Process Safety News
Fall 2020 • Vol. No. 27 • Number 4

In This Issue:
Letter From the President
Process Safety Scale-Up Aspects of an Epichlorohydrin Hydrolysis Reaction Part 3
Breaking Down the UN Model Regulations System - Classification Overview
FAI Ion Exchange Model Introduction
On-Site Safety (OSS) Services from FAI
Modeling the Fundamental Burning Velocity
My Three Favorite New Features in FERST
Hazardous Area Classification

Letter from the President:
Hello Colleagues,
This year marks the 40th Anniversary of Fauske & Associates, LLC. We are excited
to celebrate this major milestone, but first and foremost we must extend a sincere
“thank you” to all of you for choosing us as your partner in process safety.

The year 2020 has been a challenging one for all of us, and I am proud of the
Fauske team members who have continued to deliver for our customers while
adapting to new ways of doing things.
Although we are not able to celebrate our 40th Anniversary in a conventional
manner, we are able to take some time for self-reflection. We are taking a look into
the past to appreciate how far we have come, while also looking forward toward the
new places that we can go.
Our FATE software has shown promise in new applications based on its ability to
model the transmission of an airborne virus throughout a facility, providing a way for
companies to mitigate the impact of the global pandemic. This could allow hospitals
and other buildings to better understand how aerosols spread throughout their
facilities.
Thank you all for helping us reach 40 years of service, whether you have been with
us for decades or only a few days. We look forward to continuing to provide the
same high-quality service for many years to come.

- Zachary Hachmeister.

Process Safety Scale-Up Aspects of an
Epichlorohydrin Hydrolysis Reaction - Part 3:
What Adiabatic Calorimetry and Other
Instruments Can Detect

By Donald J. Knoechel, PhD, Senior Consulting Engineer, Growth Leader for Reaction Calorimetry and Testing
Services, Fauske & Associates, LLC

In Part 1 of this series of newsletter articles, the acid-catalyzed hydrolysis of epichlorohydrin (EPI) to
make monochloropropanediol (MCPD) was presented as an example process reaction to illustrate the
relationship between desired reaction energy and undesired secondary polymerization/decomposition
energy. Reaction calorimetry (RC) and thermal screening by differential scanning calorimetry (DSC) were
used to characterize the energetics of the reaction. AKTS [1] safety software was used to model the

runaway kinetics of the post-reaction mass. The data afforded by these efforts were used to assign a
Stoessel [2,3] criticality class (class 4) to the process for an open system, the Maximum Technical
Temperature (MTT) being the boiling point of water. The overall safety of the controlled addition of
epichlorohydrin reduced the degree of accumulation of unreacted EPI and dynamically decreased the
adiabatic potential. The result allows for modification of the classification to class 1. The semi-batch mode
must be conducted to enable the substrate transfer, in a loss-of-cooling scenario, to be automatically
controlled (stopped) by coupling the batch temperature to the reactor addition controller.
In Part 2, a series of reaction calorimetry runs with different addition rates were compared to cooling
capacities at scale. The data were used to project how long the EPI addition would need to be for a 2000
kg EPI batch-size in 12,000-liter equipment to manage the desired reaction energy while avoiding the
secondary polymerization and/or decomposition.
This article, Part 3, will revisit the runaway kinetics derived from AKTS modeling of DSC data by
incorporating low-temperature data from our TA Instruments Thermal Activity Monitor (TAM). It will also
feature experimental results from adiabatic calorimetry. Specifically, the vent-sizing package (VSP2) and
accelerating rate calorimetry (ARC®) will be used to test the post-RC reaction mass. The former will be
used to test the actual all-in scenario and its implication on determining the MTT for a closed system.
Finally, how do the onset temperatures compare the various instruments used to detect the secondary
reaction in the EPI system with the TMR data?

Thermal Activity Monitor Calorimeter
The Thermal Activity Monitor (TAM) is an isothermal microcalorimeter. It can detect heat flow as low as
0.1 mu-W and it offers us the ability to measure heat flows at very low temperatures. Typically, at lower
temperatures than what would be projected as the TMR24ad temperature. For the EPI system, we
examined a sample taken from a reaction calorimetry EPI hydrolysis run at 80°C with a 0.822 g/min EPI
addition rate. The sample was tested in the TAM at 90°C. Figure 1 shows the heat flow profile versus
time for the TAM run.

Figure 1 – TAM Heat flow Profile at 90°C for a Post-RC Mass Made at 80°C with 0.822 g/min EPI
Addition
Incorporation of the TAM data to the original DSC- based AKTS model from a similar sample at five
different scan rates [4] results in the TMR plot shown in Figure 2.
We note that the inclusion of the TAM data to the model increases the TMR24ad value slightly to 115°C
from the previous value based on only DSC data (113.7°C). The change in TMR24ad may not be much of
a difference in the grand scheme of things. However, the TAM data taken at a temperature below the
TMR24ad value lends confidence to the model. The value is no longer just an extrapolated value but is
now bracketed by experimental data along an extended temperature range.

Figure 2 – Temperature Versus Time-to-Maximum Rate for a Post-Hydrolysis Reaction Mass from an
80°C with 0.822 g/min EPI Addition Rate RC Run

Adiabatic Calorimetry
Several adiabatic calorimetry experiments were performed on the Vent Sizing Package (VSP2). One was
an all-in addition of EPI in a loss of cooling worst-case scenario from 80°C. In this experiment, the EPI
addition took place over a short addition time of ten minutes through the use of a pressure syringe pump.
The temperature versus time plot from this experiment is shown in Figure 3.

Figure 3 – VSP2 T vs. Time plot for 10-Minute EPI Addition Starting From 80°C
With a Phi-factor for the system of 1.07, the observed temperature rise of 55°C is corrected to 59°C,
which is a value just slightly lower than that projected from the RC experiment (61°C) featured in Part 1 of

the series. It is not unexpected that the actual measured temperature rise from adiabatic calorimetry is
less than the estimated value of the RC test data. The latter is calculated using a heat capacity measured
at the desired reaction temperature (80°C). At the same time, the former experiences the real Cp(T)
across the actual measured temperature rise (Cp(T) typically increases with temperature).
The experiment shown in Figure 3 was run to isolate the desired heat of reaction only as the postexperiment mass was allowed to cool. Figure 4 shows the dT/dt vs. 1/T plot for a follow-up heat-waitsearch (HWS) experiment on that same sample revealing an onset of 150°C for the secondary exotherm.

Figure 4 – VSP2 dT/dt vs. 1/T plot for HWS after Desired Heat Exotherm from 10-Minute EPI Addition
Starting From 80°C
For the experiment in Figure 4, the onset detection sensitivity for the VSP2 was set to 0.1°C/min. A final
VSP2 HWS experiment on a post-RC (80°C, 0.822 g/min EPI addition) is shown in Figure 5. In this case,
the onset was detected a little later in temperature at 160°C. This experiment used the normal VSP2
onset detection sensitivity of 0.2°C/min. So, it is not surprising that the onset temperatures differed.
However, this sample, and the one shown in Figure 4 had a different temperature and time history, e.g.,
thermal histories, so it is possible they wouldn’t necessarily have the same results.

Figure 5 – VSP2 dT/dt vs. 1/T plot for HWS of Post RC (80°C, 0.822 g/min EPI Addition)
The results from the VSP2 experiment shown in Figure 5 can be used to determine an MTT for the
closed system for our criticality class assessment. A typical maximum allowable working pressure
(MAWP) for a glass-lined steel vessel is 6 bar g (87 psig, 101.7 psia). Assuming a 40% overpressure
from a set pressure based on 1.1 x MAWP on an absolute basis would put the set pressure at 78.8 psia.
The P vs. T plot from the experiment shown in Figure 5 is shown in Figure 6.
From this plot, the temperature where the pressure is 78.8 psia is 142.6°C. Consequently, for the closed
system with a process temperature (Tp) of 80°C, a TMR24ad of 115°C, an MSTR of 141°C, and an MTT
of 142.6°C defines a criticality class of 5 for the closed system. If the greater than two hour-controlled
addition of EPI is taken credit for, the MSTR drops to 86°C, and the criticality class drops to class 2, but
only if the addition is stopped when a loss of cooling occurs. Recall from Part 1 in this newsletter series
that the open system (MTT = 100°C) criticality classes for the same scenarios were class 4 and class 1,
respectively.

Figure 6 – VSP2 P vs. T plot for HWS of Post RC (80°C, 0.822 g/min EPI Addition)
The ARC results on a post-RC (80°C, 0.822 g/min EPI addition) sample is shown in Figure 7.

Figure 7 – ARC T vs. Time for HWS of Post RC (80°C, 0.822 g/min EPI Addition)
The sample leaked past 150°C despite having a Hastelloy C test cell, pressure tube, fittings, and ferrules.
This mixture has proven to be quite aggressive at elevated temperatures from a corrosion perspective.
The ARC has an order of magnitude more sensitivity (0.02°C/min) than the VSP2 (0.2°C/min). Indeed,
the ARC detected the onset of exothermic activity lower than the VSP2 with the Phi-corrected onset
being 129.5°C (Phi-factor 1.51).
Reexamining Figure 6, while the VSP2 did not detect any exotherm until 160°C, it did see an increase in
pressure in the temperature range of 130°C to 150°C, which is consistent with a gas generating reaction.
Given that a gas-producing reaction begins in the 130-150°C range, it may be wise to have a set
pressure on the relief device correspond to a lower temperature than 142.6°C, which was the MTT
previously derived for a closed system. A vent sizing determination including the selection of set pressure
for our generic 12,000-liter vessel running a 2000 kg batch of the EPI hydrolysis process will be the
subject of the final article in this newsletter series, Part 4, in our next issue.

Time-to-Maximum-Rate (TMR) and Instrument Sensitivity
Regarding instrument sensitivity, it is interesting to compare the onsets detected by the various
instruments by superimposing them on a Log Rate vs. 1/T plot of the TMR model shown in Figure 8.

Figure 8 – Log Time-to-Maximum-Rate Versus 1/T for a Post-Hydrolysis Reaction Mass from an 80°C
with 0.822 g/min EPI Addition Rate RC Run with Instrument Onsets
In the center of the plot is the derived TMR24ad at 115°C. The data point for the TAM was not an onset
but the temperature at which the experiment was performed (90°C). The equivalent time for the TAM data
point is 229 hours. The DSC onsets plotted are the “1st activity onsets” whereby the heat flow first
permanently deviates from the background baseline noise. It is noted that the 0.5°C/min DSC scan had
an onset below the TMR24ad at 111.8°C, corresponding to a time of 31.6 hours. Otherwise, all other
instrument onsets were above 115°C, corresponding to times shorter than 24 hours. Also, quite apparent
from this plot is how dependent the onset from DSC is on the scan rate. In contrast to the 0.5°C/min
onset (111.8°C), the 8°C/min onset was 152.5°C corresponding to the time of 1.35 hours.
Keep in mind that the TMR plot is a kinetic projection of predicted adiabatic behavior. It is important to
note that the two adiabatic calorimeters (ARC, VSP2) do not have adequate sensitivity to validate the
TMR24ad temperature (115°C). Instead, in a ramp and hold experiment, the ARC at best might detect at
TMR8ad (128.4°C) or shorter and the VSP2, TMR2ad (147°C), or shorter.
Recall that the MTSR for the all-in scenario from RC was 141°C, and this temperature corresponds to the
time-to-maximum rate of 3.1 hours. The actual Phi-corrected measured temperature rise from VSP2 was
59°C (MTSR 139°C), corresponding to a TMR of 3.6 hours. While the VSP2 experiments shared in
Figures 3 and 4 show an apparent disconnect of the desired and undesired reactions, the disconnect is
not a vast chasm. The unchecked desired reaction reaching temperatures in the range of 3-4-hour TMR
does not give much safety cushion under adiabatic conditions, if at all given the sensitivity limit of the
VSP2 (0.2°C/min).
With this concern in mind, it would be wise to have a set pressure on a vessel running this process at
scale be at a value that would mitigate a runaway desired reaction, not allowing the process mass to
increase in temperature further. As mentioned earlier, we will address this exercise in a final Part 4 series
article next newsletter.

Conclusions
In the meantime, we close out this article with the recognition that no one instrument has all the answers
for process scale-up issues. Even though many instruments can explore similar temperature ranges, their
inherent sensitivity can relegate the data to limited application. Nevertheless, regarding criticality class
identification, we acknowledge what contributions are best provided by which instrument.
In general, reaction calorimetry measures the desired heat of reaction. It also determines the reaction
mass heat capacity at the desired reaction temperature, providing an adiabatic potential projection. This
parameter determines the MTSR. Semi-batch RC experiments can further identify the extent of reagent
accumulation. This allows for discounting the adiabatic potential for semi-batch operation, ultimately
decreasing the criticality class.
While a TMR plot can be derived from adiabatic calorimetry results, AKTS modeling applied to a series of
different scan rate DSC experiments is a very straightforward pathway to a TMR plot to determine the
TMR24ad. This model is enhanced by the inclusion of low-temperature isothermal data (below TMR24ad)
provided by the TAM. The adiabatic data (ARC, VSP2) could also be incorporated in the AKTS model, as
well.

The VSP2 experiment provides the needed P vs. T data to derive the closed system MTT. With
supporting data from other more sensitive instruments (ARC), an informed decision can be made on
where to best design the set pressure for the plant process.
Having the MTSR, MTT, and TMR24ad, together with the process temperature, allows the construction of
the criticality diagram and identifies the criticality class. We find the criticality class methodology to be
most useful during the development phase of a process to help highlight “what can cause trouble?”,
(desired reaction, undesired reaction, vent sizing challenges). In this way, it serves as a guide to direct
needed change to improve process safety along the process development pathway.
If you have process scale-up concerns or reaction calorimetry needs, you are invited to contact Don
Knoechel at (knoechel@fauske.com or 630-887-5251) to discuss your process issues.
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Breaking Down the UN Model Regulations
System – Classification Overview
By Elizabeth J. Raines, Chemical Engineer, Fauske & Associates, LLC

UN Recommendations on the Transport of Dangerous Goods – Model Regulations Twenty-first Revised
Edition. Copyright © United Nations, 2019
The information in this article is from the United Nations Economic Commission for Europe (UNECE)
website (unece.org), which provides the “UN Recommendations on the Transport of Dangerous Goods”.

Classification Overview
The “UN Recommendations on the Transport of Dangerous Goods” is a two volume series developed by
technical experts to define shipping requirements for the safe transport of “dangerous goods” (or
“hazardous materials/ HAZMAT”). The “Model Regulations” cover the classification of dangerous goods,
the selection of appropriate package and shipping type, as well as consignment procedures. This article
summarizes a general classification procedure per Part 2 (“Classification”) of the regulations.

The classification of dangerous goods per the Model Regulations involves four important identifiers: UN
class, UN packing group, UN number, and proper shipping name. The key to appropriately labeling and
handling a "dangerous good" is to identify the component or trait that poses the greatest hazard.

UN Classes
An itemization of the nine classes is provided in Table 1. It is possible that a material/mixture/solution can
meet the criteria for multiple classes, and many classes have multiple divisions and subdivisions
associated with them. The Model Regulations provides definitions and criteria for considerations for each
class and subsequent division.
Table 1: UN Classes

Packing Group
For all classes except 1, 2, 5.2, 6.2, 7, and self-reactive 4.1 materials, the severity of the class is
identified by packing group number. Table 2 lays out the general description of the packing groups.
Table 2: Packing Group

The severity of the packing group is often based on experimental results or calculations. For example,
Table 3 provides an example of the breakdown of the packing group for Class 3 materials:
Table 3: Packing Group for Class 3 Materials

The samples that are classified by Classes 1, 2, 5.2, 6.2, 7, and self-reactive 4.1 materials have
alternative classification codes with set criteria.

UN Number and Proper Shipping Name
Each material also needs to be assigned a UN number and proper shipping name. The different
categories of entries are laid out in Table 4. Note that generic or “not otherwise specified (N.O.S)” entries
are assigned special provisions and require the technical or chemical group name following the UN
number and proper shipping name. For example, the entry for UN No. 1993 Flammable Liquids, N.O.S.,
should be accompanied by: (contains ethanol, acetone, and p-xylene, for example). The Model
Regulations provide a list of UN numbers and proper shipping names in Table A of Chapter 3.2 of the
Model Regulations.
Table 4: UN Number

Note, these entries are listed in the preferred order of labeling (A ⇒ B ⇒ C ⇒ D only if the others cannot
be selected first).
Additional considerations for assigning proper UN numbers and shipping names follow:
If applicable, the proper shipping name should begin with “WASTE”
Solids transported in a molten state should be supplemented with “MOLTEN”
If applicable, the proper shipping name should include “STABILIZED”
Liquids are substances with a melting point of 20°C or lower at a pressure of 101.3 kPa
Mixtures or solutions can be classified according to a single predominant substance
supplemented with “MIXTURE” or “SOLUTION” unless:
it is already defined as such in the Dangerous Goods List,
the proper shipping name only applies to the pure substance, or
the classification (i.e. class, division, packing group, etc.) is different for the solution then
the predominant substance which may require different emergency response measures
For sea transport the flash point must be indicated if the primary hazard class is 3 and the value is
less than 60°C along with “FLASH POINT”
For sea transport the term “MARINE POLLUTANT” must be included if it is applicable per GHS
classification criteria.

Classification Hierarchy
Substances including solutions and mixtures not mentioned by name should be classified according to
their degree of danger (based on physical and chemical characteristics and physiological properties).
If the hazard characteristics of the substance, solution, or mixture fall within more than one class or group
of substances listed below, then it should be classified in the class or group of substances according to
the following order of priority:

1. Class 7 – Radioactive material
2. Class 1 – Explosive substances and articles
3. Class 2 – Gases
4. Class 3 – Liquid desensitized explosives
5. Class 4.1 – Self-reactive and solid desensitized explosives
6. Class 4.2 – Pyrophoric substances
7. Class 5.2 – Organic peroxides
8. Class 6.1 or Class 3 – Toxic substances or flammable liquids that are packing group I based on
inhalation toxicity

9. Class 6.2 – Infectious substances

The hierarchy for the classes not listed above can be determined per Table 2.1.3.10 in the Model
Regulations.

Summary
In conclusion, the Model Regulations can be a lot to navigate. The right way to classify (and therefore
ship) dangerous goods is by defining the correct UN class, UN packing group, UN number, and proper
shipping name. Here are some things to consider when identifying the key classification parameters:
Is the dangerous good a pure component, mixture, or solution?
Are there key functional groups in the structure that are possible corrosives or energetic species?
Are there any other additives or impurities that may alter the stability of the material?
Has there been any evidence of self-heating or self-reacting situations?
What physical or chemical information is already known on the material (e.g. boiling point, vapor
pressure, flash point, pH, viscosity etc.)?
Based on the definitions and criteria listed for the various classes, which classes should be
considered, and what additional data do I need?
Do I meet any exemption criteria?
Are there known health affects?
Please don't hesitate to reach out to us for assistance in navigating these recommendations to ensure
that you can safely transport or store your materials.

Next articles:
Breaking Down the UN Model Regulations System – Class 4 Division 4.1, Self-Reactive Materials
Breaking Down the UN Model Regulations System – Class 4 Division 4.2, Self-Heating Materials
Breaking Down the UN Model Regulations System – Class 3, Flammable Liquids
Please let us know if there is any area you want to hear about!

FATE Facility Modeling of Airborne Virus Transmission
Learn more about how FAI's FATE software is used to model how an airborne virus aerosol moves
through a building and how this information can be used to minimize the risk of infection.

Read Now

FAI Ion Exchange Model Introduction
By Jim Burelbach, PhD, Chief Commercial Officer, Fauske & Associates, LLC
and Marty Plys, DSc, Chief Technology Officer, Fauske & Associates, LLC

Fauske & Associates, LLC (FAI) developed a computational fluid dynamics (CFD) model for performance
of ion exchangers (IX) as part of our support for recovery from the March 11, 2011 tsunami and reactor
melt-down accidents at the Fukushima Diaichi plants in Japan.
In the immediate aftermath of the accidents, after water supply to the damaged reactors had been
restored, contaminated water began to accumulate in the lower elevations of the reactor building
structures. Tokyo Electric Power Company (TEPCO) recognized that the accumulated water would soon
need to be decontaminated, and Toshiba Corp. was hired by TEPCO to solve this problem. FAI
participated in the Toshiba “War Room” effort and was assigned to provide the technical basis for design
of the water cleanup system, which was eventually named the SARRY system.
The FAI IX model was developed and created under our NQA-1 compliant Quality Assurance procedures
during our War Room service. The key output of our model was the estimate of the changeout frequency
of the ion exchange modules (IXMs) and thus the cost estimate for the number of IXMs required for a
campaign to remove accumulated water. These estimates were provided to TEPCO as part of the cost
proposal for the SARRY system, which has been successfully implemented and operated since the
summer of 2011.
The FAI IX model has evolved since our 2011 experience, and we are in the process of upgrading the
model to extend its capabilities for more general severe accident applications and for commercial nonnuclear applications. The present article describes the kinds of problems the model can solve now and
provides some particular examples.
The SARRY version of the FAI IX model considered only one ion type and one adsorber particle type.
The extended model will consider multiple ions and multiple particles, which includes consideration of the
particle size distribution of adsorber particles. Here we will show examples of the kinds of results that can
be obtained for a single ion and adsorber.
The key ions of interest for removal for SARRY were cesium and strontium. It is difficult to remove these
ions from solution when there are competing ions from the same columns of the periodic table, namely,
Na and K in the case of Cs, and Ca in the case of Sr. Furthermore, pH itself can have an influence on the
performance of an ion exchange medium.
The ability to remove an ion is quantified by a parameter known as the distribution coefficient, given the
symbol Kd. This is the ratio of the equilibrium solid concentration and the equilibrium liquid concentration.
Since it is traditional to express the solid concentration as moles/kg and to express the liquid
concentration as moles/L, the units of Kd are usually quoted as L/kg.
The typical ion exchange media for removal of alkali metal ions are naturally found inorganic zeolites
such as clinoptilolite and chabazite. During the 1990s the US DOE successfully developed a highly
effective synthetic zeolite material called crystalline silico-titanate (CST), which proved to be highly
selective for removal of Cs and Sr even in the presence of very high concentrations of Na and K. This
research was motivated by desire to remove contamination from waste at Hanford and Savannah River
DOE sites.

The key issue for cleanup of Fukushima contamination removal was that seawater had been used
temporarily for cooling water injection, and therefore the accumulated contaminated water had high
concentrations of Na, K, and Ca. Thus, the CST product developed by DOE was ideal for the SARRY
system.
The Quality Assurance pedigree for the FAI IX model includes model comparison against experimental
results. For our SARRY work, we examined experiments with pertinent IX media and, most importantly,
pertinent feed solutions. Figure 1 shows a comparison of the FAI IX model against another model used to
simulate experiments conducted by ORNL for CST. The ORNL (Rosen) model was used to derive the
value of Kd to reproduce the data, and the FAI (detailed) model used the exact inputs reported by ORNL.
Figure 1, Comparison of Original FAI SARRY model with ORNL best fit to data for SCT.

As done for Fukushima, the most typical use of the model is to optimize the service time of ion exchange
modules (IXMs). A typical design for an ion exchange system includes two or three modules in series
which are rotated during service. For nuclear applications we often consider three IXMs in series, with the
concept that the third and last IXM is an “insurance policy.” So the strategy for IXM use is called the
Merry-Go-Round (MGR) approach: The lead IXM is loaded up and changed out according to a criterion
such as expected Curie loading, then the second IXM is promoted to the lead position, the last or “lag”
IXM is promoted to the second position, and a new “insurance” IXM is placed in the new lag position.
A key point of using the FAI IXM model is to optimize the choice of the changeout criterion, which is hard
to do by Curie loading but is easy to do based upon the time of service, quantified in terms of effective
number of bed volumes processed.
As an example, consider a system with 3 IXMs in series, fed by a source with no changeout. The ion
concentration profiles at various times during a cleanup campaign are shown in Figure 2. With no
changeout, the ion loading builds up and eventually the modules allow breakthrough (input ions can leak
out the back end) and eventually exhaustion (the output is nearly the same as the input, so the system is
useless). When MGR changeout is performed 50% through the original simulation, breakthrough to the
“insurance” IXM is prevented. In these figures, the fractional length is the distance based upon one of the
IXMs in series, so that breakthrough into the lag IXM is seen by looking for significant ion concentration
after position 2.0, and complete exhaustion is indicated by significant ion concentration near position 3.0.
In a subsequent article we will show some important features of the updated model:
The effect of the particle size distribution of the adsorber on results, and
The impact of multiple competing ions on results.
These are important for better estimate of the IXM changeout rate and the cost estimate for an IXM
system.
Figure 2, Example calculation without MGR changeout.

Figure 3, Example calculation with MGR changeout

For more information please contact Jim Burelbach at burelbach@fauske.com.

Contact Us

Modeling the Fundamental Burning Velocity
By Patrick Wojcik, Manager, Flammability Testing and Consulting Services, Fauske & Associates, LLC

The Flammability Department at Fauske & Associates, LLC (FAI) has recently added determination of
fundamental burning velocity to its ISO 17025 scope. The fundamental burning velocity (SU) is defined as
the velocity of a laminar flame under set conditions of temperature, pressure, and composition of an
unburned gas. The fundamental burning velocity can be calculated from deflagration test data with the
following relationship (Senecal and Beaulieu, 1997):

where

Su
R
dP/dt
P0
P
Pe
k

=
=
=
=
=
=
=

fundamental burning velocity (cm/s)
radius of test apparatus (cm)
maximum rate of pressure rise from experimental data (bar/s)
initial test pressure (bara)
pressure at which dP/dt was observed (bara)
maximum pressure from closed system experiment (bara)
heat capacity ratio (-)

Afterwards, the burning velocity result is corrected using the following equation from NFPA 68. This
equation adjusts the burning velocity of an unknown material based on the results of a propane
calibration test performed in the experimental apparatus of interest along with the accepted propane
burning velocity of 46 cm/s.

Estimation of Burning Velocity from Closed Vessel Testing
Burning velocity is determined in tandem with explosion severity testing, which FAI performs to EN
15967, another recent addition to FAI’s ISO 17025 scope. Data obtained from the explosion severity test
include the maximum overpressure (Pmax) and the maximum rate of pressure rise (dP/dt), from which the
deflagration index (KG) is calculated.
An example time-pressure curve for a deflagration of 10% methane in air is seen in Figure 1. Data from
this graph provides Po, P, Pe, and dP/dt.

Combining pressure vs time data with the remaining constants (R and k) of Eq (1) gives burning velocity
at a particular pressure. This calculation is then extrapolated across the entire deflagration event. Burning
Velocity vs Pressure (barg) is afterwards plotted between 0.1 and 3.0 barg (blue) as well as between 0.3
and 2.0 barg (orange), as seen in Figure 2. A least squares linear fit is applied between 0.3 and 2.0 barg
(black). The resulting line is then extrapolated to P (barg) = 0 to obtain the Burning Velocity result.

Using data from approximately 40 ignitions across a range of fuel concentrations, FAI is able to create a
burning velocity curve with respect to fuel concentration to determine the maximum burning velocity for a
fuel in air. An example curve of methane can be seen in Figure 3.

FAI has performed verification testing to compare burning velocity results to literature values, which can
be seen below in Table 1. The reported burning velocity results are corrected using the above NFPA 68
equation with FAI’s result for propane. Verification testing is performed on an annual basis to ensure
validity of testing results and to satisfy requirements set by ISO 17025.

Applications in Process Safety
In terms of process safety, the burning velocity is vital when performing vent sizing calculations for
mitigation of deflagration events. Hybrid gaseous mixtures containing more than one flammable
component would further benefit from such testing, as flammability data on mixtures are typically not
readily available. Making assumptions and averaging burning velocity data for gaseous mixtures may
also not be appropriate in instances where components exhibit a vast difference in flame speed, such as
hydrogen (~310 cm/s) and methane/propane (~40 cm/s). By implementing Senecal and Beaulieu’s
estimation method, test data can be preferably relied upon, with less assumptions being made. This
could also prevent system designs from being overly conservative and costly.
In addition to vent sizing per NFPA 68, determining burning velocity is also a new requirement for testing
fire safety hazards linked with propagating thermal runaway within battery systems, specifically UL 9540A
Edition 4. In this test, a thermal runaway is triggered in the battery, which then results in a rapid increase
of the cell temperature. The temperature rise precedes the emission of flammable gases from the cell.
These gases are then collected, analyzed, and a custom gas mixture is synthesized in larger quantities
for deflagration parameter testing. The installation, operation, and maintenance of battery energy storage
systems requires lower flammability limit, explosion severity, and burning velocity test data on these
custom gas mixtures. The data are then used to determine the necessary fire and explosion protection
safeguards for these battery systems.
More information on UL 9540A Edition 4 testing and requirements can be found in last quarter’s
newsletter.

Further Development
With the growing demand for obtaining burning velocity values for various chemicals or chemical
mixtures, Fauske & Associates is taking further measures in developing additional methods to visually
determine the fundamental burning velocity. FAI is currently in the process of designing and building a
new glass tube apparatus that will be used to measure the velocity of a flame propagating along the
vertical tube. This tube method will satisfy the requirements of ISO 817 – Annex E. Currently, FAI is
anticipating the apparatus to be completed by the end of 2020 and added to the ISO 17025 Scope in
2021.
In addition to the tube method, FAI will be studying the estimation of the fundamental burning velocity
using Britton’s correlation provided in NFPA 68:

where

Su
ΔHc
χOF

= fundamental burning velocity (cm/s)
= heat of combustion of fuel (kcal/mole)
= stoichiometric ratio of oxygen to fuel (-)

The heat of combustion values for gaseous mixtures will be estimated using ASTM’s CHETAH software
which implements Benson’s method of group additivity.
For more information, contact us at flammability@fauske.com.
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My Three Favorite New Features in FERST
By Elizabeth J. Raines, Chemical Engineer, Fauske & Associates, LLC

Fauske Emergency Relief System Tool (FERST) powered by CHEMCAD
As an engineer in Fauske & Associate’s Thermal Hazards Group, I am fairly well versed in the area of
emergency relief system design; and I am certainly aware of some of the aspects that make it, at times,
difficult and time consuming. When my colleagues announced the development of our new tool, FERST
powered by CHEMCAD, I can honestly say our team was ecstatic. I want to share with you a few of my
current favorite aspects of this software that has made emergency relief system design much easier (they
say you should always work smarter not harder, right?!).

1 - Built-in DIPPR Material Properties
FERST powered by CHEMCAD allows the user to input user-specified material properties (helpful when
relieving materials are unusual or exact experimental data on the material properties are available).
FERST can now automatically generate the required material properties at the relieving conditions based
on user selected components. This is an excellent feature, and it allows me to rapidly determine the
effect of changing the set pressure on the relief requirements or to determine the worst-case venting
situation. FERST powered by CHEMCAD uses the most up-to-date DIPPR database for the pure
component properties and provides many different thermodynamic and mixing models for mixtures or
materials with unknown properties.

2 - Clear Outputs for Describing New Relief System Designs
If a new relief system design is your goal (whether that means a new build or maybe you are moving
vessels and need new or alternative relief piping), the Design output of FERST is going to be a huge
help. This mode of FERST operation utilizes the Leung-Omega methodology with the most recent LeungOmega correlation and a single set of equations to determine the mass flux for hybrid, gassy, or vapor
systems. The solution to these governing equations provides the ideal vent area required. This means
that in a perfect world without any frictional losses, this is the required flow area of your relief vent in
order to protect your vessel from over pressurization.
Since frictional losses will always be present, FERST takes the results a step further and provides
recommendations for the relief vent you should actually install. If you select a rupture disk, FERST will let
you know what the actual relief orifice area should be, and the maximum amount of frictional losses (i.e.,
velocity head losses) you can install in the relief vent. If you are interested in installing a pressure relief
valve, FERST will tell you what API orifice size you need, as well as the estimated maximum amount of
inlet and outlet frictional losses your relief system valve can accept to satisfy the 3% inlet pressure loss
and built-up backpressure requirements. This is an easy first step for any new design.

3 - Easy Evaluation of Existing Relief Systems AND Clear Outputs for
Downstream Effluent Handling Parameters
There are many different situations where you need to evaluate the adequacy of an existing relief system;
for example, when performing new chemistry in an existing vessel, switching vessels to increase
capacity, making a process change, if a new upset scenario was identified during a PHA, after acquisition
of a new plant, etc. Luckily, with FERST’s Rating mode, it is easy to input the information of a currently
installed relief device (for either a rupture disk or relief valve) as well as information on the relief piping.
The output file provides the expected maximum pressure your vessel will experience for this scenario.
This allows you to compare this pressure to the maximum allowable accumulated pressure (MAAP) to
determine the adequacy of your relief system. Besides this crucial piece of information, the FERST output
also provides key parameters (e.g. peak temperature, discharge two-phase density, discharge mass flow
rates and flux, etc.) that you can easily use to evaluate additional downstream elements such as flares,
quench tanks, knockout tanks, or for completing structural analysis on the relief piping.

Our team is constantly working to improve the software and bring in even more exciting features to
FERST, and all of these updates are included! Some of the features I am most looking forward to are
dynamic vessel venting and the capability to model multiple vessels venting simultaneously. Please
contact us for a demo!
Reach out to the Thermal Hazards group for any of your relief system design needs or to learn more
about FERST powered by CHEMCAD.
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Hazardous Area Classification
By Venky Viswanathan, Lead-Electrical Product Testing Line, Fauske & Associates, LLC

Why hazardous area classification?
The main purpose of hazardous area classification layout is to facilitate the selection of appropriate
equipment and installation procedures to ensure that the equipment can operate safely in that
environment and does not cause fires or explosions.
Hazardous areas can be defined as locations in an industrial facility in which an explosive atmosphere
can be caused due to the presence of flammable gases, liquids, vapors, dusts, and fibers, under both
normal and abnormal operating conditions.
Hazardous area classification is a method of analyzing and classifying the environment based on the type
of flammable material present, and the probability of its occurrence.
The hazardous area classification layouts are typically prepared by a team of Process and Electrical
engineers, supported by specialists from plant operations and Health, Safety and Environment (HSE).
In the United States, API RP 500, NEC, NFPA 497, are NFPA 499 are most commonly used. The
American system is based on Class and Division system of hazardous area classification.
In other parts of the world IEC 60079 and standards based on the same such as EN 60079, BS EN
60079, AS/NZS 60079 etc. are more prevalent. IEC 60079 is based on the Zone system of hazardous
area classification.
American Standard API RP 505 is also based on the Zone system.
This article does not address hazardous areas caused by flammable fibers.

Historical Perspective
Origins of hazardous area classification can be traced back to coal mining during the industrial revolution.
Methane (firedamp) that was trapped in the coal was released during the process of mining. Methane,
being a flammable gas, presented a major fire hazard as it was easily ignited by the flaming torches
carried by the miners, and this sometimes led to the ignition of coal dust causing major accidents.
As a safety precaution a person wrapped in a wet blanket and carrying a long pole with a flaming ember
at the far end entered the mine before the start of a shift. The intent was to ignite a cloud of methane if it
was present, and the "safety officer" would (hopefully) be saved by the wet blanket. However, being
saved by the wet blanket depended on the volume of methane. The rationale was that this approach
would save many other lives.
Safety improved with inventions such as the safety lamp invented by Humphry Davy around 1815. This
was followed by much safer devices such as battery-operated lamps.
In the United States, the concept of hazardous areas was first addressed in the 1923 Edition of the
National Electric Code (NEC). In current editions, Chapter 5 (Special Occupancies) addresses hazardous
areas.

Fire Triangle
Fire can be defined as a rapid oxidation process (a chemical reaction) which releases heat, light and
sound.
In order to start a fire three components are necessary, and these are typically represented as the sides
of a fire triangle. A fire can be extinguished by eliminating any one of the three components shown in the
fire triangle.
The definitions of each of the three components are as noted below:
Fuel- something that will burn under the right conditions
Heat- source of ignition that will cause the fuel to ignite
Oxygen- required to sustain the fire

Fire Tetrahedron
Recently, a fourth component has been added to the fire triangle resulting in a fire tetrahedron. The fourth
component is called the “uninhibited chemical chain reaction”.
The “uninhibited chemical chain reaction” provides the "positive feedback" of heat to the fuel to produce
the gaseous/vapor form consumed in the flame. In other words, the chemical chain reaction provides the
heat necessary to maintain the fire. The fire tetrahedron helps illustrate the benefit of fire suppression
with the use of "clean agents". The clean agents help extinguish fires by interrupting the chemical chain
reaction of combustion.

Class and Zone Systems

Class and Zone Systems are summarized in the following table:

Notes
1. There is no direct correlation between Class and Zone systems. The table presents an approximate
comparison for the purpose of illustrating the similarities / differences between the two systems. Please
refer to applicable standards for definitions and details.

Temperature Class
Temperature class can be defined as the maximum surface temperature at any part of the enclosure
under any condition. This temperature should be less than the Auto Ignition Temperature (AIT) of the
gases present in that area. The rationale is that if the surface temperature of the enclosure is less than
the AIT, a necessary condition to complete the fire triangle (Heat) is not fulfilled and thus ignition of the
gas is prevented.
Temperature Class is as defined in the table below:

Gas Groups
Gases and vapors have distinct physical and chemical properties such as smell, color, ignition
temperature, explosion pressures etc. Given the number of gases and vapors encountered in industry it
is not practical to identify gases individually for the purposes of hazardous area classification. Hence, as
a practical method, gases are placed into groups. This method is followed in both American and
European systems.

Equipment for Hazardous Areas
Equipment such as circuit breakers, switches, contactors etc., which can cause arcing and sparking shall
be enclosed in explosion proof housings. Refer to Article 100 of the NEC for definitions of explosion proof
equipment.
For Class I locations, the enclosure should be robust enough to contain the arc/spark or explosion within
the enclosure itself and should be designed such that the hot gas produced inside the enclosure is
adequately cooled as it escapes the enclosure. The surface temperature of the enclosure shall not
increase beyond the specified Temperature Class rating.
For Class II locations, the enclosure shall keep dust out of the interior and operate at a safe surface
temperature. The presence of dust inside the enclosure is unlikely and hence the probability of an internal
explosion is low. These enclosures may have thinner walls in comparison with enclosures rated for Class
I installation. The construction of these enclosures is known as dust-ignition proof. Refer to Article 100 of
the NEC for definitions of Dust-Ignition proof equipment.
Purged and Pressurized Systems

In case of purged systems, the enclosure is supplied with a protective gas such as dry instrument air or
nitrogen at a suitable pressure and flow rate and this will reduce the concentration of any flammable gas
or vapor that may be initially present to a level that it will not support an explosion. The enclosure is
purged before starting the equipment.
In case of pressurized systems the enclosure is supplied with a protective gas such as dry instrument air
or nitrogen to maintain a pressure slightly higher than atmospheric pressure, and this will prevent the
entrance of a flammable gas or vapor or a combustible dust inside the enclosure.
NFPA 496 provides information on the methods for purging and pressurizing electrical equipment. Refer
to Article 100 of the NEC for definitions of purged and pressurized systems.
Intrinsically Safe Systems
Intrinsically safe systems are typically used in instrumentation and control applications. Intrinsically safe
systems do not release electrical or thermal energy to cause ignition. Intrinsically safe systems typically
use Zenner barriers or Galvanic isolation.
ANSI/UL 913 provides information on the design, testing and evaluation of intrinsically safe systems.
Installation requirements are covered in Article 504 of the NEC.
The IEC system follows the system as defined in various parts of IEC 60079. The most commonly used
ones are as noted below:
1.
2.
3.
4.
5.
6.

Ex-d ( Flame Proof Enclosure)
Ex-e (Increased Safety)
Ex-n (Non-Incendive)
Ex-p (Pressurized)
Ex-i (Intrinsically Safe)
Ex-m (Molded Encapsulation)

Best Practices
Some best practices for hazardous area classification are as noted below:
1. Follow established engineering practices such as API, NEC, IEC and PIP etc.
2. Ensure that hazardous area requirements are established before purchasing equipment.
3. Ensure that hazardous area classification layouts reflect the current status of the facility.
4. Review and update layouts before each modification.
5. Ensure that the addition of new equipment does not impact existing equipment / facility and if so,
take corrective action.
6. Ensure that the area classification "cloud" (the 3D space where fire or explosion hazards may
exist) does not encroach roads, walkways, occupied buildings, welding / fabrication yards etc.
7. Perform a thorough review when introducing new sources of release in an existing facility.
8. Ensure equipment installed in the classified area is rated for service conditions.
9. Follow the manufacturer’s installation manual, applicable codes and standards.
10. Maintain proper documentation.

Conclusion
Electrical equipment such as motors, circuit breakers, solenoids etc., can cause arcs and sparks under
normal and abnormal conditions. This could cause a fire and/or an explosion in an environment where
flammable chemicals are present, such as in an oil refinery or chemical manufacturing plant. Hazardous
area classification helps us identify these risks so we can select appropriately rated equipment to ensure
a safe and reliable operating facility.
Fauske and Associates LLC has the expertise, experience and capabilities necessary to perform
hazardous area classification studies for flammable gases, liquids, vapors and dusts. Please contact
Venky Viswanathan, venky.viswanathan@westinghouse.com.
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API 500 - Recommended Practice for Classification of Locations for Electrical Installations at
Petroleum Facilities
NFPA 70 - National Electric Code
NFPA 497 - Recommended Practice for the Classification of Flammable Liquids, Gases, or
Vapors and of Hazardous (Classified) Locations for Electrical Installations in Chemical Process
Areas
NFPA 499 - Recommended Practice for the Classification of Combustible Dusts and of Hazardous
(Classified) Locations for Electrical Installations in Chemical Process Areas
IEC 60079 Series - Explosive Atmosphere Standards
PIP ELEHA01 - Engineering Guide for Determining Electrical Area Classification

Abbreviations
API
NFPA
CSA
IEC
NEC
PIP

American Petroleum Institution
National Fire Protection Association
Canadian Standards Association
International Electrotechnical Commission
National Electric Code (NFPA 70)
Process Industry Practices

List of Contributors:
Jim Burelbach, PhD, Chief Commercial Officer, Fauske & Associates, LLC
Marc A. Cramer, Digital Marketing Analyst, Fauske & Associates, LLC
Zach Hachmeister, President, Fauske & Associates, LLC
Donald J. Knoechel, PhD, Senior Consulting Engineer, Fauske & Associates, LLC
Marty Plys, DSc, Chief Technology Officer, Fauske & Associates, LLC
Carol D. Raines, Graphic Illustrator , Fauske & Associates, LLC
Elizabeth J. Raines, Chemical Engineer, Fauske & Associates, LLC
Venky Viswanathan, Lead-Electrical Product Testing Line, Fauske & Associates, LLC
Patrick Wojcik, Manager, Flammability Testing and Consulting Services, Fauske & Associates, LLC

Contact Us for More Info!

Let us help you with your process safety needs.
Connect with us online for more content!

Fauske & Associates, LLC, 16W070 83rd Street, Burr Ridge, Illinois 60527, USA, 630-323-8750
Unsubscribe Manage preferences

