
Water spray interaction with liquid spill in a road 
tunnel 

 
Haukur Ingason 

Glenn Appel* 
Ulf Lundström* 

 
 

SP Report 2015:91 

S
P

 T
ec

hn
ic

al
 R

es
ea

rc
h 

In
st

itu
te

 o
f S

w
ed

en
 

 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



2 
 

 

Water spray interaction with liquid 
spillage in a road tunnel 
 
Haukur Ingason 
Glenn Appel* 
Ulf Lundström* 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
* The Swedish Transport Administration (STA) 



3  

 

Abstract 
 
Water spray interaction with liquid spillage in a road 
tunnel 
 
Interaction between water spray and liquid spillage fires on a sloping road surface 
was investigated in a laboratory environment. The spill area, fuel flow rates, and fuel 
types were varied, as were water density and water nozzle types. The total and 
convective heat release rates were measured using a large fire calorimeter. The total 
heat release rates of E85 and gasoline were found to be in the range of 3-6 MW, in a 
burning spill area of approximately 6 m2. The liquid spill was created by a 
continuous outflow of fuel onto a smooth, sloping concrete surface. After a given 
time the spill was ignited and, shortly after this, a water spray with a water density of 
either 10 or 5 mm/min was activated. The purpose of the research was to investigate 
the interaction between the water spray and the liquid spillage area/heat release rate. 
There have been concerns expressed that using a water spray inside a road tunnel to 
deal with an initial spill resulting from a tank leakage incident may exacerbate the 
situation, as the fuel may float on top of the water and create a larger burning area. 
These effects were not observed in the test setup presented in this report.      
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Summary 
 
The most important research question to answer was whether a water spray in a road 
tunnel exacerbates the situation if a liquid fuel spill is ignited. As a liquid flows on a 
sloping road surface, it increases in size (area). The spill area created is dependent on 
the flow rate of the liquid and the slope of the road surface, as well as the surface’s 
roughness, the tunnel width, and the type of drainage system in place. There have 
been concerns expressed regarding the possibility that activating a water spray in 
such a situation may cause the area of the spill to increase in size, and consequently 
the heat release rate to rise if the fuel is ignited. The other question to answer was 
whether there are any differences between petroleum-based and alcohol-based fuels. 
 
The tests show that concerns regarding an increase in total heat release rate are 
unfounded. Two types of fuel, gasoline and E85, were used, as they are quite 
different in character. Gasoline does not intermix with water (rather, it floats on top 
of it), whereas E85 is mostly soluble in water. The nomenclature ‘E85’ refers to the 
composition of the fuel; 85% ethanol and 15% 95 octane gasoline. The tests show 
that the total heat release rate for both gasoline and E85 was not affected when using 
water sprays with a water density of 10 and 5 mm/min. The area of the fuel spill was 
approximately 6 m2 in both cases. The average depth of the spill was roughly 2 mm. 
The total heat release rate was in the range of 5-6 MW for gasoline, and 3-4 MW for 
E85.  
 
The convective heat release rate was influenced by the water spray, but the total heat 
release rate was not. Thus, the water did not interact with the chemical burning 
process of the fuel, nor did it cause an increase in the burning area of the fuel spill. 
Rather, it only cooled the hot fire plume above the burning fuel surface. As expected, 
increasing the water density of the spray, from 5 mm/min to 10 mm/min, increased 
the convective cooling effect on the fire plume.  
 
A vehicle mock-up was created, which measured the temperature on the reverse of a 
steel plate. The aim was to measure the effects of the water spray on the heat flux 
from the spill fire towards an object adjacent to the pool. For gasoline it was found 
that, in most cases and with a water density of both 10 and 5 mm/min, the reduction 
was so small as to be almost impossible to measure: The droplets cooled the fire 
plume, but did not affect the heat flux to an adjacent object. The heat flux measured 
was constituted primarily by water droplets cooling the steel plate and incident 
radiation from the flame volume. The situation was quite different for the E85 due to 
the mixing of water with the fuel, with the effects of water surface cooling and 
incident radiation to the mock-up being more pronounced (lower heat flux).  
 
Introducing 3% AFFF-ARC (aqueous film-forming foam - alcohol resistant 
concentrate) into a spray with a water density of 10 mm/min meant that, when used 
on a gasoline spillage fire, the total heat release rate was reduced by 50%. It was not, 
however, extinguished, as would have been the case if the gasoline had been 
contained in steel trays, rather than floating freely on the road surface. The effects of 
the foam concentrate took 1.5 min from activation to be fully realised. The 
corresponding effect on the convective heat release rate was a reduction of 70%. For 
the same scenario but using a water density of 5 mm/min, the effect of the foam on 
the heat release rate was measured as almost zero. The introduction of the foam 
concentrate into the 10 mm/min spray water reduced the throwing length of the water 
droplets by 30%. No foam test was carried out for E85, but the use of AFFF-ARC 
foam concentrate would definitely improve the results as compared to gasoline.  
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Eleven litres of instantaneously released gasoline (creating a pool of approximately 6 
m2 with an average depth of 2 mm) was ignited, burning for approximately 1 min in 
total and peaking at 6.4 MW at 15 s after ignition. This aptly demonstrates how fast 
fuel burns in the event of an instantaneously released spill. A continuous flow of fuel, 
however, is more hazardous due to the longer duration of the fire.  
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1 Introduction 
 
Current knowledge regarding interactions between water spray systems and liquid 
fuel fires inside tunnels is limited. Ever since the fire tests in the Ofenegg tunnel in 
1965 [1, 2], in which a sprinkler system was used without foam concentrate on a fuel 
bed of gasoline, numerous myths of great longevity have circulated. Although the 
Ofenegg results showed that the system extinguished the gasoline fire within a short 
time following activation, the focus of the tests was on secondary effects [1]. These 
included reduction in visibility due to turbulence created by the sprinkler spray 
(smoke logging), hot steam that scalded organic material inside the tunnel, steam 
production that pushed the smoke into neighbouring sections, creating higher 
temperatures than would have been present without the sprinkler, and a deflagration 
situation that occurred roughly 20 min into the test, shortly after the system was shut 
down. In addition, the conditions in the Ofenegg tunnel were not optimal in relation 
to a real road tunnel, as the test tunnel was short and narrow with only one portal 
open and no mechanical ventilation, and a deep fuel bed placed in steel trays was 
used. The fuel bed was roughly 100 mm deep at the start of the tests. The steel tray 
used was roughly the same width as the tunnel, and so the size was increased by 
increasing the length of the fuel bed. Taken together, these parameters created a 
situation that is quite extreme as compared to a real accident situation involving 
liquid fuels inside a modern road tunnel.   
 
All of the secondary effects that occurred during the Ofenegg sprinkler tests were 
considered to be valid for all types of road tunnels. With today’s knowledge, 
however, most of these secondary effects can be regarded as myths, which found 
their way into international documentation such as PIARC [3] and NFPA 502 [4] and 
were used as arguments against installing the relevant systems. Later research and 
testing [5-14] have demonstrated that many of the conclusions drawn based on the 
results of the Ofenegg study are not valid for real tunnels. In subsequent studies, 
local smoke logging occurs frequently in water spray tests, but scalding and increases 
in temperature have not been observed, nor have the conditions necessary for an 
increased risk of the occurrence of secondary explosions or deflagration. Today, 
most of these myths are no longer considered to be a problem in international 
literature on the subject [15, 16]. 
 
Another aspect of the problem with liquid spillage fires in road tunnels relates to the 
assumption that water causes a burning liquid to disperse over a large surface area [3, 
17]. In a real-world road tunnel situation, the liquid fuel floats on the road surface, 
towards the drainage system. This is entirely dissimilar to the Ofenegg tunnel, where 
deep liquid fuel beds were placed in steel trays. Such test conditions do not reflect a 
real incident, where liquid fuel is released onto the road surface, either 
instantaneously or through steady, continuous leakage. The hypothesis that a water 
spray disperses burning liquid over a large surface area [3, 17] also indirectly states 
that this leads to an increase in the heat release rate. This is likely valid for petroleum 
fuels due to the fact that water, which has a higher density, forms a layer below the 
fuel and so carries it away, creating larger areas. Water and nonpolar liquids such as 
gasoline do not mix, and so this scenario is possible, and it is well-known from the 
extinguishing of car fires that spilled fuel can float away when water is used. 
Whether this leads to an increase in total heat release rate in reality is not known.  
 
When the heat release rates of liquid fuel fires in tunnels are discussed, engineers 
tend to neglect the fact that all tunnel fire tests involving liquid are carried out using 
steel trays. This is entirely different from a scenario in which fuel pours continuously 
from a tank and onto a road surface – the boundary conditions of these two cases are 



9 
 

 

very much different, particularly with regard to the depth of the fuel spill. 
Traditionally, the fuel beds with steel trays used in tunnel fire tests have a depth of 
70 mm or more. Fuel that floats directly on the road surface can be expected to lie 
less than 7 mm deep [18], and has been found to be closer to 2-3 mm in reality [19], 
affecting the total heat release rate per square metre of fuel area. Fire tests in which 
the combustion process is not influenced to a large degree by ventilation show that 
the heat release rate for gasoline varies from 2.4 to 2.9 MW per square metre of fuel 
[20], although this is only valid for fuels which are in pools of a depth greater than 50 
mm. When this is reduced to less than 10 mm, the cooling effects of the solid 
material under the burning fuel surface are more pronounced. The heat release rate 
for gasoline with a depth of 7 mm was 1.5 MW/m2; for 2-3 mm, it was reduced to 0.8 
MW/m2 [20]. Diesel yields slightly lower values than gasoline – roughly 1.3 to 1.6 
MW/m2 – for deep fuel beds. It is not unusual for engineers to use 2 MW/m2 as a 
figure for gasoline or diesel fires when calculating fire size, and it is usually stated 
that a 50 m2 fire yields 100 MW; thus, 2 MW/m2 is a good approximation for deep 
fuel beds. Since this is rarely the case in real incidents, using these figures 
uncritically for the selection of fire safety design based on determination of the spill 
area is simply incorrect.  
 
In a real accident involving a tanker in a tunnel, the fuel can be released in different 
ways; either instantaneously due to the overturning of a tanker, with large amounts of 
fuel released in a short period of time, or through the rupturing of a tank, valve, or 
pipe, so that a steady, continuous flow is created. In both cases, the fuel is spilled 
onto a sloping road surface. The size and depth of a fuel spillage is determined by the 
amount of fuel released in a given period of time, the slope of the surface, and the 
distance to the drainage system. The duration of a spillage fire is dependent on the 
fuel supply; an instantaneously released spill burns up in a short period, while the 
period of combustion for a continuous leakage is directly proportional to the duration 
of the leak. An instantaneous spillage may be initially large, but will disappear after a 
given time; a continuous flow may be smaller, but is more hazardous due to its 
greater duration.  
 
As a result, continuous flow has been the focus of the present test series. The type of 
fuel plays an important role, particularly if the fuel is nonpolar (petroleum type) or 
polar (alcohol type). Polar fuel is soluble in water, and so it has been of interest to 
observe the effects of water spray systems in a situation involving the spillage of 
such a fuel. The interaction between a water spray and this type of fuel, and the effect 
on the spill area, has not previously been investigated for this type of situation, i.e. 
one in which no rim barriers determine the size or depth of the liquid spillage. 
 
In order to investigate these effects, a series of fire tests which involved pouring fuel 
onto a sloping concrete surface was carried out. The aim was to investigate the 
interaction between water spray and fuel floating on the surface in relation to total 
heat release rate and fuel surface area. The thickness or depth of the fuel was also 
considered. Both nonpolar (gasoline) and polar (E85) fuels were used.  
 
The use of foam concentrates may increase the effectiveness of the system. In a test 
situation in a tunnel, the steel trays used in previous experiments accelerate the film-
creating effect of the foam, ensuring that a fire is extinguished. In a real accident 
situation inside a tunnel, however, the steel tray rim, and thus its effect on film 
formation, is not present. It was therefore decided to investigate these effects as well, 
in order to ascertain what effect 3% AFFF-ARC foam concentrate would have on the 
fuel leakage scenario.  
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2 Experimental setup 
 
The experimental setup consisted of a 20 m2 (4 x 5 m) sloping concrete slab, 
mounted within the fire laboratory at SP Fire Research in Borås. Figure 1 shows the 
setup of the concrete slab, and how gasoline was poured onto it from the small ledge 
located above. The gasoline was poured onto the slab with a constant flow rate for a 
given period of time before ignition, and was allowed to float freely on the slab. 
After the given time, a location at the front of the spillage was ignited, as shown in 
Figure 1. The spill continued to increase in size shortly after ignition, but a fixed size  
was finally obtained as equilibrium between inflow and burning rate occurred, as 
shown in Figure 2. The size of this stationary spill was estimated to be about 6 m2. It 
was important that the edge of the burning liquid was not in contact with any of the 
rims of the concrete slab when the sprinkler system was activated, as this would have 
made it impossible to observe the change in size of the spillage (dispersion).  
 

 
Figure 1: The test setup, with gasoline flowing onto a sloping concrete slab inside the fire 
laboratory. 

 
Figure 2: A fully developed gasoline fire covering an area of roughly 6 m2. The flame height is 
approximately 5-6 m.  

Note that the dates and times shown in Figure 1 and Figure 2 are not the same, as the 
photos were taken during different tests. At the left side of the lower edge of the slab, 
a simple water and fuel collection (drainage) system was created. It consisted of a 
300 mm wide opening in the concrete slab rim, where a steel tray was attached in 
order to collect possible burning fuel and excess water from the water spray system. 
In Figure 3, a detailed plan of the test setup is provided, with all measurements in 
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mm. The liquid fuel release point was located close to the short end of the slab, as 
can be seen in Figure 3. A fuel pump controlled the fuel flow; 22 l/min for gasoline 
and 16.6 l/min for E85. These flow rates were used in order to obtain a burning fuel 
surface area that was within the dimensions of the concrete slab. The liquid release 
point was 1.6 m from the left edge, 0.35 m from the upper rim edge, and roughly 
0.25 m from the surface. A water pump was connected to the sprinkler nozzle, which 
was located 6.5 m above the slab and at a distance of 1 m from the upper end of the 
concrete slab rim, as shown in Figure 3 andFigure 4.  
 

6000 
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Water and fuel 
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Grey shaded circular area represent the size 
and position of the fire collector
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Figure 3: The plan view of the test setup. The grey, shaded circular area indicates the size and 
location of the fire collector, located high above the concrete slab.  
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Figure 4: A side view of the concrete slab.  

The slope of the concrete slab was 2% along the long side and 1% along the 
transverse, as can be seen in Figure 3. These slopes are representative for road 
tunnels in Sweden. The depth of the outflowing gasoline was estimated to be about 2 
mm, and was measured by placing numerous circular metal plates of different 
thicknesses on the slab. Using ocular and zoomed video observation, it was possible 
to note when the liquid’s surface was roughly the same as the height of the plates. 
Figure 5 is a photo of the moment when the fuel spill reached the area where the 
depth was measured. The surface of the concrete slab was relatively smooth, as can 
be seen in Figure 6, which also shows how the gasoline floated on the slab’s surface 
when burning (soot marks), closely following the slope of the concrete slab. The 
estimated angle was 22o. In Figure 7, the measured surface area of the spill is shown. 
By dividing the area into different sections, it was possible to estimate the area, 
which was approximately 6 m2.  
 

 
Figure 5: Determination of the depth of the fuel spill using circular metal plates of different 
thicknesses. 
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Figure 6: The surface of the sloping concrete slab used for the tests. The sharply defined soot 
edges on the surface represent the spill area for the gasoline fires.  

 

Figure 7: The measured area of the released fuel at the upper end of the concrete slab.  

2.1 Instruments and measurements 
 
The main parameter measured was heat release rate, which gave a direct indication of 
the effects of the water spray on the burning liquid spill. The heat release rate was 
determined by collecting all of the smoke and gases in a large fire collector in the fire 
laboratory at SP Fire Research. This fire collector, which sometimes is referred to as 
the SP Industry Calorimeter [21], has the ability to measure fires of up to 10 MW. In 
the tests presented here, the highest heat release rate was about 6 MW. Some smoke 
escaped the fire collector, as can be seen in Figure 8. The amount of smoke that was 
not sucked into the system was not quantified.  
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Figure 8: The fire collector used to measure the total and convective heat release rate. The fire 
collector (or industry calorimeter) can measure values of up to 10 MW [21]. A large quantity of 
smoke was produced by the gasoline fire, although not all of it was sucked into the fire collector. 
The size of this portion was never documented or quantified.  

Two parameters can be measured with the fire collector; total heat release rate and 
convective heat release rate. Total heat release rate is based on gas measurements 
(oxygen, carbon dioxide, and carbon monoxide) and the corresponding mass flow 
rate inside the fire collector’s duct system. Convective heat release rate is calculated 
by measuring the temperature of the gas inside the duct and the corresponding mass 
flow rate of the air flow through the duct.  
 
In order to estimate the effects of the water spray, a vehicle mock-up, representing a 
large-scale plate thermometer and consisting of steel plates, was built, as shown in  
Figure 9. Seven different thermocouples were welded at the rear of the steel plate. 
The 1 mm thick steel plate consisted of a vertical section measuring 1.5 m in height 
and 0.5 m in width, with a horizontal part at the top measuring 0.5 m in width and 0.5 
m in depth. Five of the thermocouples were welded at the centre of the vertical plate, 
and two on the horizontal plate. The thermocouples used were of the type K 0.5 mm. 
The mock-up was intended to aid in quantifying the total heat flux directed towards 
the steel plates, both prior to and after the activation of the sprinkler nozzle, and is 
analogous to the rear of a small van that could be found inside a tunnel. Thus, the 
height was adjusted to 0.3 m from floor level.  
 
The vehicle mock-up was located 1 m from the long side edge of the concrete slab, 
as shown in Figure 3. Thermocouples were also mounted inside the concrete slab 
(denoted ‘Tg’ in Figure 3) in order to measure the gas temperature at this location. 
On the reverse of the long side of the concrete slab, two plate thermometers [22] 
were mounted (0.1 x 0.1 m steel plate with welded thermocouple at the insulated 
rear) at 1.5 m and 2 m. The thermometers were mounted 1.35 m above the level of 
the floor, and had a function similar to that of the to-scale vehicle mock-up shown in 
Figure 9.   
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Figure 9: The mock-up used to measure the incident heat flux to a vehicle.  

The sprinkler flow was measured using a flow meter and pressure gauges and, 
dependent on the type of nozzle, flow rate and pressure were determined. The two 
nozzles used represented two different water densities at floor level. For the 10 
mm/min tests, a ‘T-Rex’ (product name by Tyco, now known as ‘TN25’) was used 
[14]. A 1.1 bar water pressure for this K-360 (l/min/bar1/2) nozzle yields a water flow 
rate of 375 l/min. The coverage area is 37.5 m2, which corresponds to a water density 
of 10 mm/min. The other nozzle used was the SW24, manufactured by Tyco, which 
created a 5 mm/min water density. The SW24 has a K factor of 161 (l/min/bar1/2) and 
a coverage area of 35.8 m2.  
Figure 10 shows the water spray from the SW24 with 5 mm/min water density, used 
on E85 liquid fuel (Test 15).   
   

 
 

Figure 10: The water spray used for the tests, with a SW24 nozzle and 5 mm/min water density, 
using E85 as liquid fuel.  
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2.2 Test sequence 
 
In order to compare the effects of using water spray on liquid fires, several free-burn 
tests were carried out for both fuel types. The purpose of these was to find fuel 
quantities that would ensure that the burning fuel would not reach any of the edges of 
the concrete slab. This was done by changing the flow rate, and it was found that 6 
m2 was an appropriate size for the concrete slab used. The test sequence is given in 
Table 1. This include repeated tests, as well as multiple free-burn tests with different 
fuel flow rates.  
 
The fuel in the first test was ignited 50 s after the release of gasoline at a flow rate of 
22 l/min. By the time it was ignited the fuel had reached the drainage system, and it 
became apparent that it needed to be ignited earlier as there was too much leakage 
into the drainage system and a fire here was not of interest in the present study. As a 
result, it was decided to ignite the fuel at about the time when its edge was roughly 1 
m from the lower end of the concrete slab and the drainage system, 30 s after the 
release of the fuel. It continued to grow after ignition and reached the lower edge, but 
started to reduce in size soon after that. By 50 s after ignition it had stabilised 
roughly 1 m from the lower edge, and so the spill area was about 6 m2.  
 
In the second test, the water spray system was activated 1 min after ignition and 
remained active for 3 min. This was the procedure for all of the gasoline tests which 
used a water spray.  
 
The same procedure was used for the third test as for the second, but the gasoline 
was allowed to burn freely for 2 min prior to the activation of the water spray. This 
was done in order to obtain a good reference test.  
 
In the fourth test, a free-burn test was carried out in order to measure the heat release 
rate when the fuel flow was shut off at the time of ignition. The purpose of this was 
to ascertain how fast the spill burned up when there was no more supply. The test 
was designated ‘instantaneously released free-burn test’.  
 
In the fifth test, the same procedure was followed as in the second, but foam 
concentrate (3% AFFF-ARC) was added to the water. In subsequent tests with 
ethanol, the same procedure was followed. The ignition took place 36 s after release, 
1 m from the lower edge of the slab. Two min were used for free-burn Test 7. When 
the water spray was used, the duration was 3 min. In Test 10, which used gasoline, 
the pre-burn time was increased from 1 to 1.5 min in order to ascertain if this had any 
effect.  
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Table 1: The test sequence for the liquid spillage fire tests. 

Test 
nr. 

Water density 
(mm/min) – nozzle 

type 
 

Fuel 
type 

Fuel 
flow rate 
(l/min) 

Flow 
duration 
(min:sec) 

Comments 

1 Free-burn test Gasoline 22  02:50 Ignition 50 s after release of fuel 

2 10 mm/min – 
TN25 Gasoline 22 04:30 

Ignition when fuel was 1 m from lower 
concrete slab edge. This was roughly30 s 

after release. Activation 1 min after 
ignition. Water spray for 3 min. Same 
procedure for the rest of the gasoline 

tests. 

3 Free-burn test Gasoline 22 02:30 
Repetition of Test 1, with 30 s before 

ignition (1 m from edge). Free burn time: 
2 min. 

4 
Instantaneously 

released – 
 free-burn test 

Gasoline 22 0:30 
30 s period for release of gasoline, then 

ignition, gasoline supply shut off at 
ignition. 

5 10 mm/min – 
TN25 Gasoline 22 04:30 With 3% AFFF-ARC foam concentrate in 

sprinkler water. 

6 Free-burn test E85 18.7  The fuel release rate was too large. The 
fire spread to the drainage system.    

7 Free-burn test E85 16.6 02:36 

The flow rate was adjusted to be in line 
with the aim of the test. The spill area 

was 6 m2 shortly after ignition. Ignition 
took place 30 s after the start of the fuel 
release, when the fuel was 1 m from the 

edge of the slab.  

8 10 mm/min – 
TN25 E85 16.6 02:36 Too early activation of water spray. Not 

used in analysis. 

9 Free-burn test Gasoline 22 04:00 Repetition of Test 3.   

10 10 mm/min – 
TN25 Gasoline 22 02:30 Repetition of Test 2, with a slightly 

longer pre-burn time prior to activation. 

11 10 mm/min – 
TN25 E85 16.6 04:38 Repetition of Test 8 with correct 

activation time. 

12 5 mm/min - 
SW24 E85 16.6 04:40 Reduction in water density as compared 

to Test 11. 

13 5 mm/min - 
SW24 Gasoline 22 04:45 Reduction in water density as compared 

to Tests 10 and 2. 
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3 Test results 
 
In the following section, the test results are presented, both for each type of fuel and 
for special cases such as instantaneous release and the use of foam concentrate. The 
time given is from the start of the release of the fuel – roughly 0.5 min before the 
ignition took place, when the fuel was 1 m from the lower edge – unless otherwise 
stated. The free burn time was 2 min, at which point the water spray system was 
activated, and was active for 3 min. Following this, both fuel flow and water spray 
were shut off. The measured heat release rate after this time was due to the leftover 
fuel on the concrete slab. 
 
3.1 Gasoline spillage 
 
3.1.1 Heat release rate 
 
The total heat release rate was measured (based on gas concentrations and mass flow 
rate measurements in the fire collector), and the results of three tests are shown in 
Figure 11:  
 

1. A pure free-burn test (blue line in Figure 11, Test 3).  
2. With 10 mm/min water density (TN25, red line in Figure 11, Test 2).  
3. With 5 mm/min water density (SW24, green line in Figure 11, Test 13).  

 
The heat release rate is higher at the beginning due to the larger spill area, which was 
the case prior to the equilibrium between burning rate and fuel flow rate occurring. 
The peak heat release rate measured was 8 MW, but this settled at about 5-6 MW, as 
can be seen in Figure 11, although this value is likely on the conservative side. If one 
calculates the sum of what is released and what is burning, assuming a complete heat 
of combustion equal to 43.7 MJ/kg and a density of 740 kg/m3 for gasoline, it 
becomes apparent that the difference is too large. As a flow rate of 22 l/min 
corresponds to 0.2713 kg/s, a complete combustion can be assumed to yield a heat 
release rate of 12 MW, which is double what was measured. This would give a 
burning rate of 2 MW/m2, which is not realistic for a fuel spill that is only 2 mm 
deep. A more realistic value is approximately 1 MW/m2, which corresponds well to 
what was measured and observed. A simple flame height calculation using a 6 m2 
pool fire surface and 6 MW gives a flame height of 5-6 m, which is similar to what 
was observed during the tests. Estimations of the fuel spill area, depth, and time 
required to cover part of the concrete slab serve to verify a fuel flow rate of 22 l/min. 
Another way to investigate the efficiency or accuracy of the measurements is to 
integrate the measured total heat release rate and compare it to theoretical values, 
given in MJ. A summary of such an exercise is given for Test 2, 3, and 13 in Table 2. 
These are the same tests as in Figure 11.   
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Table 2: Summary of the tests presented in Figure 11 (gasoline). 

Test 
nr. 

Type Duration 
of 
gasoline 
flow (s) 

Total 
amount 
of fuel 
used (kg) 

Total 
integrated 
energy 
(MJ) 

Theoretical 
energy (MJ) 

Ratio of 
integrated 
to 
theoretical 

3 Free-
burn 

150 40.7 825 1779 0.46 

2 10 
mm/min 

270 73.25 1535 3201 0.48 

13 5 
mm/min 

285 77.3 1615 3378 0.48 

 
Taken together, the results shown in Table 2 indicate that the burning was not 
complete, and that some of the gases and smoke were not collected by the fire 
collector and thus lost. A ratio of less than 0.5 indicates poor correspondence. During 
the tests, it was observed that portions of smoke leaked out of the fire collector duct 
system above the fire source, which can be seen in Figure 8. The exact quantity of 
fire gases and smoke that leaked was not possible to quantify, but preventing this 
leakage would certainly have resulted in higher measured heat release rate values. 
The validity of the relative comparison between non-sprinkler and sprinkler tests is 
not, however, in question due to this fact, as is confirmed by the similarity of the 
ratios for all tests, as shown in Figure 11.   
 
Based on the measurements, it can be concluded that heat release rate is not directly 
affected by a water spray system, and this was confirmed by ocular observation of 
the flame volume. Similarly, the size of the spill was not affected.  
 

 
 
Figure 11: Measured total heat release rate for a liquid gasoline fire on a sloping concrete slab.  

The convective heat release rate (based on gas temperature and mass flow rate in the 
fire collector) was also measured during all of the tests, as it is a good indicator of the 
cooling effect on the fire plume. The measured convective heat release rate for the 
gasoline tests is given in Figure 12. These values should be considered to be 
conservative due to the amount of smoke that was not collected by the fire collector 
duct system (see Figure 8).  
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Figure 12: Measured convective heat release rate for a liquid gasoline fire on a sloping concrete 
slab. 

3.1.2 Incident radiant heat flux 
 
The incident radiant heat flux from the fire, both with and without a water spray 
system, were estimated using the plate thermometers and the steel plates of the 
vehicle mock-up. The way these heat fluxes were calculated can be found in [23, 24]. 
The key parameters used were CPT=4200 J/m2 K for the plate thermometer, 3726 
J/m2 K for the vehicle mock-up, KPT=8 W/m2 K, and hPT = 15 W/m2 K for both 
instruments.  
 
Figure 13 shows the maximum incident radiant heat flux measured by the vehicle 
mock-up. The heat flux flattens out at approximately 25 kW/m2 on average, with 
fluctuations of roughly +/-5 kW/m2. The water spray system did not attenuate the 
radiation from the flames to a significant degree. The vehicle mock-up was located 
approximately 3 m from the centre of the fire source. That the heat release rate was 
not affected and the water spray did not attenuate much of the radiation is clearly 
demonstrated by these measurements. The limit for the risk of the fire igniting a 
secondary object is in this range of incident radiant heat flux.   
 
Figure 14 shows the incident radiant heat flux as measured by the plate thermometer. 
The initial heat flux is higher but levels out at about the same heat fluxes, although 
the plate thermometer was located roughly 0.5 m behind the vehicle mock-up. The 
plate thermometer was more sensitive to thermal changes than the vehicle mock-up, 
and therefore better able to monitor rapid changes in the heat flux, which was in the 
range of 10-20 kW/m2, and so the risk of further fire spread could not be ruled out. 
Another plate thermometer was located 2 m from the slab edge, roughly 1 m behind 
and to the right of the vehicle mock-up, as shown in Figure 15. The heat flux 
measured was in the range of 5-20 kW/m2. The risk of fire spread gradually reduced 
with distance from the fire.   
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Figure 13: Maximum measured incident radiant heat flux by the vehicle mock-up thermometer 
during a test that used gasoline. The distance from the edge of the slab was 1 m. 

 

 
Figure 14: Measured incident radiant heat flux by the plate thermometer during a test that used 
gasoline. The distance from the edge of the slab was 1.5 m. 
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Figure 15: Measured incident radiant heat flux by the plate thermometer during a test that used 
gasoline. The distance from the edge of the slab was 2 m. 

3.2 E85 spillage 
 
3.2.1 Heat release rate 
 
The total heat release rate for E85 is shown in Figure 16. The results are very similar 
to those of the gasoline tests. The initial higher total heat release rate originated from 
the period before an equilibrium was reached between the outflowing fuel and burn 
rates. A decrease in the total heat release rate is difficult to observe, and there is 
almost no difference between water densities of 10 and 5 mm/min, indicating that the 
water droplets had no effect on the combustion process of the fire. In Figure 17, the 
convective heat release rate is shown. The cooling effects on the fire plume appear to 
be more pronounced for E85 as compared to the gasoline tests in Figure 12. The 
reason for this may be the mixing of the water and the fuel.  
 
The same trend is found with the plate thermometers, as shown in Figures 18, 19, and 
20. The incident radiant heat flux drops from roughly 15-20 to 3-5 kW/m2, and so the 
risk of fire spread was negligible.  
 

 
Figure 16: Measured total heat release rate for tests with E85. 
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Figure 17: Measured convective heat release rate for tests with E85. 

3.2.2 Incident radiant heat flux 
 
In the same way as for gasoline, the incident heat flux from the flames was measured 
at different positions. The same trend is found here, in that higher heat fluxes were 
measured with the plate thermometer. The heat flux was lower than for gasoline in 
all cases.  

 
Figure 18: Maximum measured incident radiant heat flux by the mock-up vehicle thermometer 
during a test that used E85. The distance from the edge of the slab was 1 m. 
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Figure 19: Measured incident radiant heat flux from the plate thermometer during a test that 
used E85. The distance from the edge of the slab was 1.5 m. 

 
Figure 20: Measured incident radiant heat flux from the plate thermometer during a test that 
used E85. The distance from the edge of the slab was 2 m.  

 
3.3 Foam additive 
 
During one of the tests, a 3% AFFF-ARC concentrate was added to the water supply 
in order to have a point of comparison with the tests that did not use foam 
concentrate, which is usually used to combat pool fires. The addition of the foam 
caused the total heat release rate to be reduced by 50% for 10 mm/min water density, 
as can be seen in Figure 21. The convective heat release rate is shown in Figure 22 
for 10 and 5 mm/min water densities and using foam concentrate, with the former 
being much more effective as compared to the latter. 
 
The tests clearly show that foam concentrate does not aid in extinguishing a fire. The 
main reason for this is the free boundary of the fuel on a sloping road surface. Tests 
in tunnels are carried out using steel trays, where the boundaries consist of rims of a 
given free height. This intensifies the foam concentrate’s ability to extinguish the 
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fire, and usually results in a complete extinction. However, this appears not to always 
occur during conditions similar to those of the test setup presented here. The 
conditions of this study were quite realistic for the scenario of a tanker leaking onto a 
road surface. The effects on the convective heat release rate are shown in Figure 22, 
and appear to be even more pronounced than the total heat release rate, particularly 
for the 10 mm/min water density. The 5 mm/min water density is also shown in the 
graph.  
 

 
Figure 21: The measured total heat release rate for tests with gasoline fuel.  

 
Figure 22: The measured convective heat release rate of tests with gasoline fuel.  
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Figure 23: The measured heat release rate for test with instantaneously released free-burning 
gasoline.  

The measured total and convective heat release rates for the instantaneously released 
gasoline are shown in Figure 23, in which it is clear that the burning time was very 
short. The peak heat release rate is about the same as for continuous flow, but starts 
to retard immediately after the point at which the depth of the fuel was reduced and 
parts of it were consumed. The burnout time was only 1 min for this flow. This 
information is very useful with regard to tunnel fires, as it shows that an 
instantaneously released free-burning gasoline fire can burn out rather quickly, a 
positive if the tunnel has a drainage system in place that can reduce the size of the 
initial spill. This is not always the case, however, especially in tunnels with a high 
longitudinal slope. The burning time may vary dependent on the total outflow from 
the original source, but the information contained in Figure 23 is valuable in 
estimating such a timeframe.  
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4 Discussion 
 
This report tries to answer the question of whether the use of a water spray system in 
a road tunnel will exacerbate the situation if a burning liquid fuel spillage is ignited. 
Concerns have been expressed regarding the possibility that the activation of a water 
spray may cause the area of a spill to increase in size, and consequently the heat 
release rate to increase if the fuel is ignited. Additionally, the question of the 
influence of other types of fuel has been raised. For example, is there a difference 
between petroleum- and alcohol-based fuels with regard to such a scenario?  
 
Thus, the interaction between water spray and liquid spillage fires on a sloping road 
surface was tested in a laboratory environment. The spillage area, fuel flow rates, and 
fuel types were varied, as were water density and nozzle types. The total and 
convective heat release rates were measured using a large fire calorimeter.    
 
The total heat release rates of E85 and gasoline were found to be in the range of 3-6 
MW, with a burning spill area of approximately 6 m2. The liquid spill was created by 
a continuous outflow of fuel onto a smooth, sloping concrete surface. After a given 
time the spill was ignited, and shortly after this a water spray with a water density of 
10 or 5 mm/min was activated.  
 
The tests show that the main concern regarding an increase in total heat release rate 
was unfounded. Two types of fuel were used – gasoline and E85 – which are quite 
different in their character. Gasoline does not intermix with water (it floats on top), 
whereas E85 is largely soluble in water. The nomenclature ‘E85’ refers to the 
composition of the fuel; 85% ethanol and 15% 95 octane gasoline. The tests show 
that the total heat release rate is not influenced when using a water spray with water 
densities of both 10 and 5 mm/min for a gasoline or E85 fire. The area of the fuel 
spill was approximately 6 m2 in both cases, and the average depth was roughly 2 
mm. The total heat release rates were in the range of 5-6 MW and 3-4 MW for 
gasoline and E85, respectively.  
 
The convective heat release rate was influenced by the water spray, but the total heat 
release rate was not. This means that the water did not interact with the chemical 
burning process of the fuel, nor cause an increase in the burning area of the fuel spill: 
It simply cooled the hot fire plume above the burning fuel surface. As expected, 
increasing the water density from 5 to 10 mm/min increased the convective cooling 
of the fire plume.  
 
A vehicle mock-up was used to measure the temperature at the rear of a steel plate so 
as to measure the effects of the water spray on the heat flux from the spill fire 
towards an object adjacent to the pool. It was found that in most cases with gasoline, 
both with 10 and 5 mm/min water density, the reduction was almost impossible to 
measure, as the droplets may cool the fire plume but do not affect the heat flux to an 
adjacent object. The situation was quite different for E85 due to the mixing of the 
water and the fuel, with the effects of water surface cooling and incident radiation on 
the mock-up being more pronounced (lower heat flux).  
 
The addition of a 3% AFFF-ARC foam concentrate into a spray with a water density 
of 10 mm/min reduced the total heat release rate of a gasoline spill fire by 50%. It 
was not extinguished, however, as would have been the case had the gasoline been in 
steel trays and not floating freely on the road surface. The full effects of the foam 
concentrate took over 1.5 min from activation to be fully realised. The corresponding 
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effect on the convective heat release rate was a reduction of 70%. For the same 
situation but using a water density of 5 mm/min, the effect of the foam on the heat 
release rate was measured as almost zero. The introduction of the foam concentrate 
into the 10 mm/min water spray reduced the throwing length of the water droplets by 
30%. No foam test was carried out for E85, but the use of AFFF-ARC foam 
concentrate would definitely improve the results as compared to gasoline.  
 
Eleven litres of instantaneously released gasoline was ignited, burning for roughly 1 
min in total and peaking at 6.4 MW 15 s after ignition. This aptly demonstrates how 
fast fuel burns in the event an instantaneously released spillage is ignited. A 
continuous flow of fuel, however, is more hazardous due to the longer duration of the 
fire.  
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5 Conclusions 
 
The purpose of this study was to investigate the interaction between a water spray 
used on a liquid spillage fire and heat release rate. There have been concerns 
expressed that using a water spray inside a road tunnel to combat an initial spillage 
fire resulting from a tank leakage incident may exacerbate the situation, as the fuel 
may float on top of the water and create a larger burning area. These effects were not 
observed in the test setup presented here.  
 
The main conclusions from the project are: 
 

• The total heat release rates of E85 and gasoline were measured in the range 
of 3-6 MW, in a burning spillage area of approximately 6 m2.  

 
• The tests show that the main concern regarding an increase in total heat 

release rate was unfounded.  
 

• The convective heat release rate was influenced by the water spray, but the 
total heat release rate was not.   

 
• It was found that in most cases for gasoline, both with 10 and 5 mm/min 

water densities, the reduction of incident radiation was almost impossible to 
measure. 
  

• The effects of water surface cooling and incident radiation on the vehicle 
mock-up were more pronounced with the E85 fuel (lower heat flux).  

 
• The addition of a 3% AFFF-ARC foam concentrate into a spray with a water 

density of 10 mm/min  reduced the total heat release rate of a gasoline spill 
fire by 50%.  
 

• 11 litres of instantaneously released gasoline was ignited, burning for 
roughly 1 min in total and peaking at 6.4 MW 15 s after ignition.  
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