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Abstract

wPart I of this paper gives details of the model for pool behaviour T. Kapias, R.F. Griffiths, A
xmodel for spills of SO and oleum, Part I: Model description, J. Haz. Mater. . The model has been3

run for a large number of release scenarios, and it is found that the behaviour of the pool is
governed principally by the amount of water available for reaction. The friction velocity of the
airflow also has a relatively strong effect on the results. The rest of the input parameters have less
influence on the pool behaviour. The model is well behaved, and a number of useful conclusions
and observations on the pool behaviour can be made. The sensitivity of the model to the three

Ž .water sources free water lying on the ground, atmospheric water and concrete water is examined.
It is shown that in most cases the model results are not sensitive to the assumptions concerning the
height of the atmospheric layer from which moisture is absorbed into the pool, or the total water
content of the concrete. q 1998 Elsevier Science B.V. All rights reserved.
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1. Introduction

SO or oleums are usually stored and transported in their liquid form. Therefore,3

almost all of the accidents that have occurred in the past involved the generation of a
Ž w x.liquid pool with the exception of the Richmond accident 2 . Although there are

numerous pool evaporation models in the literature, almost all of them deal with
non-reactive liquids that have relatively low vapour pressures at ambient temperatures.
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Ž . ŽThe new model apart from describing spills of SO and oleum can be used with slight3
.modifications for the description of other reactive chemicals. Its major advantages are:

Ø it describes the pool behaviour in a realistic way, taking into account all the relevant
properties of the liquids,

Ø although the pool behaviour is very complicated, running times are very satisfactory
Ž .less than half hour on a Pentium 150 ,

Ø the same model can be used for spills of different strengths of oleum, either
Ž .continuous varying or steady or instantaneous, and

Ø it can be used for other reactive liquids.
The model results show that the pool behaviour is governed by the amount of water

available for reaction. This parameter influences the evolution rate and thus the initial
dispersion behaviour of the cloud. This cloud can either behave as a dense-gas cloud or
as a passive one depending on a number of conditions and mainly on the atmospheric

w xwater content and the vapour evolution rate 3,4 .

2. Results

The results of a large number of different release scenarios were examined. The ones
presented in the following section were judged to be the most representative and
appropriate for each case. In the following pages, the values of the release scenarios
input parameters are shown in Table 1.

2.1. Water supply to the pool

There are three sources of water supply to the pool: free water lying on the ground,
w xatmospheric water and substrate water 1 . In Fig. 1, it is shown that the main water

source is the free water lying on the ground. Atmospheric water is also a significant
water source and it becomes the dominant source when the availability of water on the

Table 1
Values of the release scenarios input parameters

y1Spill rate and durations16 kg s for 600 s
Type of spill: continuous spill of SO , 65, 30 and 20% oleum3

Maximum duration of the release to the atmospheres1800 s
Maximum radius of the pools50 m
Free water film thickness on the ground, w s0.00005, 0.0001, 0.0005, 0.001, 0.0015, 0.002, 0.0025 mg

Air temperatures288 K
Ž .Location: North England, UK latitudes548, longitude 28, time zones0
Ž .Time and day: 0900 and 298 25th of October

y1Friction velocity of the airflow, u)s0.05, 0.1, 0.15, 0.2, 0.25, 0.3, 0.5 m s
Atmospheric radiation factor and cloud cover factorss0.84 and 7, respectively
Type of surface and roughness length: concrete, 0.1 m
Time step used in the calculations: 0.01 s

Ž .Mass mixing ratio of the airs0.007 f70% relative humidity
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Fig. 1. Percentage supply of the three water sources to the total amount of water provided for reaction with
y1 Ž . Ž y1 .SO for spills of 16 kg s for 600 s release durations1800 s of SO and 20% oleum u)s0.2 m s .3 3

ground is very low. It is more significant for SO spills than for spills of lower strength3
Žthe atmospheric water being absorbed is proportional to the percentage free SO of the3

w x.liquid in the pool 1 . Concrete water is the least important source and it is usually
higher when the amount of ground water is low.
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( )2.2. Free water film thickness on the ground w mg

As shown in Section 2.1, the main water source into the pool is the free water lying
on the ground. Therefore, the input parameter that mostly affects the results is the free
water film thickness on the ground. The effect of the water film thickness on the total

Fig. 2. Effect of free water film thickness effect on the total amount of H SO evolved to the atmosphere for2 4
y1 Ž . Ž y1 .spills of 16 kg s for 600 s release durations1800 s of SO , 65, 30 and 20% oleum u)s0.2 m s .3
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amount of H SO evolved is shown in Fig. 2. The total amount of H SO evolved to2 4 2 4

the atmosphere is calculated by the following equation:
total H SO evolved s total H SO evolved q 98r80 ) total SO evolvedŽ . Ž . Ž . Ž .2 4 2 4 3

In other words, although SO vapour will be evolved from the pool, this will react with3

any atmospheric moisture yielding H SO vapour.2 4

The relationship between water availability and SO and H SO evolution rates is3 2 4

very complicated. It might be expected that when there is more water available, the

Fig. 3. Effect of friction velocity of the airflow on the total amount of H SO evolved for spills of 16 kg sy1
2 4

Ž .for 600 s release durations1800 s of SO and 30% oleum.3
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values of the evolution rates should be higher. However, when there is more water
available there is more H SO being produced in the liquid phase and although the pool2 4

temperature is higher, the percentage free SO in the liquid is lower. The vapour3

pressure of the liquid in the pool is affected by both parameters. It increases with
Žincreasing temperature but it decreases with decreasing pool strength expressed as

. w xpercentage free SO 1,5,6 . Therefore, it depends on the degree of change of the values3

of these parameters as to whether the evolution rates will be higher or lower. In Fig. 2
Ž .spills of 30 and 20% oleum , it is shown that above a certain value of free water film
thickness, the amount of total H SO evolved remains almost stable. This occurs2 4

because above a certain value, all the SO will be reacted to H SO liquid. The higher3 2 4

availability of water will only affect the pool behaviour by the excess of water that will
be present in the pool.

2.3. Friction Õelocity of the airflow

The friction velocity influences the value of the wind speed and thus the evolution
rates of SO and H SO from the pool. Fig. 3 depicts its effect on the total amount of3 2 4

Ž . y1Fig. 4. Pool composition change during the release duration s1800 s for spills of 16 kg s for 600 s of
Ž y1 .SO at different w u)s0.2 m s .3 g
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Ž .H SO evolved. For spills of oleum of low strength 30 and 20% , it is shown that the2 4
Ž .evolution rates increase with increasing friction velocity due to the higher wind speed .

Ž .The same behaviour is observed for spills of oleum of high strength SO and 65% at3
Ž .low values of free water film thickness on the ground e.g. w s0.0001 m . However,g

Žfor spills of oleum of high strength or SO spills, at higher values of w e.g. w s0.0013 g g
.m , the influence of the friction velocity becomes very complicated. The percentage free

SO content of the liquid in the pool decreases with increasing free water film thickness.3

Additionally, if the friction velocity is high, the amount of SO evolved at the early3

stages of the spill would be higher resulting in an even lower pool strength. Accord-
ingly, the vapour pressure would be lower and so both the vapour concentration and the

Ž Ž . Ž . w x.dimensionless local evaporation rate would be lower Eqs. 58 and 59 of part I 1 .
The evaporation rate is directly proportional to the friction velocity, to the vapour

Ž w x.concentration and to the local evaporation rate Eq. 2.6.7 of part I 1 . Thus, it depends
on the degree of change of these parameters as to whether the evolution rates will be
lower or higher. Generally, it might be expected that the evolution rates will increase
with increasing friction velocity in every case. However, at high w and high spillg

strengths, the influence of the friction velocity becomes very complicated. The effect of
the friction velocity on the total amount of H SO evolved is less strong than the effect2 4

of the free ground water film thickness.

( )2.4. Pool composition percentage free SO of the liquid in the pool3

The pool composition expressed as percentage free SO of the liquid in the pool is3
w xnot constant; it changes continuously and so do all the pool properties 1 . In Fig. 4, it is

Fig. 5. Percentage contribution of all the energy terms to the total energy budget for a spill of 16 kg sy1 for
Ž y1 .600 s of SO release durations1800 s, w s0.0001 m, u)s0.2 m s .3 g
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shown that even if SO is spilled, at the end of the release the pool will consist of oleum3

of a much lower strength. The percentage free SO content of the pool decreases with3
Ž .increasing free water film thickness on the ground w .g

y1 Ž .Fig. 6. Pool boiling and solidification for spills of 16 kg s for 600 s release durations1800 s of SO and3
Ž y1 .30% oleum u)s0.2 m s .
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2.5. Energy balance

w xThe supply of each energy term in the final energy balance 1 has been examined. It
Ž .has been found that the heat of reaction Q between water and SO is the mainreac 3

Ž .energy input to the pool )90% even at low values of free water film thickness
Ž . Ž . Ž .w s0.0001 m . The main energy outputs are the energy of addition Q f40–60%g add

Ž . Ž .and the evaporation energy Q f30–50% . It should be noted that the energy ofev
Žaddition is equal to zero after the spill ceases in the investigated scenarios, between 600

. Ž . Žand 1800 s . The rest of the energy inputs and outputs all of them taken together see
w x.part I 1 contribute less than 10% of the energy budget. The scenario depicted in Fig. 5

involves only pool evaporation. The energy balance is modified in cases of pool boiling
w xor solidification 1 .

2.6. Pool boiling and solidification

The pool usually boils at relatively high values of free water film thickness
Ž . Žw )0.0005 m . It usually boils in the early stages of the spill -200 s since the spillg

.started as shown in Fig. 6. This occurs because at the early stages the pool area is still
small and the main energy input per unit area, the heat of reaction between SO and3

water, is high. It should be noted that although the reaction of SO and ground H O3 2
Ž .which usually is the dominant water source occurs at the edges of the pool, it is
assumed that this heat is mixed instantaneously and distributed equally to the whole area
of the pool. Therefore, in the early stages it is distributed to a smaller area. In the later

Ž .stages time since the spill has started between 200 and 600 s , the pool area becomes
bigger, the heat input per unit area becomes lower, and the percentage free SO drops,3

resulting in a higher boiling point. Thus, it is more unlikely that boiling will occur,
unless the water availability is high.

ŽSolidification of the pool occurs in most cases after the spill ceases after the 600 s of
.the spill duration as shown in Fig. 6. Generally, it is almost impossible to predict the

Ž .possibility of solidification after the spill ceases of a known spill, because of the
w xcomplexity of the oleum freezing curves 5,6 and furthermore solidification occurrence

is a function of many parameters. The pool rarely solidifies before the spill has ceased.
This can only happen when the water availability is extremely low.

3. Model sensitivity to the assumptions involving the atmospheric water and the
total concrete water

3.1. Concrete water

ŽThe total concrete water is the sum of the free water in the void spaces excluding the
.capillary voids , the chemically combined water, the gel water and the capillary water.

The last three concrete water sources are assumed to be equal to 0.2 kgrkg of dry
w xcement 7 . These concrete water sources are difficult to determine because they depend

Ž .heavily on the concrete type, its compounds cement and aggregates , the environment it
w xis exposed to etc. 7,8 . In this section, ‘concrete water’ corresponds to these last three

concrete water sources. The sensitivity of the model to this variable is examined for a
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Table 2
Model sensitivity to the water concrete assumption

Scenario Concrete Percentage Total amount Percentage
water change from the of H SO evolved change from2 4
Ž . Ž .kgrkg of dry cement adopted value kg scenario b

a 0.1 y50% 1822.35 y0.2%
b 0.2 0 1826.1 0
c 0.4 q100% 1834.44 q0.46%

Ž y3 .fixed value of the free water in the void spaces set at 180 kg m of concrete . In
Section 2.1, it is shown that the concrete water is the least significant water source and it
is more significant for low values of free ground water film thickness. Therefore, the

Žmodel sensitivity has been examined for spills of 65% oleum for 600 s release
y1 .durations1800 s, u)s0.2 m s at a free water film thickness equal to 0.00005 m.

The results of the runs for three different spill scenarios were examined as shown in
Table 2. Scenario b corresponds to the value that was adopted in the model.

As shown in Table 2, the model results are not sensitive to the assumption about the
water content of the concrete. Even for water concrete content changes of 100%, for
spill scenarios in which the water concrete is of most importance, the results change less
than 0.5%. Therefore, it concluded that the model is not sensitive to this assumption.

3.2. Atmospheric water

The atmospheric water content is described by assuming that all the atmospheric
water content of up to a height H X above the surface roughness length is absorbed by the

w x XŽ .pool 1 . It has also been assumed that the parameter H m is not constant; it is a
Ž . Ž .function of the pool radius R m , and the percentage free SO p of the liquid in the3

w x X Ž . Ž .pool. The equation used is 1 : H s Rr30 ) pr100 .
As discussed in Section 2.1, the atmospheric water is a relatively significant water

source and it becomes the dominant water source when the amount of free water lying
on the ground is low. It was also shown that its significance increases with increasing
spill strength. Therefore, the model sensitivity was checked for spills of 16 kg sy1 for

Ž y1 .600 s of 65% oleum release durations1800 s, u)s0.2 m s at a free ground water
film thickness equal to 0.00005 m and 0.001 m. The results of the analysis are
summarised in Table 3. The spill scenarios under investigation correspond to the

X Ž . Ž . Xfollowing assumptions: Scenario A: H s Rr20 ) pr100 ; Scenario B: H s
Ž . Ž . Ž . X Ž . Ž .Rr30 ) pr100 adopted in the model ; Scenario C: H s Rr40 ) pr100 .

As shown in Table 3, the model results become sensitive to the assumption
concerning the atmospheric water only at low values of free ground water film
thickness. Generally, the model sensitivity increases with increasing spill strength and
decreasing ground water availability. In other words, the model becomes sensitive in

Ž .cases where the atmospheric water is the dominant water source w -0.0005 m . Forg
Ž .spills of lower strengths 20 or 30% oleum or when the amount of ground water is not

Ž .low w )0.0005 m , the model is not sensitive to the assumption concerning theg
Žatmospheric water that is being absorbed by the pool. Since such low values w -0.0005g
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Table 3
Model sensitivity to the atmospheric water assumption

Scenario Free water Percentage Total amount Percentage
film thickness change from the of H SO change from2 4
Ž . Ž .m adopted value evolved kg scenario B

A 0.00005 q33.33% 2513.38 q37.6%
B 0.00005 0 1826.1 0
C 0.00005 y25% 1429.37 y21.7%
A 0.001 q33.33% 3108.32 q7.5%
B 0.001 0 2891.87 0
C 0.001 y25% 2786.97 y3.6%

.m are rarely encountered, the general conclusion is that in the majority of the accidental
spill cases the model results are not sensitive to this assumption.

4. Discussion and further improvements

The main conclusions and observations have been discussed in Section 2. Generally,
the results are very satisfactory in indicating critical aspects of the pool behaviour. They
are generally not sensitive to the two assumptions concerning the water concrete content
and the atmospheric water entering into the pool, as discussed in Section 3.

In the model, it is assumed that the pool composition, temperature and properties are
Ž .uniform average values are calculated . It is supposed that all the energy input is

equally distributed to the pool area. As already mentioned, the main energy input is the
heat of reaction between SO and water. The most significant water source is the free3

water lying on the ground and the reaction that occurs between this water and SO takes3

place at the spreading edges of the pool. Therefore, most of the energy input comes from
Žthe pool edges. Inside the pool, there will be a heat flux directed from the edges highest

. Ž .temperature area, T to the centre lowest temperature area T . Apart from this,smin smax
Ž .the liquid at the pool edges will have a lower percentage free SO p due to the3

consumption of SO and the subsequent production of H SO . Thus, the liquid at the3 2 4
Ž .pool centre will have the highest value of free SO p and at the edges the lowest3 max

Ž .p . A representation of the temperature and composition profiles inside the pool ismin

shown in Fig. 7.
Most of the properties of the liquid in the pool depend on both the pool temperature

and the percentage free SO and they increase with increasing temperature and3

percentage free SO . Therefore, the properties of the liquid in the pool are probably not3

highly variable, as the areas of higher temperature have lower percentage free SO .3

Although, for example, the pool temperature is the highest at the edge that does not
mean that the edge evolution rate is the highest, because the local percentage free SO is3

the lowest, and the liquid vapour pressure depends on both parameters.
Thus, it can be argued that the assumption concerning the pool temperature and

composition uniformity may not significantly alter the results. Incorporation of tempera-
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Fig. 7. Temperature and composition profiles inside the pool.

ture and composition profiles and the associated heat fluxes will make the model more
Žcomplicated, increasing the running times significantly 3-D equations would have to be

.solved .
The model is mainly based on theoretical information as there are no experimental

data relevant to the modelling requirements. Further improvement and validation
depends on the availability of experimental data. Therefore, it is strongly recommended
that experiments should be carried out to establish the necessary data for model
validation.

Acknowledgements

Ž .The authors wish to thank the HSE Health and Safety Executive and especially Mr.
Ž .D. Carter of the Major Hazards Assessment Unit MHAU , for their invaluable help and

Ž .for sponsoring this project Project Reference Number: RSU 3582rR75.025 .

References

w x1 T. Kapias, R.F. Griffiths, A model for spills of SO and oleum, Part I: Model description, J. Haz. Mater.3
Ž .62 1998 103–131.

w x2 R.L. Basket, P.J. Vogt, W.W. Shalk, III, B.M. Pobanz, ARAC Dispersion Modelling of the July 26, 1993
Oleum Tank Car Spill in Richmond, California, EG&G Energy Measurements, Pleasanton, CA, 1994.

w x3 T. Kapias, R.F. Griffiths, in: Proceedings of the 9th International Symposium on Loss Prevention and
Safety Promotion in the Process Industries 3, 1998, pp. 987–996.

w x Ž .4 R.F Griffiths chairman of working party , Sulphur trioxide, oleum and sulphuric acid mist, Major hazards
monograph, Institution of Chemical Engineers, 1996.

w x5 Kirk and Othmer’s Encyclopedia of Chemical Technology, Sulfuric Acid and Sulfur Trioxide, Vol. 22, 3rd
edn., Wiley, 1983.

w x6 Du Pont Chemicals, Sulfur Trioxide and Oleum, Storage and Handling, 1988.
w x Ž .7 F.M. Lea, in: E. Arnold Ed. , The Chemistry of Cement and Concrete, 3rd edn., London, 1970.
w x Ž .8 A.M. Neville, in: Pitman Ed. , Properties of Concrete, 2nd edn., London, 1973.


