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Meet your presenter

» Over 30 years of Engineering and Process Safety Experience
» Pressure Relief and Flare Systems

¥ PRV Stability and Fluid Dynamics

» Chemical Reaction Systems
G. A._ Melhem, Ph.D., FAIChE
¥ Fire, Explosion, and Dispersion Dynamics President and CEO
¥ Quantitative and Transportation Risk Analysis
¥ LNG, LPG, and Hydrogen Safety
» Process Safety Management

» Litigation Support & Public Testimony
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This tutorial represents part | of a six-part series on “Best Practices for Calculation of

Self Accelerating Reaction Temperatures (T.,) for Reaction Systems’’

¥ Part | — Data Reduction

» Part |l — Kinetic Model Development

» Part lll — Semenov Approach, Simplified and
Dynamic

¥ Part IV - Kamenetskii Approach, 1D/2D, Simplified
and Dynamic

» PartV — Case Studies

» PartVI-UN and DOT Requirements
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What you are expected to learn from this tutorial includes

» How to develop simple iso-conversion Key References:
Kinetic models G. A. Melhem, S. Grenier, and L. Ding,
N “Thermal stability indicators”, an ioMosaic
¥ How to develop thermal stability Corporation white paper, August 2021.

Indicators including Tg,, Tyg, and tyg G. A. Melhem, “Development of kinetic

models — Part |. Thermal Stability”, an
IoMosaic Corporation white paper, August
2022.

» How to evaluate thermal stability

» How to develop detailed kinetic models

G. A. Melhem, “Development of kinetic
models — Part Il. Pressure Relief
Systems”, an ioMosaic Corporation white
paper, August 2022.

» How to use detailed kinetic models for
pressure relief systems design and

evaluation
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Why do we need kinetic models?

» EXxothermic runaway reactions can cause loss of containment, significant loss of property

and life, and environmental impact

¥ Safe storage, handling, and transportation of reactive chemicals require rate information

for both desired and undesired chemistries
» Safe Scaleup of laboratory data to plant scale
» Numerous scenarios can cause runaway reactions

» Safe discharge location considerations

© ioMosaic Corporation ioM'osaiC® 5



What kind or types of kinetic models can be developed from
calorimetry data?

» Simple or iIsoconversion

MOC

els

» Detalled models

¥ Mechanistic?

© ioMosaic Corporation
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Simple or isoconversion models are easy to develop but ...

» Cannot be used for pressure relief design and/or vent containment design

» Mostly used for thermal stability assessments where phase change can be neglected and

where there Is no mass exchange with the system boundaries
» Do not require information about stoichiometry, phase change, or vapor/liquid equilibrium

» Requires calorimetry data (ISO Laboratories recommended) as do detailed models
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Detailed kinetic models are more complex than isoconversion
models, but..
» They can be used to extend limited test data to wider ranges of composition, temperature,

and pressure

» Require the development of reaction stoichiometry, and detailed thermophysical and

transport properties

» Mostly used for modeling the dynamics of pressure relief systems and/or vent containment

design, process dynamics, as well as thermal stability assessments

» Recommended over direct scale-up models because they often result in practical designs

and better risk reduction

» Once a detailed kinetic model is developed, it can be used repeatedly In many process

design and modeling applications
© ioMosaic Corporation ioM'osaiC® 8



Temperature based isoconversion models assume that
conversion of reactants is only a function of temperature

[f the reaction progress is only a function of temperature, we can express the reactant concentration
(" as a function of reaction temperature for a single stage simple reaction:

— (' = C l
Co LIong — Lo . ( AT ) ’ (1)
\_\,_"

AT '\

where (' is the stating reactant concentration, 7,,r iS the measured final temperature and 7y,
is the detected onset temperature. Differentiating €' with respect to time ¢ yields the following

expression:

dC’ ;F.D dl’

R 2
dt AT dt %)
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But the reaction progress can also be expressed as a function
of concentration and reaction rate

But the reaction progress can also be expressed as a function of concentration and reaction ratef

dC’
dt

- r— ‘ :. -_—
= —hNC"=—-Aexp|——= | C" 3
! A exp ( T) (3)

where FE is the activation energy 2 in Kelvin, /A is the rate constant, and n is the reaction order. As

a result:
dT L m—1 _ . E (Tmf o T)” ;
- = ACT " exp (—?) { NS ] (4)
or

E

[ AT dT]
In 0 =

_ = In(ACTh) - = 3
Tm.f — T)n dt N ( 0 ) I \ -
N’

K’*

For a specific value of n, a plot of the left hand side of the above equation vs. 1/T yields the
activation energy £ of the reaction and the pre-exponential factor A. With proper regression the
reaction order n can also be determined.
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Isoconversion models relate the reaction progress or conversion

to concentration

i

a = 1-— where 0 < a <1 (6)

Co
Substitution of « into the above equations yields the following expression for %

dT’ d1 do _da

= - AT— 7
dt do dt dt (7)
(3{1 11— E (Tmf o Tj . 1 — E - T
il ACT 1 exp (—?) [ AT } = ACyexp (—?) (1 —a) (8)
fla)=(1-a)"
or
1 dov E

_ = AC" texp [ —= 9

A—a) d o &P ( 'T) )

Equation 8 is always arranged in a similar fashion to Equation 5 such that a plot of the logarithm

of left hand side of Equation 9 vs. the inverse of temperature yields the activation energy of the
reaction as shown in Equation 10:

1 do 1 da E
1 o= — In (ACp™) = = 10
! [f(m-) df] ! [(1 —a) d.t] n{AGT) 7 oo

\
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The reaction heating rate is expressed as a function of the
overall heat of reaction and da/dt

d_ﬂ; Aeyp dov w(1) = EPQ('T)

(1) = Al— =— (11) |
it di ~—— W(T) = eppa(T)

where Aepy, is the heat of reaction per unit mass °, ¢, is the specific heat capacity at constant
volume, and ¢(1") is the reaction heat generation rate in /<'/s. This simple reaction model can be
developed directly from ARC, APTAC, Phi-TEC II™, and VSP2™ test data because temperature,
temperature rise rate, and pressure data are measured as a function of time *. The data will first
have to be corrected for thermal inertia [4], ¢, which is a measure of the thermal capacity of the
test cell:

McCp,

o = 1+ (12)

MsCp,

where 1 is mass, ¢, is specific heat capacity at constant pressure, . refers to test cell or container,
and , refers to sample. Equation 12 is commonly used and referenced in the open literature.
However, a more fundamental and correct version of Equation 12 should use the heat capacity at
constant volume, ¢, because most of the adiabatic test calorimetry data is collected under constant
volume conditions.

M eCy,.

(13)

o = 1+
MsCo,
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Measured data can also be corrected for thermal inertia for simple
single stage reactions

1. Correct the measured temperature using the corrected onset temperature 7 ;..

T(ﬂcnn&cled e {?—’r'-l" [T(t}measumd — Tdo]

2. Correct the measured temperature rise rate, %f t), data:

dl’ dl’ 1 1
—(?)corrected = @——(t)measured €XP | £ ; —
( ) e i dt ( } a2l |: ('T(Umeasured T(f}comcted)]

dt
. Sequentially update the measured time data:

s

T (f] corrected 1
Leorrected = / dT ( t] dl’
T0- dt \ corrected

where fcomreced 18 the adjusted reaction time at a thermal nertia of 1.

e | 4 )
© ioMosaic Corporation IOMOSG|C® 13



ARC Measured dT/dt for a 20 % mixture of di-t-butyl peroxide
In toluene (¢p=1.78)

N
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The first order isoconversion
model parameters are shown
above. The overall heat of
decomposition is determined to
be -1,416 J/g of di-t-butyl
peroxide.

We note that the initial
concentration C, Is raised to the
power n — 1 =0 and does not
Influence the pre-exponential
factor A

ioMosaic”



ARC data isoconversion best fit model for a 20 % mixture of di-t-
butyl peroxide in toluene (¢p=1.78) using SuperChems Expert

In [1/(f(alpha) x dalpha/dt)]

-10

'1 1 ! [ ! I ! I ' I ! I ! I
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Temperature. K
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DSC data can also be used to develop iIsoconversion kinetic
models based on heat flow data

Q

O = — Ac or (15)
dox Q |
dt —A€,pn (16)
ﬂnd /

1 da ’_ Fla)
In (f(ﬂ) {H) = In[A(a)] — @ (17)
T'(t) = To+ 5t (18)

Integration of the conversion rate, da/dt, yields the reaction time

t o - ¥ f
t = /df:/ % f{m-:f o (19)
0 0 \ @ 0 fla)A(a)exp ( E{“))

- T()
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Measured DSC heat flow data for alpha-methylstyrene at a
heating rate, =5 C/min

0.5
3 End of exotherm _
= 455 C The integrated overall heat of
_ N reaction is approximately
0.25 - -430 J/g
E Detected onset = 285 C
=
£
g O T R It
o
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Temperature. C
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Best fit DSC isoconversion model parameters for alpha-
methylstyrene polymerization using SuperChems Expert

iy
The best fit isoconversion

] model parameters are shown
— below
s 4
2 Predicted . 95 ().
g L 1‘“ — 1.722 x 10" x exp (—‘Ji J[]J‘)
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Similarly, mass loss data (TGA) can be used to develop simple
Isoconversion kinetic rate expressions

mo —m (1)

a(l) = — | dov dT do dav
Mo — My R
T(t) = T,+ Bt dt dt dT’ dl’
dov g — /
ar),  Ti—Tp
dov 1 vy, — ¥ 1 (Vi1 — O
- _ - _ _9
(drf)f_ 2 (T - T) T3 (-Tm - T) or = b
dov Q1 — Qi
dT n—1 B .Tn—l _ T:m—'}.*

Like DSC data, integration of the TGA conversion rate yields the reaction time (also see [6]):

: , “ deov
/ ﬁ_/ m_/ o) oo [ E@Y £
4(&){_,}11}( T{t}) fla)
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Measured TGA mass loss data for calcium oxalate

110 E Stage 1 The data shows three distinct decomposition stages of apbroximately 12 9% weight loss for étage I
V% (CaC,0,.H,0O(s) — CTTa.CTQO4(.s) T+ H,0(g)). 19.2 % for stage 2 (— C'aCO,(s) + CO(g)) and
100 - 30.1 % for stage 3 (— C'aO(s) + CO,(g)).
] Stage 2
90 - Va
80 — Stage 3
X /
2 70-
(O ]
= ]
60 -
50
40 -
30 : ! [ ' I ! I ! I ! I ! I ! I ! I ' I ' I

0 100 200 300 400 500 600 700 800 900 1000
Temperature. C

© ioMosaic Corporation ioM'osaiC(@ 20



Isoconversion kinetic models can also be developed based on
measured pressure and/or pressure rates

In some instances, simple kinetic expressions can be developed from pressure data. This can be
useful for combustion or oxidation reactions and liquid phase endothermic reactions that produce
non condensible reaction products. Assuming a linear dependence of degree of conversion o on
pressure, we can write the following expression for o

P—F
FT‘.'I_,I"_H}

Y =
where P, ¢ 18 the measured maximum constant volume pressure, and [ 1s the initial starting pres-

sure. The differential change of reaction conversion o with respect to time 1s simply proportional

to change 1n pressure:
do 1 dF
dt — \Pnr—HR) dt

© ioMosaic Corporation ioM'osaiC(@ 21




More complex iIsoconversion forms can be used to represent
multi-step reactions and reactions with autocatalytic behavior

1= 4'“'\'"5 teps
do

— = Z K;(1—a"™)a™
dt —

A complex reaction system can be divided into multiple reaction segments such that:

doy

il Z flag) Ky where ¢ = 1, ..., Number of reaction segments
t .
7

SuperChems Expert enables the user to select a more complete and flexible representation of f(c):

1 do _
flaydt — /

f(la) = (a—>ba®)" (d+a™)

where a, b, ¢, n, d, and m are user defined constant parameters. The constant parameters d and m
are typically used when considering autocatalytic reactions.

© ioMosaic Corporation ioM'osaiC(@ 22



We can easily couple isoconversion models with thermal
explosion theory

mrcy, + M Cy = [US [Tﬂ —T.) — Aéren
T dt ° dt Ny dt
Heat Accumulation Heat Transfer Heat Cleaesation

dov _ ‘A(ij(ﬂ) (_n};p( E(nj)

dt T
A “rxn da
q(1') = : ° and
Cpp i
. MGy
T(1) = 7S and
dT 1 [ 1

dt 6 |7(T) (Tﬂ_THQ(T)_
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T, IS the lowest ambient or heat transfer fluid temperature
above which equilibrium is lost

. 1
Semenov:
- dln[T(Ty)]
o Tf —Tjn..r R dTL ‘ETL':TINR
.TE _
T2 L
]ﬂNH -
| , K+ 1
Isa = 5, =
1 !
¢ |:Bi:-‘-:3 | Bz:|
Kamenetskii:
Geometry or shape K B ~
9 Infinite slab 0 2.39
9 T Infinite cylinder 1 2.72
TE’A —  Cop PT x B xq ( Is4) Sphere 2 3.01
Ta Right cylinder (I = d) 1.78 2.72
\-—-..v.—-l"‘ - . — i
Time Constant Finite cylinder (! > d) with heat loss at both ends 1 +0. rb(d}z’)z 2.72
o Finite cylinder ([ > d) with heat loss at one end 1+ 0.195(d/1)? 2.72
Finite cylinder (d > [) with heat loss at both ends —0.12 +1.9(1/d)? 2.72
Cube 1.52 2.72
Box 0.825 [1.067 + (z/y)? + (z/2)7] - 1| 2.72
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Tyr IS the absolute maximum
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SuperChems Expert T¢, or SADT estimates for 20 % di-t-butyl peroxide
In toluene
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Quick estimates for t,,, Tyr, @and Tg, for 20 % di-t-butyl
peroxide in toluene using SuperChems Expert
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Detalled kinetic models can be used for thermal stability and
pressure relief systems evaluatiorjs/

» Direct scaleup vs. detailed kinetic modeling
» Development of reaction stoichiometry in addition to reaction rates

¥ Representative reaction stoichiometry is a must because It Is necessary for development of

chemical compositions as the reaction proceed

» Chemical compositions drive the vapor/liquid equilibrium conditions and as a result, the

fundamental pressure-temperature relationship of the system

» This in turn determines the coincident temperature and reaction rate(s) at the opening

pressure of the relief device and the effective molecular weight and volumetric flow rate of

what Is being vented

© ioMosaic Corporation ioM'osaiC® 28



Chemical equilibrium can provide insight into the potential
hazards of many different types of chemical reactions

Combustion

Polymerization

CHETAH* HIGH Adsorption

Wetting

RATE | IMITED AU 0 Mixing & Dilution
Mixing & Dilution

Exothermic

MIXING LIMITED

Fusion Endothermic

Vaporization
LOW

* See E. S. Shanley and G. A. Melhem, “A review of ASTM CHETAH 7.0 hazard evaluation criteria”, . .
© ioMosaic Corporation Journal of Loss Prevention in the Process Industries, Vol. 8, No. 5, Pages 261-264, 1995 |OM6$G|C® 29



Direct minimization of the Gibbs free energy Is the most
effective method for calculating chemical equilibrium

» Can be used for multiphase systems (Solids, Liquids, Vapor)
reactants

» Can be constrained using limited measurements to aid in the

equilibrium

development of reaction stoichiometry state

» Can be used to screen the hazard potential of chemical reactions ,
products

:/

extent of reaction

dispersion of energy

» Requires an atom matrix

-

¥ Requires a large selection of potential reaction products

3
¥ Requires thermodynamic properties
¥ Difficult to solve for multiphase systems

» Equilibrium states are often flat and require accurate numerics

© ioMosaic Corporation ioM'osaiC(@ 30



A reaction that is thermodynamically possible but lacks a
rapid mechanism is said to be “kinetically limited”

kf Many factors can drive a 3
Reactants 69 Products chemical reaction in either Keq rFe kf / kr
k direction

r

Quantity of Interest Methods

Degree of conversion How complete Is the reaction? Thermochemistry
Theoretical

Speed of conversion How fast Is the reaction? Kinetics
Measurements

ldentity of components What is the composition? Equilibrium Constraints
Measurements

© ioMosaic Corporation
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Use of chemical equilibrium tools such as those provided In
SuperChems Expert can speed up the development of
reaction models

» Slow reactions are the passive constraints that will retard the reactants
relaxation of the system from reaching complete equilibrium, g equilibrium

» Fast reactions will equilibrate the system subject to the ‘g -
constraints imposed by the slow reactions, and g ;;Droducts

» The system will proceed to its final state through a sequence of '-{i‘,’ /
constrained equilibrium states at a rate controlled by the slow 0 : 1‘

_ extent of reaction
reaction steps.

© ioMosaic Corporation ioM'osaiC(@ 32



Development of reaction stoichiometry and rates requires

expert skills and some understanding of the chemistry involved

Case 1 Case 2 Case 3
Atom and Constraints Matrix rank 5 6 9
Maximum number of independent reactions 96 95 92
Scaled Gibbs free energy 1232 1242 1564
[nitial temperature (K) 383 383 383
Final temperature (K) 463 463 463
[nitial pressure (Pa) 275000 | 275000 | 275000
Final pressure (Pa) 3290000 | 3290000 | 3290000
Initial number of moles (kmol) 254.815 | 254815 | 254.815
Final number of moles (kmol) 277.98658 | 281.616 267.5
Change in number of moles (kmol) 23.17158 |  26.801 [12.685
[nitial volume (m3) 10.4 10.4 10.4
Final volume (m3) 51.6 46.8 10.8
Volume change (m3) 41.2 36.4 0.362
[nitial enthalpy (M1J) 87000 87000 87000
Final enthalpy (MJ) 86400 86600 86900
Enthalpy change (MJ) 516 -388 -69

© ioMosaic Corporation
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Stoichiometry drives vapor/liquid
equilibrium and flow rate estimates
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In order to develop a valid detailed kinetic model, five
Indicators must be demonstrated to have good fits

¥ Temperature vs. time: This should include the heat-wait-search portion of the calorimetry

test or the constant heat ramp portion of the test

» Pressure vs. time: This should include the heat-wait-search portion of the calorimetry test

or the constant heat ramp portion of the test

¥ Pressure vs. temperature: This Is a critical system curve because it establishes the

reaction rate at the opening pressure of a relief device. This relationship Is sometimes
iIntentionally biased to be slightly conservative to account for uncertainties in testing

methods and thermophysical properties

© ioMosaic Corporation iOMVOSGiC® 34



In order to develop a valid kinetic model, five indicators must
be demonstrated to have good fits (continued)

» dT/dtvs. time: This is used to also show the goodness of fit for the cool down portion of

the test. Often, a logarithmic plot of dT/dt vs. Temperature Is used

¥ dP/dtvs. time: This iIs used to also show the goodness of fit for the cool down portion of

the test. A logarithmic plot of dP/dt vs. Temperature or dP/dt vs. dT/dt is also used.

© ioMosaic Corporation iOMbsaiC® 35



Best fit kinetic model developed using SuperChems Expert for

the decomposition of 50 % dicumyl peroxide in toluene
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Best fit kinetic model developed for the polymerization (and
polymer decomposition) of butyl acrylate inhibited with MEHQ
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Calculated pressure-time histories for fire induced butyl
acrylate runaway polymerization using SuperChems Expert
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Kinetic models, simple or detailed, play an important role In
chemical reaction safety

» We have developed an integrated suite of tools that can simplify and enhance the guality

of chemical reaction systems evaluations for safe storage, processing, and transportation

applications
¥ Reactivity Expert
» Reactivity data reduction and processing

» Dynamic simulation of runaway reactions

© ioMosaic Corporation
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Recommended additional reading

¥ G. A Melhem, “Relief systems last line of defense, only line of defense?”, Process Safety
Progress, vol 25, No. 4, December 2006

v

v

G. A. Melhem and

Peter Howell, “Designing Emergency Relief Systems for Runaway

Reactions”, Chemical Engineering Progress, September 2005

G. A. Melhem, “Calculate phase and chemical equilibria using Process Safety Office®

SuperChems Expert™” an ioMosaic Corporation white paper, March 2021.

G. A. Melhem, “Po

vmerization modeling for emergency relief systems”, an ioMosalic

Corporation white
G. A. Melhem, "Po

paper, July 2020.

vmerization reactions inhibitor modeling — styrene and butyl acrylate

Incidents case studies”, an ioMosaic Corporation white paper, July 2020.

G. A. Melhem, “Quickly develop chemical interaction matrices with SuperChems”, an

loMosaic Corporation white paper, March 2018.
G. A. Melhem, “Systematic evaluation of chemical reaction hazards”, an ioMosaic

Corporation white paper, August 2022.
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Recommended additional reading (continued)

¥ G. A. Melhem, “An advanced method for the estimation of reaction stoichiometry and rates
from ARC data”, an ioMosaic Corporation white paper, August 2022.

¥ G.A. Melhem, S. Grenier, and L. Ding, “Thermal stability indicators”, an ioMosaic
Corporation white paper, August 2022.

¥ G. A. Melhem, “Development of kinetic models — Part |. Thermal Stability”, an ioMosaic
Corporation white paper, August 2022.

¥ G. A. Melhem, "Development of kinetic models — Part |l. Pressure Relief Systems”, an
loMosaic Corporation white paper, August 2022.

¥ G. A. Melhem, “Advanced pressure relief design using computer simulation”, an ioMosaic
Corporation white paper, August 2022.
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For more information, please contact

G. A. Melhem, Ph.D., FAIChE
melhem@iomosaic.com
C: 603-475-3646

lIoMosaic Corporation
93 Stiles Road
Salem, NH 03079

© ioMosaic Corporation

Worldwide Locations

Let’s talk about your safety needs. Want to schedule a meeting or ask us a question? Call us or email us and we’ll be in touch right away.

Salem Office Houston Office

93 Stiles Road 1900 St. James Place, Suite 700
Salem, NH 03079 US Houston, TX 77056 US

Tel: 603.893.7009 Tel: 713.490.5220

Fax: 603.386.6522 Fax: 832.553.7283

Email: sales@iomosaic.com Email: sales@iomosaic.com

Bahrain Office UK Office
Suite 161 / 162 / 163 - Platinum Tower, 16-18 Queen Square
Building 190 Road 2803 Block 428 Bath, BAT 2HN UK

Al Seef, Kingdom of Bahrain
Tel: +44 (0)1225 530 510

Tel: +973.17.561480 Fax: +44 (0)1225 430 225
Fax: 973.17.911473 Email: sales@iomosaic.com
Email: sales@iomosaic.com

Minneapolis Office

401 North 3rd Street, Suite 410
Minneapolis, MN 55401 US

Tel: 612.338.1669
Fax: 832.553.7283
Email: sales@iomosaic.com

California Office

2001 Addison Street, 3rd Floor
Berkeley, CA 94704 US

Tel: 510.646.0035
Fax: 832.553.7283
Email: sales@iomosaic.com
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About ioMosaic Corporation

Through innovation and dedication to continual improvement, ioMosaic has become a leading
provider of integrated process safety and risk management solutions. ioMosaic has expertise
In a wide variety of areas, including pressure relief systems design, process safety
management, expert litigation support, laboratory services, training, and software
development.

IoMosaic offers integrated process safety and risk management services to help you manage
and reduce episodic risk. Because when safety, efficiency, and compliance are improved, you
can sleep better at night. Our extensive expertise allows us the flexibility, resources, and
capabillities to determine what you need to reduce and manage episodic risk, maintain
compliance, and prevent injuries and catastrophic incidents.

Our mission is to help you protect your people, plant, stakeholder value, and our planet.

For more information on ioMosaic, please visit: www.ioMosaic.com
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