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.1.Introduction

Twelve tests, in which the spillage of the contents of a tánker
was simulated, were carried out at Tyne Tunnel between November 1992 and March
1993. The purpose of these tests was to measure the size of liquid pool that
could result from large spillages. The pool area would be a most important
parameter in determining whether a cloud of vapour/air mixture of explosive
concentration of significant size could develop from the spillage of a highly
flammable liquid. In the latter part of this report estimates are presented of
the rate of evaporation and the critical pool size necessary to produce a
cloud of explosive concentrations from such liquids.

The work was pr9mpted primarily by statements in publications by
Outch workers such as Oud (1), and Jansen & HOI$sma (2) to the effect that
pool areas greater than 500 - 1000 m2 are necessary for explosive clouds of
significant size to be formed. In his QRA of the hazards of transporting
dangerous goods through U.K. tunnels Considine (3) had estimated that a spill
of 19000 litres (14400 kg) of motor spirit at 640 l/~inute (8 kg/s) in a
tunnel could give rise to pools of 1850 - 3600 m2 in area but he negleèted the
effects of tunnel slope and camber and of the loss to the drainage system. In
the 1991 HSE report (4) on the major hazard aspects of the transport of dan-
gerous goods on the surface, pool sizes of 1018 - 3019 m2 were predicted from
the instantaneous release of 5333 - 16000 litres (4000 - 12000 kg) of motor
spirit if ignition was not instantaneous but delayed (this is the case which
could lead to explosion), It was .assuaed that 10% of the spill was lost to the
drains. These figures suggested that further investigation was warranted.

The tests are of only limited relevance to the case when a spill
of highly flammable liquid 1s ignited soon after the release begins when the
consequence wil! be a fire rather than an explosion. This is because the rate
of removal of the spilt liquid by the combustion process will be an order of
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magnitude greater than that by evaporation in the non-ignited case and will
materially reduce the spread of the pool.

2. Ihe Tvne Tunnel characteristics

For most of its length the tunnel has a gradient of 1 in 20 but
there is a section about 160 m long in the middle which is nearly level with a
gradient of 1 in 270. There is a 120 m radius bend just inside the N portal.
The roadway width is 7.2 mand the cross sectional area of the tunnel above
the roadway is 51.6 m2, giving a ratio of area to width also equal to 7.2 a.
The;e are fire points at 45 mintervals; these are numbered from 1, the first
inside the N portal to 35, the last inside the S portal while 16 and 17 are on
either side of the mid-river sump. The fire points were used as fixed points
to record the spread of the water.

There are drain gul lies at 36 mintervals each side of the road-
way. Ihe maximum design capacity of each gully is stated to be 470
litres/minute. On each side of the roadway the gullies are connected to a 150
mm bore drainpipe with a stated capacity of 1060 litres/minute. These drains
lead in turn to the mid-river sump with a total capacity of 70000 litres.

3.The conditions of the tests

The practical aspects of the tests were planned and carried out by
Tyne Tunnel with the assistance of the local fire brigades.

Water was the obvious choice of liquid to be used. Although pe-
trol, by far the commonest highly flammable liquid, has a density only 75%
that of water, the rate and extent of the spread of th~ two liquids would be
expected to be similar. This is because a difference in density will' affect
the head causing the flow and the inertia of the liquid resisting the spread
to the same extent. As indicated by its vapour pressure water has a volatility
between one tenth and one twentieth that of petrol in the temperature range of
interest so that there will be relatively little evaporation.

The total quantity of water released in each test was 12000
litres; this corresponds to the contents of half the five or six compartments
of a large petrol tanker. It is also similar to the quantities assumed in the
theoretical estimates for Considine's and the HSE's risk analyses mentioned in
section 1 above. Two rates of release were used 600 I/minute (equivalent to
7.5 kg/s for petrol) and 3000 I/minute (37.5 kg/s) corresponding to release
times of 20 minute and 4 minutes respectively. Release rates of this order
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would arise through holes of 10 - 20 cm diameter under a liquid head of 0.5 m.
It was not feasible to arrange a truly instantaneous release as assumed in
some theoretical studies. A fire tender pumped water from a hydrant into a
mobile water reservoir and the flow rate was measured with an orifice meter
and controlled manually.

The spread of the water was recorded on a video camera and the
times at which the leading edge of the pool passed the various fire points
were noted as was the time at which the spread ceased. In most of the tests
the water did not occupy the full width of the roadway for the whole of the
test but travelled along one edge for part of the time.

4.The re§ults of the tests

Ten tests (numbered 1 - 7 and 10 - 12) were carried out with 12000
litres of water released at various points within the tunnel; there were two
tests at each location, one at a release rate of 3000 litres/minute and one
at 500 litres/minute. In addition two tests were carried out with release at
points outside the Sportal. Drawings showing the maximum area covered by
water at the end of each test, and the times at·which the leading edge of
water passed each fire point, are included in this report. The main quantita-
tive results for the ten tests with release inside the tunnel are summarised
in Table 1.

The first point to notice about the results is that, in six out of
the ten tests the maximum pool area was greater than the limit of 500 m2 which
has been suggested as a safe limit. The second is that the pattern of results
for the two sets of test (a) and (b) are not that dissimilar showing that the
location of the release point had a greater effect on ppol size than the rate
of release. It is not surprising that tests 5 and 6 carried out on the' nearly
flat portion near mid river should result in small pool areas. However the
extent to which the bend (and presumably the camber) inside the N portal
caused the pool to be confined to one side of the roadway and facilitated flow
into the gullies and thus reduced the pool area (tests 7 and 12), was not
anticipated. Observation during the tests where the release was in the rela-
tively straight sections of tunnel revealed that the flow tended to bypass
many of the gullies. This explains why the pool length in most cases is great-
er than the 108 m which would include six gullies sufficient at their maximum
capacity to permit a flow equal to the higher release rate of 3000
litres/minute.

3



It seems likely that, if it were practicabie to modify the roadway
camber particularly in the vicinity of the gul lies, significantly smaller pool
sizes might result. The Dutch workers referred to previously also emphasise
the importance of drainage design in this respect. Clearly, because of these
effects, the results are only applicable to the Tyne Tunnel and tests at the
other tunnels are desirable.

5. Estimates of rate of evaporation and critical pool size

The estimation of the rate of evaporation from large pools is
inevitably very approximate because it involves extrapolation from results.
with much smaller areas. The relationship most often used is that originally
put forward by Sutton (5) and subsequently recommended by Clancey (6) and in
the TNO Yellow Book (7). Blokker (8) used essentially the same relationship.
More recently Forster, Kramer & Schon (9) have'reported test results on the
evaporation of petrol and other hydrocarbons and have put forward a relation-
ship for this which they then used to predict the critical pool dimensions
for explosive mixtures (see below).

•The two equations for the mass rate of evaporation per unit area
of pool reduce to:-

Sutton

Forster et al

where m is the
u is the
I is the
Cs is the

m = 4.5 x 10-3 u Cs

mass rate of evaporation per unit area
air velocity
length of the pool
saturated vapour concentration

g/m2.s
mIs
m
g/m3

It will be obvious from the values of the numerical constants that
there will be a significant difference between the rates predicted by the two
equations. The Forster equation gives a rate 2.25 times that from the Sutton
equation for alm long pool and a 1 mIs air velocity and the divergence will
increase for longer pools and greater. velocities, becoming roughly fourfold
for the largest pool sizes in which we are interested. Since Forster et al
measured rates of evaporation of petrol over 'a range of air velocities and
found it to be directly proportional to air veloci~y, rather than to the 0.78
power, it is feIt that this should be adopted together with their value for
the numerical constant, 4.5 x 10 -3. However since they only measured rates in
a tube 0.5 m in diameter and presumably did not study very long pools, it is
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considered that the dependence of rate on pool length found by other investi-
gators should be adopted. This then gives the following equation

Modified Forster et al m = 4.5 x 10-3 u 1-0.11 cs

which has been used in the estimates reported here.

It is necessary to choose a value for cs' the saturated vapour
pressure of the liquid spilt. This will depend on the nature of the liquid and
its temperature. In the case of a liquid such as petrol, which is a mixture of
a large number of components of different volatility, Cs will decrease as the.mixture evaporates. The relevant temperature is not that of the liquid before
it is spilt but that which adopts on the roadway. The evaporation process
results in cooling which will be compensated to some extent by heat trans-
ferred from the roadway when this is higher ..than that of the liquid.

Data presented by Forster et al indicates that petrol at 100e will
have a value of Cs equal to 800 g/m3 at the beginning of the evaporation
process and that this will fall to about 220 g/m3 when 20~ has evaporated.
Hexane, one of the more volatile components of petrol which is often taken to
represent its behaviour, has a Cs value of 583 g/m3 at 200e and 385 g/m3 at
iOoe. Taking all the factors just discussed into account it is considered
conservative to use a value of 600 g/m3 for cs'

By assuming that the evaporated vapeur rapidly mixes with the. air
throughout the tunnel cross section to produce a uniform mixture at any loca-
tion, it is straightforward to calculate the minimum length of pool necessary
to result in a mixture at the downstream end which is at the lower explosive
limit concentration, i.e just able to support an explo~on (The downstream end
in this context is that with respect to the ventilation air flow). Thè cloud
of explosive mixture would continue to increase in length downstream of the
pool. The critical pool length wi11 depend onthe ratio of the tunnel cross
section to the roadway width. Using the modified Forster relation this length
is independent of the air velocity since they found that evaporation rate was
directly proportional to air velocity. The result obtained is 190 m, corre-
sponding to a pool area of 1360 m2. Using the Sutton equation, which predicts
a rate of evaporation increasing somewhat less than proportionally to the air
velocity, the minimum pool lengths range f·rom470 to 700 m (pool areas 3390 to
5050 m2) as the air velocity increases from 1 to 5 mIs.
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6.Piscynion

The large difference between the estimates from the two equations
is not unexpected in view of the comments made earlier. It is considered
prudent to take the Forster predictions as the more realistic. Even this
gives greater minimum pool areas than the Dutch workers suggest as critical
but it must be remembered that the minimum pool length is approximately
proportional to the ratio of tunnel cross sectional area to roadway width (and
hence pool width), and this will vary from tunnel to tunnel. Information in
(2) suggests that the tunnels considered there would have an area to width
ratio of about 4.5 m compared with the value of 7.2 m for the Tyne Tunnel.which would explain a large part of the difference. In addition the fact that
the evaporation that would take place with a liqujd such as petrol would cause
its spread to be less than that of water, a factor which it has not been found
possible to quantify here, would provide a further safetymargin.

Overall the results suggest that in some cases spillage of a
highly flammable liquid could give rise to a cloud of explosive vapour/air
mixture but the hazard appears to be marginal. What is clear is that, if it
were possible to improve the characteristics of the drainage system the hazard
might weIl be eliminated. This would also reduce the size of a fire if igni-
tion occurred soon after release. It is also worth noting that it takes a sig-
nificant time for the large pools to be created, 12to 27 minutes for those
greater in area than 1360 m2~



7.Ref~n~nçes

(1) Oud, H.J .C.
Tunnels & Tunnelling (June 1988) ,64 - 66.
Safety measures reduce risk in Dutch road tunnels.

(2) Jansen, C.M.A. & Hoeksma,J.
Proceedings, of the lst International Conference on Safety in Road and
Rail Tunnels, 23-25 November 1992, Basel, Switzerland, 199 - 211.
Decision model for the transport of dangerous substances and the
provisions required in road tunnels.

(3) Considine.M.
SRD Report November 1984
A risk assessment of the transportation .of hazardous substances through
road tunnels.

(4) Health & Safety Commission
Report (1991)
Major hazard aspects of the transport of dangetous substances

(5) Sutton,O.G.
Micrometeorology, McGraw HilI (1953), 286

(6) Clancey,V.G.
Proceedings of Symposium on Chemical Process Hazards with Special
Reference to Plant Design - V, Inst.Chemical Engineers, (November 1974),
80 - 98.
The evaporation and dispersion of flammable liquid ~pillages.

(7) TNO
Report CPR 14E (1992)
Methods for the calculation of physical effects.

(8) Blokker,P.C.
4th International Harbour Con~erence, Antwerp (July 19(4)
Spreading and evaporation of petroleum products on water.

(9) Forster, H., Kramer, H. & Schon, G.
Heavy Gas and Risk Assessment, ed Hartwig, S., Battelle e.V., Frankfurt
am Main (1980), 141 - 156
Dispersion of gasoline in road tunnels after release of major quantities.

7



TABtE 1

Summary of test results

Run No. Location of release Maximum water spread Time to
Fire Point Distance Area maximum

Total Ful1 width spread

m m2 m2 m.s

(a) Tests at high release rate (3000 I/min for 4 minutes)

1 35-36 S slope 380 1440 1296 12.15

3 25 S slope 330 1570 970 18.14

5 17 Mid-river 36 260 260 3.00

10 10 N slope 300 2085 • 1620 11.50

12 <1 N slope & bend 180 260 0 4.19

(b) Tests at low release rat~ (600 I/min for 20 minutes)

2 35-36 S slope 290 790 650 10.56

4 25 S slope 325 1520 1260 26.55

6 17 Mid-river 36 260 260 6.00

11 10 N slope 290- 1250 72 16.15

7 <1 N slope & bend 135 100 0 3.08
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