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Small and medium enterprises (SMEs) main featurt isun batch and semi-batch
processes, working on job orders. They generallye aultipurpose reactors, with an
emergency relief system (ERS) already installedesEhare normally sized when the
reactor is designed, assuming as worst incidectiagio a single phase vapour flow
generated by a fire developed outside the apparBhgse assumptions can lead to a big
underestimation of the vent area if the actual fleviwo-phase and besides generated
by a runaway reaction. ERS sizing is particulargzdrdous and complex for small
mills, as for example fine chemicals and pharmacalutompanies. These factories
have usually narrow financial and personal resaroeoreover they often use fast
processes turnovers. In many cases a completey stety or the replacement of the
ERS is not possible and it can lead to not sudtégneosts. The batch-sizpproach is
focused on discontinuous process conditions: aithiefapproach is to find the reactor
fill level that can lead to a vapour single phassvfwhether an incident occurs, this
condition is considered safe that the ERS instadledhe reactor can protect the plant
from explosions.

1. Introduction

Two-phase relief flows can lead to underestimatimisthe ERS especially for
multipurpose reactors. The increase of runaway @mema in an industrial reactor may
cause physical explosions of the reactor (Cardill@98). ERS are traditionally sized
when the reactor is designed, assuming as worgdental scenario a single phase
vapour flow generated by a fire developed outdigeapparatus. Generally for a vapour
process the vent area for a multi phase flow istitams greater than for a single phase
flow. So the assumptions of a singe-phase flowlead to a big underestimation of the
vent area if the actual flow is two-phase and glsoerated by a runaway reaction. Aim
of the batch-size approach is find the reactoridi¥el that can lead to a vapour single
phase flow.

2. Instrumentation

2.1 Adiabatic calorimeter PHI-TEC Il

Experimental instruments and mathematical methadstie vent sizing have been
studied for more than 30 years by the Design uistiof Emergency Relief Systems
(DIERS). As conclusion of these studies, the besttuments to collect proficiency data
for vent sizing are adiabatic calorimeters with lthermal inertia, as for example PHI-
TEC Il (Singh, 1989).

PHI-TEC Il oven is made by three different heafges top, side and bottom heaters)
whose main task is to keep a uniform cell heatseg (Figure 1). The sample cell is a



steel can with thin walls (approximately 0,15 mrickh and a volume of about 110 &m

A too large pressure difference between samplevasdel could damage the cell. In

order to avoid this, PHI-TEC Il is equipped withpeessure compensation system that
maintains the differential pressure around unitugal The big can volume leads to

remarkable improvements in the reaction conditiovescan load a considerable amount
of sample and change the fill level in order towdete various incidental scenarios.

Figure 1: PHI-TEC Il cross-sectional section.

Typical PHI-TEC Il test mode is tHdeat-Wait-SearcifHWS) test. This test mode goes
into a series oheat and wait step during which the sample is heated at differen
temperature and temperature stabilization is aekieuring the following search step
self heating rate (SHR) of the sample mass is tigeed. If SHR is higher than the set
threshold (usually 0,02 °C/min) the calorimeterniifies the beginning of a thermal
activity that is tracked in adiabatic mode. If naothermic effect is found the
calorimeter goes into a new HWS steps cycle. Adialdzeat evolution is one of the
worst incidental scenario for vent sizing, leadiagvide relief areas.

3. Calculation model

To size a relief vent for a certain process norynak need to characterize the reagent
mixture. To perform a system characterization ineaperimental way three tests are
needed (i.e. reactive system, flow type and flogime characterization). On the other
hand, using the batch-size approach, only one io@dric test is required, leading to
time and economical saving.

3.1 Reactive system characterization

Based on overpressure generation pathways, systemsdivided in three types

(Grolmes et al., 1989):

» Vapour systems: the overpressure is generatecelgnby vapour pressure of the
reagent mixture;

» Gassy systems: the overpressure is generatedlerirenon-condensable gasses
formation generated by the runaway reaction;

» Hybrid systems: these systems are in between auvamol a gassy system.
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Figure 2: three flovegimes FiguBe reactor during a runaway

Moreover the systems listed above can also berdiffated in tempered systems and
non-tempered systems: in the first ones pressuteniion of temperature, so pressure
grows if temperature grows. In non-tempered systia® is no more this correlation.
Vapour systems are always temperate, instead ofygagstems are always non-
temperate (Etchells and Wilday, 1998 and Fisheal.et1992). Hybrid systems can be
either temperate or non-temperate.

3.2 Regime flow characterization

Reagent mass can be characterized as foamy oroaomyf (Fauske, 2000). Foamy
systems always relieve a two-phase mixture, thisabieur could also be caused by
small impurities produced during the incidentalren®.

The flow regime can be divided into three catego@rolmes, 1989)homogeneoys
bubbly, churn turbulentHomogeneous systerage characterized by no disengagement
between gas and liquid phase, as consequenceisteeigreat liquid swell. On the other
side, in achurn-turbulent systerthere is a complete vapour-liquid disengagement and
almost no reagent liquid mass swellingbBbbly systenmas characteristics in between
the previous two.

Homogeneous regimes are typical foamy systemsgddsbubbly and churn-turbulent
are correlated to non-foamy ones.

DIERS rule of thumb is that viscous systems (viggas 100 cP) generate a bubbly
laminar flow regime, on the other hand low viscpsigstems (viscosity < 100 cP) cause
a churn-turbulent flow regime. In case of very highcosity (viscosity > 500 cP) the
flow will be homogenous and laminar.

3.3 Flow type characterization
When the venting takes place it can be classifigtiriee categories:

» single-phase vapour flow: all the relief flow issgar vapour

» single-phase liquid flow: all the relief flow isliguid phase

* two-phase flow: the relief flow is a foam.
During an incidental scenario (e.g. a runaway feagtsolvent can evaporate or non-
condensable gas can be generated. In these ca&sesyifgas bubble in the liquid fills a
bigger volume and the generated foam height isdnig¢iman the available void reactor
space than a two-phase flow can occur.
Flow type characterization can be performed withexgerimental tests using analytical
methods. The most important has been studied byRBIEThe operating procedure
suggested by DIERS (Simpson, 1998) is:
» evaluate gas/vapour superficial velocity(figure 3)
» estimate gas/vapour velocity while still entrapjrethe liquid mixture, U
» calculate liquid swelk



» comparea to void the fraction in the reactey, to verify if single or two-phase
flow occurs

jg is correlated to liquid swell and generally risgth it. Moreover the volumetric flow
W, is the sum of the non-condensable gas floy é€Qd vapour volumetric flow (Q

W, = jgleR:Qg-'-Qv (1)
Q. can be calculated as:

_ am
%= aho, @)

Where ¢ is the specific heat generated by the rapasgaction [kW/kg], m is the
reagent mass [kghhe, is the latent evaporation heat [kJ/kg] andis the vapour/gas
density [kg/m3]. Qis evaluated with the following equation:

Q [V(dP] _ve(dT] }m
¢ | R \dt ), TUdt);|m, 3)

Where V is volume [, P is pressure [kPa], T is temperature [K], nmiass [kg] and
the subscripe stands for the experimental test values Rrfdr the values at the relief
conditions.

Bubble rise velocity U, is linked to physical properties and can be dated as Levich
(1961) suggests (Levich, 1961):

churn-turbulent flow regime: Y= =1.5309 (0.~ £ AN (4)
bubbly flow regime: Y- =1.1809 (0.~ p; DAV (5)

whereg is gas-liquid surface tension [N/m].
Void fraction is function of the non-dimensionalagity W which is calculated as:

U (6)

DIERS suggests the following equations in casewtihdrical reactor{Fauske, 1983
and Wallis, 1963):

W
a=
churn-turbulent flow regime:  2+G% @)
__al-ay
bubbly flow regime: ~ 1-a")1-Co) ®)

Cyis a correlation parameter related to the typetudied system (D’Alessandro, 2004
part | and II).



4. Equations
In order to relieve a single phase flow from an BRS following condition must be
satisfied:

9)

aSWELL LEVEL < aVOID

If the liquid swell is less than void fraction, iagle phase gas/vapour flow occurs. Void
fraction is calculated as:

\%

aVOID

(10)

where m is the reactant mass [kg],is the liquid density [kg/fh and V is the reactor
volume [nT].We can evaluate the total reagent mixture masetwaded in the reactor
or the limiting reagent mass (i.e. making a dilaojion order to have a single-phase gas
relief.

4.1 Evaluation of the total reagent mixture mass
The border conditions between single and two-phiaef can be evaluated making
equal the void fraction and the liquid swell:

Avop = Aswerr Lever (12)

Considering equations (7) and (8) and that theetation parameter {ds equal to 1 for
foamy systems and equal to 1,5 for non-foamy systeve can rewrite (11) for vapour
system as:

foamy system&/d’ —a*+a -y =0 (12)
non-foamy systemd2#@" ~(L+¢)a’ +2a° - L2y +ha+y =0 (13)

Solving equations (12) and (13) as a function tdltmass m we can estimate the total
reagent mixture mass.

4.2 Evaluation of the limiting reactant mass

We can evaluate the amount of the limiting reactariie added in the reactor in order
to have a single phase relief flow. Consequently thagent mixture composition
changes. In case there could be more than oneargnieactant the one used in the
smaller amount or the one with best chemical pitiggewill be chosen.

The first step is to calculate the void fractmmluring an incidental scenario then, when
the mass in the reactor is known, we can evallmartixture composition of the new
reagent mass through an experimental calorimetsic t

Next step is the calculation of the non-dimensiobabble velocityW as the ratio
between the bubble velocity in the liquid, @nd the free bubble velocity. jBoth these
parameters need to be estimated. Thénysed to find the volumetric vapour/gas flows
which are a function of the specific reactant mass.

For a vapour system the specific heat flow is usecorrelate the volumetric flow and
the limiting reactant mass.



The heat flow has been normalized by the massaatiém of the limiting reactant:

dT
=C. — 14
a=cy g, B (14)

Where ¢ is the specific heat of the reagent mass (kJ/kgakd (dT/dt) o is the
normalized self heating rate for the limiting reagmass (K/s kg).

5. Incidental scenario and experimental tests

The choice of the correct incidental scenario ig/wmportant as this can deeply affect
the calculation results. In this work we have cdestd as incidental scenario an
external fire (calculating the fire heat flow agggasted by Parry, 1992, connected to
the fill level), or a runaway reaction together lwthe failure of the cooling system
(reaction runs adiabatically) and the possibilityoam generation in the reactor.

This approach can't be used to study gassy sysemause of the absence of tempering
while ERS is relieving. For gassy system to sinautafire exposure a second PHI-TEC
I test is needed.

In order to show the results of the batch-size @@gin a vapour system is presented.

CASE STUDY: carbamate synthesis

The process is run in semi-batch way: mono-isodr@pgine (MIA) is dropped on
dioxanone, at a temperature of 35°C to avoid MlIApmration (T,=34°C).

To simulate a incidental scenario that can genemai@verpressure and therefore a relief
through the vent device, we run an adiabatic té$t RHI-TEC Il adding the MIA one-
shot on the dioxanone starting from 35 °C. Figurshbws temperature and pressure
behaviour of the reagent mass during time of thee shot addition test.

If MIA addiction is too fast it evaporates therafdhe system is a vapour system. This
is testified also from Figure 4 where a behavidmrilar to a vapour pressure system is
followed by the system studied.

o o . &
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Figure 4:In P vs —1/T for system type Figure 5: Temperature and pressure vs time of the
distinction MIA + dioxanone reaction

The adiabatic temperature rise and the heat fleaveaaluated from the calorimetric
test. Results are shown in Table 1.



Table 1: Adiabatic test results

dT/dtyax [°C/s] 0.005
dT/dtyax corrected for thermal inertfaC/s] | 0.006
g [kW/kg] 0.009

The calorimetric data obtained have been used atuate vent diameters for a set of
reactors (i.e. five reactors with a volume of & Bint, 7 n?, 9.5 nf and 14 ) even
though only the 7 fhreactor calculation will be shown in this paperg(igure 6 and
7).

The explained method has been used to find thé nmas values for each reactor, as
shown in Figure 6 for the 7meactor where the total mass is presented asmageeof

fill level.

The chosen limiting reactant is the dioxanone,his tvay through the model we can
define different areas for single and two phase fla fill level range between 50 and
99.5% has been investigated, as shown in FiguMNo® as the hypothesis of external
fire and foamy system is the worst scenario becthes¢otalmass to load in the reactor
is less than for the others cases. Fire heat ilgads to a big liquid swell: this is the
reason why the reactor can be filled up just to 2@énerally all the reactors have
similar fill percentages, because they have theesggometrical features. The situation
becomes more and more dangerous if the systempigosad to be foamy and an
external fire occurs: the single phase flow arahuces and we have to use a smaller
limiting reactant mass or a lower fill level. Thesults throughout the reactors in the
total mass model and limiting reactant model arailai. Once that the incidental
scenario and the chemical-physical properties @fr#fagent mixture are fixed there is a
rise of the two phase flow area if the reactor wmdlincreases.

07 -

100%

reaction without foam

reaction with foam 06 - ;

80% -

— s /
é reaction and fire without foam % 051 /
D e0% - E 04 / —e—reaction without foam
6 = |—=—reaction with foam |
= d>.> 03 1 ~&reaction and fire without foam
= 40% ‘B —=—reaction and fire with foam
LL N 02- x
© /
20% - eaction and fire with foam = 01 //
¥
0 T T T T
0% 0% 10% 20% 30% 40% 50%
Reactor volume [7 f Void fraction [-]
Figure 6: Fill level percentage of total mass vs Figure 7: Limiting reactant mass ratio vs reagent
reactor volume void fraction for the 7 rhreactor

6. Conclusion

An alternative and cost effective approach to miotehemical reactors from
overpressure has been investigated. Very simpléablas, as mass or chemical
composition, are used to define safety operativelitions. The maximum fill level has
been calculated to avoid big liquid swell consediyea single phase flow occurs and
the ERS installed can protect the equipment. Afteestigating accidental scenarios,
total mass and limiting reactant mass fraction hbgen evaluated and presented in
graphs. In these graphs boundary lines separajke gihase from two phase flow areas.
All the data needed for the evaluation can be obthiwith just a single adiabatic



calorimeter test: this leads to big time and mosaying giving a more competitive
approach for SMEs.
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