SYMPOSIUM SERIES NO. 156

Hazards XXII

© 2011 Crown Copyright

ROUND ROBIN VENT SIZING EXERCISE ON A GASSY SYSTEM: 40% DICUMYL

PEROXIDE IN BUTYRATE SOLVENT?"

L. Véchot'*, Jake Kay', Jill Wilday', Douglas Carson® and Jean Pierre Bigot®

"Health and Safety Laboratory, Buxton, Derbyshire, UK
ZINERIS, Verneuil en Halatte, France

3Ecole nationale supérieure des mines, Saint-Etienne, France
4currently Texas A&M University at Qatar, Doha, Qatar

A Round Robin test was set up to obtain a cross comparison of participant’s methods regarding a
typical pressure relief device (bursting disc) sizing problem. The problem in question was a ‘gassy’
runaway reaction system: decomposition of 40% w/w dicumyl peroxide in 2,2,4-trimethyl-1,3-
pentanediol diisobutyrate. The objective of the Round Robin exercise was to highlight the dispar-
ities in the participant’s approaches and identify barriers and research needs.

Two broad methods were used: one was the implementation of the DIERS method; the other was
to follow a similarity or scale-up approach. The scale-up approach consists experimentally deter-
mining a minimum safe vent area and scaling up maintaining the vent area/volume ratio. This
approach is similar to the one adopted by the UN committee on the Transport of Dangerous
Goods for vent sizing of peroxide tankers using a 10 litre vessel.

Very different results in terms of vent area were obtained from the seven participants.

Analysis of the vent sizing calculations based on calorimetric data showed that the experimental
conditions and their interpretation can significantly influence the estimated gas production rate and
therefore the final vent area. However, the calculation of the vented mass flux stays largely
responsible for the differences in calculated vent area. The critical factor lies in the assumption
of single-phase (gas only) venting or two-phase (liquid and gas) venting. The reasons for assuming
single-phase venting, which gives a lower vent area, are unclear and may not be justified.

The comparison showed that the calorimetric and the similarity approaches diverged signifi-
cantly when two-phase only venting was assumed. The Round Robin test highlighted the need
for more experimental and modelling work towards predicting the nature of the vented fluid at
large scale, and in the use of adiabatic calorimetry to determine the maximum gas production
rate. Large-scale tests would allow the comparison, the validation and the improvement of the

calorimetric and similarity approaches.

KEYWORDS: Runaway reaction, pressure relief systems, adiabatic calorimetry, reaction kinetics, dicumyl
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INTRODUCTION

The state of the art in sizing pressure relief systems is based
on small-scale measurements in an adiabatic calorimeter
and two-phase flow models developed by the DIERS
studies [1]. However, these methods can sometimes lead
to oversized vent areas, especially for untempered gas gen-
erating systems. There has been relatively little experimen-
tal validation of DIERS vent sizing methods for such
reactions. An alternative method has been adopted by the
UN committee on the Transport of Dangerous Goods for
vent sizing of peroxide tankers using a 10 litre vessel to
experimentally determine the minimal vent size that can
prevent the explosion of a portable tank exposed to a fire [2].
The scale-up is carried out by maintaining the vent area to
vessel volume ratio. However the validity of the scale-up

rules does not reach a general acceptance [3]. There can be
significant differences between different methods (DIERS/
UN 10 litres). The UK Health and Safety Laboratory and
INERIS (FR) jointly proposed a Round Robin exercise on
an untempered system. Seven chemical companies and
public laboratories volunteered to participate (Ecole Natio-
nale Supérieure des Mines de Saint Etienne (FR), Health &
Safety Laboratory (UK), INERIS (FR), Rhodia Recherches
et Technologies (FR), Fauske & Associates (US), Stazione
sperimentale per i combustibili (IT), Sanofi-Aventis (FR)).
The objective of this Round Robin test was to achieve a
cross comparison of different participants’ results and
methods regarding a typical problem in order to identify
the differences, the barriers and the research needs. The
idea was to compare the results obtained by the different
laboratories on a model chemical system for which
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difficulties linked to the presence of vapour are minimised: a
system close to a pure gassy system.

DESCRIPTION OF THE ROUND ROBIN
EXERCISE
The chosen scenario for the Round Robin test was the
decomposition of an untempered reactive mixture in a 340
litre vessel under fire loading (0.5 °C/min) (Table 1,
Figure 1). The vessel jacket is assumed to have failed (no
possible cooling). The chosen chemical system is a solution
of 40% w/w dicumyl peroxide in 2,2,4-trimethyl-1,3-
pentanediol diisobutyrate. This system can be considered
as an almost pure gassy system, showing low ambiguity
with a tempered system [4]. The fire scenario was chosen
to allow the possibility of UN 10 litre tests subsequently.
Table 2 summarises the data to be used in the calculation.
The main objective of this Round Robin test was to
determine a suitable vent area to protect the 340 litre
vessel, which has a maximum allowable pressure of 7
bara. The expected calculation was limited to the calcula-
tion of the diameter of a bursting disc to be installed on
the vessel. To simplify and ease the comparison of the
results, the following assumptions were made:

o The vessel is equipped with a very short vent pipe
and the disc itself has a low frictional resistance after
bursting.

e The pressure change associated with the inlet contrac-
tion from the vessel is assumed to dominate the
overall dissipation effect on flow capacity. The value
of the discharge coefficient is C4 = 0.816.

e The short vent line is open to the atmosphere.

RESULTS
Seven companies, with a wide range of experimental facili-
ties, participated in the Round Robin exercise (Table 3).

Table 1. General vessel specifications

Vessel Jacket
Working Pressure (kPa) 0 to 700 0 to 700
Design Pressure (kPa) 0 to 760 0 to 760
Test Pressure (MPa) 1.24 1.24
Temperature Range (K) 248 to 473
Capacity (m?) 0.340 0.085
Material Glass lined Mild steel
mild steel
Outer Diameter (mm) 700 800
Outer Wall Thickness (mm) 10 (side)/ 6
8 (bottom)
Top Shell Height (mm) 220
Bottom Shell Height (mm) 800
Agitator Diameter (mm) 420
Agitator Height (mm) 95 +5

Source: HSL
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Figure 1. 340 litre vessel (HSL)

Those facilities mainly comprise adiabatic calorimeters,
but also reactor vessels equipped to carry out venting
experiments.

VENT SIZING APPROACH

Calorimetric Approach

It was given that the system was a purely gassy system. The
calorimetric approach generally chosen by the participants
consisted of the following steps:

e Determination of the gas production rate in the reaction
vessel at the vessel maximum allowable pressure (Pyap)
using adiabatic calorimetry.

Table 2. Input data for the vent sizing

Vessel volume 0.340 m*
Vent pipe diameter 0.08 m
Fill level 70%

Bach mass 207.06 kg
Bach volume 0.238 m®
Liquid density 870 kg/m’
Vent opening pressure, Pset 4.5 bar abs
MAP> 7 bar abs
Temperature rise rate due to the fire 0.5°C/min
C4 of the vent line 0.816
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Table 3. Participants’ experimental facilities used in this study

Participants A B C D E F G

Calorimeters DSC v v
ARC v
VSP2 v
Phitec v

ARSST v
0.1 litre

0.8 litre

1 litre

10 litres

Reactor
vessels

SN NN

e (Calculation of the venting flow using flow models. An
assumption was made on the nature of the flow (gas or
two-phase);

e Calculation of the vent area corrected by the discharge
coefficient.

Similarity Approach
Participants D and F ran some venting tests with 40% w/w
Dicumyl Peroxide solution at the following scales: 0.1 litres,
0.8 litre, and 10 litres. Some results are presented in 3.6.
These experiments were done in order to compare the
DIERS approach with an approach based on the similarity
principle described above (scale up using a constant vent
area to volume ratio A/V).

Participant G ran some venting tests at 1 litre scale
using a 25% w/w Dicumyl peroxide solution.

ROUND ROBIN RESULTS: CALCULATED

VENT AREAS

Figure 2 shows the calculated vent areas. There are signifi-
cant differences in the results. The ratio of the vent pipe area
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Figure 2. Calculated vent area/volume ratio

to the vessel volume being 0.01478 m ™!, participants D, E
and F concluded that this reaction could not be carried out
safely in the reaction vessel. Participants A, B and C con-
cluded that it was possible.

Company G did some preliminary tests with the 40%
w/w Dicumyl peroxide solution and concluded that this sol-
ution was too concentrated to be handled at large scale.

The following analysis aims to identify the major
sources of the differences.

MEASUREMENT OF THE GAS PRODUCTION RATE
The assessment of the gas production rate at large scale (Qg)
depends on the type of calorimetric test performed and their
interpretation.

Differences in the Calorimetric Tests and Resulting Qg
Table 4 summarises the test conditions and assumptions
used by the companies in their calorimetric analysis.

Table 4. Summary of the test conditions for the calorimetric experiments and assumptions

Participant
A B C D E F

Calorimeter Phitec 11 VSP2 ARSST VSP2 Phitec 11 VSP2
Test conditions Close cell Close cell Open cell Open cell  Open cell Open cell
Initial Pad Pressure (bara) N/A N/A 7 4.6 7 7
Correction of the heat rate (®)  Yes Yes No No No No
Correction of the gas production No Yes No No No No

rate (D)
Assumption of the gas Tyas = Thiquia Toas = Tiiquia Teas = Tiiquia Measured — Average: Tyas = Tamb

temperature in the calorimeter (Thiquia + Tamb)/2
Calculation of the gas production Yes Yes No No No No

rate takes with thermal

expansion of the gas
Nature of the gas CH; +CO +CO, CHy4 CO, CH, CH,4 CH,4
Flow type Gas Gas Gas Two-phase Two-phase Two-phase
Model used for the calculation ~ Gas venting Gas venting  Gas venting Tangren Omega Tangren

of the vented flux
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Open cell and closed cell tests were performed. A
brief description on the tests is given in the Appendix.

Participants A and B performed closed cell testing
in PHITEC II and VSP2 calorimeters respectively. The
reasons for choosing the closed tests over open tests are
the following:

o Good calorimetric method where the sample and gas
phase temperatures are well defined and known;

e The influence of the total pressure on the gas dissolved
in the liquid phase was observed by varying the test cell
filling ratio;

e Poor precision on the gas temperature and on the rate of
gas production with an open test.

Participants C, D, E and F did the vent sizing calcu-
lation using open cell testing under a gas pressure pad
(aiming at limiting any vaporisation effects, while giving
similar amounts of gas dissolution to the large-scale case).
These tests were carried out in the VSP2, PHITEC II and
ARSST calorimeters. The reasons for choosing the open
tests over closed tests are the following:

o The open configuration limits the gas dissolution effects
(lower pressure in the containment vessel) and therefore
gives a better estimation of the gas production rate

e The reaction can be violent and lead to the bursting of
the cell with the closed configuration (especially for
gassy systems).

Participants A and B corrected the heat release rate
data to take into account the effect of test cell thermal
capacity (¢). Participant B also applied the heat rate correc-
tion method to the gas production rate using a first order
method. The justification for the methodology lies in the
strong correlation between the rate of pressure rise and the
heat-rate in the experiments. The other participants did not
apply any correction to the adiabatic data with no obvious
justifications.

The calculation of the volumetric gas generation rate
(Qg in m? /s) consists on calculating the volumetric gas

1.2 ]
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E 0.6 e
o
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Figure 3. Calculated maximum volumetric gas generation

rate (Qg)
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Figure 4. Calculation of Qg comparison of participant’s data
versus DIERS common calculation

generation rate in the reactor vessel at Pyjap using the maxi-
mum specific gas production rate (in kg gas-kg ' -s™ ")
measured in the calorimeter. The participant generally fol-
lowed one of the methods presented in the Appendix. Qg
varies within a factor of 4 between 0.24 and 1.05m>/s
(Figure 3). Participant A found a particularly low value
for Qg (0.240 m?/s).

The Qg calculated with closed cell data was not
necessarily less than the ones calculated with open cell
data (B compared to D). The Qg calculated with open cell
data show significant variations (factor of 2.6).

A deeper analysis is required to understand these
differences.

Origin of the Differences in Calculated Values of Qg

Qg was recalculated from the participant’s raw calorimetric
data using the simple DIERS approach derived in Appendix
with the following additional conditions':

e The calorimetric data are not corrected for the thermal
test cell capacity (¢);

e For open cell tests, the temperature of the gas in the
calorimeter containment vessel is assumed to be an
average temperature, between the liquid temperature
and ambient temperature T, = (Thiquida + Tambiend)/2;

e For closed cell tests the temperature of the gas in
the test cell is assumed to be the same as the liquid
sample.

Figure 4 shows the Qg calculated with this common
approach (grey bars). The following points are to be noticed:

e With the common DIERS approach used here, it is to
be noticed that the raw adiabatic data from companies
A and B lead to very close values of Qg. This means
that the difference of Qg calculated by the participants

'There is here no claim that this is the methodology to be used. The
chosen approach is only for the sake of the comparative analysis.
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A and B lies in the correction and interpretation of
the data.

e Raw closed cell data gives lower gas production rates
than open cell a factor of 5 between average values).

e Even with the same method large differences are noticed
within the results with open cell tests (a factor of 2; com-
panies C to F). This could be due to the adiabaticity
factor (¢) effect (e.g. ARSST/VSP2) or to the accuracy
of the simulation of the external heating (0.5°C/min).
Small deviations from this value could indeed have an
influence on the maximum temperature and pressure.
This means that the differences in Qg obtained by the
participants may lie in the interpretation of the results
but also in the experimental data themselves.

These values of Qg were then compared to the ones
calculated by each company (Figure 4). The observed differ-
ences are explained as follows:

Participant A (closed cell testing): the noted differ-
ence is probably due to the calculation method used by the
participant, which needs more clarification.

Participant B (closed cell testing): The Qg of this
participant is 4.4 times higher than with the common
approach. The observed difference is mainly related to the
fact that this participant corrected the pressure and tempera-
ture data to take the ¢ factor into account. The value of Qg
measured in a closed configuration and corrected by the ¢
factor is of the same level (and not necessarily less) than
the Qg measured in an open configuration and uncorrected.

Participant C (open cell testing): The noted differ-
ence is related to the fact that this participant assumed
the gas temperature in the containment vessel (7,) to be
the same as the liquid temperature. There is experimental
evidence that the gas temperature in the containment
vessel is lower than the liquid temperature but higher than
the ambient temperature [4,5] (as measured by participant
D). Assuming that the gas and the liquid are at the same
temperature would then tend to decrease the calculated
value of the volumetric gas generation rate (in this particular
case by approximately 25%).

Participant D (open cell testing): The noted differ-
ence is quite small and comes from the fact that the partici-
pant used a measured value of the gas temperature in the
containment vessel (open cell) instead of assuming it as
being an average value between the liquid and the ambient
temperature, as in the simple method used for comparison.

Participant E (open cell testing): No differences are
noted indicating that the same approach is used.

Participant F (open cell testing): A significant
difference is noted. In this case the participant assumed that
the temperature of the gas in the containment vessel is the
same as the ambient temperature. This assumption therefore
tends to increase the calculated value of Qg (in a conserva-
tive way, in this particular case by approximately 45%).

CALCULATION OF THE VENTED MASS FLUX (G)

The calculation of the vent area requires the calculation of
the venting flow using flow models. The vented mass flux
at Pyjap was calculated using one-phase or two-phase
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Figure 5. Qg at Pyjap =7 bar in closed cell test used by
participant A to predict the flow type using level swell
calculations

relief models. Prior to the use of such models, an assumption
is to be made regarding the nature of the vented fluid (one or
two-phase venting).

Participants A and B made the assumption of gas
venting only for the following reasons:

e Venting tests for the decomposition of neat di-cumyl
peroxide were reported in the literature. Some tests with
low external heating rates (0.8°C/min to 2°C/min) and
large vessels seemed to fit the DIERS gas-only vent
sizing and UN methods [3].

e Venting tests and determinations of the release type with
40% DCP in butyrate [4] was found to be all-gas at 0.1
litre scale, also in the case of an initial rate of tempera-
ture scan of 0.5°C/min.”

e A significant vent oversize was obtained if the homo-
geneous assumption and gas + liquid homogeneous
two phase release were assumed.

Participant A did some level swell calculations to
determine whether the venting at large scale at Pyap
would be gas or two-phase. This evaluation was done at
the maximum allowable pressure (Pyjap =7 bar) in a
closed cell experiment (and not the maximum pressure
rise rate, see Figure 5). A corresponding value of Qg was
calculated.® Qg was in turn used to calculate the minimum
void fraction necessary to have single-phase flow (assuming
a churn-turbulent behaviour). The calculated value of Qg
being relatively low when the pressure is 7 bar in the
close cell (far from the maximum gas production rate), the
calculation leads to the conclusion that the venting will be
gas only. This approach is questionable as it gives an indi-
cation of the flow type at vent opening but not at Pyjap
where the gas production rate is close to maximum.

For participant C, the vent sizing formula does not
require the calculation of a two phase mass flux and uses

“The use of such tests as experimental evidence that the venting is going
to be gas at 340 litres is therefore questionable.

3This value is significantly lower (by three orders of magnitude) than
the value of Qg used for the vent sizing calculation (based of dP/dt
max in the close cell).
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Figure 6. Calculation of the mass flux

the all gas venting equation. This does not imply that partici-
pant C assumes gas venting only at large scale.
Participants D, E and F performed the calculations
assuming homogeneous two-phase venting. This approach
was simply chosen as recommended by the DIERS metho-
dology as a conservative approach when no evidence of
one-phase venting is available. These participants assumed
homogeneous reactor contents with the specific volume of
the vented mixture (v;) given by the following equation:

vi = V/mg (1)

Figure 6 shows that application of the gas relief
venting model for Pyjap = 7 bar by companies A, B and
C gave approximately the same results (less than
2000 kg/m*/s). The major differences in the calculated
values of the specific volume of the vented gas, showed in
Figure 7, come from the assumption made on the molar
mass of the vented gas (Table 4).

The two-phase venting models assuming non-flashing
two-phase flow (frozen flow) were used by participants D, E
and F. The participants used particularly the Omega method
for turbulent flow [6] and Tangren et al’s method [7].
Figure 6 shows that the application of the above two-
phase relief venting model (with homogeneous reactor
content assumption) for Pyjap = 7 bar gave approximately
the same results (around 17000 kg/m?/s). No major differ-
ences were noted regarding the calculated values of the
specific volume of the vented fluid (Figure 7).

The analysis of the calculated mass flux highlighted
the following:

e The results were comparable amongst participants who
assumed single-phase venting. The results were also
comparable amongst those who assumed two-phase
venting. This means there is a general good agreement
on the way such methods should be applied.*

“This is not a statement on the validity of the method itself.

Hazards XXII

© 2011 Crown Copyright

4.50E-01
4.00E-01 4-mmmem 3.83E-01

3.50E-01 -
3.00E-01 A
2.50E-01

2.00E-01

1.49E-01
1.50E-01 | 1.35E-01

100E-01 |- NN

500E-02 |-
1.64E-03 1.64E-03 1.64E-03

Specific volume of the vented mixture (m3kg)

0.00E+00

A B C D E F
Participant

Figure 7. Calculation of the specific volume of the vented
mixture

e As expected, the values of the vented mass flux calcu-
lated for the single-phase venting case are significantly
lower than the ones calculated for the two-phase
venting case. The gap between the two approaches is
more than one order of magnitude.

The assumption on flow type is then the major
source of difference in the calculated vent areas. The under-
lying reasons for the choice of the one-phase venting
assumption over the two phase venting assumption remain
unclear.

CONCLUSION ON THE RESULTS FROM THE
CALORIMETRIC APPROACH

The above analysis highlighted the fact that the experimen-
tal conditions of the calorimetric tests can have a significant
influence on the estimated gas production rate at large scale
(Qg) and so the size of the final vent area. The major sources
of difference are:

o The choice of open or close configuration for the adia-
batic test;

e The correction of the adiabatic data to take into account
the adiabaticity factor;

e For open cell test, assumptions on the gas temperature,
when not measured.

Regarding the calculation of the vented mass flux,
there is a general good agreement on the way that one or
two phase flow models should be applied. The calculation
of the vented mass flux stays however largely responsible
for the differences in calculated vent area in terms of
the assumption of one-phase or two-phase venting. The
reasons for choosing the one-phase venting assumption,
which gives a lower mass flux and therefore a lower vent
area, over the two-phase venting assumption are not clear
and the assumption is not strongly justified.

More work is needed regarding the prediction of the
nature of the vented fluid at large scale.
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Figure 8. Venting data at 10 litres, 0.8 litre and 0.1 litre scales

COMPARISON OF THE CALCULATED VENT

AREAS / SIMILARITY APPROACH

The vent sizes calculated with the calorimetric approach
were compared to the vent sizes determined directly by
venting experiments (similarity approach). This allows a
comparison between the DIERS approach and the UN
vent sizing approach for peroxide systems.

Participants E and F carried out some venting tests
with 40% Dicumyl Peroxide in butyrate in the same con-
ditions as stated in this Round Robin exercise (Table 2) at
three scales: 0.1 litres (modified VSP2) [4, 5, 8], 0.8 litre,
and 10 litres (UN 10 litres test).

Figure 8 shows the results obtained from the venting
experiments. For a given A/V, the 10 litre vessel gave a
lower P, than the 0.1 litre vessel. It is also interesting to
note that the decrease rate of Py.x when increasing A/V is
higher for the 10 litre vessel than the 0.1 litre vessel. One
of the underlying reasons may be linked to the effect of the
vent opening on the level swell which is likely to be more
important when increasing the volume of the vessel. If the
similarity approach for vent sizing is chosen, i.e. if the 10
litre vessel results are used, to size the vent of the 340 litre
vessel of concern in the Round Robin exercise, the suitable
A/V for Pyap = 7 bar would be approximately 0.006 m ™.

Figure 9 shows the comparison between the calori-
metric approach and the similarity approach for this
Round Robin exercise. The two approaches diverge signifi-
cantly for vent sizing calculations performed assuming
two-phase venting only. This highlights the fundamental
difference between the DIERS method for gassy systems
(conservatively assuming two-phase venting when gas
flow is uncertain) and the UN 10 litre vessel method. A
good agreement between the two approaches is observed
for vent sizing calculations performed assuming gas
venting only, at least at 0.1 and 10 litre scale.

However, the question of the validity of the similarity
approach remains regarding the scale up of the result to
large scale vessel, such as the 340 litre vessel in this paper.

Large scale tests would allow the comparison, the
validation and the improvement of both these methods.
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Figure 9. Comparison of calculated A/V and venting data at
10 litres, 0.8 litre and 0.1 litre scales

CONCLUSIONS

A Round Robin exercise on 40% w/w dicumyl peroxide
in butyrate solvent was organised to achieve a cross
comparison of different participants’ results and methods
regarding a typical vent sizing problem for a gassy
system. Very different results were obtained.

An in-depth analysis of the observed differences
showed that the experimental conditions of the calorimetric
tests and their interpretation can have a significant influ-
ence on gas production rate at large scale (Qg) and then
the size of the final vent area. The major sources of differ-
ences are:

o The choice of open or closed configuration for the adia-
batic test (factor of 5);

e The correction of the adiabatic data to take into account
the thermal capacity;

e For an open cell test, assumptions on the gas tempera-
ture, when not measured.

Additional work on the use of adiabatic calorimeters
for gassy systems, and particularly the test conditions,
would contribute to a better assessment of the gas production
rate for a given gassy system. The comparison of the calcu-
lated vented mass flux showed that there is general good
agreement on the way that the one or two phase flow
model should be applied. This calculation stays largely
responsible for the differences in calculated vent area. The
critical factor lies in the assumption on the nature of the
vented mass flow (gas or two-phase). However, the reasons
for choosing the one-phase venting assumption, which
gives a lower vent area, over the two-phase venting assump-
tion remain unclear and not strongly justified.

More experimental and modelling work is therefore
needed regarding the prediction of the nature of the
vented flow at large scale (one or two-phase flow).

The calorimetric and the similarity approaches for
vent sizing were shown to diverge significantly for vent
sizing calculations performed assuming two-phase venting
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only. Large scale tests would allow the comparison, the vali-
dation and the improvement of both these methods.

APPENDIX: DIERS METHODOLOGY FOR GASSY
SYSTEMS _ CALCULATION OF THE MAXIMUM
GAS PRODUCTION RATE [1,9]
DIERS vent sizing methodology for gassy system is based
on the following equation:
GAjjeal vi = (Vg)PMAPmO Mg max 2)

The terms relative to the gas specific volume at Pyjap
and the maximum gas production rate are assessed using
adiabatic calorimetry data.

A is the cross-sectional area of the ideal nozzle. The
vent area (A), taking into account the discharge coefficient
is given by:

Aideal = ACD (3)
The right-hand side of equation (2) above corre-
sponds to the maximum volumetric gas generation rate in
the reaction vessel (Qg):
QG = (Vg)PMAme mg max 4
The specific maximum gas production rate is assessed
by measuring the maximum pressure rise rate resulting from
the gas production for a given quantity of reactant and con-
verting it into a maximum specific gas production rate using
the following equation:

‘ 1 (my.dP, mg,.dT,

Mg max = —— ( % T ) ®
m\ Pe dt T dt ) pan,.

. 1 [mg)e dP:? mg, dTej

Mgmax = —| — =~~~ "~
m\ Fodt T, dt ),
¥

Closed cell

Open cell

Figure 10. Calculation of the maximum gas production rate in
open and closed configurations
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The index e indicates that the parameter is directly
measured in the calorimeter. For closed cell tests these par-
ameters are evaluated in the test cell. For open cell tests they
are evaluated in the containment vessel (see Figure 10).

Tp,,, is the temperature of the gas at Pyap. This
temperature is assumed to be the same as the liquid
temperature at (dP./dt)y.x in the calorimetric test. Qg at
Pumap is then given by:

Q¢

_my RTp,,, (mg,e dP,  mg.dT, ©)

P, dt T, dt

1m; PyapMiyg ) at(dP/dt)max

For open cell, if the temperature of the gas in the con-
tainment vessel does not change greatly over time, Qg
reduces to [9]:

Oc = @ML (dP"> @)
ny; Te PMAP dt max
NOMENCLATURE

A surface area of the bursting disc (m?)

Ajdeal surface area of the ideal nozzle (mz)

Cp Discharge coefficient (-)

dT/dt Temperature rise rate (K/s)

dT,/dt  Gas temperature rise rate in the adiabatic
calorimer (K/s)

dP/dt Temperature rise rate (K/s)

dP,/dt  Pressure rise rate in the adiabatic calorimer
(Pa/s); in the cell for closed cell tests, in the
containment vessel for open cell test.

G Vented mass flux (kg/m”/s)

m Reactant mass (kg)

M, Molecular weight of the gas (kg/mole)

Pl max Specific gas production rate (kg of gas/kg/s)

Mg, Mass of gas in the adiabatic calorimeter (kg)

my Initial reactant mass (kg)

m, Sample mass in the adiabatic calorimeter (kg)

P Pressure (bara)

P, Pressure in the adiabatic calorimer (Pa); in the
cell for close cell tests, in the containment
vessel for open test.

Pumap Vessel maximum allowable pressure (bara)

Oc Volumetric gas production rate at large scale
(m*/s)

T Temperature of the liquid (K)

T. Temperature of the gas in the adiabatic calor-
imer (K); in the cell for close cell tests, in the
containment vessel for open test.

Trmar Temperature of the gas at Pyjap (K)

\% Vessel volume (m3)

V. Volume occupied by the gas on the adiabatic
calorimeter (m3)

Vg Specific volume of the gas (m?/kg)

Vi Specific volume of the vented mixture
(m’ /kg)

¢ Adiabaticity factor, phi factor (-)



SYMPOSIUM SERIES NO. 156 Hazards XXII © 2011 Crown Copyright

ACKNOWLEDGEMENT
The authors wish to acknowledge the following companies
for their participation in this work:

Ecole Nationale Supérieure des Mines de Saint
Etienne (FR), Health & Safety Laboratory (UK), INERIS
(FR), Rhodia Recherches et Technologies (FR), Fauske &
Associates (US), Stazione sperimentale per i combustibili
(IT), Sanofi-Aventis (FR).

REFERENCES

1. Fischer H.G., Forrest H.S., Grossel S.S., Huff J.E., Muller
A.R., Norhona J.A., Shaw D.A., Tilley B.J., Emergency
Relief System Design using DIERS Technology, The
Design Institute for Emergency Relief Systems (DIERS)
Project Manual, AIChE 1992.

2. UN Economic Commission for Europe, Committee of
Experts on the Transport of Dangerous Goods and on the
Globally Harmonized System of Classification and Label-
ling of Chemicals (2003). Example of a test method for
Vent sizing. Appendix 5 in “Recommendations on the
Transport of Dangerous Goods, Manual of Tests and
Criteria” pp. 421-425.

3. Hare J.A., Adams W.D., Evaluation of the UN vent sizing
method for organic peroxide portable tanks, Proceedings

286

of IChemE Hazards XVI Symposium, Nov 2001, pp.
133-146, IChemE ISBN 0-85295-441-7.

. Minko W., Emballements thermiques de réactions: Etude

des méthodes de dimensionnement des évents applicables
aux systemes hybrides non tempérés, PhD thesis, Ecole
Nationale Supérieure des Mines de Saint-Etienne, Decem-
ber 2008. http://tel.archives-ouvertes.fr/tel-00372536 /fr/

. Véchot L., Sécurité des procédés; emballement de réac-

tion; dimensionnement des évents de sécurité pour
systemes « gassy » ou hybrides non tempérés, PhD
thesis, Ecole Nationale Supérieure des Mines de Saint-
Etienne, December 2006, http://tel.archives-ouvertes.fr/
tel-00136503 /fr/

. Leung, J.C., Two-phase flow discharge in nozzles and pipes

— a unified approach, Journal of Loss Prevention in the
Process Industries, Volume 3, Issue 1, 27-32, 1990.

. Tangren R.F.; Hodge C.H.; Seifert H.S., Compressibility

Effects in Two-Phase Flow, J. Appl. Phys., 20, 637-645,
1949.

. Véchot L., Bigot J-P., Testa D., Kazmierczak M., Vicot P.,

Runaway reaction of non-tempered chemical systems:
Development of a similarity vent-sizing tool at laboratory
scale, J. Loss Prev. Process Ind. 21, 359-366, 2008.

. Etchells J., Wilday J., Workbook for chemical reactor relief

system sizing, HSE Books, 1998.



	Introduction
	Description of the Round Robin Exercise

	Results
	Conclusions
	Appendix: DIERS methodology for gassy systems _ calculation of the maximum gas production rate [1,9]
	Nomenclature
	Acknowledgement
	References

	Table 1
	Table 2
	Table 3
	Table 4
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7
	Figure 8
	Figure 9
	Figure 10


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


