source, then running the process semi-batch with
controlled addition of formaldehyde will help.
Figure 2 shows an expanded plot of a semi-batch version of our generic phenol-formaldehyde recipe.
Here the initial rate corresponded to a 4-hour addition of 37% aqueous formaldehyde to the precharged
phenol, water, and catalyst.

To mimic the plant process, a background temperature ramp was performed, adding the catalyst in thirds
at appropriate times corresponding to the points where they establish and confirm temperature control.

Please refer to Figure 3. The three vertical spikes are the catalyst addition points and were done so in the
lab much faster than the actual catalyst would be added in the plant. Notice the initial endotherm at the
start where there is significant undissolved paraformaldehyde going into solution with the reaction, which
helps offset exothermic reaction heat at the lower temperatures.
By the time the last third of the catalyst is added, 35% of the reaction has been completed, and
throughout the entire process, reflux cooling is more than adequate, at least for the current batch-size
(1X). Also shown is the normalized cooling capacity line if this recipe were to be scaled up by a factor of
3.2 (3.2X). Here you can see that by the second catalyst addition, the reaction rate exceeds the 3.2X
condenser cooling capacity. Based on this data, the customer chose not to scale this process up to the
larger batch size. If they do eventually want to scale, however, they will consider a controlled addition of
the aqueous formaldehyde portion of the recipe and/or switch out some or all of the paraformaldehyde for
aqueous formaldehyde provided equivalent material can be made with the new formulation.
In summary, the goal of this article is to provide the reader with an appreciation for the challenges faced
by phenol-formaldehyde resin manufacturers. In particular, that reaction calorimetry provides a vital
window into process performance and helps gather the data necessary to understand how to prevent a
runaway reaction together with simple heat rate scale-up calculations. Thermal screening and adiabatic
calorimetry are crucial to understanding the entire upset scenario and provide the data necessary to
design a relief system to protect the vessel in case of a thermal runaway reaction.

Case Study 2
Rupture Disc Sizing for an Uncontrolled Runaway of the Hydrolysis of Epichlorohydrin
Richard S. Kwasny, Ph.D., Senior Consulting Engineer, Fauske & Associates, LLC
Gabe Wood, Manager, Thermal Hazard Testing and Consulting, Fauske & Associates, LLC

The controlled hydrolysis of epichlorohydrin (ECH) involves the addition of water, heat, and an acid
catalyst under isothermal conditions at 80°C. The hydrolysis is exothermic, and the semi-batch reaction
can self-heat if the process is not subject to temperature control.
In most cases, the chemical reaction rate increases in the presence of a catalyst in part because a more
efficient pathway with lower activation energy is available than for a non-catalyzed mechanism. If both the
catalyzed and non-catalyzed reactions go to completion, the heat of reaction will be identical. A worstcase scenario can result in a thermal runaway reaction due to loss of cooling. In this case study, the
thermal runaway reaction was studied with and without the presence of the acid catalyst to determine: (1)
if adiabatic testing using a low-phi factor VSP2 test could be used to detect differences in the reactivity
profiles and temperature rates, and (2) if the resulting test data and DIERS calculations could determine
any changes in the rupture disc sizing requirements for identical vessels.
The chemical reaction for this ring-opening hydrolysis of ECH is as follows:

The catalyzed reaction was performed in a semi-batch addition at 80°C and allowed to self-heat to 133°C
then the test stopped. Subsequent analysis determined there was additional self-heating above 150°C
but is not shown in Figure 1.

The non-catalyzed reaction was performed in the batch mode at 80°C, and allowed to self-heat to 137C.
The mode was changed to heat-wait-search (HWS) to initiate a secondary reaction. The reaction mass
was allowed to runaway until the test was terminated (heaters turned off) at 200°C to prevent the test cell
from rupturing due to overpressurization. Please refer to Figure 2.
The plots of pressure versus temperature show the catalyzed, and non-catalyzed hydrolysis plots of log
pressure vs. 1/T (Antoine plot) plot correlates with the water vapor pressure profile.
The scaled-up calculations were based on the following reactor conditions:

A summary of the rupture disc sizing and the equivalent length for the catalyzed and non-catalyzed
hydrolysis is provided in Table 2.
The pressure profile is essentially the same for both types of hydrolysis. This testing identified the
advantages of having a catalyst present in the reaction mass from a processefficiency perspective, as the
reaction will proceed quicker but note that vessel overpressurization protection is required in both cases.

Case Study 3
Flammability
Patrick Wojcik, Manager, Flammability Testing and Consulting Services, Fauske & Associates, LLC

A common practice in waste processing can be to use a jacketed tank to treat liquids that contain a
variety of materials after the reaction product has been isolated. The effluent vapors, in this particular
process, are displaced to a scrubber to remove a hazardous gas. This scale-up involves the treatment of
an aqueous waste stream that, when heated, would evolve ammonia, oxygen, and steam at elevated
temperature (~200°C) and 25 psia, due to the presence of urea and hydrogen peroxide in the previous
batch step.

Prior to scale-up, the Environmental group wanted an ammonia process analyzer installed in the piping
between the tank and the scrubber. Maintenance asked if an electrically unrated or rated analyzer could
be used as the vapor stream contains significant levels of steam.
Since the vapor phase could contain enriched levels of oxygen (greater than 20% oxygen), including
ammonia, Operations asked for testing to determine the flammable limits to obtain a clearer
understanding of the electrical rating issue at process temperature and pressure.
The flammability testing (ASTM E918 and ASTM E2079) determined that the lower and upper flammable
limits at 200°C and 25 psia were 15% and 60%, respectively, using client-specified concentrations of
ammonia, oxygen, and steam.
Therefore, the recommendation was to follow NFPA 497 “Recommended Practice for the Classification of
Flammable Liquids, Gases, or Vapors and Hazardous (Classified) Locations for Electrical Installations in
Chemical Process Areas.” A Class I Division 1 Group D hazardous area classification was used for the
analyzer to ensure there would not be an additional ignition source present in the flammable gas
headspace.

Chemical Process Safety and Chemical
Engineering with Sara Townsend
Chemical Engineer Sara Townsend, Fauske & Associates, LLC
Interviewed by Marc Cramer, Fauske & Associates, LLC

How would you describe chemical engineering?
Chemical engineering is a very broad field involving math, physics, or biology in a wide range of
industries. Typically, it is related to an industrial process which produces or manufactures any type of
materials including pharmaceuticals, oil and energy, polymers, food and drink, and cosmetics, just to
name a few. A chemical engineer can work on development of a new process, process scale-up, or
make an existing process more efficient.

How would you describe your role at FAI?
I am a chemical engineer in our Thermal Hazards department. Specifically, I help clients with designing
or mitigating problems they may have regarding their emergency relief systems. Typically, we would start
by simulating a specific upset scenario in one of our adiabatic calorimeters, like the VSP2 and ARSST.
Then, I can use the data obtained to perform the sizing of relief devices and knockout tanks evaluations.

What was your background before coming to FAI?
I studied chemical engineering at Iowa State University. While at Iowa State I was on the Division 1
gymnastics team. This helped me learn many valuable skills including a strong work ethic, time
management, and working with a team. All of which I have tried to implement in the working world.

What was it that brought you to FAI?
This was my first job out of college and I was very eager to get my feet wet. I quickly realized that this
company is full of many brilliant engineers that I am thankful to learn from each and every day.

What drew you to the Chemical/Nuclear process industry?
I have always loved math and science, but what drew me to chemical engineering was the problemsolving aspect. I also took a chemical process safety class in college and it was one of my favorites. I
enjoyed how it had real world applications and brought to light how important process safety is to the
industry.

What do you enjoy most about Chemical engineering?
I love being able to take a problem a client has and use all the technical resources we have here at FAI to
find a suitable and effective solution. I also enjoy how no two problems are the same and each project
brings new skills to learn.

What have been some of the highlights of your career?
Aside from my day to day projects that I have, I have had the chance to travel to some of our client’s
locations and provide on-site training on our ARSST calorimeter. I loved being able to actually meet
clients face to face rather than communicate via email or over the phone. It also gave me the chance to
see how other facilities operate.

What are some of the skills and characteristics most important in those who work in
chemical engineering?
Besides from the technical skills needed to be a chemical engineer, I think it is just as important to have
good critical thinking and problem-solving skills. These serve as a basis and foundation for the more
complex problems. Some characteristics that I have found to be useful include being organized, detail
oriented, and the ability to multitask. Good communication and writing skills are often overlooked for an
engineer but are necessary to be successful. I have learned that being proficient in excel or other
computer programming software is also beneficial.

Do you have any advice for any future or aspiring chemical engineers?
My advice for an aspiring engineer would be to get some sort of hands-on experience of the topics they
are interested in. Sometimes it can be difficult to fully grasp the theoretical things learned in a class or
textbook until you can apply it to the real world. Actually being able to visualize a concept really helped
all the school work come full circle for me.
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