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A recent incident at an oil re-refining plant in New Zealand highlighted
the hazards involved when aqueous layers can separate from a two-phase
dispersion on being heated. While the hazards are well-known in the oil
industry, and precautions to avoid the separation of water are routinely
made, the heating of immiscible liquids is not infrequently done in other
industries which may be less aware of the hazards involved. The particular
incident illustrates where preventative measures could be taken in operation
and design to minimise the risks.

INTRODUCTION

The dangers inherent in the separation of water in tanks storing hot petroleum liquids are well
known and documented by Hughes (1). Water may enter a tank through open vents, through
condensation as the tank is being pumped out, or by leakages from steam pipes and tracing. Often
the temperature of the main body of the oil is much higher than the oil adjacent to the settled
water. Severe eruptions within tanks have taken place when hot oil at a temperature above 100 C

has suddenly come into contact with this settled water, which then flashes violently off.

Jennings (2) describes incidents of a similar kind which derive from the very large change in
specific volume on vaporization. (At atmospheric pressure a given quantity of water transforms
into a vapour 1600 times greater in volume.) In each of the two cases described, consequent on a
departure from normal working arrangements, the sudden mixing of a hot immiscible liquid with a
separated aqueous layer caused a violent ebullition which ejected hot oil through open manholes.

Such an evolution of vapour, if restrained through inadequate means of vapour release, will quickly
generate an internal pressure of intolerable dimensions within the process vessel. As previously

pointed out (2), the associated phenomenon of a sudden condensation of a vapour due to shock cooling
can induce the inverse effect of a dangerously low vacuum in a process vessel.

THEORY

By means of a highly sinplified analysis one may get a neasure of the magnitude of the foregoing

ef fects. Let us consider a perfectly insulated vessel in which a separated aqueous |ayer at

tenperature T resides below a nmuch larger volune of oil at tenperature T (Fig.1l). The vessel is
w 0

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 |ayer, that is f = z/Z

1. M ni mum Tenper at ure Excess

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

Q = BEP A, ; ' ' . S
which is supplied fromthe overlying oil, the tenperature of which will fall fromT to T as a
consequence. Thus,

g = so{‘ro - '-.“fjh{z - z}r}o (2)
The tenperature T will take its mninmmvalue when T; reaches the boiling point of water Ty under
the conditions in the vessel. We find, therefore, fromequations (1) and (2) the m ninmm

tenperature excess (TO-T to be given by

we)
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(-Tp) = E0MH /s (1-£)p : | (1)

on substituting f = z/Z

2. Maxi mum Pressure

The vol une of steamthat is produced is equal to

v, = ?Szncw (4)
where V¥ is the specific volune of steamunder the pressure generated on flashing. If this steam
is totally constrained by the vessel, the pressure will rise fromthe initial value P, to a maxi num
Pnax gi ven by

PV *28) = PV = EV2io. (5)
where Vy is the volume of the headspace above the tank contents. Let us suppose that this head-
space occupies a fraction of the tank's contents equal to fy /ZA. Thus from equation (5) the

maximum pressure becomes

?.".1.-.‘3': = I}T&VSGWf/ (f‘fl + £) (&)
The specific volume V may be found from the ldeal Gas relationship

¥ = RT/P o
1= max

where the gas constant R is expressed in terms of unit mass (i.e., J kg K ). Thus, on
eliminating \_;s from equations 6 and 7, one obtains

P = ¥P_RTp £ £+ £) (8
max A ‘W/{IE : (8)

which takes a limiting value of VP RTO when the tank is full.
&

3. Boiling Time

Consider the case when both the oil and water are at a uniform temperature To, which is less than

the boiling point of the water, and the oil is heated. Further, let us suppose that due to poor
agitation the water warms up slowly by conduction from the hotter oil above. A heat balance over
the aqueous layer for a period &t yields

aT
Shn - ki W o
hA(T T, )61 - 0 = zAD s = 41 {2)
{input) {output) (accumulation)

from which one obtains the differential equation

It is convenient to rewrite this expression in terms of the excess temperatures:
8. = T -1 {11la)
L {11lb)

Also, let us assume that the temperature of the oil is being uniformly heated so that its
temperature observes the linear relationship

0 =

v} T 12
o 3 (12)

With these substitutions, equation (8) becomes

d@w

— {

h _ ha
at zpwsW) ew - (zpwsw} T (13}

Equation 13 is a linear, first-order differential equation which has the solution

=ht /20 8 [ hT/z0..8 7 s
; /2Pyfy| BT/ z0gsy BU/2psy ;
8. = e aTe - [azpwsw/‘n)e + C (14)

k = |

The coefficient C is determined from the initial conditions, 0 = 0 when T = O. Thus equation (14)
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simplifies to

azp_s_. I, -ht/zp_s "
8, = —2 % | .‘;TS -1 % e o (15)
) | **w 1
The tenperature difference between the oil and the water is given by
azp s <h1/20 s_°
_ _ « B w W W _ WW
To~ T = %8 h ’._l ® J (18
on noting that 6 = aT. Wien the water is about to boil, this tenperature difference is also
given by equation (3). After some al gebraic mani pulation, it can be shown that the time needed to
reach this condition is equal to
i 3 - [ h AH j
o .. ] -

T = - ~in | 1 - —————ar

h aswsoz (.}L—flpO _|
Wr ked Exanpl e. Consi der the followi ng set of circunstances. The water layer fills the tank to
a fractional depth f = 0.03 and t he headspace occupies a fraction fy = 0.07. Let us suppose that

heat transfer takes place sluggishly across the oil-water interface, and h = 10 W m? K The
specific heat of the oil is taken as 2.2 kJ kg'! K?! and the oil density 700 kg m® .

Fromequation (3) the mni numexcess tenperature of the oil over the water to cause boiling is

- = - 2 .2 -
(To TWB) 0.03 x 958 x 2257/2 ® 0.97 x 700

The maxi num pressure that coul d be devel oped is found fromequation (8) for Py, = 10 Pa.

Pwax = .,|Jl’J‘J x 4.8]15 x 102 x 373 x 958 x 0.03/(0.03 + 0.07)

3
2.22 x 10 Pa

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

The tine to reach the critical flashing condition fromanbient tenperature is given by equation (17)
for a=00lLKs!and Z=2m

0.03 x 2 x 958 x 4.17 x 10° f 16 % 2257 x 10 >
8 = s e R |
[

0.01 % 2.2 x 4.17 x 2 x 0.97 x 700 |
= 4791 s or about 80 min.
Al though these cal cul ations are very rough, the estimates denonstrate it is possible to heat an

unmxed (or poorly mxed) inmscible liquid above a separated aqueous |ayer to reach a critical
condition in which a sudden rise in pressure occurs as the water vaporizes rapidly. The follow ng

incident illustrates what is considered to be such a case.

| NO DENT

Keey (3) describes an incident at a New Zealand works engaged in greasemaking, the re-refining of
used oils and allied operations. An explosion occurred in one of the vessels used for drying
waste oils and, almost immediately, an intense fire broke out which resulted in the virtual
destruction of the factory and its contents. Five men, all process workers in the factory, were
killed instantly. A report (4) of the Commission of Inquiry set up to investigate the cause of

the incident has been published.

The process of re-refining waste oil consists of heating the oil to 220°C to drive off water and
light hydrocarbon fractions which derive principally from petrol and kerosene. The dried oil is
then treated with concentrated sulphuric acid to remove, as a sludge, oxidation products and some
additive residues. The remaining solid and other residues are adsorbed on to fuller's earth in a
subsequent processing stage. Both the drying and clay-contact processes give off emissions which
are subject to legislative control. The vapour-offtake pipes from both process vessels were
connected to a common line to a condenser, from which the wet vapours containing liquid
hydrocarbons were to be scrubbed and the light hydrocarbons separated, as shown in Fig.2.

At the time of the incident this vapour-scrubbing system was being tested. About 7500 litres of wet

waste oil were charged to the vessel used for drying the oil, and heating started the following day.
After two heating cycles, with the temperature of the contents finally reaching 102°C, the plant was
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shut down owing to faults devel oping in the circulating punp of the scrubbing system The
contents of the vessel were left to stand for 5 days during which tine the tenperature fell to

anbi ent . On the sixth day, the repairs conpleted, the drying process was restarted. Shortly

bef ore the incident, when the indicated tenperature was 177 C, a chenist inspecting the plant found
not hing abnormal in the operation of either the scrubbing systemor the drying vessel.

Consi derabl e insight into the probabl e cause of events was obtained by |aboratory sinulations of
the heating-cooling cycles in the plant. Normal Iy about 5 vol. per cent of water is held in fine
suspension in the waste oil, but on standing a thick sludge of poor thernmal conductivity woul d have
deposi ted above a pool of water of sone 60 litres. The oil-water interface would initially have
been about 75 mmbelowthe | evel of the lower agitator (Fig.3), which because of its design woul d

have left the separated |ayer relatively undi sturbed. For h ~30 Wni? K, corresponding say to
a 5 mmthick layer of sludge, the critical flashing condition would have been reached at the time
of the incident. Further, if the water layer had slowy evaporated by sone 5 litres by this tine,

then an outl et standpi pe woul d have broken the interface to provide, perhaps, enough eddying for
the water to mx with the overlying oil and begin to flash of f.

Since the excess tenperature of oil would be at least 80 Cat this stage, this ebullition would
have been very rapid and the rise in pressure with the generation of steamal nost totally
constrained by the inconpressible oil and the narrow vapour outlet (only 38 nmdianeter). (The
nmaxi mum pressure fromequation (8) is about 4 MPa.) Wien the pressure reached between 1.5 to

2.0 MPa, a circunferential 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 sane tine, hot oil
woul d have been ejected into the factory, initially as a foamunder pressure which then woul d break
into a mst of fine droplets.

The energent pressure wave was strong enough to di sl odge heavy itens of process equi pnent and strip
pi pes carrying heating oil bare of |agging. These pi pes were the nmost probabl e incendive sources
for the fierce fire that broke out a few seconds after the expl osion. There was anpl e conbusti bl e
and flammabl e material in the factoryto sustain the fire which took 3 hours to put out.

Dl SQUSSI ON

This disastrous incident demonstrates the severe consequences of a so-called "steam explosion”, the
rapid flashing of water when suddenly brought into contact with hot oil. Theoretically, very
large pressures can be generated which can exceed the design working pressures of the vessel
concerned. There is always a risk of such an event whenever two immiscible liquids are being
heated. Clearly there is no danger as long as the aqueous phase is uniformly dispersed throughout
the mixture by adequate agitation of the vessel's contents. One sensible precaution would be to
cut off the heating system by an appropriate interlocking device should the agitator motor not be
running for any reason. Heating with steam should be avoided, if the process fluid is immiscible
with water. Should steam heating be unavoidable in such circumstances, then the equipment should
be regularly checked for leaks. Provision should be made for draining any separated water. When
phase-separation risks are high, there should be the facility for dumping the tank contents into an
appropriate, safe receptacle. Finally, the example cited illustrates how the severity of an
incident can be magnified by the presence within a single fire-area of a number of operations
involving hazardous materials. In this particular instance, however, the fierce fire did not
spread beyond a concrete block fire-wall separating the factory from the dangerous goods store
which remained intact.

NAOTATION

a = heating-rate coefficient (K s_l)

A = cross-sectional area {m)

C = integraticon coefficient (1)

f = volumetric fraction, agueous layer (1)
fy = volumetric fraction, headspace,{l}

heat-transfer coefficient (W m 2 K 1)

quant ity of heat (Ji 1

gas constant (J kg™~ K 7) 1 -1
heat capacity of oil (J kg = K ll
heat capacity of water (J kg™l K )
= temperature (K)

anbient temperature (K)

il temperature (K)

water temperature (K)

headspace volume (m~)

steam volume (m3) 3 a1
specific volume of steam (m~ kg )
epth of agqueous layer {(m}

epth of tank contents (m)
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LBy = heat of vaporization of water (J kg™1)

Po = oil density (kg m"Bl

Oy = water density (kgm 7)

8, = oil excess temperature (K)
8y = water excess temperature (K)

1 = time (s)
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Figure 1

Figure 2
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