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A r e c e n t i n c i d e n t a t a n o i l r e - r e f i n i n g p l a n t i n New Z e a l a n d h i g h l i g h t e d 
t h e h a z a r d s i n v o l v e d when a q u e o u s l a y e r s c an s e p a r a t e from a t w o - p h a s e 
d i s p e r s i o n o n b e i n g h e a t e d . Whi l e t h e h a z a r d s a r e w e l l - k n o w n i n t h e o i l 
i n d u s t r y , and p r e c a u t i o n s t o a v o i d t h e s e p a r a t i o n o f w a t e r a r e r o u t i n e l y 
made , t h e h e a t i n g o f i m m i s c i b l e l i q u i d s i s n o t i n f r e q u e n t l y d o n e i n o t h e r 
i n d u s t r i e s which may b e l e s s aware o f t h e h a z a r d s i n v o l v e d . The p a r t i c u l a r 
i n c i d e n t i l l u s t r a t e s where p r e v e n t a t i v e m e a s u r e s c o u l d b e t a k e n i n o p e r a t i o n 
and d e s i g n t o m i n i m i s e t h e r i s k s . 

INTRODUCTION 

The d a n g e r s i n h e r e n t i n t h e s e p a r a t i o n o f w a t e r i n t a n k s s t o r i n g h o t p e t r o l e u m l i q u i d s a r e w e l l 
known and documented by Hughes ( 1 ) . Water may e n t e r a t a n k t h r o u g h open v e n t s , t h r o u g h 
c o n d e n s a t i o n a s t h e t a n k i s b e i n g pumped o u t , o r b y l e a k a g e s from s t e a m p i p e s and t r a c i n g . Of ten 
t h e t e m p e r a t u r e o f t h e main body o f t h e o i l i s much h i g h e r t h a n t h e o i l a d j a c e n t t o t h e s e t t l e d 
w a t e r . S e v e r e e r u p t i o n s w i t h i n t a n k s h a v e t a k e n p l a c e when h o t o i l a t a t e m p e r a t u r e above 100 C 
h a s s u d d e n l y come i n t o c o n t a c t w i t h t h i s s e t t l e d w a t e r , wh ich t h e n f l a s h e s v i o l e n t l y o f f . 

J e n n i n g s (2) d e s c r i b e s i n c i d e n t s o f a s i m i l a r k i n d wh ich d e r i v e from t h e v e r y l a r g e c h a n g e i n 
s p e c i f i c volume o n v a p o r i z a t i o n . (At a t m o s p h e r i c p r e s s u r e a g i v e n q u a n t i t y o f w a t e r t r a n s f o r m s 
i n t o a v a p o u r 1600 t i m e s g r e a t e r i n v o l u m e . ) I n each o f t h e two c a s e s d e s c r i b e d , c o n s e q u e n t o n a 
d e p a r t u r e from no rma l w o r k i n g a r r a n g e m e n t s , t h e sudden m i x i n g o f a h o t i m m i s c i b l e l i q u i d w i t h a 
s e p a r a t e d a q u e o u s l a y e r c a u s e d a v i o l e n t e b u l l i t i o n wh ich e j e c t e d h o t o i l t h r o u g h open m a n h o l e s . 

Such a n e v o l u t i o n o f v a p o u r , i f r e s t r a i n e d t h r o u g h i n a d e q u a t e means o f v a p o u r r e l e a s e , w i l l q u i c k l y 
g e n e r a t e a n i n t e r n a l p r e s s u r e o f i n t o l e r a b l e d i m e n s i o n s w i t h i n t h e p r o c e s s v e s s e l . A s p r e v i o u s l y 
p o i n t e d o u t ( 2 ) , t h e a s s o c i a t e d phenomenon o f a sudden c o n d e n s a t i o n o f a v a p o u r due t o shock c o o l i n g 
can i n d u c e t h e i n v e r s e e f f e c t o f a d a n g e r o u s l y low vacuum i n a p r o c e s s v e s s e l . 

THEORY 

By means of a highly simplified analysis one may get a measure of the magnitude of the foregoing 
effects. Let us consider a perfectly insulated vessel in which a separated aqueous layer at 
temperature T resides below a much larger volume of oil at temperature T (Fig.1). The vessel is 

w o 
supposed to have a uniform cross-sectional area A, so that the volumetric fraction of water in the 
tank is equal to the fractional depth of the aqueous layer, that is f = z/Z. 

1. Minimum Temperature Excess 

The required heat to boil off the aqueous layer entirely is given by 

which is supplied from the overlying oil, the temperature of which will fall from T to T as a 
consequence. Thus, 

The temperature T will take its minimum value when Tf reaches the boiling point of water Twb under 
the conditions in the vessel. We find, therefore, from equations (1) and (2) the minimum 
temperature excess (T -T ) to be given by 

o WB 
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on substituting f = z/Z. 

2. Maximum Pressure 

The volume of steam that is produced is equal to 

where . is the specific volume of steam under the pressure generated on flashing. If this steam 
is totally constrained by the vessel, the pressure will rise from the initial value PA to a maximum 
P given by max 

where V H i s t h e volume of t h e headspace above the tank c o n t e n t s . Let us suppose t h a t t h i s head-
space occupies a f r a c t i on of t he t a n k ' s con t en t s equal to fH /ZA. Thus from equat ion (5) t he 
maximum p re s su re becomes 

The s p e c i f i c volume V may be found from the Idea l Gas r e l a t i o n s h i p 

where t h e gas cons tan t R is expressed in terms of u n i t mass ( i . e . , J kg K ). Thus, on 
e l i m i n a t i n g from equat ions 6 and 7, one ob t a in s 

which t akes a l i m i t i n g va lue of when the tank is f u l l . 

3. Boi l ing Time 

Consider t h e case when both t he o i l and water a re at a uniform tempera ture TA , which is l e s s than 
the b o i l i n g po in t of the wa te r , and t h e o i l i s hea ted . F u r t h e r , l e t us suppose t h a t due to poor 
a g i t a t i o n the water warms up slowly by conduction from t h e h o t t e r o i l above. A hea t balance over 
t he aqueous l a y e r for a per iod y i e l d s 

from which one ob ta ins the d i f f e r e n t i a l equat ion 

I t i s convenient t o r e w r i t e t h i s express ion i n terms o f t h e excess t empera tu re s : 

Also, l e t us assume t h a t t he tempera ture o f t h e o i l i s being uniformly heated so t h a t i t s 
temperature observes t he l i n e a r r e l a t i o n s h i p 

With t h e s e s u b s t i t u t i o n s , equat ion (8) becomes 

Equation 13 is a l i n e a r , f i r s t - o r d e r d i f f e r e n t i a l equat ion which has t h e so lu t i on 

The c o e f f i c i e n t C is determined from the i n i t i a l c o n d i t i o n s , 0 = 0 when T = 0. Thus equat ion (14) 
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simplifies to 

The temperature difference between the oil and the water is given by 

on noting that 6 = aT. When the water is about to boil, this temperature difference is also 
given by equation (3). After some algebraic manipulation, it can be shown that the time needed to 
reach this condition is equal to 

Worked Example. Consider the following set of circumstances. The water layer fills the tank to 
a fractional depth f = 0.03 and the headspace occupies a fraction fH = 0.07. Let us suppose that 
heat transfer takes place sluggishly across the oil-water interface, and h = 10 W m-2 K-1. The 
specific heat of the oil is taken as 2.2 kJ kg-1 K-1, and the oil density 700 kg m-3 . 

From equation (3) the minimum excess temperature of the oil over the water to cause boiling is 

The maximum pressure that could be developed is found from equation (8) for PA = 10 Pa. 

If the oil behaves like an incompressible piston, which is feasible if the flashing is rapid and 
means of vapour escape limited, then such a pressure could be closely attained. 

The time to reach the critical flashing condition from ambient temperature is given by equation (17) 
for a = 0.01 K s-1 and Z = 2 m. 

Although these calculations are very rough, the estimates demonstrate it is possible to heat an 
unmixed (or poorly mixed) immiscible liquid above a separated aqueous layer to reach a critical 
condition in which a sudden rise in pressure occurs as the water vaporizes rapidly. The following 
incident illustrates what is considered to be such a case. 

INCIDENT 

Keey (3) d e s c r i b e s an i n c i d e n t at a New Zealand works engaged in greasemaking, t he r e - r e f i n i n g of 
used o i l s and a l l i e d o p e r a t i o n s . An explos ion occurred in one of t h e v e s s e l s used for dry ing 
waste o i l s and, almost immediately, an i n t e n s e f i r e broke out which r e s u l t e d in t h e v i r t u a l 
d e s t r u c t i o n of t he f ac to ry and i t s c o n t e n t s . Five men, a l l process workers in t h e f a c t o r y , were 
k i l l e d i n s t a n t l y . A r e p o r t (4) of t h e Commission of Inquiry s e t up to i n v e s t i g a t e t h e cause of 
t he i n c i d e n t has been pub l i shed . 

The process of r e - r e f i n i n g waste o i l c o n s i s t s of h ea t i n g the o i l to 220oC to d r i v e off water and 
l i g h t hydrocarbon f r a c t i o n s which d e r i v e p r i n c i p a l l y from p e t r o l and kerosene . The d r i ed o i l i s 
then t r e a t e d with concen t ra ted su lphu r i c ac id to remove, as a s ludge , ox ida t ion produc ts and some 
a d d i t i v e r e s i d u e s . The remaining s o l i d and o the r r e s idues a r e adsorbed on to f u l l e r ' s e a r t h in a 
subsequent p rocess ing s t a g e . Both t he dry ing and c l a y - c o n t a c t p rocesses give off emiss ions which 
a r e sub jec t to l e g i s l a t i v e c o n t r o l . The vapour-off take p ipes from both process v e s s e l s were 
connected to a common l i n e to a condenser , from which the wet vapours con ta in ing l i q u i d 
hydrocarbons were to be scrubbed and t h e l i g h t hydrocarbons s epa ra t ed , as shown in F i g . 2 . 

At t he t ime of t he i nc iden t t h i s vapour-scrubbing system was being t e s t e d . About 7500 l i t r e s of wet 
waste o i l were charged to t h e v e s s e l used for drying t h e o i l , and h ea t i n g s t a r t e d t h e fol lowing day. 
After two he a t i ng c y c l e s , with t h e tempera ture of t h e c o n t e n t s f i n a l l y reach ing 102oC, t h e p l a n t was 
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shut down owing to faults developing in the circulating pump of the scrubbing system. The 
contents of the vessel were left to stand for 5 days during which time the temperature fell to 
ambient. On the sixth day, the repairs completed, the drying process was restarted. Shortly 
before the incident, when the indicated temperature was 177 C, a chemist inspecting the plant found 
nothing abnormal in the operation of either the scrubbing system or the drying vessel. 

Considerable insight into the probable cause of events was obtained by laboratory simulations of 
the heating-cooling cycles in the plant. Normally about 5 vol. per cent of water is held in fine 
suspension in the waste oil, but on standing a thick sludge of poor thermal conductivity would have 
deposited above a pool of water of some 60 litres. The oil-water interface would initially have 
been about 75 mm below the level of the lower agitator (Fig.3), which because of its design would 
have left the separated layer relatively undisturbed. For h ~ 30 W m-2 K-1, corresponding say to 
a 5 mm thick layer of sludge, the critical flashing condition would have been reached at the time 
of the incident. Further, if the water layer had slowly evaporated by some 5 litres by this time, 
then an outlet standpipe would have broken the interface to provide, perhaps, enough eddying for 
the water to mix with the overlying oil and begin to flash off. 

Since the excess temperature of oil would be at least 80 C at this stage, this ebullition would 
have been very rapid and the rise in pressure with the generation of steam almost totally 
constrained by the incompressible oil and the narrow vapour outlet (only 38 mm diameter). (The 
maximum pressure from equation (8) is about 4 MPa.) When the pressure reached between 1.5 to 
2.0 MPa, a circumferential crack would have appeared at the toe of a fillet weld at the base of 
the vessel, which then ruptured to throw the upper section skywards. At the same time, hot oil 
would have been ejected into the factory, initially as a foam under pressure which then would break 
into a mist of fine droplets. 

The emergent pressure wave was strong enough to dislodge heavy items of process equipment and strip 
pipes carrying heating oil bare of lagging. These pipes were the most probable incendive sources 
for the fierce fire that broke out a few seconds after the explosion. There was ample combustible 
and flammable material in the factory to sustain the fire which took 3 hours to put out. 

DISCUSSION 

This d i s a s t r o u s i nc iden t demonstra tes t he severe consequences of a s o - c a l l e d "steam exp los ion" , t h e 
rapid f l a s h i n g of water when suddenly brought i n t o con tac t with hot o i l . T h e o r e t i c a l l y , very 
l a r g e p r e s s u r e s can be generated which can exceed t h e design working p r e s s u r e s of t he v e s s e l 
concerned. There is always a r i s k of such an event whenever two immiscible l i q u i d s a re being 
hea t ed . Clear ly t h e r e i s no danger as long as t h e aqueous phase i s uniformly d i spersed throughout 
the mixture by adequate a g i t a t i o n of t h e v e s s e l ' s c o n t e n t s . One s e n s i b l e p recau t ion would be to 
cut off t h e hea t ing system by an a p p r o p r i a t e i n t e r l o c k i n g device should t h e a g i t a t o r motor not be 
running for any reason . Heating with steam should be avoided, i f t he p rocess f l u i d is immiscible 
with wate r . Should steam hea t ing be unavoidable in such c i rcumstances , then the equipment should 
be r e g u l a r l y checked for l e a k s . Prov is ion should be made for d r a i n i n g any separa ted wa te r . When 
phase - sepa ra t ion r i s k s a re h igh , t h e r e should be t h e f a c i l i t y for dumping the tank con ten t s i n t o an 
a p p r o p r i a t e , safe r e c e p t a c l e . F i n a l l y , t h e example c i t e d i l l u s t r a t e s how the s e v e r i t y of an 
i n c i d e n t can be magnified by the presence wi th in a s i n g l e f i r e - a r e a of a number of o p e r a t i o n s 
involv ing hazardous m a t e r i a l s . In t h i s p a r t i c u l a r i n s t a n c e , however, the f i e r c e f i r e did not 
spread beyond a concre te block f i r e - w a l l s e p a r a t i n g t h e f ac to ry from the dangerous goods s t o r e 
which remained i n t a c t . 
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Figure 1 Tank with two-phase mixture Figure 3 Waste o i l dry ing vessel 

Figure 2 Vapour-offtake l i n e s for o i l r e - r e f i n i n g p l a n t 
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