Two-PHASE VENTING

Properly Size Vents
for Nonreactive and
Reactive Chemicals

A simple, cost-effective approach to relief
system sizing is outlined using DIERS-based
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are provided, eliminating the need for
knowing thermophysical properties.

afe relief system designs require chemical kinetics, thermophysical properties,
knowledge of chemical reaction and relevant two-phase flow regimes.
rates, character, and energy release. Therefore, to ensure widespread and consis-
The Design Institute for Emergen- tent use of the DIERS methodology, this article
cy Relief Systems (DIERS) prografh), spon-  advances more user-friendly guidelines. These
sored by 29 companies under the auspices ofre benchmarked against available large-scale
AIChE, provided the chemical process indus-data to avoid uncertainties related to flow
tries (CPI) with the tools necessary to gatherregimes and eliminate the need for thermophys-
such datg2, 3).A primary purpose of this ef- ical properties. The direct use of relevant data
fort was evaluation of emergency relief vent re- obtainable with the DIERS-based low-phi-fac-
quirements, including energy and gas releaseaor calorimetry methodology eliminates the
rates for systems under upset conditions, andeed for kinetic modeling (the thermal mass of
the effects of two-phase flow on the emergencythe test cell is small with respect to the test
discharge process. sample).
These efforts resulted in what is now known
as the DIERS methodology. This system for theDIERS calorimetry methodology
design of pressure relief systems is widely ac- Typically, two approaches are used to obtain
knowledged as state-of-the-art and is endorsegressure relief requirements for chemical reac-
by the U.S. Occupational Safety and Health Ad-tive systems depending on the strategy chosen
ministration and the U.S. Environmental Pro- for design(4):
tection Agency as an example of good engineer- 1. Computer simulation methods such as the
ing practice. DIERS-developed SAFIRE cod8) and Super
It is frequently suggested, however, that theChems for DIER$6). The effective use of such
DIERS methodology can be so complex andsimulation programs requires all basic physical,
time-consuming that it may be beyond the capathermodynamic, and kinetic properties of the
bility of many facility operators. Further, it has system.
also been argued that this procedure can be 2.Direct sizing from data of runaway
overly conservative, leading to impractical re- calorimetry tests used in special-case venting
lief system designs. These observations can benodels.
related to uncertainties or lack of knowledge of The requisite physical and kinetic data are
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Two-PHase VENTING

rarely available in the range of emer ™ Figure 1.
gency relief conditions, and are time- Basic functioning
consuming and costly to generate. gfaDIERS
. ench-scale

Thus, the second approach is currently .o ineter
the most-frequently-used one, and is (ysp) allows
emphasized here, consistent with the datato
need for more usdriendly techniques.  be scaled up

The three runaway reaction directly for
calorimeter devices in most general commercial-size
use are the Accelerating Rate eduipment.
Calorimeter (ARC), (Arthur D. Lit
tle), the DIERS bench-scale appara
tus (Fauske &Associates Vent Siz
ing Package (VSP)) and the Reactive
System Screeningool (RSST), also
from our company(4). The DIERS
program produced therdit and only
existing adiabatic, sample thermal
calorimeter by introducing automatic
pressure tracking (APT), which -al
lows a closed test cell phi-factor-de
sign approaching 1.0This develop
ment, together with pioneering the

Thermocouples

Containment Vessel

. ~4,000 cc
need for low-phi-factor open test-cell
designs and testing, facilitated, for
the frst time, safe, direct vent sizing
from runaway reaction data without
full-scale feld verification (2, 3). o
There are other adiabatic calorime A - Fill-Line Attachment E - Test-Cell Heater Plugs

L B - Guard Heater Plugs F1 - Guard Heater, Bottom

ters similar to the DIERS bench- C - Test-Cell Temperature (TC) F2 - Guard Heater, Lid
scale apparatus, such as tieTAC D - Guard-Heater Temperature (TC) G - Test-Cell Heater
and PHI-TEChut they are less com H - Insulation Disks

monly employed4).

Figure 1 shows the basic features
of a typical DIERS bench-scale appa
ratus. This device was developed by which can be used to directly evalu Heat loss from the test cell surface

DIERS to overcome data-acquisition ate vapor or volumetric rates. is compensated for by adding heat to
limitations of theARC for complex the sample at axied rate (determined
systems(4). The unit illustrated here Other test apparatuses by precalibration)This device oper

can be operated in either the closed or Figure 2 shows another calorimeter ates only in the venting mode and,
venting mode.The use of thin-wall that can quickly and safely determine therefore, provides information as to
metal test cells allows the data to be potential chemical hazards and rele the system classifation, i.e., vapor
scaled up directly to plant sizAPT  vant vent sizing parameter8, 7). hybrid, and gassy reaction behavior
controls the external pressure and Basic components include a 10-mL Closed-vessel data (such as equiibri
prevents test cell rupture. In addition open spherical glass test cell, its-sur um pressure over the sample) cannot
to closed-system operation that pro rounding bottom-heater jacket and in be obtained, but the rates of self-heat
vides pressure/temperature data, thesulation, thermocouples and a pressureing and pressure rise are found,
device can be used to check viscoustransducerand a 350-cc stainless steel which can be used directly to evalu
behavior from venting tests, as well containment vessel that serves as bothate vapor or gas volumetric rates.
as provide information as to the sys a pressure simulator and safety vessel.This device has temperature ramps to
tem classiftation (.e., vapor gassy  This device has a lgwefiective heat simulate fie exposure, a heat-wait-
and hybrid reactions). In terms of capacity relative to that of the sample, search mode of operation providing
vent sizing, this DIERS-based unit which may be expressed as a capacityonset detection sensitivity as low as
furnishes measured values of the self-ratio, or phi-factar of approximately 0.1°C/min, and isothermal operation
heat rate and rate of pressure rise,1.04 {.e.,quite adiabatic). at elevated temperature. Endothermic
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m Figure 2. Operating in the venting mode, this calorimeter (RSST) determines the system
classification, plus yield data for gas/vapor generation.

behavior (phase change) is alse ac terization methods for actual relief

commodated. (For recent improeve
ments on this calorimetesee Ref. 8.)

Flow regime characterization
Knowledge of the prevailing div
regime during emeency venting is

conditions are not available, the
DIERS practice has usually been to
design for “foamy” conditionsj.e.,

ciding with the relief venting process.

Tests can be run to distinguish-be
tween these two conditions (Figure
3). The device in Figure 38] em
ploys a small immersion heater and
an attached thermocouple that is posi
tioned in the upper freeboard space of
the test cellAn auxiliary control box
contains a dedicated power supply for
the sensorThe detector temperature
is displayed onscreen and is also
logged to the output datdefi Prior to
externally heating the chemical sam
ple itself, power is supplied to an-in
ternal heating coil to establish an-ele
vated (base line) sensor temperature.
This temperature should be well
above the anticipated boiling (tem
pering) temperature of the sample.
The detector operates on the simple
principle that if the fiw regime fol
lowing the onset of boiling is foamy
then the detector will be wetted and
rapidly cooled. If the 8w regime is
nonfoamy then the detector thermo
coupleTC2 will continue to measure
a temperature well in excess of the
sample temperatureC1.

Figure 4 8) shows an example of
a typical test run for soapy water that
was rapidly heated at about
30°C/min.When the sample tempera
ture TC1 reached 10€, the liquid
foamed up, immediately quenching
the detector and dropping its temper
atureTC2 to the sample boiling point.
The profound dierence in venting
characteristics between nonfoamy
and foamy systems are explained- fur
ther below

Nonreactive systems

Realistic sizing for fie emegen
cies for nonreactive systems requires
information about the prevailingoflv
regime,i.e., is the system in question
nonfoamy or foamy following incipi

homogeneous vessel situations, thus,ent boiling and vaporizationPhis is

erring on the safe side. Considering
that the occurrence of foamy vs. Ron

especially so for atmospheric storage
tanks (3 0z.—2.5 psig design pres

essential to estimate a realistic, but foamy conditions is sensitive to impu sure) that are covered ®PI Stan
safe, relief system design. Since it is rities, minute changes in concentra dard 650, “Vé¢lded SteelTanks for
not possible to predict the foaming tion levels, etc., thedwv regime char

behavior from physical
alone, and sincedilv regime charac

under actual runaway conditions coin

Chemical Engineering Progress

Oil Storage,” 10th edition,API,

properties acterization needs to be performed Washington, DC (Oct. 1998). Rele

vant experimental data simulating
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Two-PHase VENTING

fire emegencies with nonfoamy (tap
water) and foamy (1,000 ppm deter
gent in water) liquidq9) clearly ik
lustrate the dference in venting be

havior (see Figure 5). Note that the

TC2 TC2
data obtained represent a scale up in

volume of about 10 compared to

that taken in the device in Figure 3,

which illustrates similar trends,e.,
the flow regime information from the

bench-scale device can be applied to

commerical-scale equipment.

Nonfoamy behavior —
nonreactive systems

This venting requirement can be
based upon all-vaparenting consis
tent with the traditional approach
(10). The expected dw regime pat
tern is illustrated in Figure 5a, which
results in a small liquid swell (typi

cally less than 5%) due to the bubbles

primarily forming and adhering close
to the vertical wallg9, 11). The mink
mum freeboard height (m), below
which two-phase venting can be-ex
pected (Figure 5a) is given K%2):

[ 9"
(2
@

where Uz (m s?) is the Kutateladze
(13) entrainment velocity given by:

o va
e

)

whereo (kg s?) is the liquid surface
tension,g (9.8 m &) the gravitational
constantp, (kg m3) the liquid densi
ty, andp, (kg m3) the vapor density
Q (m3 s?) is the volumetric vapor
source resulting from theré expoe
sure and is given by:

s _ Qr
Q_
Ap, (3)

whereQg (J s?) is the total fire heat
input rate (surface area fire heat
flux — see Ref. 10), and (J kg?)
is the latent heat of vaporization.

Q can also be represented in terms

Sample 1/8in.
a. Nonfoamy b. Foamy
TC2>TC1 TC2~TC1

m Figure 3. Tests can be run to see if a system is foamy or nonfoamy.

250 ~

200 — o Sample (TC1)
o Detector (TC2)

150 [~

100

Temperature, ‘C

50

0 1 2 3 4

Time, min

m Figure 4. Foaming developed just under 2 min, dropping the temperature of the
detector thermocouple TC2.

of the equivalent liquid volumetric whereV (md) is the volume of liquid,
heating rate,T (K s1), as follows: andc (J kgt K1) is the liquid specif

. ic heat. Considering vapor venting,
- VpcT the required vent area(m?) is given

Q Apy (4) by
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liquid swell and the absence of liquid

Vapor Two-Phase Venting entrainment according to Eq. 1.

Venting a>0.99 We note that, for the propane trial
Liquid listed inTable 1(14), Eq. 5 predicts
Swell a somewhat Igrer vent area require

ment. This is consistent with the
stated overpressurdP = 40 psi.
Also, the listed propane trial, despite
the presence of adequate pressuse re
lief, experienced a catastrophic fail
ure,i.e.,a so-called BLEVE (boiling
liquid expanding vapor explosion).
The occurrence of BLEVEs with
tanks filled with pressure-liquefied
gas (PLG) mostly involve fire im
a. Nonfoamy Behavior b. Foamy Behavior pingement, ranging from partial or
complete fire engulfment to local jet
or torch fires. Fire exposure leads to
high wall-temperatures above the
liquid level and to material weaken
ing. Catastrophic tank failure may

¢ Boiling
Fire Fire
Liquid

" Boiling

FETTirttets

m Figure 5. Nonfoamy and foamy venting behaviors for fire emergencies.

- Q (Pa) the overpressure relative to the result, even though the relief valve is
CDO.61(P/pV)1’2 ambient pressure. open and is venting vapor at a rapid
(5) Vent area requirements predicted rate. The sudden release and explo
from Egs. 5 and 6 are compared to sive evaporation of a superheated
_ Q available lage-scale nonfoamy data liquid can lead to severe conrse
_W in Table 1. The atmospheric water quences. If tanks can empty before
P v (6) data were obtained with sharp-en they can fail, BLEVESs are eliminat

trance short-vent ducts.e., the ap ed and the outcomes will be much
for critical and highly subcriticaldw  propriate value of ¢ = 0.61. The less hazardous.
conditions, respectivelyHere, C; is noted good agreement is consistent Timely removal of PLG can befa
the appropriate dischge coeficient, with a freeboard value of less than cilitated by installing a dip-tube relief
P (Pa) the venting pressure, an& 5%, which accommodates both the system in addition to the traditional

Table 1. Fire simulation experiments and model predictions.

SVStem (A/ V)GXP, P: AB T' (A/ v’predibtiuns' m-!
m! psia psi °C min"! Foamy Vapor Venting
Water, 0.312 m3 1.62 x 103 14.7 ~0.7 25 — 1.68 x 103
Nonfoamy (Eq. 6)
Water, 0.312 m3 6.48 x 103 14.7 ~04 25 (5.83 x 102)
Foamy 8.86 x 103 -
(Eq. 6)
Propane, 122 m3  4.15x 105 285 40 3.36 — 4.80 x 105
Nonfoamy (Eq. 5)

* DIERS Methodology, Refs. 15 and 16.
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(Remove Inventory)

Liquid

T

(Control Pressure)

m Figure 6.
Combined liquid and
vapor venting is used
to help prevent
BLEVEs.

Vapor

1

vapor relief system (Figure 6)Jhe
latter controls the pressure by provid
ing adequate vapor venting, while the
dip-tube provides rapid liquid +e
moval, which can laely empty the
tank before reaching rupturedc-
counting for inherent temperature
stratification {.e., subcooled liquid),
and time to failure in connection with
both fre engulfment and torchré,
indicates that installing a liquid +e
moval system of similar size to the
vapor relief system will empty the
tank before failure can ocqur.e.,
prevent most BLEVEs.

Foamy behavior —
nonreactive systems

In contrast to nonfoamy behavjor
for foamy systems, such as exempli
fied by the foamy water trial listed in
Table 1, a very high void fraction
regime ¢ > 0.99) continues to enter
the vent line until the vessel is nearly
empty i.e., a freeboard volume free
of liquid is only established after a
large fraction of the liquid has vented.
Also, note that during the two-phase
venting, the vapor volumetric rate-re

mains invariant due to the constant churn-turbulent

heat inputThe implication of this be

havior leads to a lger vent area, but
also lagely eliminates the potential
for a BLEVE, as the walls continue to

form bubbly fow behavior(15, 16)

Reactive systems

Following the AIChE DIERS
methodology three types of reactive
systems are usually distinguished for
venting character including vapor
gassy and hybrid (Figure 7)The
venting character and corresponding
relief area requirement are easily de
termined using the DIERS calorime
try methodology

For thevapor system (i.e., total
pressure is equal to the vapor pres
sure), the principal parameter deter
mining the vent size requirement is
the rate of temperature ris: (°C
min't), measured at the relief set
pressureP (psia). Since, for the

grossly overpredicts the requirement vapor system, the reaction is entire
by an order of magnitude, as illustrat ly tempered by the latent heat of-va
ed in Table 1. Replacing the vapor porization, the lowest practical -re

densityp, in Eq. 6 with the two-phase
densityp, (1 -a) + p,o, and settingx

lief set pressure i.e., that well
below the maximum allowable pres

= 0.99, a reasonably safe vent area issure) results in the smallest relief

estimated, as shown idable 1.

Matching the experimental vent area

area requirement.
For thegassy systemin the ab

with the measured overpressure of sence of any temperingi.€., the

0.4 psi results i = 0.995.

Given the high value of the foam
void fraction, a similar approach can
be used for critical flow conditions,
with p; (1 - @) + pga replacingp, in
Eqg. 5 witha = 0.99.Additional exper
iments to confm the general use of
this approach appear warranted.

Finally, in the case of fire expo
sure to vessel jackets containing-lig

total pressure is equal to the noneon
densible gas pressure), the principal
parameter determining the vent size
requirement is the measured maxi
mum rate of pressure risPux (psi
min-1). In this case, the smallest vent
size requirement is obtained by eon
sidering the maximum allowable
pressureP (psia).

For thehybrid system, with both

uids, two-phase venting needs to begas production and vaporization-oc

considered regardless of the classifi
cation of the flow regime. For such
conditions, the wall boiling bounrd

ary layer(11) takes on the dimension
of the narrow jacket channels, result
ing in essentially a uniform void dis

tribution. In the case of nonfoamy
and foamy liquids, the DIERS
and bubble-flow
methodologies are directly applica
ble (17, 18).As such, note that the

curring simultaneouslyi.g., the total
pressure is equal to the sum of the gas
partial pressure and the vapor pres
sure), both the rate of temperature
rise T (°C min?), and the rate of
pressure riseP (psi min?) are need

ed to determine the proper vent size
for a specifed venting pressure.

Hybrid system vent sizing
If a detailed kinetic model is not

required vent areas for the vessel readily available, which is often the

jackets may be lger than those al

case, the measured self-heat rite

be wetted until most of the liquid has lotted for the vessel itself, since for (K s?), and the rate of pressure rise

externally heated vessels, the vent P (Pa ¢) for a given relief set pres
As for the increased vent area re area is proportional to the heat-trans sure P (Pa) using DIERS-based

quirement, we note that the proposedfer area and not the vessel volume calorimetry can be applied directly to

been vented (Figure 5b).

DIERS methodology considering uni

22

(15).
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Runaway Reaction Classes AV = o GJiC F;\CJ( '\|/TT )112 +
. D A%
( /_\1 : 12
© Vapor ® &P ( MW'Q)
g PocoRool meLR ©
g [20;0e080 &
g 0o8580B00 £
[ 0080900%00%(33 = . . .
e iBoi“ng og%oo 6%0800 for C(|t_|cal and h|gh!y subcritical dw
ooqggggb%g,o, conditions, respectivelywherep (kg
Time 333,;9&%)00 m3) is the loading densityl (K) the
NoES 0 temperature,R (8,314 Pa-#IK-kg
mole) the gas constan®, (Pa) the
- back pressuréyl,,, the vapor molecu
Gassy —>, lar weight, andv,, , the gas molecular
o weight.
g Wy The above vent sizing methodelo
"é gy for hybrid systems is consistent
& l/- BN with the lage-scale _200-I§g 50 wt. %
Loss of Solvent H,O, runaway reaction trials reported
by Wilberforce (20), as illustrated in
Time Table 2. Measured self-heat rates re
ported forTrials 3 and 4 are illustrat

m Figure 7. DIERS methodology considers three types of runaway reactions.

Q, (m3s?) and gasQs

(m3 st):
Qv — mcT
Apy (7
y v P
% mp (®)

wherem (kg) is the reactant mass),
(kg) the test sample mass, an(ins)
the test freeboard volume.

The validity of the above equa

tions has been demonstrated with min-i, respectively

calorimetry datarf, = 0.01 kg and
v = 3.5 x 104 m3) obtained with
H,O, solutions (25 wt. % in kD),
where kinetics and physical pro
perties are well known from RSST
tests(19). As illustrated in Figure 8
(some of the values are from
Ref. 20), the data for JD, results
in T/P = 4, which is invariant
with H,0, and catalyst concentra
tions. The high-pressure test (where

ed in Figure 8 (the dashed portions of
the curves represent extrapolations to
tempering conditions of 106 and
13C°C, corresponding to measured
overpressures of 0.9 psi and 40 psi,
vapor stripping is suppressed) respectively). The reported absence
clearly shows that the system pro of two-phase fiws as the tempering
duces noncondensible gas with the is approached for teStial 3 is anoth
rate of pressure riseP >> 0. er example of the dw regime com
The low-pressure run also clearly plexity during venting conditions.
illustrates that the reaction is tem The absence of liquid ejection sug
pered, since the rate of temperaturegests that the vapor/gas release is
rise T — 0, as the temperature-ap highly nonuniform, due to inherent
proaches 10W. The correspond nonequilibrium conditions with the
ing rates of temperature and majority of the release occurring at
pressure changes are obtainedthe walls and free liquid surface,-re
from the high-pressure test and sulting in insignifcant liquid swell in
are about 4C min! and 1 psi the absence of foamy conditions, sim
ilar to that illustrated in Figure 5a.
Considering gas-vapor venting Given a freeboard volume of about
only, the vent area to volume ratio 10% after accounting for the liquid
AV (m1) can be estimated from swell, the absence of two-phase vent
Egs. 9 and 10 (see box below): ing is also consistent with the entrain

12

pVP
mP

RT \**,
MW,\/)

4o

_ 1 |pcT
av=4 W( = (10)

)”2 [2(1—1Pb/P)
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Two-PHase VENTING

which considers homogeneous vessel
conditions with initiation of two-
1,000.0 phase venting as the runaway reac
tion becomes tempered2l, 22).
However should a fiw regime pre
vail (nonfoamy or foamy) that will
result in uniform void distribution
and two-phase venting, consideration
of mass loss of reactants due to gas
generation before reaching reaction
tempering, in addition to allowance
of modest overpressures (30-40%),
indicates vent areas compatible with
predictions from Egs. 9 and 10.
m The lesson to be learned here is
/ / | Pressure=0 psig that the possible early mass loss ef
01 fect (illustrated later for gassy sys
0 95 50 75 100 125 150 175 200 tems) and the overpressurefeet
(discussed below for vapor systems)
Temperature, °C eliminate the need to consider uncer
tainties related to flow regimes and
nonequilibrium eflects, with the
m Figure 8. Calorimetric data for two systems of H,0,/H,0 under varying conditions. minimum vent area determined by
considering only vapor/gas venting.
Note, however for efluent system
ment consideration given by Eq. 1. failure as the overpressure reacheddesign, the possibility of two-phase
The absence of two-phase venting is about 40 psiThis is not surprising, venting should be accounted for
further confimed by the estimated considering that the vent area esti even if it is not the basis for the vent
vent area based upon all vapor/gasmated from Eqg. 9 (using the noted design.
venting from Eq. 10 (using the mea overpressure and the temperature and
sured overpressure of 0.9 psi along pressure rise rates) results in a valueVapor system vent sizing
with the measured self-heat rate of well above the available vent area  The principal quantity of interest
55°C mint and a pressure rise rate of (see Table 2). The lesson to be is the reaction self heat raT> (K s?)
14 psi mint, based upon the noted learned here is to never design a ventat the relief set pressui® (Pa) and
calorimetric information T/P ~ 4,  area that is less than that required bytemperaturd (K); then Egs. 9 and 10
which is in good agreement with the all vapor/gas venting. reduce to:
available vent area (s@able 2). As noted byWilberforce (20), the
Trial 4 in Table 2, with a higher absence of liquid ejection as temper A= 1 pCT ( RT
catalyst concentration and a smaller ing is approached for tedtial 3 is 0.61C, AP \Mw,v
available vent area, resulted in rapid seriously at odds with the often used (12)
pressurization and catastrophic vesselDIERS two-phase dw methodology

1,000.0

T TTTTIM

.

—— 200 kg 50% H0, (Wilberforce (20))
= == 0.01kg 25% Hy0, RSST Tests

_-{" Initial RSST
Pressure = 90 psig

100.0 100.0

10.0 10.0

Self-Heat Rate, °C min-1
TTTTTIm
Pressure Rise Rate, psi min-1

Table 2. Representative 200 kg, 50 wt. % H,0, tests and comparison with models.

(A/ V)predicrinns, m!
Trial No. (A/WVexp., P, AP, T, P, DIERS Vapor/Gas
m! psia psi °C min-! psi min-! Two-Phase Venting
3 259 x 102 14.7 ~09 55 14 2.50 x 101 2.85 x 102
4 1.15 x 102 14.7 > 40 500 125 — 3.40 x 102
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bubbly-flow or foamy-like behavior

Ay =1 pcT RT Y2 s suggested fofrial ICRE 32-9(1,
~Cp AP 2(1—Pb/P)M 5). This difference in the vapor dis
o engagement behavior shows up prin

cipally in the considerably higher

(12) overpressure noted ifrial ICRE

32.9, despite the smaller value of

for critical and highly subcritical dw L/D = 16 Cp = 0.95), as compared to
conditions, respectively 340 C, = 0.5) forTrial ICRE 2000-

Representative data from the 5. It is not possible at present to pre
DIERS Phase Il Lage-Scale Integral dict this behavior without testing. In
Tests (23) consisting of a series of the absence ofdiv-regime test data
styrene  polymerization in
ethylbenzene solvent are listed
in Table 3. Initial conditions at
the beginning of venting, as
well as the observed overpres
suresAP are notedThe DIERS
data clearly demonstrate:

1. The presence of liquid
swell and two-phase venting;

2. The importance of allow
ing for modest overpressures in
drastically reducing the vent
size requirements; and

3. The complexity related
to the prevailing tw regime
during the venting process. under prototypic emgency relief

Best-ft interpretation of measured conditions, the DIERS methodology

A vent area
requirement based upon
all vapor venting
(Eq. 11)
appears adequate.

9, the models are based upon hemo
geneous vessel behayiowhile for
Trial ICRE 2000-5, both homoge
neous and churn-turbulent (the num
bers in parentheses) predictions are
provided.

The simple screening model pro
vided by Fauske (limited to overpres
sures of 10-40% of the absolute relief
pressure) is easy to use, as it requires
essentially no information about
physical properties, the only key-in

formation needed being the
self-heat rate at the relief set
pressureThe Leung treatment
(16, 18) represents the more
rigorous model, and is the pre
ferred method for design pur
poseg4). Using the initial con
ditions forTrial ICRE 32-9 and
considering 0% overpressure,
the Leung model predicts a
value of A/V = 3.9 x 102 mrl,
illustrating the importance of
allowing for overpressure in
designing reasonable vent-re
quirements for vapelike sys
tems.As such, a most interesting-ob
servation, related to the overpressure

integral pressure/time and average recommends the use of the conserva effect in reducing the vent size, is that

vessel void-fraction-time data fol tive bubbly or homogeneous two-
lowing incipient venting suggests a phase vessel models.
churn-turbulent or nonfoamy vessel  Typical predictions from two-
hydrodynamic behavior forTrial phase venting models (Huf(24),
ICRE (Integral Chemical Reacting Leung (16), and Fauskg?25)) using

a vent area requirement based upon
all vapor venting (Eq.10) appears ad
equate as illustrated in the righthand
column ofTable 3.

Further illustration of the over

Experiments) 2000-5 with its higher the measured overpressures are-llus pressure ééct is illustrated in Fig

concentration of polystyrene, while a trated inTable 3. ForTrial ICRE 32-

ures 9 and 10.

Table 3. Representative DIERS reaction tests and comparison with models.

(A/ V)predintinn, m’!

AP, T,

Test (AN, (7 T, Vapor
m! Pa K Pa °Cst Ref. 24 Ref. 16 Ref. 25 Venting
ICRE 32-9 1.92 x 103 515 105 485 1.80 x 105 0.395 2.55 x 103 2.60 x 103 1.85 x 103 1.82 x 103
0.32 m3 (Cp~0.95) Eq. 11
ICRE 2000-5"  2.26 x 103 5.45x 105 492 1.25 x 105 0.36 6.10 x 103 6.30 x 103 4.60 x 103 2.40 x 103
219 m3 (Cp~0.5) (3.40 x 103) (2.30 x 103) Eq. 11

*20% Ethylbenzene/61% styrene/19% polystyrene.
t15% Ethylbenzene/50% styrene/35% polystyrene.
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m Figure 9.
Nonfoamy data (A
and comparison with
all-vapor venting (4,).

m Figure 10.

Foamy and
bubbly-like data (A;)
and comparison

with all-vapor
venting (A).

dride) (26), and the DIERS 2 #n
large-scale reaction experiments with high-conversion (HC) ethylbenzene/
nonfoamy or churn-turbulent -like styrene(1), ratioed to the correspond

systems (10 Amethanol/acetic anky ing all-vapor venting area#, estr

mated from Eq. 1, are illustrated in
Figure 9. Both two-phaseoflv theory
(25) indicated by the solid lines and
the data points show that, for ron
foamy systems and allowance of
modest overpressure, the required
vent area can be assessed considering
vapor venting onlyi.e., Eq. 11.

The vent sizing formulaA (in.2) =
0.053/ (gal), based upon Ige-scale
experience and used for phenolic
resins reactor$27), is used to illus
trate the overpressurefeft on vert
ing requirements in Figure 10 for
foamy or bubbly-like systems. Noting
that the Monsanto formula is based
upon aP value of about 1.5 psig and
a T value of about 6 min?, we
estimate that the formula represents
an overpressure of about 168&.this
percentage, the value o0& A, is
about 4.9 (see Figure 10). (FoPgof
1.5 psig and zero overpressure, this
ratio would be about 160 based upon
a flashing two-phasediv condition.)

The noted overpressure of 16%
and the solid curve representing the
overpressure &fct are obtained by
combining the Monsanto formula
with the homogeneous vessel and
vent fow formula:Ajp =m T /2 x
(T/c)v2 AP, whereAP (Pa) is the over
pressurg25). The latter formula is in
good agreement with the low-conver
sion (LC) ethylbenzene/styrene data
(1) exhibiting bubbly-like behavior
as indicated imable 3 and further-il
lustrated in Figure 10Che interpreta
tion of the Monsanto formula is also
in excellent agreement with recent
22-L bottom-vented phenol/formalde
hyde test428). For a measured over
pressure of 21.7%, the value of
A/A, is about 3.8 (see Figure 10).

Considering the enveloping nature
of the phenol/formaldehyde system
with its waterlike properties, both
theory and lage-scale experience
suggest that, for foamy systems and
allowance of modest overpressure of
about 40%, an adequate vent size can
be based upon twice the area estimat
ed for all-vapor venting (see Figure
10). This observation will be used
later in this article when easy-to-use



m Figure 11,
Large-scale runaway

( . N _ peroxide
- RSST Vent Sizing—Gassy Decomposition Reactions decomposition
data and comparison

s - - with calorimetric
':_ @ 37.5% 3, 5, 5-Trimethyl Hexanoyl Peroxide | \ 33 L simulation with
= A Neat Dicumyl Peroxide all-gas venting
2 15— | @ ¢-Butyl Peroxy Benzoate (Eq. 13).
o
£ 102301
H
>

5 450-gal IBC (Truck Incident)

0

0.01 0.1 1.0

AV, m!
Tahle 4. Application of Eqs. 14 and 15.

System c T P
Vapor, Foamy 7% 103 {8x104* T(P) 0
Vapor, Nonfoamy 35x 103 {ax10-4* T(P) 0
Hybrid 3.5 x 103 {axiopx  T(P) P(P)
Gassy 35x 103 {4x10-4y* 0 P pax

* {} represents highly subcritical flow.

screening guidelines are presented forand the maximum rate of pressure
reactive systems. rise P is of principal interest.
Available venting data for peroxide

Gassy system vent sizing

systems, 37.5 wt. 93,5,5trimethyl

For these systems, Eq. 9 reduceshexanoyl peroxid€29), neat dicumyl
to: peroxide(30), andt-butyl peroxy ben

_ 1 pwP My
AV =5siIC, mP(

System (AIV) s
m1

Hybrid: 50% H,0,, 0.22 m3 2.59 x 102
Gassy: Dicumyl Peroxide, 0.22 m3 28 x 107
Vapor: Phenol/Formaldehyde, 19 L 2.94 x 102
Vapor: Ethylbenzene/Styrene, 32 L 1.92 x 103
Vapor: Ethylbenzene/Styrene, 2.19 m? 2.26 x 103
Vapor: Methanol/Acetic Anhydride, 10.2 m3 2.21 x 103

Vapor: Isopropanol/Propionic Anhydride, 0.34 m3 2.17 x 102

P
psia

14.7
a4
217
75
79
105
219

AP,
psi

~1

45

27
18

38

14.9

Table 5. Available large-scale experimental and screening guideline predictions.

mediate, and high peroxide eget
ics-levels.The calorimetric measured
peak P values for these systems)
0.01 kg) are 1,000, 4,000, and
100,000 psi miAa for 37.5 wt. %
3,5,5trimethyl  hexanoyl peroxide,
neat dicumyl peroxide, and-butyl
peroxy benzoate, respectivell9).
The predictions for neat dicumyl per
oxide are also consistent with incident
data reported by Gov&0).

The DIERS methodology for
gassy system@1), considering in
tiation of two-phase flow at the
measured peak reactive conditions
and no prior material loss, overesti
mates the vent areas shown in-Fig
ure 11 by at least an order of magni
tude.As indicated by the calorimet
ric tests, significant material losses
occur well before reaching peak-re
active conditions, further justifying
the assumption of gas venting only
In addition, there is a transition
from a homogeneous to propagat
ing-reaction behavior as the perox
ide enegetics-level increasegl9,
31). Such transitions strongly influ
ence the peak-volumetric gas-gener
ation rate and require experimental
determination, as provided by the
DIERS-based calorimetryrhe tran
sition, as well as the rate of prepa
gation, cannot be predicted by theo
retical means.

Screening design guidelines
Based upon the above experience

12 zoate(29) are compared to predictions with reactive systems, the following
) from Eq. 13 in Figure 1, illustrating
RT (13) good agreement with both lpunter

simple formulas can be used to easily
guide the relief requirements for

T, P, A/V Screening
°C min! psi min’! Guidelines
55 14 2.76 x 102
— 4,000 3.18 x 101
62 — 3.13 x 102
23.7 — 2.30 x 103
21.6 = 2.17 x 103
75 — 25x 103
80 — 2.46 x 102
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vapor gassyand hybrid systems: critical flow, and AP (psi) the ava#

for critical and highly subcritical dw able pressure drop in case of highly

ANV = CCP (T + P) conditions, respectively where A subcritical fows.
D (14) (m?) is the vent area/ (md) the vot Values ofC and the application of
ume of reactantsT (°C /min?) is Egs. 14 and 15 are providedTable
C . the rate of temperature risee (psi 4. Cy is a fbw reduction factorl(D
AN:W (T + P) min?) the rate of pressure ris® = 0,C,~ 1.0;L/D = 50,C, ~ 0.75;
b (15) (psia) the venting pressure in case of
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Table 6. Comparison of (oc/MM,, ,),"2 values with water.

System Formula M, . c, ' pe/MM,, )12
kg m3 J kg1 K1 J kg
Water H,0 18 1,000 4,300 2.2 x 108 0.46
Styrene CgHs 104 793 2,023 3.52 x 105 0.45
Ethylbenzene CgHyg 106 760 1,957 3.39 x 10° 0.43
Propane C;H, 44 584 2,135 4.27 x 10° 0.44
Phenol/Formaldehyde-Water —— 18 1,100 2,930 2.2 x 108 0.35
Propionic Anhydride CgH140; 130 847 2,113 329 x 105 0.48
Isopropanol C;Hs0 60 723 3,109 6.64 x 10° 0.44
Methanol CH,0 32 749 2,613 1.1 x 106 0.32
Acetic Anhydride C4Hs04 102 917 2,170 4.0 x 10° 0.49

L/D = 100,C, ~ 0.65;L/D = 200,C, vapor systems experiencing two- for these systems, which eliminates
~ 0.5;L/D = 400,C, ~ 0.4, whereL phase venting does not apply for the need for a detailed knowledge of
(m) is the equivalent pipe length and foamy nonreactive systems. thermophysical properties that are
D (m) is the pipe dia.). Equations 14  Note especially that realistic vent often not readily available for reac
and 15 result from Eqgs. 9 and 10,+ep sizes are provided by Eqgs. 14 and 15tive chemical systems.  CEP |
resenting the vapor system behavior without having to specify any ther
by using relevant water properties mophysical properties, which are
and the gassy system behavior by often not readily availabl&his is not
considering a value d¥l,,, of 44 to surprising, considering that the value
gether with relevant calorimetspe of the controlling property group
cific parametersv(= 3.5 x 104 m3 pc/MM,,,)¥? in Egs. 9 and 10 based
and m = 0.01 kg) for two DIERS- upon water properties is similar to or
based units (RSSAndARSST). envelopes most systems of interest
This simple methodology has (seeTable 6).
been benchmarked against available Also, note again fronfable 4 that
reactive lage-scale data, including if a vapor system can be shown te ex
foamy (phenolic resing27), phe hibit nonfoamy-like behavior the
nol/formaldehyde(28), low-conver vent area requirement can be reduced
sion ethylbenzene/styrend)), and by a factor of about 2The flow
nonfoamy (such as high-conversion regime detectgras noted earligican
ethylbenzene/styrenél), methanol/  distinguish between foamy and non
acetic anhydride (26), and ise foamy runaway conditions, in addi
propanol/propionic anhydridé32) - tion to determining relevant parame
like vapor systems), gassy systemsters such as vapogassy or hybrid
(such as trimethyl hexanoyl per system behavigrand corresponding
oxide andt-butyl peroxy benzoate values ofTandP.
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(29) and dicumyl peroxide(30)),
and hybrid systems (such as 50% To sum up
hydrogen peroxid€20)). A simple, cost-déctive approach
Representative experimental data to relief system sizing has been -out
and comparisons with the screening lined using the DIERS-based
guidelines are illustrated ifable 5. calorimetry methodology datalhe
Nonreactive foamy systems such asdata, which can be scaled directly to
the foamy water datéd) are not in  full-size applications, have been
Table 5. Such systems require specialshown to produce excellent agree
two-phase fhw considerations as dis ment with a lage number of laye-
cussed earlierThis is because the scale venting tests including vapor
noted overpressurefett in reducing hybrid, and gassy systems. Easy-to-
the vent requirement for reactive use screening guidelines are provided
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