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1. INTRODUCTION

11 NATURE OF PROBLEM

The chem cal industry uses |large quantities of chem cal s which
may be t oxi ¢ and/ or fl ammabl e i n vari ous process units(reactors,
storage tanks, internediate druns etc). |f these units becone
overpressuri zed for sone reason, the common approach is relieve
t he pressure through a *weakness- built into the vessel, usually
a bursting disc or valve. If therelief device is |arge enough,
the process unit is protected by preventing overpressurization.

The sizing of a suitable relief device becones rather complex
when the problemis caused by a runaway reaction. The rate of
pressure and tenperaturerise is often difficult to obtain and
relief actuation frequently leads to venting of a two-phase
m xture of vapour (or gas) and |iquid.

The subj ect of relief for runaway reacti ons was studi ed by DIERS
(Design Institute for Energency Relief Systems) in the USA a
project conpleted in 1984 involving co-operation from nany
organi zati ons worl dwi de and costing in the region of $2 million
for contractor fees al one (Fisher, 1985). As a consequence of
the DIERS work, relief sizing for runaway reactions is nowquite
wel | understood and saf e designs can be conpl eted economcally
for many types of reactions, al though scope for further research
remai ns.

An i nportant conclusion of the DI ERS project was the fact that
it is necessary to carry out experimental testing in order to
obtain the data necessary for relief sizing. Indeed the basis
for a suitable cal orimeter was devel oped as part of the project
and commerci al devi ces have foll owed on fromthis.

The objective of relieving a process unit is sinply to prevent
damage due to overpressurization. The disposal of the vented
fluids is a separate matter and was not studied in the D ERS
project. In view of the toxicity and/or flammability of nost
chem cal s handl ed, saf e di sposal is of course very inportant and
it 1s no longer. acceptable to vent directly to the atnosphere
wi t hout due regard for the environnent.



1.2 CBIECTI VES &F REPCRT

The present report is concerned with safe disposal of chemcals
foll owi ng energency relief of runaway reactions, in effect the
next step fromthe D ERS work.

It istherefore assuned that readers arefamliar wththe nature
of runaway reactions and the associated hazards, as well as a
basic understanding of relief sizing for these incidents
particul arly two-phase behaviour under relief conditions. In
order to put the report in proper perspective, an overvi ew of
these topics i s presented and rel evant references provided.

The aimof the report is to allowengineersto devel op a process
speci fi cation suitabl e for subsequent detail ed engi neering. The
enphasis will be on ensuring that the vented reactants are
Properl y cont ai ned, and that t he hazard i s not sinplytransferred

rom one section of the plant to another. An understandi ng of
the reaction, after relief, is clearly essential if thisis to
be achieved and therefore the enphasis will be on the use of
bench-scal e equi prent and data anal ysis and its application to
design. This is very simlar to the procedures used for relief
sizing, follow ng the DIERS project, and i ndeed simlar types &
equi pnent with sone extensions wll be used to derive the
i nformation.

It isinportant al soto be anare of the sort of infornation that
will not be provided in this report. Wile tyPeS of hardware
sui tabl e for contai nment are nenti oned, detail s of specific types
of equi pnent are not provided. The information necessary to
conpl ete a detai |l ed nechani cal design will not be provided, only
t he basis for such a design.

The report is not intended to be a design guide but rather it is
an . overvi ewof the problem and sone research into how di sposal
systemdesi gn nmay be approached.

The report wll focus on design inplications of venting into
di sposal tanks, either with a viewto conpl ete contai nment or
follonwed by relief into a dowstream unit (flare, absorber,
incinerator etc). The use of small scaletesting to providethe
necessary i nformati on and t he appl i cation of theinformationwlI
be illustrated wth exanpl es.

The chem cal systens considered inthereport arelimtedto | ow
viscosity liquids. Wien the viscosity becones high (say above
100 cp) the flow through a relief pipe can becone |am nar,
I nval i dati ng many of the equati ons presented. Research into high
vi scosity systens is currently active.
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13 RELI EF OF RUNAVWAY REACTI ONS = OVERVI EW

1.3.1 Relief sizing for non-reacting chemcals (Perry,1992)

Chem cal reactors, storage tanks and nost ot her process vessels
arenormally fitted wwth a bursting disc or arelief val ve which
In the event of accidental overpressurization opens to prevent
equi pnent danage. The size (i.e. effectiveorifice dianeter) of
the relief device has to be selected so that it can vent at a
sufficiently high rate to conpensate for the rate of
pressurization. Sizing involves two broad steps:

* determnation of the rate of pressure rise
* c%lcu!ation of the vent dianeter | arge enough to cope with
t he ri se.

Al nost invariably, the pressure rise in process equi pnent is due
to the generation of vapour (or gas). The safe relief sizing
criterionis therefore:

rate of vapour (or gas) renoval
rate of vapour (or gas) generation (1.1)

For exanple, if fluid in a vented vessel undergoes exothermc

reaction produci ng heat at arate Q(W then at steady state the
rate of vapour generation M (kg/s) IS given by

= L ¥
M= 3 (1.2)
where A\ (J/kg) is the |atent heat of vaporization.
1.3.2 : Limtations of General Appreach to Venting

When t he above approach is applied to reactive systens, a nunber
of assunptions often breakdown. The relief sizing criteria as
expressed by equation (1.1) remains valid at all tines but
equation (1.2) nay not represent the total anmount of vapour/gas
bei ng gener at ed.

If the reaction involves production of volatile gas for exanpl e,
the rate is not directly related to the heat of reaction and
| atent heat. Thus, the gas rate needs to be determned in a
di fferent nmanner.

In sizing a vent the rate of vapour (or gas) generation(due to
chem cal reaction, for exanple) is nornally determned at 'the
condi ti ons when the vent opens(or quiteclosetoit). Thisrate

is then used as the basis for vent sizing. Inplicit inthisis
t he assunption that cooling by | atent heat after the vent opens
wll prevent any further tenperature rise (and hence prevent

increase intherate of pressurerise). This is sonetines valid
for reactive systemventing but not always.
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One obvious case where it is not true is if the reaction
generates a |large quantity of non-condensi bl e gas; venting the
gas Wi | I produce no cooling. Thus, the tenperature will continue
torise, at the sanetine increasing thereactionrate. The gas
rate for which the vent nust be sized w Il obviously be higher
t han when the relief device first opened.

The final assunption which is frequently invalid for reactive
systens is that the relief device can be sized to vent pure
vapour (or gas). | n nost cases a two-phase, vapour-liquidfroth
nmay have to be vented.

The venting of the entrained liquid (in additionto the vapour)
producesrelativelylittlereductionin pressurebut its presence
In the vent |ine reduces the vapour (or ?as) flow  Thus, the
relief device sized for pure vapour will be too snall for a
t wo- phase m xture; an order of magnitude underestimationinthe
area i s possible.

1.3.3 A assification of Runawav Reactions for Venting

In order to correctly sizerelief for a runaway reaction, it is
necessary first to classify the systemaccording to the types of
reaction products and their ability to renmove heat during
venting. Once this has been done, it is possible to select an
appropriate vent sizing equation (Singh, 1990). The sane
considerations are also very useful 1N the design of disposal
Syst ens.

Vapour Pressure Systens

Vapour systens are those where the systempressure is equal to
t he vapour pressure of the liquid. |In such cases, the reactant
will be cooled (due to the latent heat) as vapour is vented; at
a sufficiently high vent rate the heat of reaction can be
bal anced by the cooling effect, resulting in'tenperingg. C the
reaction where little or no further tenperature rise occurs.
Since the pressure and tenperature are directly related, the
pressure will also cease to rise at this point.

Gassy System

Gassy systens are those where t he systempressure is due entirely
to the presence of non-condensi bl e gas, rather than the vapour
pressure of the liquid. The gas is normally the product O
deconposition. |In these mxtures, venting of the gas produces
no noti ceabl e cool i ng because the gas has no |latent heat. As a
result, the reaction tenperature continues to rise during
yent|ng;cfressure can only be arrested by ensuring that the gas
Is vented at a sufficiently high rate. Thus, unlike vapour
sKstenB, t he pressureis controll ed(and reduced) w thout cooling
the reaction.

In these systens the rate of reaction governing the vent size
w |l clearl'y be much hi gher than when the vent first opens.




Hybrid and Conpl ex Reactions

There are many reactions which do not conformto the sinple
classifications above and therefore need to be considered

differently. One common deviation is systens that have a
significant vapour pressure and at the same time produce
non- condensi bl e gases - often referred to as hybrids. The

behaviour of such reactions during venting depends on the
relative contributions to pressure of the vapour and
non- condensi bl e gas.

Anot her conplication that can arise is that the nature of the
chemcal system can change during the course of venting.
Consider for exanple a high boiling reactant dissolved in a
relatively volatile solvent. The pressure of the mxture wl|
be determ ned by t he vapour pressure of the solvent and when t he
systemstarts to vent it will behave | i ke a tenpered system As
t he venting proceeds the volatile solvent will be preferentially
stripped out |eaving the high boiling reactant behind.

When the solvent is finally renoved, the tenperature will start
toincreaserapidly to the boiling point of thereactant. At the
sane tinme of course, the reaction rate will also increase due
both to the increase in tenperature and the change in
conposi tion.

This is one exanple of the conplications that can arise;
devi ati ons can al so result fromchanges in reactionkinetics and
stoichionetry during the course of a venting incident. The
classification of areacting systemcan be influenced by a | arge
nunber of variables and It is necessary to carry out an
e_X{oerti mental assessnent in each case to establish the true
situation.

1.3.4 Ligquid Carrv-Over buring Venting

In general, the fluid entering the relief device can be
considered in one of three categories (see also Section 3.7):

al | vapour (or gas), where total disengagenent between t he
vapour (or gas) and liquid occurs

honbgeneous t wo- phase m xt ure where t he vapour (or gas) and
liquid are intimately mxed in the vessel so that the phase
ratio entering the vent is equal to that within the vessel
(zero di sengagenent)

t wo- phase vapour-liquid mxture in which the quantity of
liquid entrained into the vent is less than that for
honbgeneous mxing, due to partial di sengeg;enent. Two
di sengagenent nodels are usual ly considered,
churn-turbulent. The terns'bubbly’ and'churn-turbulent'
are used to distinguish the different degrees of liquid
swell that takes place due to vapour generation. The
former reginerelatestoslightly | ess |iquid di sengagenent
(i.e. nore entrainnent) than the latter.

bubbl and -



Note that the two-phase or all vapour behaviour of a specific
chem cal mxture can only be verified through testi nt% or plant

experi ence. Theoretical prediction is not possible. The.
occurrence of vapour ventingisrelatively infrequent inreactive
mxtures. | n nost cases vapour ventingw || leadto the snall est

vent di aneter.

Honogeneous venting i s approached i n many practical cases and is
frequently pronoted by the inherent "foam ness" of chem cal
systens whi ch tends to nmask the discrete bubble rise behaviour
wthin a vessel. This foam can be produced by very |ow
concentrations (ppm | evel ) of surface-active agents and is quite
stabl e under venting conditions. At present, the onset of this
wp_edof fl ow cannot be predicted fromphysical properties of the
ui d.

Wien foamng chemcals are vented, the superficial vapour
vel ocity through the vessel has virtually no influence on the
vapour-liquid ratio - even quite low velocities will produce
t wo- phase venting. (Superficial vapour velocity is the vapour
flowdivided by the cross-sectional area of the vessel Fisher,
1991). These aspects are explained in nore detail in Section
3.7

Foany chem cal s are i nconpl et e contrast to ot her substances where

t he vapour velocity is crucial in determ ning whether two-phase

or all-vapour venting wll occur. The behaviour of these

non-foany flui dsis amenabl et ot heoretical descriptionaccordin

tboh whether the fluid exhibits bubbly or churn-turbulen
ehavi our .

Know edge of the two-phase regine and the influence of
super fici al vapour vel ocity has i nportant practical inplications.
In the case of a churn-turbulent systemfor exanple, it rra¥ be
deduced t hat up t o 40%o0f the vessel contents(nostly inthe form
of liquid) wll be vented before vapour venting begins. This has

| nportant downstream envi ronnental consequences.

1.3.5 Data Reauired for vent sizing

The specific data needed to size vents depends on the reaction
type:. vapour pressure, gassy or hybrid. (Duxbury and WI day,
1989, Singh 1990, Perry 1992).

In the case of vapour pressure systens (Leung, 1986), the nain
vari abl es are:

self-heat rate at the venting point
vapour pressure-tenperature relationship
| i qui d. speci fic heat

Vents for gassy systens (Leung, and Fauske 1987) on the other
hand are sized primarily on the basis of the gas generationrate.
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The maxinumrate i s determ ned experinental |y and t he vent si zed
| ar ge enough t o accommodate t he fl ow

Hybri d syst ens (Leung and Fauske 1987) general |y require both gas
enerationrate and the sel f-heat rate. The vent sizi ng equation
or these reactions depends ontherel ative quantities of gas and

vapour produced.

For exanple if the pressure rise is due prinmaril to
non- condensi bl e gas then t he gassy systemequation i s used.

In addition to the above data regarding the react'ion, the vent
size is also influenced by the nature of the fluid vented = that
is the vapour/liquid ratio. The nost conservative assunption
(i.e. leads to the largest vent) is frequently that of
honbgeneous two- phase fl ow of vapour (or gas) and |iquid.

Sonme chem cal reactions are too conplex to be handl ed by sinple
anal ytical equations. Here, opti mal desi gns can best be obt ai ned
by detail ed conputer nodelling.

1. 4. ALTERNATI VES TO ATMOSPHERI C VENTI NG

The main considerations in determning the choice of safety
system between venting to atnosphere, venting into an external
vessel and possibly not venting at all, are safety and cost.

The traditional nmethod, venting directly to at nosphere, poses an
envi ronment al hazard and possi bly a toxic and/ or expl osion ri sk
to on-site workers and t he nei ghbouri ng communi ty. wever, this
nmethod i s sinple, generally reliableand frequently i nexpensi ve.

The main alternatives to this approach are:

(a) elimnation of the need for venting by making process
control or other operating changes which prevent the
i nci dent from occurring

(b) elimnation of the need for venting by contai ni ng t he wor st
i ncident within the reactor

(c) elimnation of venting vy injection of an inhibitor or
quench fluid into the vessel after runaway reaction is
det ect ed

(d} disposal of the reactants to another vessel containing a
quench fluid or providing a simlar facility that avoids
rel ease of chemcals to the at nosphere. o

The above options are not possible for every systemand in each
case they present different advantages and di sadvantages. The
first option, essentially avoi dance by design, is frequently the
nost favoured but not al ways possible in practice.
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The effort required to establishthe acceptability of this option
Is quite |arge.

Cont ai nnent of the worst credible incident by designing for the
maxi numpressure, option(b), isonly possibllein|imted cases.
Frequently, runaway reactions can lead to extrenely high
pressures (over 50 bar say) and t heref ore contai nment may be very
expensi ve. One attractive consideration is to conbine (a) and
(b), that is, use better control and operating procedures to
rdilute’ the worst credible case and thereby make contai nment
nore vi abl e.

Active addition of a fluid that prevents propagation of an
I ncident, option (c), can be extrenely effective if properly
desi gned. Acceptance of this option depends firstly on whether
a suitable inhibitor can be located and secondly whether a
sufficiently reliable systemcan be desi gned.

The final option, venting into an external disposal tank is the
reverse of the previous system The crucial differenceis that
the protective systemis [argely passive and so nmuch | ess |ikely

-to_faLI,(Provided of course that it is properly designed and
mai nt ai ned.

The di sadvantage i s that the hardware may be nore el aborate and
possi bl y nore expensi ve.

The present report is concerned with the |ast option, disposal
i nto external equipnent.

The above alternatives and the nost inportant features of each
are summarized in table 1. 1.



9

TABLE 1.1
SUMVARY—OF _MAI N ALTERNATI VES TO ATMOSPHERI C VENTI NG

-

ALTERNATI VE DESCRI PTI ON ADVANTAGES DI SADVANTAGES COVIVENTS
Eliminate Make control Produces inherently | Decisions can be Controversial
hazard by and/or safe designs. made philosophy, though
control operating changes Discourages "add subjectively. gaining acceptance
that reduce on" solutions. Limited to
incident frequency Encourages certain types of
to a tolerable detailed process operation
level evaluation and chemistry
=
Contain Design pressure Places no reliance | Worst case not Good back-up
Pressure vessel such that it | on controls or always properly protection when
will contain the detailed analysis. assessed. combined with the
worst incident Extremely simple, Limited generally | first option,
potentially to instances of frequency of
reliable relatively low hazard is also
maximum pressure. | reduced.. .
Inject Trigger injection Does not require Limited Not very common
inhibitor of a reaction detailed knowledge applications. i N most
into inhibitor of cause =~ hence Active protection ' industries
reactor to stop runaway very versatile. - can fail
(Dousing) before it can do Can be quite
damage expensive
Dispose Vent reactants into | Passive protection, | Requires detailed | Advances in
into suitable knock-out natural extension consideration of bench-scale
external drum or quench tank | of present venting reaction testing likely to
tank followed by philosophy. including aspects | make designs of
flaring, Widely applicable of two-phase flow jthis type easier

incineration etc.

and hence more

widely used
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2. DISPOSAL UNIT SELECTION

21 I NTRODUCTI! ON

Equi prent required to successfully and safely dispose vented
reactants is common in the chemcal industry and relatively

sinple in construction

The first choice for controlling vented reactants is likely to

be sonme form of wvapour/liquid separation vessel, possibly a
sinple vertical drum or perhaps a tank which perforns the sane

function but provides space tfor nore |iquid. A hypot heti ca
schene (purely illustrative) is shown in figure 2.1, where the
first unit is a sinpleseparator. |n the exanple, when the bul k

of the liquid has been separated out, the renmaini ng gas/vapour
is vented to a drum containing cold diluent, primarily to
condense out the vapours. From here the renmaining gas may be
sent through a vent condenser where further vapours nay be
r enoved.

Fi nal disposal of the renaining gas depends, as indicated in
figure 2.1, on the toxicity/flammability hazard and the fl ow
rate. The options avail able range fromrelief to atnosphere to
dedi cat ed 1 nci neration.

2.2 CONTAINMENT /SEPARATION EQU PVENT

2.2.1 Sinpl e _Separation druns

Knockout drum blowdown drum flash drum etc. are all simlar
t¥pes of equipnent (Perry, 1973, Grossel, 1990). The purpose
o] each is essentially vapour/ligquida separation but the
mechani cal arrangenents can di ffer consi derably. Sel ecti on of any
particular type of separation drumwll largely depend on the
vapour quality (i.e. vapour to liquid ratio), pressure,
tenperature and conposition of the vented two-phase mxture.

These druns are sinpl e cylindrical vessels(see figure 2.2) which
retain the liquid at the bottom and all ow t he vapour to pass
over head after a phase separation. The vessel nmay be hori zont al
or vertical based primarily on two things: space availability and
the vapour flowrate. 1In case of space limtation within the
plant or if relatively | ow vapour rates are involved a verti cal
type knockout drumcan be installed. A vertical drumis always
designed with a single inlet and a single vapour outlet.

I'na horizontal arrangenent, vapour/liquid m xtureenters at one
end and after separation the vapour |eaves fromthe other end.
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In case of a high vapour flow rate, it can be designed wth
inlets fromboth ends but with a single vapour outlet fromthe
centre. This type of drum is nornally suitable where space
limtation is not a problem

The separation efficiency of both vertical and horizontal druns
can be significantly inproved by incorporating intotheir design
a W re nmesh demster, placed just before the vapour exit.

A nmore conpact and efficient separation can be achieved by the
adoption of a cyclone type separator.

2.2.2 Cycl one separator

This type of vessel is frequently used in chem cal processing
plants for separation of fine particulates particularly where
spaceis |limted. The designincorporates atangential inlet and
an internal concentric shroud (G ossel, 1990) which |eads to a
centrifugal force outward from the centre of the vessel and
causes the vapour and liquid (or solid) to separate.

The force (acceleration) separating the vapour/liguid in a
cyclone nay be several tines greater than gravity. This |eads
to a nore conpact design with a good separation efficiency.
Typically the unit consists of a cylindrical chanber with a
central outlet pipe taking the vapours overhead and a coni cal
base for the liquid droplets. The inlet pipe feeds the mxture
tangentially thereby providing the necessary centrifugal force

~which | eads to t he separati on.

The unit can be conbined with a separate catch tank or an
I ntegral tank Placed under the separator depending prinmarily on
the quantity of fluid to be processed.

2.2.3 Quench t ank

The sel ection of a quench tank i s generally nmade when t he vent ed
reactants have a consi derabl e amount of condensi bl e vapours or,
need to be cooled in order to stop further reaction. Two naj or
functions perforned by a quench tank are (1) it condenses the
vapour by transferring its latent heat of vaporisation to the
guench liquid thus reducing the vapour flow, and (2) it reduces
the tenperature of the vented |iquid which minimises t he ri sk of
further reaction within the quench pool

A quench system(see figure 2.3) consists of a sinple vessel in
which a neasured anmount of liquid is maintained. The quench
liquid selected should ideally have |ow viscosity and a high
speci fic heat.
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A specially designed quencher arm (sparger) wth a nunber of
snmall holes in it is normally nmounted inside the vessel. The
vented di scharge is directed at high velocity through t he hol es
of the sparger to break the vapour up intosmall jets. Each jet
streamcones in contact with the quench liquid leading to both
nasF_and heat transfer and resulting in rapid condensation and
cool i ng.

It is inportant that the holes in the sparger are |arge enough
not to cause blockage. This is particularly inportant where
smal | amounts of solid rmay be present.

Vapour condensation is proved to be efficient when the
tenperature of the quench fluid is naintained at a m ni mum of
10°c bel owt he condensati on tenperature of the vapour.

2.2.4 Vent condenser

This unit (Kay, 1968) is sonetinmes used to recover snall
guantities of corrosive or toxic vapours froma | arge gas stream
after initial separation in a knockout drum or equival ent
device. The wunit is normally a sinple shell-and-tube heat
exchanger, with the process side (i.e. vented gas) on the tube

side and the coolant in the shell side. Thus, simlar in
principle to a quench tank, circulation of cold fluid causes
condensation of vapours. The main difference between

condensation in a quench tank and in a vent condenser is, inthe
former, the vapour directly cones in contact with the quench
fluid whereas in the latter case the fluid is separated by a
solid tube wall.

The choice of the circulating fluid depends upon the vapour
Pressure of the vapour to be condensed. 1|n case of |ow boiling

| ui ds or where the vapour concentration has to be reduced to a
low | evel , a refrigerant nay be necessary.

23 FI NAL DI SPCSAL O GASES AND VAPQOURS

After vapour-1liquid di sengagenent, the treatnent or di sposal of
any remai ni ng gas or vapour becones the prinmary concern. Several
consecutive or alternative options are available for this final
st ep:

. Venting to atnosphere

« Scrubbing/absorption
Conbustion in a flare
| nci neration
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2.3.1 Venting t 0 at nosphere

Thi s i s t he nbst conmon choi ce for di sposi ng of unwant ed vapours.
Typi cal ly, vapours fromseveral source vessels are collected in
a common header and rel eased at a hi gh el evation t hrough a st ack.
If a vent line or stack is not used, personnel in the vicinity
of the reactor nmay be exposed to considerablerisk. In addition,
t he environnental pollution aspects nust be consi dered.

2.3.2 Scrubbing/Absorption

Thi s process (Perry, 1973) isroutinely practised inthe chem cal
industry for recovering one or nore conponents froma | arge gas
or vapour streameconsi sting of several dissimlar conponents. An
exanpl e i s the renoval of co, during Amoni a production by DETA
(diethylene triamne) solution in which co, is readi|ly absorbed
froma stream of gas and vapours containing €0,, CO N,, H, and
H,0.

Scrubbi ng or absorptionis purely a mass transfer phenonmenon. The
gas or vapour to be absorbed (Ior ‘scrubbed out') is passed from
the bottom of a tower and flows upward while the solvent is
Purrped and distributed fromthe top through the distributor and
| ows downwar ds by g1ravi_ty. Counter-current vapour |iquid
contact takes place leading to the renoval of the selected
conponent (See figure 24).

Since venting incidents are very rapid, lasting perhaps only a
f ew seconds, the absorber nust be kept running at all times. In
general this is an expensive option both in terns of operating
cost and install ati on expenses bearing in mnd the fact that the
energency vents are rarely used.

2.3.3 Conbustion in a flare system

One routinely adopted vapour disposal systemused particularly
in refineriés and large petrochemcal plants is the flare
(Boeije, 1979). The main function of a flare is conbustion, that
Is, it converts the bulk of conbustible gases or vapours into
harm ess gases such as @, H,0 and releases them into the
at nosphere at el evated tenperatures well above ground | evel.

Aflareis primarily a vertical pipe with an auxiliary (pilot)
burner at itstop whichinitiates conbustion. Based onthetypes
of gases or vapours to be burned, three types of flares are
found: 'nornal’, snokel ess and endothermc. A (normal) flare
burns fuels such as 4, H,, NH, OGO etc wthout formng any
snoke; a snokel ess flare burns higher hydrocarbons including
aromatics and ol efins. An endothermc flare is designed to burn
| ow heati ng val ue nmaterial s.
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Fl ares can al so be categorized as ground and el evated types. A

ground flare i s about 50m high (or less) and is used to process
smal | quantities of gas while elevated flares are typically over

60m hi gh and handl e | arge quantities of conbusti bl es (G ossel,
1990) .

Conbustion in a flare can create a thermal radi ati on hazard,
noi se, discharge hot liquid etc. Thereforethe applicability of

flares is Ilimted to open, highly industrialized areas. The
capital cost of flaresis quite high but operating costs are | ow

2.3.4 | nci neration

Ideally a flare is capabl e of converting up to about 99%of the

vapours (G ossel, 1990). Frequently however the conversion is
much lower and this is particularly true when | ow heating- .value
fuels are concerned. In sone instances, vented nmaterials are

virtually unaffected by flaring and need to be 'chemcally
treated. -

I nci nerators are conmmonl used to treat chemcal streans
unsui tabl e for flaring. TKey frequently incorporate conversion
by catalytic neans instead of relying totally on thernal
conver si on. The¥ are normal ly conpact devices designed for a
specific range of chemcals and generally for low flow rates.
Bot h operating costs and installation costs are relatively high
conpared to a flare (based on a unit nmass of gas treated).

The conpactness of these units nakes them nore suitable for
snmaller sites in built-up areas. However, wi despread -use of
incinerators for enmergency venting is unlikely due to the high
cost nentioned above.

24 | NFLUENCE OF REACTI ON TYPE ON SELECTI ON

The vari ous syst ens di scussed above for di sposal of reactants are
not viable in all cases. Quite apart fromthe different costs
associatedwiththealternatives, therearetechnical constraints
that may apply dependi ng on the reaction type.

I n section 1.3, relief sizing methods were discussed interns of
t hose applicable to vapour pressure systens and other suited to
\ gassy?® reactions. The sane divisions are suited to di sposa
uni t desi gn.

I n order to conpl etely quench areaction and contai n all vapours,
it is necessary that the reaction system is of the vapour
pressure (or 'tenpered’) type. This w |l ensure that the vented
vapour s are capabl e of being condensed in a suitabl e sol vent.
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A gassy reaction on the other hand will not be suited to total
cont ai nnent since t he %gs (e.g. deconposition product) wl| not
be readi | y condensed. he possibility of serious foam ng wi thin
the quench vessel as the gas is bubbled through is another
i mportant variabl e that needs to be consi dered.

The only exceptionto this is in situations where the solvent in
t he quench drumreadily absorbs the gas. For exanple if the gas
IS HC1l, this can be readily dissolved in water, but if the gas
is ¥, or O, choices are rather |imted.

The foam ng nature of vented reactants inrelationto the use of
sinple atnospheric knock-out druns should be carefully
considered. If the reactants vent out fromthe reactor in the
formof a two-phase mxture, which is nornmally the case, it is
guite l'ikely that the mxturew |l al so vent out of the knock- out

rumin a simlar manner. Thus, the sinple option may not in
fact be available in all cases and a detail ed eval uati on nust be
carried out.

Anot her inportant consideration regarding selection is the
possibility of continued reaction in the disposal vessel,
following relief. Jdearly the reaction nust be either slowed
down or stopped after relief, otherwise nothing has been
achieved. |[|f venting to an atnospheric unit w thout any guench
does not sl ow down the reaction, then clearly quenchi ng nust be
applied. In the case of gassy reactions for exanpl e, the quench
solvent will cool and dilute the vented reactants thus preventing
continued gas generation, even though the gas fromthe reactor
I s not condensed. The possibility of serious foamng w thinthe
guench vessel as the gas is bubbl ed t hrough i s anot her i nport ant
vari abl e t hat nmust be consi dered.
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3. SPECIFICATION OF DISPOSAL UNITS: THEORETICAL

31 STEPS | NVOLVED I N SPECI FI CATI ON

D sposal systens (or contai nment vessels) may be considered as
bei ng ei ther open (atnospheric pressure units) or closed (high
pressure units). ({dosed systens nust invariably contain sone
quench fluid, else the reaction wll not be suppressed, while
at nospheri c druns may be either enpty knock-out druns or, vessels
contai ning a quench fl uid.

I n general the foll ow ng design options are avail abl e:

gqoepr)(atrmspheric) drum wi t hout quench (i.e. sinple k.o.
run .

Qpen (at mospheric) druns with quench fluid
A osed (pressure) drumw th quench fluid

The design considerations will differ not only according to the
above options but will also depend on the reaction type. A
division which is helpful, is to consider gassy reactions

separat el y fromvapour pressure(tenpered) type particul arly when
enpty, athospheric druns are consi der ed.

There are broadly three assessnent stages to consider after
initiation of relief, with different parameters being rel evant
at each stage:

Staae 1 : Initial rapid dunp out of Reactor

. equilibriumtenperature in drum

. vapour/gas generation from drum
. downstream /i quid carry-over check

Stase 2 : Subsequent Reaction within D sposal drum

. reactionrate _
. vapour/gas generation rate
l'iquid carry-over check

Stage 3 : Final conditions in D sposal drum

- maxi mum t enper at ure
. haxi num pressure

Continued reaction in disposal drum (stage 2) should be
el imnated by design where possible so that the reaction stops
after entering the disposal unit.

It should be noted in the subsequent anal ysis, hybrid reactions
are not specifically considered, only gassy and vapour pressure
types are presented.
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3.2 SPECI FI CATION GF I NI TIALLY EMPTY DRUM
VAPOUR PRESSURE TYPE REACTI ON

3.2.1 Fl ash vaporization
A vapour .pressure systemw || be vented when the chemcals are
above their atnospheric boiling point (by definition). [If the

m xture vents as a two-phasefroth, theliquidw Il cool fromthe
reactor tenperature T, down to t he at nospheric boiling point T,.
The energy avail able due to this cooling will vaporize sone of
the liquid. If the weight fraction that undergoes flash
vaporization is x, then a heat bal ance of this process gives:

(1-x) ¢, (-dT) = Adx

where ¢, "isthe specific heat of theliquid and A the | atent heat
of vapori zati on.

I ntegration between T, and T,, assum ng constant ¢, and A gives:

c, (T, - Tp)

xr

'y (3.1a)

x=1-—exp(—

If xissmall (sayc, (T, - T,) /A < 0.2) then the above equation

sinplifies to:

c, (T, - T,)

= — (3.1b)

Sincetherelief tenperature T, is nornmal ly known, the inportant
variable'isT,; thisisfrequently difficult to cal cul ate because
the reactor conpositionat the point of relief is not known. The
best nethod for estimating T, i S experinental .

If the venting rate from the reactor is W (kg/s), then the

initial rate of vapour generation due to flash vapori zati onwil |
be:

M, = Wx (3.2)

The nmass of vapour fromthe reactor will nornmally be negligible
conpared with ¥, and so may be negl ect ed.
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3.2.2 Vapour Ceneration Due to Continued Reaction

If the tenperature T, is high enough to sustain continued
reaction inthe disposal drum further vapour must be vented from
the drum The maxi mrum vapour rate fromthis source wll occur
when t he drumcontai ns the nost liquid. This nmay be approxi nat ed
as m,(1-x) giving the foll owi ng expression for the naxi numvapour

generation rate due to chemical reaction, M, :

g < Mo (1 - ¢ (dT/db),

= 3.3
: : (3.3)

where m, is the total nass of reactants and (dr/dat), is the
equi val ent self-heat rate in the drum(at tenperature T). This
‘rateof vapour generation will occur when the disposal drumis
at its highest level (i.e. reactor is enpty).

Thus ‘the total vapour rate fromthe drumw || be:
M, + M,

i » Mo (1= %) ch (d1/dt)

Mrax

Elimnating x using equation (3.1b), the maximumrate (nornal ly
conservative) is give by:

Mo - We, (T, - T)) | m, G (dT/dt), (1 (T, - Tb))
ax A A A
_Ha(n-m) [ m o (dT/dt)d} , Mo Co (dT/dt) 4
A WA A

(3.4)

If the maxinum self-heat rate in the reactor during relief is
(aT/dt),, a first order estinate for the rate in the drumis:

G+ i .
E by L. .n
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(%)d = (%)I Exp -1 (3.5)

o] by

el
o

where E is the activation energy for the reaction and Ris the
uni versal gas constant. This is based onthe assunptionthat the
reaction ftollows an Arrhenius type behaviour and that the

conpositioninthe drumis the sane as that in the reactor.
I deal |y, (dT/dt),; shoul d be obtai ned experinentally.

I n summary, the vapour rate fromthe drumw Il initially be given
by equation (3.2) and will rise to a maxi num gi ven by equati on
(3.4.  After this, the venting period is conplete and so the
rate will be just ¥, as obtained fromequation (3.3).

3.2.3 Temperature and Pressure Variations in Drum

In principlethe drumtenperature should be closeto T, all the
tinme. The object of the design is to ensure that the vapour is
renoved W t hout overpressurization; since thereactionis of the
"tenpered’ type, the tenperature inthe drumwll renain at the
boil'ing point of the liquid, T,, and the pressure will remain
at nospheri c.

3.3 SPECI FI CATI ON OF "INITIALLY EMPTY DRUM FOR
GASSY REACTI ON -

3.3.1 Initial Flashina of Liguid

In a gassy reaction system the pressure i s due al nost entirely
to the presence of noncondensible gas, ,with negligible
contribution fromthe liquid vapour pressure. It is therefore
reasonabl e t o assune that the liquid tenperature at the point of
venting is belowits atnospheric boiling point. Hence, venting
i nto an-at nospheric drumw || produce virtually no cooling, the
liquid tenperature remaining at T,, the reactor tenperature, and
there will be no vapour generation equivalent to that for a
tenpered system (Thus #, In equation 3.2 i S zero).

It should be noted that sonme chem cal reactions in practice may
exhibit both gassy and vapour pressure characteristics at the
same tine. In such cases, the initial flash will produce sone
cooling (see equation 3.1) as the pressure is reduced. Apart
fromthis, the behavi our nay be treated as being sim |l ar t o gassy
reactions by regardi ng the vapour as additional gas.
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3.3.2 (s Ceneration Rate Due to Conti nued Reaction'

Since the act of relieving the reactor produces no change in

tenPerat ure (or conposition) the total anount of gas produced
will be unaltered. In effect the only change will be that as
liquid is vented out of the reactor (together with gas), the
source of gas will shift fromthe reactor to the di sposal drum
The total gas rate will renmain exactly the sane as it woul d have
done in the reactor.

The gas rate nust be established experinentally.
The use of a si npl e knock-out drumfor gassy reacti on cont ai nnent

Is likely to be ineffective. Sone form of quench nust be
pr ovi ded.

3.3.3 Tenuerature and Pressure Variations in Drum

The pressure in the drum will remain close to atnospheric
provided the gas can be successfull vented : this is the
obj ective of using an open disposal drum The gas rate wll

i ncrease continuously as the exotherm proceeds. The maxi num
tenperatureinthedrumw || be t he maxi numexot her nt enper at ur e,

whi ch is best established experinentally.

3.4 SPECI FI CATI ON OF OPEN PASSI VE QUENCH DRUM

3.4.1 Initial Quench Tenuerature

Unl i ke open di sposal druns where the tenperature in the drumis
determned by the physical properties of the reactants, this
"paraneter is selected by the designer in the case of quench
druns. The selection is based on two sinple criteria:

(i) the reactants nust be cooled sufficiently to bring the
reaction under control; this depends entirely on the
reaction kinetics

(ii) condensi bl e vapours fromthe reactor shoul d be successful |
condensed; this generally requires that the final quenc
drum tenperature nust be at least 10°C lower than the
condensati on tenperature of the vapour.
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Thus, the anount of quench fluid necessary for a particular
aﬁpl i cation depends on the final tenperature T, required within
t he vessel. The relevant paraneters can be cal cul ated by
performng a heat bal ance on the quench liquid and the vented
react ants.

If the initial quench fluid tenperature is T,, then the heat
gained by this liquid wll be:

m, (T = T,) C

If X is the weight fraction of vapour in the reactants, the heat
| ost by the vapour will be:

Heat lost by the liquid reactant in cooling dowm fromT, to T,
will be:

(1-x) m, C, (T, — Tgp)

The condensed vapours are cool ed in a simlar manner and the-heat
anounts to (approxi nately):

Xmo CI (TI - qu)

dearly, heat lost by the reactants nust equal the heat gained
by the quench fluid, thus:

m, Cy (Typ ~ T,) = (1-x) (T, - Tye) My Cp + Xxm, A+ xm, C, (T, = Tgp)
Hence,
_ (T, - Ty m, &, + xm, A (3.6)

m
¢ CQ’ (qu - To)

wher e,
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m, i s the anmount of quench fluid, kg

m, is the mass of the reactants, kg

T, Is the tenperature of the reactants before entering the
guench tank, °k

T Is the final tenperature in the quench vessel K

T, istheinitial tenperature of the quench fluid, °x

C, is the specific heat of reactants J/kg’K

C, Is the specific heat of quench fluid J/kg °K

A Is the latent heat of vaporization of the reactants, J/kg

Equation (3.6) provides the general expression for cal cul ating
t he amount of quench fluid needed for a particular duty. This
can be sinplified somewhat for special cases.

I f the anount of vapour condensed is relatively low (i.e. X = 0)
t hen equation (3.6) becones:

m, = (T, - Tge) m, C, (3.7)
Cq (Tye = T,)

The sanme result is obtained if A~ o. This would be true for
exanple if the reaction produced non-condensible gas (gassy
reaction) and t he reactant vapour pressure was low |f thereis
no liquid reactant vented (i.e. all vapour venting) then x = 1
and  equation (3.6) nay be repl aced by:

€em, A
e~ T T, -T)
C’q af T

Q

(3.8)

where € is the fraction of reactants vented out (in the form of
vapour). This ignores sensible cooling of the condensed vapour
which will be negligible conpared with condensati on.

In addition to selecting the correct anmount of quench fl uid,
certain mechanical details nust also be observed. Efficient
cooling and condensation is achieved by choosing the correct
sparge hol e di anmeter. The recomrended spar ge hol e di areters are
normally 1/8 = 3/8 inches although Keiter has suggested val ues
of around 2" (5 cn) for two-phase mxtures (Keiter, 1989). The
total area of the sparge holes should be 1 to 1.5 tines the vent
| ine cross section area (G ossel, 1990).

3.4.2 Gas Flow Qut of Drum
Ar Displacement
The first inpact of venting into the quench drum wll be to

di spl ace the air above the quench fluid; in order to naintain a
| ow pressure in the drum this nust be rapidly renoved.




25

The air displaced will equal the volune of liquid entering the
drum pl us vol une of vapour condensed. |If the venting rateis w
(kg/s) and this has a density of p, (when condensed as |iquid)
then air displacenent rate (kg/s) i s given by:

M,

=(&) w (3.9)
P:

where p, is the air density.

This air will be saturated with the quench fluid and with the
reactants. |f the vapour pressure of the quench fluid/reactants
at the maxi mum drum tenperature is o,(T,) (in bar), then the
anount of vapour in the air wll Dbe:

P, (T,

N Raasrn) (3.10)
Mo M“"’(l.OlB)

T_hluis, tbhe total of air plus vapour displaced fromthe quench drum
Wi e:

Moy = Mg, + Mg,

= (]_ + Pv(qu))(&] W (3-11)
1.013 /| p,

Conti nued Reaction in Quench Drum : Vapour Pressure Svstem

Inadditionto the sinple physical displacenent of air, there may
al so be continued reaction in the drumdespite the cooling and
dilution by the quench fluid. Evaluation of this rate differs
bet ween gassy and vapour pressure type reactions.

The rate of reaction inthe drumw |l be negligibleat the start
of venting and reach a maxi rumwhen all the reactants have been
quenched. (The drumtenperature will be the maxi numat the end
and t he concentrati on highest). The effect of continued reaction
only becones significant if thetenperature inthe drumincreases
fromT,; to the atnospheric boiling point of the mxture, Tg.
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The nmaxi num that nmay actually be reached T, nmay be estinated
from

m,
Tgn = qu+(_m) AT, (3.12)

where AT, =T - T

T, being the reactor tenperature at relief point and T_ the

maxi mum exot hermtenperature. Thus AT, represents the adi abat i c
tenperature ri se.

If T > T,, thenclearly the maxi rumtenperature will be |imted
to Tqb the boiling point and the vapour rate needs to be
determned. |If T, < T, then further cal culation is not needed
since the nixture néver reaches boili ng point and the
vapori zation will be quite small.

If the reactionrate at tenperature T, i S equivalent to a self-
heat rate of (daTr/dt),, then the amount  of vapour produced is:

ty = (290 (Mo * M) G (3.13)

(provided T, > Tg ).

This i s equivalent to equation (3.3) for an open knock-out drum

The drumoutl et pipe wll be sized to accommodat e #, plus M
t hus preventing pressure or tenperature rise.

d 7

It is possible to estinmate (dr/dt), based on the rate in the
reaction vessel and the extent of dilution:

_czz)= m, \*(dr
dt/, m, + mg (dt)z

where n is the ‘erder’ of the reaction, assumng the rate obeys
an Arrhenius type relationship. This is equivalent tO equation
(3.5 for venting into an enpty drum The preferred and nost

reliabl e approach is to obtain (d7/dt), experinental ly.

1y (3.14)
Tqb

2l

1
(?r

Conti nued Reaction in Quiench Drum : Gassy Reacti on

If the reactionis of the gassy type the cal cul ations are rat her
nor e conpl ex.



27

Firstly, the gas vented from the reactor will not condense.
Thus, this has to be vented fromthe quench drum conti nuously.
The second contributor to gas production is any continued
reaction fromthe quench drumitself. This source of gas wil|l
depend on whet her the quench drumcontents boil thus tenpering

the reaction. Initially (i.e. at T;) this will certainly not be
the case and therefore the terrpera?ure W ll increase. This in
turn will lead to continued increase in gas generation. The
maxi numt enper at ure nay be cal cul at ed usi ng eguati on(3.12). The
entire process is dynamc and extrenely difficult to nodel
accurately.

A practical approach to this problem which wll produce a

conservative(safe) result isto estinmate the two sources of gas
as foll ows:

(a) the maximumagas rate fromthe reactor Qr

(b) the additional gas fromthe quench drum(due to continued
reaction).

The first of these is the gas entering the drum this may be
obtained fromthe information originally used to size the vent.
The second source of gas can be estimated i n one of the fol |l owi ng
ways:

Experimentally

Two rates of gas production should be obtai ned, the first using
the initial mxture of reactants and quench fluid, say G
(corresponding to T,), and then the maxi numrate if this nmxture
Is allowed to react to conpl etion, say G,,(corresponding to T,,) -

qm

Bv Cal cul ati on

It is possible to estinmate gas rates likely.in the quench drum
based on the rates in the reaction vessel. Wen the reactants
are first mxed with the quenching fluid, the gas rate G, at the

m xture tenperature T, i s given by:

m n 1 1 H
G,=6G, | —2—] Expi|= - — (3.15)
ar gz (mo + mq) R ( Tim Tyt

where n is the reaction order, T

is the tenperature at which G,
occurred in the reactor.

m

The nmaxi numgas rate in the quench drumat the end of the venting
period (i.e. G,) is obtained by replacing T, by T, in equation
(3.15) .

If the maxinumgas rate in the reactor is assunmed to occur at the
end of the venting (worst case assunption) then the maxi numrate
fromthe quench drumw || be:
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M, =G, + Gy (3.16)
This i s the equival ent of equation(3.13) for 't hevapbur pressure
system The air displaced, as given by equation (3.11), wll be
additional to this; however the vapour pressure in equation

(3.11) nust be calculated at T not T,. Imediately after this
maxi num the rate will drop close to ¢, (no further contribution
from the reactor) and then accel erate up to G bef or e
eventual | y dropping to zero.

| deal ly, the quench fluid will be selected to conpl etel?/ stop
further reaction so that ¢, = g, = 0. This nust be established
experimental ly.

3.4.3 Tenmwerature and Pressure Variations in Drum

The quench drumtenperature will increase fromthe initial cold
value (1,0 to the naxi mum .. If reaction continues, the

tenperature may increase T, uhl ess thi s exceeds to the boili ng

poi nt of the mxture, T, in which T, W Il be the maxi num  The
pressure should remai n cl ose to at rmspherl C.

In order to prevent the tenperaturerise above T, reaction nust
be conPI etely suppressed; this is particularly I'nportant in the
case of gassy reactions.

3.5 SPECI FI CATI ON OF CLOSED PASSI VE QUENCH DRUM :
VAPOUR PRESSURE SYSTEM

3.5.1 Initial Quench Drum Tenper at ure

The initial quench drumtenperature followingrelief is given by
the foll owi ng heat bal ance as derived in section 3.4. 1

Mg Cq (Tgqe = Tg) =m, (1-X) Cp (Tp - Tpp) + xmy & +xm, C, (T, - Tye)

(3.17)

(See equation (3.6) for nonenclature).

This reduces to the followng relationship between the final
m xture tenperature T, and t he quench quantity:
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rlT. c +xiAl +C, T
Ty = [T; C; ] g2 (3.18)
rcC, +C,

wherer =m,/m,. Usingthis equation, the reactant/quench m xture
tenperature can be cal culated for any quantity of quench fl uid.
The vapour fraction, X, is frequently quite small and may be
negl ect ed.

3.5.2 Fi nal ouench DrumTenper at ur e due t 0 continued Reaction

The above tenperature (T,) represents the quench drumtenperature
at the end of the venting phase; continuedreactionw || |ncrease
this. The final tenperature is determned by the enthal py still
remai ning in the vented reactants and t hi s i ncl udes t he ent hal py
of any reactionw th the quench fluid, if not inert. This latter
quantity can be determned from a know edge of the heat of
reaction, AH.

The ent hal py al ready consuned i s proportional tothe tenperature
rise at the point of venting, conpared with the naxi num
(adi abatic) availablerise. Thisratiois, g,

B=Tr_Ti

AT, .

(T, is initial tenperature at which the exothermin the reactor
started, and AT is the adiabatic tenperature rise). The
fraction of energy remaining in the reactants is (1 - B}.

An ent hal py bal ance gi ves:

C Ty - Ty (mc; + mg)

c AT, (1 - ﬁ) r .
T = r ad + T
am T {1 + 1) o

Cr ATad 1 - B) m,

(3.19)

where T i s the nean specific heat of the reactant/quench |iquid

m xture. Note that <, AT,, is the heat of reaction, and (1-8) is
the fraction of this energy still avail abl e.

3.5.3 Fi nal Quench Drum Pressure

The pressure P, generated in a cl osed quénch drumis given by:
Pm = Pair + Pv
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where P, is the pressure of the air inthe drumand », t he vapour
pressure of the guench/reactant m xture.

The val ue of p», depends on t he maxi numtenperature T, determ ned
fromthe above equat i on.

The air pressure results fromthe conpression that takes pl ace
as the reactants enter the quench drum This can be cal cul at ed
as foll ows.

If the volune of the quench drumis V and the initial void
fraction a, then the volune of air is a¥v and the vol une of

quench liquid (1 -«,) V. |If the total volune of |iquid (quench
plus reactants vented) is v, then the air volune v, reduces to:

V. =

a

f

v - [(1-a)V °}
P

=V-[(1-a) V+ rmq]
Pr
=V-(1-ua) V[ +rBEJ
Pr

where o is the density of the vented reactant (liquid), o, the
density of quench fluid and r = m,/m,.

The final air pressure p, froman initial pressure p, is:

P_. =( Ya )_lp
air aV o
= "1__'_1—050 i+r& _lP

«, a P, ° (3.20)

o

Thus, unlike the vapour pressure conponent P, the air pressure
depends on the quantity of quench fluidinrelationtothe anount
of reactants and the initial void fraction in the drum
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3.6 CLOSED ( PASSI VE) QUENCH DRUM GASSY REACTI ONS

3.6.1 Special Consideration - Bottom Venti ng

Passi ve quenching (i.e. venting into a stand-by vessel) of gassy
reactions presents sone rather special problens if total
contai nment is being considered. The reasons for the problens
are firstly that the products of reaction cannot be condensed
(hence pressure is difficult to control) and secondly that the
reaction tenperature (and hence rate) continues to rise 'even
during relief.

Consider for exanple a gassy reaction which after initially
venting as a two-phase mxture, begins to vent as a gas. That
IS, Withreactant still inthereactor, transitionfrontwo-phase
to all gas venting occurs. (This is quite feasible with many
reactions). After this point, the reaction (in the origina
reactor) will continue to produce gas and i ncrease the pressure
of the entire system

Note that if the sane event occurred with a vapour pressure
reaction there would be two differences:

the vented vapours from the reactor would be condensed in
the drum hence pressure rise would not occur

the reactionitself would be controlled ('tenpered ) by t he
cool i ng produced by boiling.

The approach that is required for gassy reactions is to instal

t he vent at the bottomof thereactor, dunping the reactants into
a dedicated quench drum This wll provide much greater
assurance. about the operability of the systemand pressure can
be kept to a nuch | ower val ue.

3.6.2 Initial Quench drumtenperature after m xi ng

The initial calculationstepfor this systemis simlar to vapour
pressure systens and the heat balance following the mxing
bet ween reactants and the quench fluid is:

My Cy (Tye = T,) =m, C, (T

=4 =] r r

~ Ty (3.21)

This is the sane as equation (3.17) for vapour pressure systens
but with A = ¢ since the gas has no |atent heat and ignoring
sensi bl e cool i ng of the gas.
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Thus, the final mxture tenperature, T, iS:

T r17,.Cc +C, T,

= 3.22
at rc, >+, ¢ )

Knowi ng the rel ati ve anmounts of reactants and quench fluid
(i.e. r), the mxture tenperature nay be readily determ ned.

3.6.3 Final Quench Drum Tenperature

If the reaction is not totally suppressed by the quenching
process, then the tenperature will increase above the T, given
by ec1uation (3.22). The additional tenperature rise nmay be
calculated in the sanme nmanner as for vapour pressure systens
usi ng equati on (3.19). Thi s requi res know edge of the adi abatic
tenperaturerise (or alternately the heat of reaction).

3.6.4 Fi nal Quench Drum Pressure

R aorous set.of equations

Wien a gassy systemis 'bottom vented directly into a quench
tank as di scussed above, the foll owi ng sequence of events take
pl ace:

as the reactants are forced down into the quench drum
pressure in the reaction vessel continues to rise due to
continued reaction but falls due to the effect of venting

t he quench drumpressurerises as liquidis forcedintoit,
conpressing the air into a snaller vol une

when the venting is conplete, pressure in the two vessels
equal i ze; if reaction continues in the quench vessel then
further pressurerise will result.

Let us examne the reaction vessel first. |If the average rate
of pressure rise during venting is (dP/dt), then the pressure
I ncrease due to gas produced by reaction (AP), at any tinme t
(measured fromthe point of relief) will be:

(AP, =(—-)I t (3.23)

If the relief rate out of the reactor is W (kg/s) and the
reactant density p, then the pressure decrease due to venti ng,
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Ap, W Il be proportional to the vol une change:

Ap = p 1,.____'_1_0_,___

where v, i s the volune of the reactor gas space at the point of
relief and P istherelief \set’ pressure. (Qearly, V,=8 V,

where «, is the void fraction, and Y. the reactor vol une).

The actual reactor pressure at tinmet is therefore given by:

dp [ Vo |
= _— = P 1
PI Pro + ( dt)r t ro V Wt
ro -
- Pr
= (g_li) t e _..__.VL PIO
|t/ v, + 2£ (3.24)

Pe

The final reactor pressure P, just before the end of venting is
gi ven by equation (3 .24) with't = m,/W.

Turning now to the quench vessel, the pressure at any tine is
gi ven by conpression of the air space:

Pair = '——__WE‘J'qo (3.25)

where v, is the initial air volune in the tank and p, is the
initial pressure, presumably anbient. At the end of the venting
peri od, the quench drum pressure nay be cal cul ated fromequati on
(3.20), previously derived for a vapour pressure system

The final gas volunme will be alnost the same as that at the
begi nning since the net effect of venting is to displace the
liquid fromthe reactor to the dunp tank; this volune is (V +
v.y. The air in the quench tank will effectively expand froma
vﬁfune Vo to (v, + \) The reactor gas wll expand fromv, at
the end of venting (pressure  to (v, t V).

The pressures in the two vessels will equalize and the conbi ned
pressure P, i s given by:
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v, v,
P = ao P + - 3-26
£ (V + Voo ] o (v * vm) Fre ( )

ao ao

where P, is the final pressure in the reactor, just prior to
conpl et1 on of venting.

If reaction continues in the quench drum after venting, the
pressure wi I | increase above p; as the reacti on proceeds.

Solution of R sorous Equations

Design of a quench drum requires simultaneous solution of
equations (3.24) and (3.25). Thi s i nvol ves stepwise i ntegration
as the venting proceeds, cal culatingthe pressure in the reactor
(p,) and in the quench drum (p,,) at each increnent until all the
react ants have been vented. The venti n%]rate W woul d al so be
cal cul ated at each tinme step, based on the pressure difference
bet ween the two vessels. As material is vented out of the
reactor, the rate of pressure rise will be reduced ;: as a
conservative assunption this nay be ignored. At the end of the
venting period pressure equalization between the vessels w ||
occur, changing the pressure to P, given by equation (3.26).

It is inportant to note that (dpsdt), in equations (3.23) and
(3.24) relates to the pressure rise in the actual |arge scale
reactor. |If data is obtained froma snall scaletest, thisrate
must be suitably nodified. This is discussed bel ow

Simplified Desisn Procedure

If certain siinplifying assunptions are i ntroduced, it i s possible
to design a quench system wi thout step wi se integration. The
follow ng points are pertinent to this sinplification:

maxi numreactor pressureis [imted by design; thus, if the
vent opens at B then the nmaxinmum pressure is nornally
limted to 10% above this. Therefore, p;, = 1.1 P,

t he quench drum pressure nust be kept below the reactor
pressure in order to ensure venting. Mreover, to ensure
reasonably rapid venting, the pressure difference nust be
fairly high. Thus, the maxi numquench drum pressure g, can
be assigned inrelation to the reactor pressure, R

The revised design procedure can be reduced to the follow ng
st eps:

(a) develop an overall quench drumspecification using equation
3.25 (or the nore versatile, equation 3.20), ensuring'that
t he maxi mum pressure (p,,) is lower than 1.1 P (I'n usin
equation 3.25, (wt/p,) nmay be replaced by the volune o
liquid in the reactor, (v, = V,))
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(b) calculate the tinme t,, to enpty the reactor through the

vent, using (1.1 P, - P,) as the pressure difference
(assuned to constant )

(c) obtain the maximum value of (dP/dt) between start of
venting and t,

(d) using equation (3.24), wth t =1t,, calculate the maxi num
reactor pressure p,. This should be conpared with the
assuned value (i.e. 1.1 P,).

If the p,(calculated) > 1.1 p,, thentwo alterations nay be
nade:

(i) change the gquench drum design (i.e. make it larger) so as
to reduce R.

(ii) increase the vent diameter (when possible).

Thi s si npl e procedure can be repeated until a satisfactory design
I S obt ai ned.

The cruci al data in performngthe above calculationsis (apsat),
the pressure rise due to gas generation. If a snall scal e test
is performed using a sanple m, and the gas is neasured in a
vol unme V,, the experinental pressurerise, (dp/dt), may be scaled-
up using the follow ng rel ati onshi p:

% (2)(v2)(H), (3-27

This is quite conservative for two reasons:

(i) the mass in the reactor (m) goes down as venting proceeds,
being zero at the end

(ii) the gas volunme (V) I ncreases as venting proceeds, the
eventual vol une being V.

It nay be nore realistic to use o0.sm, and o0.5(v, + Y in place

of m, and v, respectively representing the average val ues during
t he venting process.

The experinmental equipnent from which (ap/at), i s obtai ned nust

have certain i nportant features which allowscafing in the above
manner (see chapter 4).
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37 CHECK FOR LI QUI D CARRY- OVER
3.7.1 Tvpes Of m | t

A crucial feature of disposal unit design (except for closed
quench systens) is to ensure that vented liquid is not carried
over fromthe di sposal vessel. CQearly, this possibility exists
because the sanme phenonenon |eads to carry-over in the first
pl ace out of the reactor.

The behaviour of nbst chemcals can be divided into three
categories (as discussed in section 1.3 4):

naturally \foany! systens
al | gas/vapour venting systens,

I nter nedi at e systens (bubbly or churn-turbul ent)

Wiet her proper contai nrent in an open di sposal drumtakes pl ace
depends on the design, inrelationto the above categories. In
the case of foany systens, an open di sposal tank would not be
appropriate unless the reaction could be effectively quenched
(hence no gas/vapour flow out of the quench drum.

In the case of all gas/vapour venting systens (no liquid carry-
over), any type of open disposal unit may be used. A sinple
at mospheri ¢ knock-out vessel is ideally suited for such
chemcals. |In the case of thermal runaway reacti ons, chem cal
systens of this type are quite rare.

A nore likely situationis a chemcal systemfitting the churn-
t ur bul ent two- phase behavi our. | n such cases, |iquid carry-over
can be avoided by detailed evaluation of the vessel design in
relation to the physical properties of the vented chem cal s.

The type of behaviour that may be expected in any situation can
only be established from practical experience, either in the
pl ant or experinentally.

Even smal | scale testing can distingui sh between the different
types of behavi our and this was verified for a nunber of reacting
and non-reacting systens in the DI ERS project (Fisher, 1991).

The DI ERS bench-scale tests were perforned in a test cell of
about 120 ah the sane as that used in the experinmental
arrangenent for the systens studied in this project (see section
4.2.1). The DI ERS wor k showed t hat by sui tabl e sel ecti on of vent
dianeter on the test cell, vapour velocities conparable with
| arge scale plant can be sinulated. Wen this is done, liquid
entrainment (if any) in the bench-scale test is quitereliable
for scal e-up purposes.
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Interpretation of snall scale test data is quite sinple. The
g_uantity of liquid remaining at the end of a blowdown test is a

irect neasure of the flowregine. 1In the case of all vapour
venting, the final void fractioninthetest cell is around 0.65
whi | e for honogeneous venting, the test cell will be virtually
enpty. |If test cell is around 70 to 80% enpty churn-turbul ent
fl ow i s suggest ed.

3.7.2 D sensaaenent for gas/vapour
fnon-foaming) venting svstens

If the gas or vapour is to be separated fromthe i ncomng |liquid

in a knockout drum the velocity v through the drumto prevent
liquid entrai nnent nust satisfy:

——

vsx\j PL ~ Pg (3.28)
Py
wher e:
: )
Ve —9
(1-; D,_) (3.29)
4

This reduces to the following for the drumdi arreter:

0.5 -0.25
D=1.1284 [%1 [% - 1} (3.30)
v

wher e:

Q, = gas flowrate out of drum(ni/s)
D = drum di aneter (n)

PL = liquid density (kg/n%)

Oy = vapour density

(k%/ m) _
enpirical constant: Vvertical druns K= 003 to 0.05
hori zontal drunms K - 0.05 to 0.13

Large values of K give small drum dianmeters but 'al so pébr
separ ati on between vapour and |i qui d.

The nost inportant paraneter is Q, which is calculated from
experinental data.
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3.7.3 Check for Two-ohase H ow Churn-turbul ent nodel

The above nethod for knock-out drum sizi nﬁ is based on the
assunption that vapour-liquid separation nethods experienced in
general petrochemcal practice, are applicable.

When t he chem cal s have been found t o entrai n si gni ficant anounts
of liquid wth gas or vapour, a different approach is needed.
Many reacting systens form a stable foam when vented and so
I nval i dat e t he above equati ons.

The presence of two-phase (vapour-liquid) flow is assured
provided the followng inequality holds based on the churn-
t ur bul ent nodel (Leung 1987):

s 2% Uo Ax Py

, o (3.31)

wher e:

M, = vapour flow (kg/s)

a, =initial void ''fractionin drum

U, = bubblerise velocity inreaction mxture (m/s)
A, = drum cr oss-sectional area

Pq = vapour density (kg/ m)

The bubbl e rise velocity may be cal cul ated from

o g (p, - py) "

2

Py

U, = A,

where A = 1.53, for churn-turbul ent systens.

surface tension
l'iquid density
accel eration due to gravity

a

oL
g

Typically, U, is intherange 0.2 to 0.3 m/s although in large
scale plant it may be as high as 0.5 m/s.

Application of (3.31) to any systemw || show whet her two-phase
flowwll occur. If it does, two basic steps can be taken to
prevent this:

i ncrease the vessel cross-sectional area (hence reduce
vapour vel ocity)

i ncrease the free-board (a,).




39

If the system starts to entrain liquid, eventually '"thiswlI
cease and switch to all gas/vapour venting because «, Wl

increase as liquid IS renmoved. Thus, in a systemof this type,
a switch fromtwo-phaseto all gas/vapour relief wll take pl ace.

During the period of two-phase rel ease froma drum the gas or
vapour quality, X, leaving the drummnmay be estinmated from

x- 10y

- Pr 1-a

.1 (3.32)

where y = U,/ (M,/p,)

It should be enphasised that in order to apply the above
equations, it is necessary first to establish the presence of

two- phase, churn-turbulent flow through the reactor. Thi s
normal |y requires experinental work, ich will be discussed
| ater.

The ﬂossi bility of a bubbly fl owregi ne could al so be consi dered
in the above nmanner and the worst case taken (Fisher, 1992).

3.8 I NFLUENCE ON UPSTREAM EQUI PMENT (REACTOR/VENT)

The install ati on of di sposal equi pnent can be expected t o af f ect
the reactor that is being vented. It is necessar?/ to establish
that the interactionis acceptable and that it will not lead to

an unsafe vent size. In practice, this requires that the vent
flowrate should not be significantly decreased as a result of
t he di sposal unit installationor at |east that the sizingof the
vent takes account of it.

The anal ysi s requi red depends on t he reacti on = gassy or vapour
pressure type. In the forner, the two-phase flow out of the
reactor is 'frozen', nmeani ng that the gas/liquid rati o renains
constant. | n a vapour pressure system the liquid flashes as the
pressure falls down the vent line thus increasing the
vapour/liquid ratio. The equati ons governi ng these systens are
quite different.

In the case of vapour pressure systens, the vent flowis usually
‘choked', flashingflow This typeof flowis not easily reduced
by changes (increases) in downstream (i.e. disposal drum
pressure. In contrast, vent flow for gassy reactions is nuch
nore easily affected by downst reamchanges and t heref ore greater
care is needed to ensure that the relief systemis not rendered
unsafe by the installation of disposal ut..,, .

The fol |l owi ng summary of the rel evant equationsis valid for nost
chem cal systens of interest. An inportant assunption is that
the vent floww || be turbul ent involving | owviscosity |iquids.
For high viscosity fluids (typically in excess of 100 cp) these
assunptions are not valid.
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3.8.1 Vent Fl ow of vapour Pressure Type Reacti ons

The two- phase nmass flux, G out of a reactor depends crucially
on a di nmensi onl ess paraneter, «, (Leung, 1986):

2
© = Xo Vrgo + Cro T Py (Vfgo) (3.33})

Vo v, A

wher e vapour mass fraction Squality)
speci fi ¢ vol une (ni/ kg
specific heat (J/xg K

t enper at ur e (K

absol ut e pressure (Pa)

| at ent heat of vaporization (J/kg)

>V < X
I

stagnation (e.g. reactor) conditions
liquid state val ue

difference In vapour and liquid state
property val ues

and subscri pt:

The mass flux depends on whether the ratio of uPstream to
downstream pressures is sufficient to ’choke’ the flow The
critical pressure pressure ratio 7, i s given by:

N, =0.55 +0.217 In (@) - 0.046 (ln @)% + 0.004 (ln w)? .
(3.34)

where 5 = downstreampressure (e.g. in drum / upstreampressure
(e.g. reactor) .

The two- phase nass flux nay be cal cul ated from

G = J/P.7v, (0. 6055 + 0.1356 1n w)? / /& (3. 35)

for w>= 4, and

G= JP.Jv. {0.66/w®3%) {3.36)

o o

for w< 4, where Gis the mass flux (kg/nis).
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The fl ow under choked conditions (5 < 5,0 nmay al so be estinated
fromthe foll owi ng equati on:

6=t (c,T,)°" (3.37)

Veg

or the equival ent of equation:

- ()&

Equations (3.37) and (3.38) apply to lowquality flows (x = 0),
whi ch i s al nost invariabldy true during relief. Equations (3.37)
and (3.38) are nornally described as the equilibriumrate nodel
(ERM) .

An inportant feature of flashing flows is that the critical
pressure ratio »,, is usually 0.9 or greater. Therefore, the

downstream (i.e. di sposal drum) pressure nmay be varied up to 90%
of the reactor pressure, without affecting the flow

When desi gni ng di sposal systens, it i s necessary si npl yto ensure
that u < u., sothat flowout of the reactor is not affected. In
general, if » < 0.8 say, there should be no inpact on the flow
out of the reactor. This generalizationis alsolimtedto |ow
quality flows and frictionl ess pipe.

Anot her affect of installinga disposal systemis that the length
of vent line fromthe reactor to the drummnay be i ncreased. This

wi |l introduce additional line | osses and reduce the flow the
reduction may be estimated using the correctionfactors intable
3.1 The correction factors assune that the disposal drum

pressureissignificantly | ower thanthe reactor pressure so that
the fl ow remai ns choked.

3.8. 2. Fl ow of Gassv Reacti on Systens

In the case of gassy systens, thereis no flashing of the liquid
down the vent pipe. Inthis case acritical pressureratio (for
frictionless pipe) nmay be estinated by:

-0.74
1- “o)” l (3.39)

Q

nc=[2.016 +(
The. t wo- phase nmass flux is given by:

G =T /P, p, (3.40)
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where @ i s a di nensi onl ess paraneter, whichfor critical flowis:

1-a 1
{-— [( °] (1-n.) - 1n (nc)]}
== A% %o (3.41)

1 . 1-a,
Ne o,

Citical flow occurs in the range:

0 < g < Neg
where n, is the critical pressure ratio for gas flow

_ k k/ (k-1)
nes = (75%)
where k is the ratio of specific heats. 1t should be recalled

that »n, is typically around 0.55 for ideal nozzles.

Thi s should be conmpared with flashing fl ows where the range is:

1>1’|c>‘|‘|cg

Hence, for gassy reactions (non-flashing flow, subcritical flow
occurs over a reasonably w de pressure differential. A disposal
unit is therefore nore likely to inpact the flowfroma reactor
and so rmuch greater care nust be exerci sed.

If the flow is not choked (i. e. > %), equations (3.40) and
(3.41) may still be used, but replacing 5, with 5. If the
pressure ratio approaches 1, the inconpressible Bernoulli
equati on nay be used:

G=,2P,p; (L -a,) (L -n) (3-.42)

Finally, if a vent line is added as a result of the disposal
system the fl owreduction may be cal culated fromthe factors in
table 3.2 These reduction factors assune that back-pressure
changes (due to t he di sposal drumfor exanple) will not influence
the flow This neans that the back-pressure nust be
significantly |l ower than the reactor pressure.

For a general treatnment of this subject see Leung 1990. This
cont ai ns a nore conprehensivelist of equations for the different
types of systens.
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TABLE 3.1

FLOW COEFFI Cl ENT wvs. VENT LI NE EOUI VALENT
LENGTH TO DI AMETER RATI O
FOR VAPOUR PRESSURE SYSTEMS

TABLE 3.2

FLOW COEFFI CI ENT ws. VENT LI NE EOUlI VALENT
LENGTH TO DI AMETER RATI O
FOR GASSY SYSTEMS
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4. ROLE OF BENCH-SCALE TESTING

4.1 PRI MARY OBJECTI VES

Experinental testing plays a very inportant role in both the
under st andi ng of runaway reactions, and the design of related
safety features such as relief vents. The types of instrunents
useful for relief sizing (and by suitable extension also for
di sposal unit design) have features in comon w th devi ces used
for hazard screening but al so sone itens that are rat her special .

Most instrunents are based on the principle of adiabatic
calorinetry. This ensures that when a sanple undergoes
exothermc reaction(leading to an i ncrease in tenperature) that
heat is not lost fromthe sanple. This is a sonewhat 'extrene'
case because in practice, large scale vessels will |ose sone
heat. However, the heat |osses fromlarge units are so snal
that an adi abatic assunption is quite justified.

In addition to heat | oss to the surroundi ngs, anot her inportant
feature is the heat retained by the sanple container. The
thermal capacity of snmall sanple cells used experinentally can
be quite large conpared with that of the sanple : the net effect
is the sane as heat loss to the environment. Data for relief
system desi gn needs to be free of this effect so that rates of
t?nperature and pressure rise are representative of full scale
pl ant .

Wen relief devices have to be extended to include downstream
di sposal, the objective of adiabatic calorinetry has to be
extended to the disposal unit. Also, the extended unit must use
test cells of |lowthernal capacity.

Thus, in order to study relief of runaway reactions and their
di sposal, it beconmes necessary to have two sonewhat simlar
adi abatic units directly connected. The original runaway
reaction can then be initiated in one unit and then, at the
appropriate point, vented intothe disposal cell. The latter may
contain a quench fluid for exanple, and so the reaction of the
m xture can be studi ed.

Froma practical viewpoint, operating two adiabatic units

can be rather difficult. Al so, as nost nodern calorineters are
conput er controll ed, the conbined facility used nust be run from
t he same conput er which can di splay the rel evant data from bot h
test cells.
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4.2 EXAMPLES OF POTENTI ALLY SUI TABLE DEVI CES

Three units are described which illustrate the type-of equi pnent
that may be suitable, although in sonme cases nodifications may
be needed before it can be used for di sposal assessnent.

4.2.1 DI ERS Vent _Si zi na Devi ce (ref Fauske and Leung, 19851

The D ERS research project developed the basis for a test
i nstrunent which | ater becane known as the Vent S zing Package
(VSP) .

Key features of the apparatus are summarized in figure 4.1. The
120 thin-walledtest cell is placed ina 4 1itre high pressure
cont ai nment vessel. The apparatus indicates sanpl e tenperature
(T1) and pressure (P1) and external (guard) terrperatureiTZ) and
cont ai nment vessel pressure (P2). The test cell is enclosed bY
two heater elenents which are in turn enclosed by therna
insulation material. The purpose of the inside auxiliary heater
Is to heat the test sanple to a desired tenperature. During a
search and subsequent runaway period, the test auxiliary heater
Is turned of f and the outside guard heater is regulated to keep
an outer alumniumcan at the same tenperature (T2) as the test
cell tenperature (T1i), thus providing close to an adiabatic
runaway condition.

The guard heater tenperature is maintained by a sinple on/off
control routine. The VSP apparatus has been comrercial i zed and
a nunber of units exist worldw de.

In order to study vent disposal aranmeters, a nunber of
addi tional features are needed, both hardware and software.
These wi Il be described separately in section 4. 3.

4.2.2 HEL Adi abatic Device ; PH-TEC IT (ref Singh, 19891
The PH -TEC 11 calorinmeter was devel oped after the VSP and
therefore incorporates sone features of the D ERS work. In

particular, the use of lowthernmal nmass (i.e. thin-walled) test
cells has been retained, using pressure conpensationwith N, to

prevent test cell rupture. |In all other respects PH-TEC II is
quite different in scope and flexibility.

A diagramof the unit is shown in figure 4.2. The nain features
are:

athin-walled test cell (simlar to VSP).

three independently controlled and separately nonitored
guard heaters
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PI D control of guard heaters
software witten in Pasca

the possibility of adding a disposal unit, incorporated in
t he sanme sof tware.

The additional design features allow the unit to be used for
accurate detection of exotherns (down to about o©.02°C/min)
as well as tracking at extrenely rapid rates.

More i nmportant for the present project, afacility to extend the
apPIicatipn to include a disposal facility is included. This
w Il be discussed in section 4.3.

4.2.3 Adi abatic Dewar (ref G bson et.al. 1987)

The use of a vacuum flask (so called Dewar nethod) has been
traditionally used to determ ne the exotherm onset tenperature
of reactions at anbient pressure. This principal has been
extended (for exanple by |A) to allowthe adi abati c tracki ng of
reactions after onset and work at pressure (ref G bson et.al.
1987) .

A schemati c di agramof the adi abati c pressure dewar apParatus IS
shown in figure 4.3. The apparatus conprises a stainl ess st eel
flask fitted wth nechanical stirrer, bursting disc,
t hernmocoupl e, pressure transducer and electrical heater.
Provision can also be nade for renote addition of chemcals
during the test sequence.

The peak pressure in the systemis |limted by the nechanica
seal s but typical val ues exceed 35 bar. The thernmal inertia of
the test vessel is slightly higher than the test cells used in
the VSP or PH - TEC 11.

4.3 EXTENSI ON TO RELI EF DI SPOSAL ASSESSMENT
(ref singh & Boey 1991)

In order to use any of the above instrunents for relief disposal
testing it is necessary to provide an extension. The PH -TEC 11
has such a feature already included and this will be described
to illustrate the basic requirenents. In principal, a simlar
extensi on coul d be added to the other instrunents.
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4.3.1 Pur pose of PH - TEC D sposal Uni t

The obj ective of the disposal unit isto allowthe assessnent of
sui tabl e external containnent systens for reactive chemcals
vented in an emergency. Tests provide sufficient data firstly
t o deci de on t he type of contai nment systemf easi bl e and secondl y
to evolve a detailed specification.

The following types of information can be obtained from
application of the unit:

anount of reactants vaporized after venting down to
at nospheri c pressure

m ni num t enper at ure needed for condensation of reactants

anount and type of quench fluid suitable under the relief
condi tions

reactionrate and pressure following relief into a suitable
di sposal wunit.

The mechani cal conponents fit on to the PH-TEC rr unit and are

controlled from the sanme software (suitably extended wth
addi tional features).

4. 3.2 Har re of nent f_D sal i

The di sposal unit package consists of the follow ng (see figure
4.4) :

cont ai nment vessel plus fittings

guard heater, with heating coil and thernocoupl e

di sposal cell with pressure transducer and thernocoupl e
el ectronics to provide:

- anplification of thernocouple signals

= anplification of pressure transducer signal

- control of guard heater tenperature

- control of spare auxiliary heater

= control of optional sol enoid val ves

Cont ai nnent Vessel

The main body of this unit consists of a cylindrical stainless
pi pe section (schedul e 80 pi pe, test pressure 170 bar) to which
an end cap has been wel ded.
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This fornms t he bottomsecti on whi ch hol ds t he di sposal test cell.
The top part of the vessel is again an end-cap designed to be
sinply placed on top of the nain body and ti ghtened by neans of
the screw assenbly fitted.

Quard Heat er

The guard heater fits inside the containment vessel and is al so
constructed in two parts. The lower |arge section of the heater
is housed within the cylindrical part of the vessel and the

snmaller flat heater is placed on top.

The two heaters are connected i n series, outsidethe contai nnent
vessel .

D sposal Cell

The vented reactants fromthe reactioncell withinPH-TECII are
flashed into a simlar container, the disposal cell, whichis
pl aced between the guard heaters. Two pipes (normally 1/8"
dianeter) are fitted to the cell, one is connected to the vent

pi pe fromthe reaction cell and t he other acts as a vent pi pe and
al so as the pressure transducer connection. These pipes shoul d
be heat traced. The vol une of the disposal cell nmay beupto 2.5
times that of the reaction cell within PH -TEC 11,
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FIG 4.1 : DIERS VSP EQUIPMENT
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FIGURE 4.2 THE PHI-TEC ADIABATIC CALORIMETER
FOR'THE ASSESSMENT OF REACTIVE MATERIALS
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FIG 4.3 : HIGH PRESSURE DEWAR
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5. DISPOSAL SYSTEM DESIGN EXAMPLES: OVERVIEW

51 RANGE OF REACTI ONS STUDI ED

Desi?n of a safe disposal unit for relieved reactants requires
careful application of the equations devel oped i n chapt er 3 usi ng
sui tabl e experinental data. The choice of experinents and then
anal yti cal equati ons depends on both the nature of the reaction
and t he desi gn phi | osophy t o be adopted. For exanpl e, t he net hod
appl i cabl e for a total contai nnent design(closed di sposal unit)
will be quite different to that for an atnospheric drum

Four different chemcal reactions are presented and the design
of disposal systens illustrated. |In some cases nore than one
di sposal -desi gn has been consi der ed.

SYSTEM 1 : Phenolic Resin Reaction

This commercial ly i nportant reaction was i nvestigated usi ng NaoH
as catalyst, reaction being initiated at 4o0°c. This 1s an
exanple of a 'vapour pressure’ type system Two types of
di sposal units have been presented:

si npl e open (at nospheric) knock-out drum
guench drum still open (atnospheric).

A check for two-phase fl ow and subsequent al |l owance for parti al
vapour/liquid di sengagenent is illustrated for this system

SYSTEM 2 : ©Met hanol - Acetic Anhydride Esterification

This is al so a vapour pressure type reaction but the difference
is that this reaction commences at anbi ent tenperature, w thout
any initiation. Two disposal unit designs are presented:

cl osed (high pressure) quench drum

open (at nospheric) quench drum

SYSTEM 3 : Ntration of Tol uene

This reaction presents two new variables, firstly that this is
a sem - bat ch process and secondly that the reactionrate i s nass
transfer controlled (two |iquid phases present in the reactor).

This is al so a vapour pressure type reaction.

The use of an at nospheri ¢ knock-out drumand an open quench drum
has been considered for this mxture.
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SYSTEM 4 : Decomposition of Hydrogen Per oxi de

This reaction was induced by addition of netal ions to a 10%
sol uti on of H,0, whi ch produced a gassy reaction. The possible
use of an atnospheric knock-out drum and a quench drum is
illustrated.

5.2 TYPI CAL EXPERI MENTS REQUI RED

5.2.1 Test Apparat us
Al'l experiments needed to speci fy t he above di sposal systens were

conducted in the PH - TEC 11 cal orineter described in chapter 4,
together with the disposal unit extension.

5.2.2 Range of Tests

The information that istypically required to anal yze a di sposal
unit is the foll ow ng:

nature of runaway reaction to be vented

- pressures and tenperatures invol ved

rates of pressure and tenperature rise

toxicity/flammability

type of reaction (gassy, tenpered etc).

t wo- phase vapour liquid flow out of vented vessel and
| i kel y behaviour in disposal drum

consequences of venting with enpty (atnospheric) drum
ef fect of quench in open drum

potential for a totally enclosed di sposal unit

When data specifically related to a disposal unit is required,
It is necessary to fit an extension to the normal PH -TEC 1I
device. This extension also contains a |light-weight test cell
and sinplefacility to avoid heat loss. Thus the'post venti n%'

period of chemcals after leaving the PH -TEC test cell, may be
exam ned.

The following tests are frequently required, depending on the
actual problem
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dosed Cell Tests

This is the starting point for any thernal runaway problem The
chemcals' are added to a standard test cell, warned to sone
initial tenperature of interest and then allowed to react
adi abatically. In sonme cases, aninitiator nay need t o be added,
possibly at an elevated tenperature. Several tests under
di fferent conditions, using perhaps varyi ng amount of chem cal s
may be needed to conpl etely understand t he hazard.

Venting 1 nto Empty Cel |

This is frequently the first test to define inportant properties
following venting. The disposal cell is initially open.to the
at nrosphere and connected to the reaction cell within PH-TEC
Reactioninthe latter isinitiated and at the appropri ate poi nt
(i.e. relief conditions) chemcals are vented into the di sposal
cell. Soon after venting, the disposal cell is isolatedfromthe
reaction again by closing the connecting valve. After the
reaction cell has been isolated in this way, the disposal cel
can itself be conpletely closed in by shutting the vent valve
installed onit. Thiswll allowthe vented (flashed) liquidto
react adiabatically in the disposal cell.

Venting Into Quench Huid

The above test can be repeated 'EY venting into different
quantities of a suitable quench fluid (say water). In this way
t he anount of dilution and cooling required nay be studi ed.

Blowdown Test

The PH - TEC unit rmay al so be used to determ ne the |ikelihood of
t wo- phase fl ow foll owi ng a runaway, by determ ni ng whet her the
system products a stable foamor not. |f a stable foamis not
produced it is difficult to scale up the flow reginme (churn
turbul ent or bubbly) from bench tests to full scale. However,
I f churn turbul ent behaviour is obtained inthe PH - TEC blowdown
test, such behaviour is also likely at full scale. Using this
information, the suitability of different types of disposal drum
may be assessed. (See section 3.7.1).
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6. EXAMPLE 1: PHENOLIC REACTION

6.1 I NTRODUCTI ON

The chem cal system studied in this chapter is comrercially
I mportant i1nvolving the production of a phenolic resin by
reacting phenol and fornal dehyde in the presence of a suitable
initiator.

6.2 OVERVI EW OF PHENOLI C REACTI ON CHEM STRY

The manufacture of resins is widely practised in the chem cal
industry frequently by snmall to medi um sized conpani es | ocated
in sem-residential areas. Phenolic resins are recogni sed as
involving a highly exothermc reaction and as a result have
attracted consi derabl e attenti on.

The producti on of phenolics invol ves reacti on bet ween phenol and
f or mal dehyde using a suitable catalyst, typically an acid or
base. Phenol can react with fornal dehyde by addition to give a
phenol al cohol, or by condensation to give a nethyl ene bridged
conpound. Wil e both reactions are exothermc, the reactionto
al cohol produces only about 17.2 kJ/mole of heat whereas the
condensati on reacti on generates about 91 kJ/mole (Booth et.al.
1980). The type of reaction, nethyl onation or condensation, and
therate is determned by the normal reaction control variabl es
(catal yst type and concentration, tenperature etc) and this al so
I nfluences the particular grade of resin produced. Typi ca
reaction tenperatures range between 40 and 90°C nomnally
at nospheri c Fressure and fornal dehyde is normally in excess (on
a nole to nol e basis).

The underlyi ng reaction chemistry has been studi ed extensively
and sone generalizations are possible. The acid catal ysed
reaction is reported as being second order, above 30°c. The
Precise kinetics vary with the acid and pH val ues and t herefore

rom a hazard viewpoint, consequence prediction is difficult
wi t hout specific tests.

Base cat al ysed reacti ons showgreater variability: first, second
and fractional order reactions have been reported. The
activation energy of these reactions is quoted as bei ng about
73.3 t0 81.6 kJ/mole. Once again, nmeani ngful hazard eval uation
of a particular resin requires specific testing.

The present study wll evaluate base catalysed reaction,
primarily NaoH but al so ammoni a for conpari son.
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6.3 EXPERI MENTAL DETAI LS

Test M xtures Studi ed

The primary m xture studi ed was the foll ow ng:

Phenol 22g go. 211 g-nol esg
or mal dehyde* ssg (0.678 g-nol es
NaCH (50%s0l) 2.7g

79.7g

* formal dehyde is a 37.40% sol ution in water.

The formal dehyde to phenol nolar ratio is 3.215 (i.e. the
formal dehyde i s considerably in excess). The above recipe was
selected from previous work reported by D ERS (Leung
et.al.,1986).

For conpari son, an amoni a cat al ysed sol uti on was al so studi ed.
Inthis case 1.78g of amoni a was added to 37.59 of phenol m xed
W th 40.6g of fornal dehyde.

dosed Cell Tests

Two tests representing a closed system thermal ruraway were
conducted. The results of these tests do not directly provide
i nformati on needed for the design of a disposal unit but they do
serve a useful purpose. Firstly they illustratethe full nature
of the hazard and secondly therno-kinetic analysis of the
reaction i s possible fromsuch a test.

Test 1. NaCH Cat al vsed Reaction

The first test was conducted using the NaCH initiated m xture.
The three conponents were added to a standard test cell and
heated to 40°C At this point, the mxture was allowed to self-
heat under adi abatic conditions to conpletion.

Test 2 - Amoni a Catal vsed Reacti on

The second test was wth amonia catalysed solution for
conparison. In this case the mxture was heated to 20°c before
sel f-heati ng under adi abatic conditions was comenced.

D sposal (pen Cell) Tests

A nunber of open cell tests were carried out to derive sone
i nportant informati on needed for disposal system design. Al
these tests were based on the caustic initiated reaction.
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Test 31 Reaction Venting i nto Empty D svosal Cel

In this test the caustic initiated mxture was prepared and
heated up to 40°C as intest 1 and then allowed to self-heat. At
a tenperature of just over 120°c, the vent val ve was opened and
the mxture vented i nto an enpty di sposal cell (see figure 6.5)
Thi s was sel ected as t he vent opening condition. The vent val ve
fromthe di sposal cell was open when this took place.

After a delay of a fewseconds, givingtine for the reactants to
vent out, the disposal cell was "closed inN by shutting both
val ves and then all owed to sel f-heat

Test 4: Reaction Venting into Quench Vater

The fourth test was very simlar to the third except that the
di sposal cell contained about 25cnt of water (it was enpty inthe
previous test). Al so, at the point of venting, the val ve on the
di sposal cell was closed. Thus, the reactants were vented into
atotally closed system As before, the mxturein the di sposa
cell was allowed to self-heat (adiabatically).

Test 5 - Flow Resine Characterijzation

An inportant consideration in the design of relief systens for
runaway reactions isthe possibility of tmo-pha5ﬁ§vapour-liquid)
flow This is alsoinportant for disposal unit design and t hese
two tests were carried out to evaluate the two-phase
characteristics of the phenolic mxtures.

The test procedure was as foll ows:

(i) test mxture was loaded into a test cell fitted with
a 2.5mm vent.

(ii) t he sanpl e was placed in the PH - TEC pressure vesse
and the entire vessel (and hence al so the m xture) was
pressurized to about 5.4 bara (to prevent prenature
vapori zation of reactants).

(iii) t he m xture was then heated and all owed to react up to
the desired tenperature of 123%.

(iv) when t he sanpl e reaches the required tenperature, the
vessel pressure was suddenly reduced, thus causing the

test cell to undergo rapid venting.

(v} when t he pressure was down t o at nospheric, the vesse
was repressurized with nitrogen and allowed to=cool.

(vi) the anmount of liquid renmaining in the test cell was
measur ed.
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6.4 TEST RESULTS

6.4.1 Qosed Cell Runaways (Tests 1 and 2)

The results of test 1, caustic initiated reaction, are shown in
figure 6.1, pressure and tenperature agai nst tine. The reaction
shows a characteristically slow rise at first but then
acceleratesrapidly after reachi ng 80-90°C The nmaxi mumpressure
reached by the reaction is about 20 bara and the tenperature
187°C.

Note that at about 178°C, the reaction undergoes a change, the
rate becomng quite slow up to the maxinmum the pressure
i ncreases fromonly about 12 bara to 20 bar over this tenperature
ri se.

The rate of tenperature rise, as a function of tenperature is
shown in figure 6.2. This shows that the nmaxi numrate was about
33°C/minute and this occurred at 162°c. The shape is again quite
characteristic of thermal runaways. Note again the onset of the
second reaction towards the end, after the initial reaction had
stopped. This is %ener ally accepted as bei ng a deconposi tion of
the resin at the el evated tenperature reached by t he exotherm

The tenperature-tine data for the amoni a catal ysed reaction is
shown in figure 6.3, together with the corresponding results from
the previous test. The ammoni a test reaches a considerably
hi gher maxi rumtenperature and is nore rapid. The rates of rise
for the two systens are conpared in figure 6.4; the nmaxi numrate
achi eved by the ammoni a test is about 100°C/minute, about 3 ti nes
the value for the caustic initiated reaction.

6.4.2 pen Cell (D sposal) Test Results

Relief into Open Test Cell (Test 3}

The pressure and tenperature data from the first of the two
di sposal testsis giveninfigure 6.5 This shows the sane sort
of riseas infigure 6.1 and then a sudden drop in both pressure
and tenperature when the relief valve was opened. The relief
occurred at 123°C (3.6 bara) . The corresponding data fromthe
disposal cell is shown in figure 6.6; the tenperature and
pressure were initially both constant at anbi ent conditions. At
the point of relief, the tenperature undergoes a very sharp rise
as the hot reactants are vented. Recall that the disposal cell
was open to atnosphere at this point - hence the pressure does
not rise imMmediately (in fact 1t drops nmarginally as air was
forced out). Wien the disposal cell was 'closed in", the
tenperature starts to rise steadily, as does the pressure. The
rate of tenperature rise is approxinately 1.5°C/minute.
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Note that the tenperature in the PH -TEC reaction cell was 123°C
at the point of venting but it flashes down to 90°C in the

di sposal cell, this being the atnospheric boiling point of the
flashed mxture. The rate of tenperature rise in the disposal
cell is also |low conpared with the reaction cell - 1.5°C/minute

conpared with approxinmately 12 to 15°C/minute. This can be
clearly seen in figure 6.7, where the reactor and di sposal cell
data is conpared. The self-heat rate will of course increase
above 1.5 °C/minute if thereactionis allowedto continue; hence
sonme form of quenching is advisable.

An inportant feature of the tests is reproducibility between
different tests. For exanple, the data in tests 1 and 3, prior
torelief, should be the sane. This aspect i s conpared in figure

6.8 - clearly, thereproducibility is excellent.

The anmount of material collected in the disposal cell was
measured at the end. Approxi mately 73g (out of 80g in the
reaction cell) were vented.

Relief into Quench Water (Test 4)

In the second di sposal test the reacting m xture was vented into
a di sposal cell containing 25 of water. The other difference
was that the disposal cell was not open to the atnosphere - it
was cl osed at all tines.

The tenperature and pressure data for thereactioncell for this
test is shown in figure 6.9. The point of relief was the sane
as in the last test, 123°C (3.6 bara). The correspondi ng
di sposal (quench) cell data is shown in figure 6.10. The
tenperature rises rapidly to about 64°C (from 30°c) and the
pressure increases to 1.8 bara. Wien the disposal cell was
"closed in", No i ncrease in pressure and t enper at ur e was obser ved
(the cell was under adi abatic conditions).

At the end of thetest, it was found that 41.8g of the reactants
were vented into the quench cell. This conpares with 73g in the
| ast test. The reason for the reduced quantity lies in the
Pressures in the reactor and quench cell during relief; see
igure 6.11. dJdearly, the pressures becone equal (at about 1.8
bara) and therefore no further material could be vented. Thus
the 25g of quench water should be considered in relationto
41.8g of reactants rather than sog.

React ant Blowdown Test

The pressure and tenperature agai nst time, during the two-phase
blowdown Of the reactantsis shown in figure 6.12. As descri bed
earlier, the pressure was reduced rapi dly and t hi s caused venti ng
of the reactants. The reduction in pressure:.is acconpani ed by
a reduction in tenperature.

At the end of the bl owdown, nitrogen was re-introduced into the
cell to prevent further boiling. The anmount of Ii c%ui d remai ni ng
inthe cell was about 41g; thus approxi mately 70%of the cell was
enpty. This shows that two-phase relief occurred; all vapour

venting would |leave the test cell nore than 50% full (See
section 3.7.1).
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However, since the test cell did not conpletely enpty there is
sone vapour-liquid disengagenent hence honbgeneous two-phase
venting i s not observed. Honogenous two- phase venting woul d
lead to a virtual enptying of the test cell). The so-called
"churn-turbulent" two- phase regine i s suggested by the results
(See Fisher, 1991).

6.5 RELI EF SYSTEM DESI GN BASI S

6.5.1 Inplications of Test Results:overview

Bef ore enbar ki ng on a detailed anal ysis of therelief system in
particular the disposal unit, it is useful to review the
rel evance of the above data since it will provide the basic
design information.

The closed cell results, tests 1 and 2, illustrate first and
forenost the nature of the problem in that the reaction is
capabl e of reachi ng pressures of the order of 20 bar #i n the case
of the wvaoH catal ysed reaction) or nore, and at self-heat rates
of 30°C/minute (Or nore). Analysis of phenolic reactions show
that the pressure closely resenbl es t he vapour pressure of water
and that in the event of relief, the mxture will act as a
"tenpered’” system That is, therisein pressure and tenperature
can be arrested by boiling of reaction mxture provided the
relief systemis sufficiently |arge.

The di sposal experinments(tests 3 and 4) provide insight intothe
avai | abl e options for contai nment of the vented reactants. The
first of these tests (test 3) provides two itens of information

i mredi at el y:

the reaction mxture (present at the relief point) has an
at mospheri c boiling point of 90°C

the self-heat rate of the flashed reactants is initially
1.5°%C/minute.

This information can itself be used to design a sinpl e di sposal
systemas will be described later.

Test 4 provides simlarly direct data for a total contai nnment
SKSt emusi ng water as a quench medium Thi s shows that reducin

the tenperature to e6o0o°c (and with the appropriate anount o

di l ution) provides a safe condition for atotal contai nnent drum
Moreover, water IS verified as being a suitabl e quench nmedi um by
rapidly cooling the reactants.

The t wo- phase blowdown experinent (test 5) provides confirmation
of the fact that liquid carry-over fromthe reactor will occur
in the event of energency relief.
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Equally inportant, the results indicate that the systemis not
\ foany?! but rather one in which the extent of |iquid entrainment
is influenced by the vapour velocity through the reactor and
therefore can at | east be mnim zed, if not conpletely elimnated
by suitabl e design.

6.5.2 Vent Siz n lief te Assumptions

In order to specify the disposal system it is necessary first
tocalculatetherelief rate to be expected. This depends upon
the reactor charge and the relief set pressure. It Is however
beyond the scope of this study to evaluate relief size and
di scuss t hi s et hodol ogy.

A useful basis is however provided by therelief sizingstudy for
phenolic resins conpleted by Booth et. al. (Booth 1980) and
subsequently quoted by Leung (Leunq, 1986). This used the
fol |l owi ng basis:

Reactor volune : 4.54 n?
React or charge : 3,628 k
Rel i ef opening : 121.4%:%2.07 bar abs), arsat
Relief maximum : 123.4°C (2.21 bar abs), ar/dt

15°C/min
20°C/min

The above relief conditions are the sanme as those used in the
present experinents for disposal assessnent. Al so, the above
self-heat rates are simlar tothe val ues obtained in the present
work at the same tenperature. Henceresults fromthe above st udy
as quoted by Leung nmay be used. This gives a vent dianeter of
0.3m and calculates a venting rate of 150 kg/s. This wll be
assuned to be the capacity of the relief pipe.

D sposal systens to accommodate the above rate from the 4.54n%
reactor will be used as the basis.

6.6 DI SPOSAL SYSTEM : SI MPLE KNOCK- OUT DRUM

Desi gn of a si npl e at nospheri ¢ knock-out drum possi bl y connect ed
to a flare or other suitable disposal unit, requires only an

estimation of the rate that gas/vapour |eaves the drum This
i nfl uences both the drum size and the downstream unit. The
gas/vapour rate required is nade up of three conponents:

anmount of vapour generated when the reactant |iquid flashes
down t o atnmospheric pressure in the drum

vapour carried over fromthe reactor

gas or vapour generated by continued reaction in the drum
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6.6.1 Calcul ation of Process Vari abl es

The reactants are vented froman el evated pressure at 123°C down
t o atnospheric pressure. This will cause sone vapour to be
generated as the liquid cools to its atnospheric boiling point.
The weight fraction of the vented liquid that will vaporize

X is given by (eqgn. 3.1b):

T -T,
xzcr&_b)
A

where c, is the specific heat of reactant liquid, T, the reactant
tenperature, T,the flash tenperature at at nospheric pressure and
A 1s the |latent heat of vaporization. Experinentally, T, has
been found to be 90°C.

Hence,

_ 2900 (122 - 90)
2502 x 10°

= 0.037
(G = 2900 J/kg, A = 2502 X 10°® J/kg, fromreference Leung, 1986).
Therefore, only 3. 7% of the liquid is vapori zed.
In additionto this, sone vapour will come over with the liquid
fromthe reactor. Thisis usually quite small. For exanple, if

90%of the vented fluid (by volune) is vapour, then the fraction
by weight is:

09 p,
X, =
09 p, + 01 p)

If p, ~ 1.2 kg/nm? and », - 900 kg/n?, x, = 0.013.

Thereforethetotal fraction of vapour enteringt he di sposal unit
is approximately (0.037 + 0.013) i.e. 0.05.

The venting rate fromthe reactor (W 1is 150 kg/s, hence the
amount of vapour generated is from(egn. 3.2):



62
M, = 0.05 x 150 kg/s

= 7.50.kg/S

Finally, the vapour produced by continued reaction in the drum
must be included. This may be based on the self-heat rate in the
drum found to be 1.s°c/minute experinentally. The anmount of

vapour produced by this, based on total anmount of reactor nass
is(eqn 3.3) :

m, (dT/dt), C,
’ A

_ 3628 x (1.5/60) x 2900
2502 x 10°

kgls

0.105 kg/s
Therefore, the total anount of vapour is:

M

max

M, + M,

(7.50 + 0.105) kgfs
= 7.605 kg/s

The density of the vapour at 2.0 bar and 120°Cis 1.2 kg/nt as
quot ed above (based on Leung, 1986). At 90°c and atnospheric
pressure the density o, wll becone:

2 (120 + 273) (1.0

—| kg/m?
90 + 273 2.0) &l

v

= 0. 65 kg/ n?

Therefore the volunetric flow of vapour is:

Q, =M,Jo,

11.7 m¥s
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6.6.2 Knock-out Drum Si ze
If the above vapour is to be separated fromthe incomng Iiquid,

a knockout drum nust be provided. The velocity V through the
drumto prevent liquid entrai nment nust satisfy (eqn 3.28):

This reduces to the following for the drum dianmeter (equation

3.30):
5 ~0.25
D = 1.1284 [2&]0 LO|
K P,
wher e:
D = drum di ameter (N)
P = liquid density (kg/ni)
P =
K = va our d?n3| ; St ar%/ rﬁgay 0.04 for vertical drum

The nost inportant paraneter is Q, which was cal cul ated above
from experinental data.

This gives the followi ng vertical drumdi aneter:
D = 3.16 m

The drum hei ght (or |length) nust ensure that |iquid entrai nment
fromthe drum does not occur. This will now be consi dered.

6.6.3 Check for Two-whase Fl ow

The above method for knock-out drum sizing is based on the
assunption that vapour-Iliquid separation nmethods experienced in
general petrochemcal practice, are applicable. Test work with
t he phenolics shows that it is susceptl bletoliquid entrainnment.

It is therefore necessary to check that the drumw || not permt
liquid carry-over with the vapour.

The presence of two-phase (vapour-liquid) flow is assured
provided the following inequality holds based on the churn-
t ur bul ent nodel (established earlier) using equation (3.31):
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. 2a U_A
Mma.x 2 G pg
(1-«)

wher e:
M_, = vapour flow (kg/s)
<, =initial void fraction
U, = bubblerisevelocity inreaction mxture {mfs) = 0.233
A, = drum cross-sectional area
Pe = vapour density (kg/ ni)

The cross-sectional area of the vertical drumis:

wD?
¥ 4

2
_ 3142 x4(3.16) - 7.84 m?

The vapour rowrateMmu was calcul ated earlier as 7.6 kg/s.

Suppose the drumis 2/3rds full of liquid, i.e. 3 = 0.33

Therefore the right-hand-side of the inequality is:

2x033 x0233 x784x 1.2
(1 - 033)

= 2.16

Qearly, the inequality holds and therefore two-phase flow is
predi cted. Hence a 2/3rds full drum would not be acceptabl e.
There are two options - either increase the drum dianmeter to
reduce t he vapour velocity or reduce the liquid |level (increase

),

If the drumdianeter is nmaintained, the |evel nust not exceed
0.35 (i.e. a = 0.65). This will ensure all vapour flow.

Simlarly, if the dianeter is say 6m the cross-sectional area
i ncreases so that all vapour flowis produced even with a 2/3rds
full drum
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6.7 DI SPOSAL SYSTEM : PASSI VE QUENCH

The crucial variable in this case is the anmount of quench fluid
that is necessary. This in turn is determned by the safe
tenperature determned for the quench plus vented fl uid.

In the test programme, a tenperature of 60°Cc was found to be
safe. Sonewhat higher tenperatures nmay al so be accept abl e but
thisis a nmatter of optimzation. Certainly, 80°C would be the
maxi nrum accept abl e since the condensation tenperature of the
vented fluid (based on test 3) is around 90°C. Hence 60°C is
quite close to the opti num

It is possible to cal culate the anount of quench fl ui d needed by
usi ng equation 3.6:

B (Tr—qu)moC,+xmol

d Cq (qu -T)
wher e
T, = reactor tenperature at relief point (123°%)
Ty = final ,desjre ench tenper 0°C
c‘:' = specific eagI 81“ rea_c% aﬁPs (aés%(? 57kg))
A = | atent heat of vaporization (2500 x 10* J/kg)
X = fraction of vapour |eaving the reactor (say 90,013)
T, = initial tenperature of quench water (30°Q

The nost inportant paraneter is T, the safe final tenperature
and this has been obtained directly fromthe test.

Inserting a value of 3628 for m, gives:

m, = 6507 kg
Thus, the quench tank would need to be | arge enough to contain
(6507 * 3628) kg of liquid. Al low ng for vapour space at the top

of the vessel, a tank volune of approxinmately three tines the
reactor vol une woul d be needed, say 13 to 15 m’.
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6.8 CONCLUSI ONS

6.8.1 Recommendati ons for D sposal of Phenolics

Two possible designs for the energency relief of phenolic
react ors have been | nvesti gat ed:

si nmpl e knock-out vessel, enpty
cl osed tank contai ni ng quench wat er

The foll owi ng hypot hetical reactor size and venting conditions
have been assuned:

React or Vol une 4.54 i

Reactor Charge (total) 3628kg

Rel i ef opening conditions 121.4°c, 2.07 bara
Relief rate 150 kg/s

Based on t he experi nents conpl eted on a bench-scal e cal ori net er,
the foll owi ng di sposal units have been cal cul at ed:

Knock- out _\Vessel :

Vertical: dianeter -~ 3.16m with volune = 12m’
or, diameter -6mand vol unme = 6n¥

Vessel designed for atnospheric pressure, vent open to at nosphere
or to a disposal unit (e.g. flare). Vapour releaserate = 7.6
kg/s = 11.7 ni/s.

Quench Drum

Vol une of tank = 13 to 1ism?

Vol une of quench water = 6.5 m

Design pressure sane as for reactor. Snall breather vent to a
safe location, to allow for displacenent of air. Reactants to
be sparged directly into quench water

6.8.2 Limtations of Results

The di sposal systemanal ysis presented inthisreport isintended
only as an exanple. The details are very specific to the test
m xture used and the experinental conditions and do not inply
wi despread application to phenolic reactions. Parti cul ar
processes nust be eval uated i ndividually.

The nost inportant purpose of the work is to illustrate the
manner in which asnmall calorineter (PH-TEC) and sim | ar devi ces
may be used to obtain practical solutions. The test results
require careful interpretationbut basically, the applicationis
quite sinple.
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FIG 61 TEMPERATURE & PRESSURE Vs TIME DATA

NaOH CATALYSED PHENOLIC REACTION
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FIG 6.2 TEST 1 - NaOH INITIATED PHENOLIC REACTION

RATE OF TEMPERATURE RISE Vs TEMPERATURE
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FIG 6.5: RELIEF OF NaOH INITIATED REACTION
PRESSURE & TEMPERATURE Vs TIME IN REACTION CELL

ELIEF INTO EMPTY TANK
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FG 6.6 : RELIEF OF NaOH INITIATED REACTION

PRESSURE & TEMPERATURE Vs TIME N DISPOSAL CELL
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HG 6.9: RELIEF OF NaOR INITIATED REACTION
PRESSURE AND TEMPERTURE Vs TIME IN REACTION CELL

TEST 4 : RELIEF INTO WATER
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. EXAMPLE2: METHANOL-ACETIC ANHYDRIDE

This is the second exanpl e on t he desi gn of di sposal systens for
runaway reactions wusing bench-scale data. The reaction
considered in this case is the exothermc esterification of
met hanol by acetic anhydride. The reaction is not of major
comercial inportance but it does have sone interesting
characteristics, the nost inportant being that the reaction
occurs readily at atnospheric tenperature. This presents an
[ nlt_erfesti ng probl eminterns of saf edi sposal foll ow ng energency
relief.

The reacti on has been studi ed ext ensi vely both as an exanpl e for
relief sizing(d bson et. al., 1987, Singh 1989) and for di sposal
(S ngh and Boey, 1990). Therefore the test data can be conpared
to establish reliability.

7.1 EXPERI MENTAL DETAILS

If there is any reaction in the disposal cell, this can be
tracked and quantifi ed.

The test sanple was a stoichionetric mxture of methanol and
acetic anhydride(nolar ratio 2:1). This isthe same proportions
as that evaluated in previous work. The actual quantities used
wer e:

met hanol _ 30.88g
aceti c anhydri de 49.12qg

TOTAL 80. oog
The sanpl e was prepared in anice bath and injected into the test
cell. The mxture was heated to 20 = 25°c and then allowed to
sel f - heat .
Two types of tests were carried out - a sinple closed cell
runaway to- conpletion and open cell (disposal). tests. The

di sposal tests were as foll ows:

venting into an open (atnospheric), empty test cell

venting into closed test cells containing different
quantities of water.
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Atotal of 4 tests were conpleted:

Test MNb. Description

1 cl osed cel |

2 venting, into enpty cell
3 & 4 venting i nto water

Inthelast 2 tests, the vented fluid was injected directly into

t he wat er bP/ extendi ng the vent pipe down to the bottomof the
di sposal cell.

7.2 RESULTS

7.2.1 d osed Cell Test

The nethanol -acetic anhydride reaction occurs at anbient
tenperature = the rise in pressure and tenperature agai nst tine

is shown in figure 7. 1.
Characteristically, the reacti on commences very. slowly at first

but then rises rapidly, reaching a nmaxi num pressure of about
15 bara and a maxi numtenperature 175°C.

The rate of change of tenperature (dT/dt} as a function of
tenperature fromthe sane data is shown in figure 7.2

The shape is typical for a first order reaction; the maxi rumrate
of rise is about 87°C/minute.
7.2.2 D swosal Tests

Venti na into.Empty Cell

The disposal tests were carried out by initiating the venting
(fromthe reaction cell in PH -TEC) at about 115°C.

Inthe first test, the disposal cell was enpty and initially open
to atnosphere. After sone reactants have been vented over, the
i nterconnecting valve is closed so that the di sposal cell can be
studied inisolation. After closing the intervening valve, the
valve on the disposal cell itself was closed, allowing the
flashed chemcals to react adiabatically. The rise in
tenperature with time for both the reaction and di sposal cells
I's shown in figure 7.3. The point of venting is cl earldy mar ked
by a sharp rise in the disposal cell tenperature and a fall
withinthereactioncell. The vented reactants, under adi abatic
conditions, show a self-heat rate of 12.5°C/minute. After
confirmngthisrisefor awhile, the vent val ve on t he di sposal
cell was opened, allowing the reactants to boil : a boiling point
of about 72°c is clearly shown.
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Venting i nto Quench Wt er

The first disposal test, discussed above, shows that the
reactants cool substantially after venting down to atnospheric
pressure but still react at a fairly high rate. Ther ef ore,
cooling of the reactants is clearly necessary.

Two tests were carried out toinvestigatethe effect of different
gquantities of water on the vented reactants. The results were
obtained (wwth ™, = nmass of water and ¥, = mass of reactants
vented) are given in table 7. 1

- Initial
mixture

temp_ (°C)

63

TABLE 7.1 : Effect of Quench on Reaction Rate

As theratio of vented reactants to water i s reduced, theinitial
nléturg t enper at ure becones | ower and the self-heat rate i s al so
r educed. . .

The tenperature-tinme trace of the reactor and quench cells for
thethreetests are showninfigures 7.4 and 7.5. (The detailed
test procedure is the sane as for the test above). Note that
only the initial self-heat rate after venting i nto di sposal tank
isinportant. This is used to determ nethe acceptability of the
guench water quantity.

i

Dat a Consi st encv_Check

It is inportant to check that there is consistency in the
experinental data between the different tests in order to ensure
that differences in results are neaningful. The sinplest and
nost effective check is onthe rate of rise within the reaction
cell, leadingup totherelief point. This data can be conpared
between all the tests (including the closed test) in ternms of
dT/dt as a function of tenperature.

The conposite plot is shown in figure 7.6; clearly excellent
reproduci bility is indicated.
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7.3 DISPOSAL SYSTEM DESIGN BASIS

7.3.1 Review of Test Results

The nethanol -acetic anhydride reaction is clearly extrenely
hazar dous, reaching a naxi mum pressure of about 15 bara and
tenperature 175°C at a naxi numsel f-heat rate of over

87° C/minute.

Relief of the reaction into an enpty, atnospheric di sposal tank
froman initial tenperature of about 115°C would result in a
tenperature of only 72°C this confirnms the result previously
reported (singh and Boey, 1991). The mxture is still highly
reactive at this |ower tenperature and t herefore cool i ng (quench)
of the vented mxture is essential.

The two quench tests provide informati on on the ef fectiveness of
quenching with water. Using 0.56kg of water per kg of reactants
produces a mxture tenperature of 63°C and a self-heat rate of
4.0°C/minute. |If the dilutionis increased to o.79kg per kg of
reactants, then tenperature is reduced to 53°C and t he sel f - heat
rate i s 3. 1°C/minute.

dearly, even a high degree of dilution does not prevent the
mxture fromcontinuing to self-heat. This is to be expected
since the reaction occurs at anbi ent tenperature.

7.3.2 Relief Conditions

The disposal rests have been carried out at a reaction
tenperature of about 115°c. This was selected to coincide with
the basis used by G bson et.al. (G bson 1987) where the vent
si zes needed for a set pressure of about 3.5 bara and different
over pr essur es.

A characteristic of the systemis that it vents as a honogeneous
t wo- phase vapour liquid mxture. This was used as the basis for
relief sizing in previous studies of this system(d bson, 1987).

For this reason experinental verification has not been carried
out .

7.4 DI SPOSAL | NTO ATMOSPHERI C KNOCK- OUT DRUM

The reactants are vented froman el evated pressure at 115°C down
to at m)sOPherlc pressure. This wll cause sonme vapour. to be
generated as the liquid cools to its atnospheric boiling point.
The weight fraction of the vented liquid that will vaporize, X,
Is given by (egn. 3.1Db):
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T -T,
x=Cr————(’ »
A

where c, is the specific heat of reactant liquid, T the reactant
tenperature, T, the fl ash tenperature at at nospheric pressure and
X is the latent heat of vaporization. Experinentally, T, has
been found to be 72°C

Hence,

2050 (115 - 72)
1100 x 10°

0.08 (ie. 8%)

(G = 2050 J/kg°c, A = 1100 X 10° J/kg based on met hanol).

Thus, alargefraction of the chemcalswll |eave an at nospheric
drum as vapour. (Continued reaction in the drumw || generate
still nore vapour%. I n addi tion, considerabl e amount of |iquid
will inevitably be entrained. CQearly therefore, atnospheric
venting into an enpty knock-out drumis not an accept abl e opti on.

7.5 DESI GN OF PASSI VE QUENCH DRUM

7.5.1 Saf e Design Basi s

The results' of the disposal tests show that extrenely |arge
quantities of quench water woul d be needed to prevent conti nued
reaction in the quench drum The nost practical approach is
therefore to select a pressurized drum The pressure generated
in the quench drum wll be the vapour ressure of the
reactant/water mxture plus the air pressure. The first of these
conponent's, vapour pressure, depends on the maxi numtenperature
inthe quench drumfollowingrelief; thiswll nowbe determ ned.

7.5.2 Quench Drum Temperature
The initial quench drumtenperature followingrelief is given by
t he fol |l owi ng heat bal ance:
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myc, T, -T)=m C (T -T)

wher e M is the mass, (kg)
c specific heat (J/kgC)
T tenperature (°C)

subscript g (quench water), r (reactants), f the final
m xt ure.

For a %i ven system (i.e. given reactor size, venting conditions
etc) the only unknown is G, the specific heat of the reactant
m xt ur e. This can be back calculated from the quench tests
carried out by using the above equation. Applying the above
equation, test 2 gives ¢, . 2200 J/kg and test 3, C, = 1990 J/kg.
Thi s gives an average for ¢, of 2050 J/kg.

Application of the heat bal ance gi ves the follow ng rel ati onship
between the final quench tenperature T, and the water quantity

m,:

MCT +m C T

d m,C +m, C,
T C, T, +C, Tq
rC + Cq
where r = m/m. This is equation (3.18) assumng x is
negligible. Using this equation, the reactant/water m xture can

be calculated for any quantity of quench water.

Assuming a water tenperature (T} of 25°C and reactant tenperature
(T,) of 11s5° gives the values In table 7.2 for the final
m xture tenperature (T, follow ng venting.




TABLE 7.2 :
QUENCH M XTURE TEMPERATURE
AS A FUNCTI ON OF DI LUTI ON

The above tenperature represents the initial quench drum
tenperature; continued reaction will increase this. The final
tenperature i s determ ned by t he ent hal pc}/ still remaining inthe
vented reactants. This can be determ ned froma know edge of the
heat of reaction, A, which fromthe closed cell test 1s equal

to 335.4 kJ/kg of mxture. The enthal py fraction consuned is
proportional to the tenperature rise at the point of venting,
conpared with the naxi num(adi abatic) rise. Thisratiois, §,

T, - T,
T, -T,

115 - 25
178 - 25

0.588

(T,isinitial tenperature, T, is the maxi numexot her mt enper at ure
at the end of the exothernj.

The enthal py fraction remaining in the vented reactants is
(1 - 8)

Therefore the final tenperature T, due to this enthal py froman
initial tenperature T, 1S given by (equation 3.19):

T - CrA_ZV'ad(l—p)r+qu
? Ca+n
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where € is the nean specific heat of the mixture. This gives

the values of T, for different values of the reactant/water
ratio r, using T, fromtable 7.2 The adi abatic tenperature
rise, AT, is (178 - 25)°c, i.e. 153°C (This is based on the
net hanol - aceti ¢ anhydri de esterification reaction. M nor
reacti on between water and acetic acidisignored for sinplicity.
This illustrates the need to select the quench fluid carefully
and the requirenment for testing).

7.5.3 Maxi mum Quench Drum Pr essur e

The pressure P, generated in a closed quench drumis given by:

P, = P, + P

m ar v

where p,, i S the pressure of the air inthe drumand p, t he vapour
pressure of the water/reactant m xture.

det er m ned

The val ue of 2, depends on t he maxi nrumt enper at ure Tqin n
tsintable

above. Calculating 7, in this nmanner gives the resu
7.3, for different values of r.

Also given in table 7.3 are correspondi ng val ues of B;

p, been calculated sinply as the sumof the partial pressures of
water and reactant mxture (the latter available directly from
the tests).

TABLE 7.3 : MAXI MUM TEMPERATURE AND VAPOUR
PRESSURE AS A FUNCTI ON OF DI LUTI ON

The air pressure results fromthe conpression that takes place
as the'reactants enter the quench drum If the volunme of the
quench drum is V and the initial void fraction a, then the
vol une of air is a,v and t he vol une of water (1 -a,) V. The final
air pressure P, froman initial pressure p, is (eqn. 3.20):




(where p, = density of water and p, of reactants).

Thus, unlike the vapour pressure conponent R, the air pressure
al so depends on the vol une of the drumin relationto the anount
of reactants. The air pressure and naximum pressure for
different values of r (reactant to water ratio) and «, (initial
void fraction in the drum) (assumng p.,/p, = 1.25) are given in
table 7.4.

AP WK

TABLE 7.4 : MAXI MUM DI SPOSAL DRUM PRESSURE

The last three colums in table 7.4 give the naxi nrum drum
pressure (i.e. P, + P,) for a selected set of conditions.

7.6 SELECTI ON OF QUENCH DRUM DESI GN

7.6.1 d osed Syst em Cont ai nnent

The previous disposal design study (chapter 6) was based on a
hypot heti cal reactor charge of 3,628 kg; this will al so be used
as the basis in this case.

Tabl e 7.4 shows that a noder at elel/ | ow pressure di sposal drumcan
be installed in order to quench the nethanol -acetic anhydri de
reaction. The drawback (as will be seen) is that the size of
vessel needs to be rather |arge.
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The relief set pressure of the reactor is about 3.5 bara - the
di sposal drum pressure nust be lower than this. In order to
mnimze the influence of ba' ck-pressure(in the drun) on the
venting process, the drum nust permt alnost uninterrupted
relief. This can be achi eved by ensuring that t he drumpressure
is low enough to allow choked flow from the reactor. The
pressure rati o needed for this is about 0.9 for flashing two-
phase flow, a ratio of say 0.8 would therefore be acceptable.
Thi s gives a maxi numdrum pressure of 2.8 bara.

Looking at table 7.4, this pressure could be satisfied by the
fol |l owi ng opti ons:

(a) r - 1.25 a - 0.8
(b) r ~1.7 « -0.9

Since the mass of reactants to be vented is 3,628 kg the first
option requires a water quantity equal to (362811.25) kg, i.e.
2902 kg, say 3n? of water. Therefore, the drum vol une nust be
3/¢(1-0.8) = 15nm%. Simlarly for the second option, the water
c(]]uantity needed is 2134 kg and the drum volune about 21ir’.

early the first option is to be preferred as it leads to the
smal | est drum (Trial and error nmay produce a nore optinal
sol ution).

Ther ef ore, approxi mately 3000 kg of quench water in a ism®* drum
woul d be accept abl e.

7.6.2 Atmospheric Pressure Drum

The above consi derations apply to a cl osed di sposal drumdesi gn.

Al ow pressure drum open to the at nosphere i s feasi bl e provi ded
t he maxi numtenperaturein the unit can be kept bel owthe boiling
point. This tenperature will be between 72 and 100°C dependi ng
on the relative anounts of water and reactant : as the water

quantity is increased, the boiling point rises but the naxi num
tenperature goes down. Fromtable 7.3, adilution factor (r) of

bel ow 1.5, gives a vapour pressure below 1.1 bar. Hence, r = 1.0
for exanpl e (vapour pressure 0.75 barJ! woul d be acceptable. In
t hi s case t he amount of water required I s (3628/1.0)kg, i.e. 3628
kg, say a drum volune of 10nf allowing for sone void. This is
consi derably |l ess than the 15nf for a closed drum

The open drum design will not of course totally contain the
organic vapours. The air in the drumw || be displaced and nay
be assuned to be saturated with the vented chemcals. This nay
be acceptabl e in nmany instances particularly if the air |line can
be taken to a safe | ocation.
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7.7 CONCLUSI ONS

The net hanol - acetic anhydride reaction presents an interesting

di sposal problem due to the fact that is very difficult to
prevent continued reaction, even after quenching. This neans
that the design nust allow for the fact that the reaction wll

continue in the disposal vessel.

The basis used for the design is a reactor charge of 3628 kg,
rel eased at a tenperature of about 115°C

Two di sposal options have been consi dered:

(a) Total Containnent

gjench drum vol une - 15n
ench wat er - 3
Maxi mum drum pr essure : 28 bara

(b) Atnospheric (open)_ Drum

Quench drum vol une : 1om’
Quench wat er - 3.6n
Maxi mum drum pressure : atnospheric

The second option will allowair, saturated with organics to be
rel eased i nto t he atnosphere.

Relief directly into an atnospheric knock-out drum w thout
quenching i s not appropriate for this system It is likely that
the vented chemcals will boil-over out of such a tank. Al so,
reaction will continue in an atnospheric tank wi thout dil ution.

IMPORTANT NOTE

It is inportant that, if the quench fluid is not inert to the
vented |iquid, then due account is taken of any reacti on between
the quench fluid and the vented material. |In this particular
exanpl e, unreacted acetic anhydride may react with water. Any
such reaction i s of course evident from the test; neverthel ess
a suitabl e choice of quench liquid is inportant and water will

not al ways be appropri ate.
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FIG 7.1 : METHANOL-ACETIC ANHYDRIDE RUNAWAY
PRESSURE & TEMPERATURE Vs TIME
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HG 7.2 : METHANOL-ACETIC ANHYDRIDE REACTION

RATE OF TEMPERATURE RISE Vs TEMPERATURE
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TEMPERATURE (C)

FIG 7.4 : RELIEF INTO QUENCH WATER [TEST 3)
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HG 75 : RELIEF INTO QUENCH WATER [TEST 4)

TEMPERATURE Vs TIME
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FIG 7.6 : METHANOL-ACETIC ANHYDRIDE REACTION
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8. EXAMPLE 3: NITRATION OF TOLUENE

8.1 I NTRODUCTI ON

This is the third reaction concerned with the design of
contai nment systens follow ng energency relief of a thernmnal
runaway reaction. The previous two reactions, phenolic resin
producti on and met hanol -acetic anhydride reaction, were truly
batch reactions. The reaction studied in this report,
nmononitration of toluene, is sem-batch where one of the
reactants is added during the course of the batch. Anot her
interesting feature of this third systemis that the m xture
separates into two |iquid phases; successful reaction depends on
conti nued agitation.

82 OVERVI EW OF MONONI TRATI ON OF TOLUENE

8.2.1 Basi ¢ Chem stry

Nitration represents an inportant class of commercial reaction.
The particul ar exanpl e sel ected for anal ysis is the nitration of
tol uene in the presence of sul phuric acid:

H,S0,
CgHsCH, + HNO,. - C,H,CH,NO, + H,0
Tol uene Ntric nmono-ni tro
acid t ol uene

Thi s has recently been studied experinentally on a nunber of
different bench-scale devices (CGronin, 1989, and Steel 1989).

Tol uene nay be nitrated by t he addi ti on of m xed nitric/sulphuric
acid at anbi ent tenperatures or higher. The kinetics are very
rapid and therefore the rate of reaction is controlled by
limting the dosing rate of acid to a value conpatible with the
cooling capacity available. Another feature of the systemis
that the toluene and aqueous l|ayers readily separate INn the
absence of agitation; the reaction rate is therefore nass
transfer controlled.

The theoretical heat of reaction for the nitration of tolueneis
144.8 kJ/mole (G onin 1989). Several experinental val ues have
al so been reported rangi ng between 135.2 and 148.0 kJ/mole.

8.2.2 Sel ection of test Conditions

The test work referred to above was based on an acid m xture
containing 30 wt % H\Q, 56 w %H,S0, and the rest (14 wt%) water.
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Reaction stoichionetry shows that 1g of toluene requires 2.27g
of "mixed aci dsh for conpl ete conversion.

In a commercial process, the acids would be added for a period
of time, say a coupl e of hours, the actual rate being determned
bK t he avail abl e cooling capacity. From a business view, the
shortest batch tine will be preferred.

An operating fault |l eading to energency relief could ari se under
a nunber of situations. A common cause i s cooling supply failure
while the acid feed is continued. Anot her potentially nore
serious situation is |loss of agitation, |eading to accumul ation
of unreacted acid; then, when agitation is restored a rapid
exothermw || result.

Adiabatic experiments can simulate such incidents by injecting
a prescribed anount of acid into hot tol uene, while naintaining
agitation. The anount of acid, relativeto the toluene, nust in
Bractice be based on a hazard study of the process; a val ue of

etween 10 and 15% of the total batch quantity is not an

unr easonabl e choice. If the batch period were 2 hours for
exanple, this would inply accumulation for 12 to 18 m nutes.
This is a reasonable basis for the tests and will be used to

i nvesti gat e di sposal system design.

8.3 EXPERI MENTAL DETAI LS

Test M xtures Studied
One test was carried out with the follow ng m xture:

Tol uene 509
M xed aci ds 10g
60g

This was the first mxture studied and represents a relatively
m | d exot herm

The mai n set of experinments were performed using the foll ow ng
m Xt ur e:

Tol uene 50g
M xed aci ds 15g

659
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M xed aci ds consi sted of:

H\Q 30%(wt)

H,50, 56% (wt)

H,0 14% (wt)
1003

The 15g of m xed aci ds represents 13. 2% of the acid required for
a total batch.

dosed Cell Tests
Two tests were carried out in which an exothermc reacti on was

i nduced by injecting cold acids to preheated toluene. The
resulting reaction was allowed to go to conpl etion.

[est 1

Tol uene (50g) at 80°C, with 10g of acids injected.

[est 2

Tol uene (sog) at eo°c, with 1sg of acids injected.
I n each case the test cell was first evacuated and purged with

N. The tol uene was then heated to the required tenperature and
then the acids syringed directly as a single shot.

Open Cel| Tests

Three venting tests were carried out in which the reaction was
initiated in the sane nmanner as test 2 above (i.e. at 60°C) and
vented i nto a di sposal cell at about 115°¢. The three tests were
as foll ows:

Tests 3 and 4

Reactants vented into an enpty disposal cell at atnospheric

pressure. The disposal cell was isolated and 'closed in’
I mredi ately after ventingto allowthe flash cooled reactants to
react adiabatically. he two tests were intended to be
i dentical .

Test 5

I n this case the di sposal cell contai ned sonme quench water prior
to venting. In all other respects, the procedure was t he sane
as intests 3 and 4.
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8.4 TEST RESULTS

8.4.1 Qosed Cell Runaways (Tests 1 and 2)

The tenperature-tine data for these two tests is shown in figure
8.1. This shows a fairlyrapidriseinitially but therate slows
down as the acid i s consuned.

Note the drop in tenperature(particularly noticeableintest 2)
when the cold acid was injected. The shape of the curves in
figure 81 istotally different to nost runaway reacti ons where
the initial rate is slow and then builds up with tenperature.
The difference is due to the fact that the nitration reaction
rate is mass transfer controll ed, initialla/, at the highest
concentration, the rate is nost rapid. early the mxin
efficiency inthe small scaletests needsto be carefully rel ate
that on the large scale reactor. This is beyond the scope of
this project but is an inportant variable when nmass transfer
control |l ed reactions are consi der ed.

Thi s rat her unusual behaviour is also evident infigure 82 where
the rate of tenperature rise is plotted agai nst tenperature.
Note the extrenely rapid initial rate which decreases rapidly
with tine.

The pressure-tenperature relationship for the reacting systemis
shown in figure 8.3. (Good reproducibility is indicated for the
two tests. A nore instructive way to review the pressure
tenperature data is by plotting the |logarithmof the pressure
agal nst reci procal tenperature. For wel |l behaved, ideal systens,
a straight l'ine is produced. The data fromtest 2 plotted in
this manner is shown in figure 8.4; clearly the vapour-liquid
equi libriumis non-ideal.

8.4.2 ren _Cel |l Tests

Venting into Enutv disposal cell

The relief of the reacting m xture into open cells (tests 3 and
4) is shown in figure 8.5. Thereactioncell (wWithin the PH -TEC
chanber) shows the sane rise in tenperature with tinme as in

figure 8.1. | medi ateli; after venting, the tenperature in the
di sposal cell rises and becones steady at about 102°C; no further
reaction occurs in the disposal cell. The disposal cell data

fromthe two tests shows extrenely good reproducibility.

Venting i nto Quench wat er

Inthe final test, the reaction was initiated (as above) at so°c
and then vented into a cell containing 20.79 of cold water. The
vent pipe was dipped directly into the quench water.
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The result (see figure 8.6) was that the vented reactants
stabilized at a tenperature of about e64°c and showed no

inclination to react. Approxi mately 39g of reactants were
vent ed.

85 DI SPOSAL SYSTEM DESI GN BASI S

8.51 Inalications of Tests Results

The first two tests, representing hypothetical runaways, show
"that the nitration reaction is able to reach high tenperatures
and pressures at rapid rates.

The ventingtests (all three) clearly illustratethat relief into
an unstirred di sposal vessel stops propagation of the reaction
in that vessel. Therefore, the fact that the reaction i s nass

transfer control |l ed can be used to advantage and a fairly sinple
di sposal unit nay be desi gned.

8.5.2 React or_Basi s

The reactor to be used as the exanple for relief disposal wll
be the sane as in previous investigations, nanely 3,628 kg of

total reactants (volunme approximately 4.2m’), hence a reactor
volume of 4.5 to 5nf.

The relief tenperature, again simlar to previous studies and in
line with the test work, will be about 115°C.

8.6 DI SPOSAL | NTO ATMOSPHERI C KNOCK- OUT DRUM

The reactants are vented froman el evated pressure at 115°c down
to at rmsdpheric pressure. This will cause sone vapour to be
generated as the liquid cools to its atnospheric boiling point.
The weight fraction of the vented liquid that will vaporize

X is given by (egn. 3.1b):

@, -1
A
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where c, i s the specific heat of reactant |iquid, T, the reactant
tenperature, T, the fl ash tenperature at at nospheric pressure and
A is the latent heat of vaporization. Experinentally, T, has
been found to be 102°C
Hence,
_ 1900 (115 - 102)

360 x 10°

0.069 (i.e. 6.9%)

(G = 1900, g/kgk, A = 360 x 10® J/kg, based on tol uene).

This is afairly high vapour rate and therefore it is preferable
to quench the reaction, particularly in view of the toxic
chem cal s concer ned.

8.7 DI SPOSAL SYSTEM PASSI VE QUENCH

The basis for the passive quench drumis quite sinple for this
syst embecause continued reactionafter venting i s not a probl em
The essential requirenent is that the final quench drum
tenperature should be | ow enough to ensure condensation; this
nmeans a 10°C nmargi n between t he condensati on tenperature and t he
final quench tenperature, i.e. 92°C.

It is possible to use the followng sinple heat balance to
cal cul ate the quench quantity m (equation 3.6 with x = 0):

) T, - qu) m, C,

m
1 C, (T, -T)

115°C (rel i ef tenperature)

3628 kg (maxi mum reactant quantity)
92°C (maxi nrum quench drum t enper at ur e)
1900 J/kxgc (specific heat of reactants)

4000 J/kgc (specific heat of water)
25°c (wat er tenperature)

o -

-

HonNnHA3 3
(=T -]

This gives m = 591.6 kg

(Note that x = ¢ is a well founded approximation. See section
6.6.1 for exanpl e where after a conservative calculation it was
found to be only about 0.013).
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Appl yi ng a reasonabl e safety factor, say 1000 kg of water.

The total drum vol unme would not need to be any larger than say
6.5nt if the drum were open to allow air displacenent as the

reactants were vented.

8.8 CONCLUSI ONS

The nitrationof toluenerepresents atypi cal sem-batchreaction
in which one of the reactants is added over a long period of
tine.' Energency relief of the nitration mxture presents a
relatively sinple problemin terns of saf e di sposal because t he
reactants separateintotwo |iquid phases inthe di sposal vessel.
This i mredi ately stops further reactions.

Therefore, the requirenent for safe disposal is sinply to ensure
that the reactants are quenched in order to prevent formati on of

a toxic "cloud". The follow ng quench drum is found to be
adequat e:

Drum vol une 6. 5ni

Quench.wat er : 1000 kg

Drumshoul d be open to atnosphereto allowfor air displacenent.

The reactor size used as the basis has a capacity of 3,628 kg,
about 4.5 to 5nt vol une.
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FIG 83 : NITRATION OF TOLUENE RUNAWAY REACTION
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FIG 84 : NITRATION OF TOLUENE RUNAWAY REACTION
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FIG 8.5 :NITRATION OF TOLUENE - VENTING INTO EMPTY
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FIG 8.6 :NITRATION OF TOLUENE - VENTING INTO WATER
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9. EXAMPLE 4 : H,0, DECOMPOS TION

9.1 | NTRODUCTI ON

This is the fourth chem cal systemto be studied for the design
of contai nnent systens followng relief of a runaway reaction.
The first threesystens, phenolicresinreaction, methanol -acetic
anhydri de runaway and nitration of tol uene, were reacti ons which
could be quenched with a cold solvent. The reactants and
products in these systens were condensible at reasonable
t enper at ur es.

The final systemto be considered in this report is a thernal
runaway whi ch gener at es non- condensi bl e gas (oxygen). Therefore,
safe disposal of the reactants will present different problens
to those for previous systens. As for all the exanples
presented, it is inportant that the specific data is not used as
the basis for safety assessnents.

9.2 EXPERI MENTAL DETAI LS

[est Cell Preparation

I\I—\%dr ogen peroxide is nornally stable under anbient conditions
en stored in non-netallic (glass, plastic) containers. Wen
heated in a gl ass heater, H,0, boils at about 100°c. However, if
trace anounts of nmetal ions are introduced, Vvigorous
deconposi tion occurs, characterised by the release of a |arge
amount of gas (0,).

The standard stainless steel cells used inthe tests need to be
"treated" before use. For this purpose, an acid mxture
contai ning 10% HNO; {70% solution) and 1% HF (40% solution) in
distilled water was i'ntroduced into the test cells, shaken for
approximately 5 mnutes, drained and rinsed several tines with
distilled water. This treatnent of the metallic surface is
needed to prevent uncontroll ed H,;0, deconpositi on.

Test Description

Tests 1 and 2 - dosed Cell

O osed cell test enable conplete tenperature and pressure data
acqui sition fromonset of reactionto conpletion, during thernal
runaways. These tests in thenmselves do not provide useful
i nformation for disposal system design but do all ow thermo-
ki netic anal ysis of the reactions.
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H{drogen per oxi de~deconposi tion s i nfl uenced both by t he anount
0 conéanlnant present and by the initial concentration of the
per oxi de.

The contam nant cuso, was first mxed w th hydrogen peroxide.
This was introduced intothe test cell under vacuum A standard
heat - wai t - sear ch procedure was adopt ed whereby t he sol uti on was
heated to a specified start tenperature and held at that
tenperature for a period. |f no self-heating was detected, the
sol uti on was heated by a further heat step. Adiabatic tracking
comrenced as soon as self-heating was detected. The test cell
pressure was al so trackedt hr oughout, and a conpensati ng ni trogen
pressure introduced into the pressure vessel to prevent rupture
of the test cell

Test 3 : D sposal Into Empty Ouench cell

This test was done to determine the effect of venting the
reacting material froma closed cell at el evated pressure to an
enpty disposal cell at atnospheric pressure.

The H,0, sol uti on contam nat ed wi t h copper sul phat e was i ntroduced
into the reaction cell (in PH-TEC under vacuum as descri bed
above. A heat-wait-search procedure was agai n adopted to find
the reaction onset. The reactinﬁ material was di scharged into
an adj acent disposal cell when the tenperature within the test
cell was just over 40°C.

The di sposal cell was initially enpty and opento t he at nosphere.
(One sol enoi d val ve connects the reacting and di sposal cell while
anot her one connects the latter to atnosphere. Thus t he di sposal
cell can easily be isolated fromthe reacting cell and can be
"closed in" or "opened" to atnosphere.

Adi abatic conditions in the disposal cell are nmaintained by a
zone heater which electronically tracks the tenperature of the
di scharged naterial. Al pipes and valves connecting the
reacting and quench cell are heat traced to prevent cooling of
the material being di scharged.

Test 4 - Sequential addition of Cold Water

Inthis test, instead of discharging the reacting naterial into
a disposal cell, cold water was sequentially injected into the
reaction cell.

The exotherm was initiated by heating the hydrogen peroxide
solution (contamnated w th copper sulphate) in the nanner
descri bed above.

At about 78°c, 10 grans of water was injected into the reaction
cell. Several \shots' of 10g of water were added until the
m xt ure stopped reacting. -
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Test Reci pes

The reci pes for each of the four tests are sumari zed bel ow

Test Nb. Test Type Amount of H,0,(g) Anount of cusofQ)
1 cl osed cel | 60 0.5
2 cl osed 60 1.0
3 vent ed 60 1.0
4 quench 50 1.0

H,0, nom nal concentration was 10wt% in water.

QUSO was a 1wt% solution in water.

9.3 TEST RESULT
9.3.1 A osed Cell Tests (1 and 2)

The two initial closed cell tests were simlar except for the
amount of QuSQ that was used: in test 1, as a precaution only
0.5g of initiator was used, while in test 2, the amount was
doubled. The result, see figure 9.1, was that an exothermwas
not detected until at about eo°c in test 1 while in test 2, the
m xture showed significant self-heat at about 40°C The
subsequent risein test 2 is also nuch faster, taking only about
75 mnutes to reach nmaxi mumtenperature while test 1 took about
350 mnutes. The test 2recipew !l formthe basis for di sposal
system assessment in this study.

Note that the tenperatureriseitself was t he sane in both cases,
about 4s°c : this is to be expected since the anount
(concentration) of H,0, was the sane in both cases. The different
rates of reaction do not (and should not) affect the
t her rodynam cs.

In figure 9.2, rise in both pressure and tenperature for test 2
is plotted; a nmaxi muni pressureof about 65 bara is generated.
The rates of tenperature and pressure rise are shown in figures
9.3 and 9.4 respectively. A maxinmum self-heat rate close to
2°C/minute i s observed and a naxi num pressure ri se rate of about
50 bar/minute.
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A feature of this reactionis that the pressure rise is caused
by generation of non-condensibl e gas rather than |iquid vapour
ressure. This aspect is crucial for the present study and nust

e clearly established. In figure 9.5 the pressure fromtests
1 and 2 i s plotted agai nst tenperature, together with t he vapour
pressure of H,0,. It is clear that up to the point of exotherm

onset, the test pressures are very close to H,0, vapour pressure,
but depart markedly when t he reaction begins. The test pressures
are slightly higher than H,0, initially due to the pressure of N,
in the test cell as well as early deconposition.

9.3.2 D sposal into Empty Test Cell (Test 3\

In this case the reactants within the PH - TECreaction cell were
vented into the disposal cell. The results are shown in figure
9.6, Wwhere the tenperature in the disposal cell is plotted
alongside that in the reaction cell. The objective of the test
was t o denonstrate an i nportant aspect of gassy reactions, nanely
t hat fl ash cool i ng does not occur when t hese systens are vent ed.
The data in figure 9.6 shows that the vented reactants take up
the sane tenperature as the reaction cell and both cells then
continuetoreact in avirtually identical nmanner.

A nore detailed viewof the disposal cell isgiveninfigure 9.7
where the pressure and tenperature are both plotted. The
pressureis initially atnospheric and after venting t he di sposal
cell was "closed in ", leading to pressure rise. At about 1.4
barg, the vent valve in the cell was opened again and then
reclosed, several times. The resulting pressure functions are
clear in figure 9.7. The objective of this exercise was to
denonstrate a further feature of gassy reactions, nanely that

venting will not tenper the reaction ( i.e. will not prevent
continued tenperaturerise). dearly even if the vent valve is
| eft open, the tenperature will continue to rise generating

further gas.

9.3.3 Quench Test with Water (Test 4,

In this fourth test the reaction was suppressed by successive
I njections of water, to determne the extent of cooling and
dilution needed to suppress the reaction. A total of 509 of
wat er was added in five equal anobunts. The reaction tenperature
at the point of the first injection was 73°c and the self-heat

rate was 1.8°C/minute (i.e. close to the peak rate).

The sequence of events that take place when water is added are
the fol | ow ng: -

(i) at the tinme of injection, the vapour space intest cell is
conpressed and | eads to a sharp pressure increase

(ii) the tenperature at the same time drops sharply
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(iii) after the injection, the pressure and tenperature both
increase slowy due to continued reaction. After every
addi tion, the sel f-heat rate decreases.

The results of the test are shown in figure 9.8, which is a
detailed view of the last 3 water injections show ng both
pressure and tenperature. Prior tothe last injectionof water,
the self-heat rate was down to 0.05°C/minute. The pressure was
quite high at this point and was rel eased by opening the vent
val ve so that the |l ast shot of water could be added. Note that
when t he pressure was reduced, the tenperature did not change -
confirmng the findings of test 3.

Wien the final 10g of water were added the self-heat rate was
down t o about o.02°c/minute.

A summary of the results is as foll ows: -

Tenperature Self-heat Rate \Water added(cumulative)

(°c) °c/minute (g)

78 1.8 0
62 - 68 0.88 10
56 - 58.5 0.3 20
50 - 52 0.17 30
T46 - 47 0.05 | 40
42.5 0.02 50

9.4 RELI EF SYSTEM DESI GN BASI S

9.4.1 Implications of Test Results

The pertinent tests in terns of relief and di sposal assessnent
are tests 2 and 4. Test 2 shows that the maxi numgas generati on
rate is about 51 bar/minute and occurs at about 78°c, from a
reaction initiation tenperature of bel ow 40°c.” Relief of gassy
reactions is based in the naxi numgas generation rate.
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Inorder to bringthereaction under control, a‘?ﬁr oxi mat el y equal
anount of quench water and H,0, are required. i's was confirned
in test 4.

9.4.2 [ f |lief and Disposal System

In keeping with the three previous disposal ,S{St ens designs a
reaction vol une of 4.54 n* and a charge of 3628 kg of H,0,will be
assuned.

The relief will be assuned to be at -40°C Two di sposal options
wi Il be considered: -

* at nospheri c knock-out drum(w thout quench)
e atnospheric drumw th quench wat er

I't will be assunmed that the reactants will vent as a honbgeneous
t wo- phase gas-1iquid mxture.

9.5 DESI GN OF OPEN KNOCK- QUT DI SPOSAL DRUM

If the reaction mxture is vented into an enpty di sposal drum
thereactantsinthe drumw || be at the sane tenperatures as the
material inthereactor. That is, therew |l be no flash cooling
as the mxture is released from the reactor to atnospheric
pressure. (This was denonstrated clearly in the tests.)

Therefore, the reaction will continue in the disposal drum and
wi |l presumably al so vent out as a two-phase mxture. An enpty
di sposal drum wi thout quench water is inappropriate for this
system

9.6 DESI GN OF ATMOSPHERI C PRESSURE QUENCH DRUM

9.6.1 Suitability of Quench Qption

Inthis casethe disposal unit will contain cold water i nt o whi ch
the reactants will be sparged. The liquid will be cool ed but the
gas fromthe reactor will not condense and nust therefore be
vented out of the drum

Thi s rai ses an inportant question for the disposal unit design;
if the reaction vents as a honogeneous two- phase m xture, it nmay
vent out of the quench drum even after cooling with water.
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Therefore, an open drumis only suitable for giassy_ reactions if
t he cool ed m xture can be shown not to vent liquid out of the
di sposal drum

If this is the case, that is quenching the reactants enhances
vapour/liquid separation, then an open drumnay be adopted. This
will be assuned in the present case to illustrate the rel evant
cal cul ati ons.

9,8, 2 Disposal Drum Vol une

The experinmental data above shows that equal vol unes of H,0, and
water will quench the reaction, even at the worst condition.
Therefore, at the selected venting condition of 40°c, thisratio

will provide quite an adequate safely nmargin. The quench drum
vol une shoul d be twi ce the volune of the reactor (i.e. 9.0 .

The total vol ung of H,0, plus water will be about 7.3 n?, |eaving
a void of 1.3 at the top of the drum(void fraction 0.14)..

The m xture tenperature can be cal cul ated front he fol | owi ng heat
bal ance:

chw(Tm—Tw) = Mrcr(T:_Tm)

wher e:

M = mass

C = speci fic heat

T = tenperature _
subscript w= water, r = reactant, m= mxture.

Since the water and H,0, specific heat are quite simlar, the
m xture tenperature will sinply be the arithnetic nean of T, and

T,. If water is initially at 20°c, the mxture tenperature wll
be 30°C after venting at 4o°c.

9.6.3 Drum D anet er

I f the water/H,0, m xture does not show a tendency to foamin the
drum then conventional knock-out drum equations to prevent
liquiddroplet carry-over nay be applied. (The actual presence
of foam ng or non-foamng can be verified by the procedure used
In section 6 for the phenolic reaction). This gives the
foll ow ng equation for the drumdiameter D (egn 3.30):

0.5 -0.25
D= 1.1284[&} Pr
k Pgy
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wher e:
Q. = gas flow (n/s)
. =1liquid density
p, = gas density
k” = enpirical constant: typically 0.04 for vertical drum

The gas rate, q,, is the sane at that vented out of the reactor.
This may be estimated from experinental data using the pressure
rise inthe test cell at the maxi mumgas rate.

The void space in the test cell (test 2) was about 60cc after
addition of sanple. The maximumrate of pressure rise was 8.5
X 10* Pa/second (51 bar/minute). The rate of pressure rise is
related to the gas generation rate by the gas law

pressure, m= nmass of gas, ™, = nol ecul ar wei ght of gas,
gas constant, T = tenperature).

pyY)
I

This | eads to,

dm _ (W)ﬁ m
dt RT ) dt\ m,

where (m,/m) is the scaling factor in going fromtest cell to
| ar ge- scal e drum

The gas in this case oxygen (i, = 32), V = 60 x 10° n,
R = 8314 J/kmole K and T = 78°C (= 351° K) at the maxi num
gas rate. Since dap/dt = 8.5 X 10* Pa/s, the gas rate is:

3628
60%x10°3

2|8
1l

2.8x10‘5( ) kg/s

1.68 kg/s

The gas density will be approximately 1 kg/ n¥(in the at nospheric
di sposal drun), hence the gas volune will be 1.68 ni/s.

Therefore, substituting into the gas di aneter equation:
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o
H

1.681°:5 71000 70,25
1.1284 -

=1.8m

The actual dianeter nust be greater than this value to minimise
liquid entrainment with the gas | eaving the drum

9.6.4 Downst r eam Vaaour Tr eat nent

The gas |eaving the disposal drum can be sent to a downstream
Frocess unit for safe disposal. Aflare unit is often suitable

hough not in this particul ar case due t o probl emintroduced by
t he presence of oxygen (hence potential flash-back). The design
flowrate will be 1.68 kg/s (as determ ned earlier).

9.6.5 I.nfl uence on_Reaction Unit

The use of an atnospheric disposal unit |eaves the reactor
virtually unaffected since significant back pressure will not
bui I d up.

9.7 CONCLUSI ONS

It is inportant to bear in mnd that the experinental data
presented in this report should not be regarded as generally

representative of the H,0, deconposition. The information is
presented so as to illustrate the cal cul ati on procedures.

Two possi bl e desi gns have been consi dered for the safe di sposal
of a gas generating exothermc reaction:

* open, atnospheric knock-out drum
e at nospheri c passi ve quench drum

The first option is clearly unsuitable for gassy reactions
because the vented reactants wll continue to react in the
di sposal unit. Therefore, quenching nust be carried out after
venti ng.

Tests with the m xture showt hat equal quantities of H,0, and col d
wat er provide adequate cooling to stop the reaction. The
foll ow ng specification has been derived:
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React or Vol une - 4.5 m
Quench Drum Volune : 2.0 ni
Quench Water : 3.6 ni
Maxi nrum Gas Rat e - 1.68 kg/s (-1.68 mni/s) fromdrum

A quench drum open to the atnosphere with a vent gas |line to
relieve the above gas rate shoul d be provided.

The above result represents a very conservative esti mate because
t he maxi rrumgas generation rate has been assuned. |f the actual
vent systemdi nensi ons are known, a nore detail ed eval uati onw ||
permt a nore realistic design. This calculation procedure is
described in section 3.4
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FIG 9.6: RELIEF INTO EMPTY DISPOSAL CELL [TEST 3)
TEMPERATURE OF REACTION & DISPOSAL CELL Vs TIME
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TEMPERATURE (C)

FIG 9.8 : WATER ADDITION TO REACTANTS [TEST4]
Temperature and Pressure Vs Time
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10. CONCLUSIONS

This report presents the results of a short research project to
expl ore the desi gn of disposal units downstreamof chemcal reactors,
particul arly where potential exists for exothermic runaway reaction.
The objective of the disposal units is to elimnate (or at |east
reduce) the release of toxic and/or flammable chemcals into the
at nosphere follow ng an energency relief incident. It addresses the
safety and environnental probl ens associated wth the common practice
of venting chemcals directly into the atnosphere, often involving
the rel ease of large quantities of both liquid and vapour/gas.

The design equations appropriate for different types of reactions
have been presented and their application illustrated wth four
examples. A crucial elenent in the design is the availability of
" relevant reaction data, both for the initial runaway and the
subsequent reaction in the disposal vessel. The use of snall scale
equi prent for establishing the data has been expl or ed.

The experinental equipnent used for the study, PH-TEC is an
adiabatic calorineter wth certain special features that |end
t hensel ves to venting applications. A nunber of other devices coul d
however be adapted and then used in a simlar nanner.

The treatnent presented in this report is limted to | ow viscosity
systens Wen the viscosity i1s high (say above 100 <p) laminar flow
normally occurs and this is not yet fully understood and is an area
of research
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