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ABSTRACT: This article presents a series of experiments on benchmark fire
suppression. The experiments were performed in a controlled environment,
utilizing a cylindrical object or calorimeter centered above a 2 m diameter pan
filled with kerosene-based hydrocarbon fuel, JP8. The experimental setup and
procedure for gathering data on water suppression performance are presented.
The characteristics of the nozzles used in the experiments are presented as well.
The experimental results provide the boundary condition and temporal data
necessary for validation of the fire suppression models used. The article also
includes simulation results on the fire suppression experimental tests.
The suppression simulations were carried out using a numerical model based
on a Temporally Filtered Navier-Stokes (TFNS) formulation coupled with a
Lagrangian model for droplets, which includes detailed descriptions of the
interaction between the water droplets and the fire plume. The results from both
experiments and simulations suggest that the criterion for complete suppression
depends on a combination of factors including the mass flow rate (or nozzle
diameter), nozzle operating pressure, and calorimeter presence. A critical regime
which distinguished the regions of suppression and no-suppression in the
domain of the mass flow rate versus operating pressure is found.
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INTRODUCTION
FIRE FIGHTING HAS great impact on the rescue of human lives and on the
thermal damage of man-made structures. To alleviate the danger posed
by unexpected fires, water sprays have been used as a common fire
suppression tool mainly because of their low-cost operation, nontoxicity,
and highly effective suppression capability. The fairly high latent heat of
vaporization for water enables the absorption of a large amount of heat
from fires. The interest in utilizing water as a suppressant has
substantially grown since the Montreal Protocol in 1987, which required
the banning of ozone-depleting halon as a suppressant [1]. While the use
of water has received much attention as an alternative fire-fighting
agent, the optimization of water spray systems has been an on-going
issue, which has deserved extensive research [2,3].
For example, a limited amount of suppressant should be presumed in
the optimization of a suppression system. If the suppressant is insufficient the suppressant might be depleted before the suppression of the
targeted thermal hazard. For this reason, the trend or behavior of fire
suppression under a given suppressant mass restriction needs to be
understood with reasonable depth or prediction for a given sizable fire.
This research focuses on transportation related accidents involving
fuel spill and ignition, which necessitate active suppression systems.
For such accident scenarios, a high-momentum spray or water mist
system is useful for quickly dispersing condensed suppressants onto the
fire and the surrounding compartment to minimize the thermal hazard to
its occupants.
Early pool fire suppression work can be found in Rasbash and
Rogowski [4]. Their kerosene pool fire (30 cm in diameter) was cooled by
downward projecting water sprays. They found that a spray system that
produced smaller droplets resulted in more efficient extinguishment of
fire. Novozhilov et al. [5] numerically simulated the burning and
extinguishment of solid PMMA (polymethylmethacrylate) via a water
spray. Simulation of methanol pool fire was provided by Prasad et al. [6].
Ndubizu et al. [7] experimentally showed the difference of the burning
rate and extinguishment characteristics between heptane and JP8.
Because the boiling temperature of JP8 was higher than that of heptane,
water droplets were subject to greater heat when in contact with the fuel
surface, resulting in quicker suppression. Heptane pool fires and their
suppression were studied by Back et al. [8] and Back and Hansen [9],
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and a quasi-steady-state model was also developed and validated against
their own experimental data. Heskestad [10] provided a correlation for
an optimized nozzle diameter in terms of water-spray mass flow rate and
discharging water momentum. The correlation showed reasonably good
agreement with the experiment conducted using a methane gas plume of
0.1–0.3 m in diameter. More recently, Adiga et al. [11] simulated the
suppression of a pool-like gas-fire, without solving the formulations of
the chemical reaction and radiation of the fire, by simulating an ultra
fine water mist as the total flooding agent. More detailed literature
reviews on the studies of pool fires and their suppression are available in
ref. [3]. Most of the above-described tests are small scale, and laminar.
Around 1 m diameter, pool fires transition to turbulent fires, and
therefore behave differently.
While most of the aforementioned studies are circumscribed by
standard bench scale tests (i.e., cup-burner size), our uniquely largescale turbulent experiments and their fully 3D simulations offer an
advancement of this field of study. A series of new fire benchmark tests
were conducted to predict thermal hazards and their subsequent
suppressions. The fuel used was hydrocarbon JP8 because the fuel
spill scenario in air transportation applications is the focus of our study.
Although the indoor fire test facility at Sandia National Lab (SNL)
permits testing of a pool fire of sizes up to 3 m in diameter, a 2 m JP8
pool fire is examined in these tests. The tests are designed to identify
whether or not suppression would be achieved for a given operating
pressure and mass flow rate of the water suppressant. Test description
and results are followed by an exercise illustrating the current modeling
capabilities. This exercise helps validate our current existing model for
the large-scale fire suppression scenarios.

EXPERIMENT SETUP AND PROCEDURE
The FLAME/Radiant Heat (FRH) test cell is part of the new Thermal
Test Complex at Sandia National Laboratories. Figure 1 shows the FRH
test cell with a pool fire at the ground level, the pipes that supply air flow
to the test cell, the combustion by-products outlet chimney, and the
instrumentation rooms outside the test cell. The test cell is cylindrical
(18.3 m inner diameter) and has a height of 12.2 m. The ceiling slopes 188
upwards from the perimeter walls to a height of 14.6 m over the center of
the facility. A round hole at the top of the facility (4.9 m diameter)
transitions to a 3.0 m by 3.7 m chimney duct. The outer walls are made of
steel channel sections and are filled with water to maintain a relatively
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constant wall temperature during tests. The ground level of the FRH can
be divided into three concentric sections: (1) the liquid fuel (JP8,
methanol, etc.) pan or gas (H2, methane, He, etc.) burner (maximum size
is 3 m in diameter), (2) the spill plates, and (3) the grating for inlet
combustion air. Air enters the FRH cell through a 3.05 m diameter pipe
and is distributed via 18 supply pipes to an annulus located along the
sub-basement circumference. Air entering the cell ground level was
characterized experimentally and was shown to be uniform within 10% of
the mean flow [12].
Figure 2 shows a test apparatus simulating a single-nozzle, water
suppression system assembled inside FLAME. A 2 m long calorimeter
was used to simulate the effects of fire suppression on engulfed objects.
The steel calorimeter was 0.3 m in diameter and was located  0.7 m
above the top of the pan. All tests were conducted using a 2 m diameter
fuel pan. A diesel-powered high pressure, high-volume spray pump fed
various nozzles via a nominal 1.5 diameter plumbing.
(a)

(b)

(c)

(d)

Figure 1. (a) FLAME test cell, (b) 2 m diameter liquid fuel pan, (c) Velocities at the air
ring in the basement, (d) and at the ground level.
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Two spray-angle configurations (45 and 908) were tested. In the 908
configuration, the nozzle was positioned directly above the center of the
pan. In the 458 configuration the nozzle was slightly 54.0 m from
the center of the pan. In both configurations, the nozzle was  5 m from
the top of the pan.
All nozzles (Table 1) used in these experiments were 308, full-solidcone type supplied by Spraying Systems, Co., Wheaton, IL. As opposed to
a nozzle of the hollow cone type, the full-solid-cone nozzle gives a
uniform, round, fully dense spray with droplets of medium-to-large size.
Pressure vs. mass flow rate characteristic curves were obtained for all
nozzles. In addition, droplet information was obtained for all, but two
nozzles: 3014 (0.094 in.) and 3050 (0.172 in.). A Phase Doppler Particle
Analyzer was applied to obtain droplet volume, diameter, and droplet
velocity 1 m from the exit of the nozzle axially, and at three different
radial locations along the diameter of the nozzle spray, starting from the
center; i.e., 0.0, 0.1, and 0.2 m.
Figures 3 shows flow rate-pressure data (with curve fits) for all four
nozzles in addition to the droplet volume mean diameters and velocities
(b)

(a)
Nozzle
45o

Nozzle

5m
Calorimeter
0.7 m

0.3 m

Pool

2.0 m

0.3 m

Figure 2. Experiment setup and nozzle configurations.

Table 1. Nozzle data.
Nozzle model no.
30200
30400
3014
3050

Nozzle diameter (in.)
0.344
0.469
0.094
0.172
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for the two characterized nozzles. The volume mean diameter (VMD),
D0.5, expresses the droplet size in terms of the volume of the liquid
sprayed. The VMD represents a value where 50% of the total volume (or
mass) of the liquid sprayed is made up of droplets with diameters larger
than the mean value and 50% smaller than the mean value. Note that
the mean diameter decreases as the injection velocity increases. Since
the Weber number increases as the velocity increases, the droplet size is
naturally reduced in response to the balance between momentum
induced drag force and surface tension.
Water line pressure was monitored upstream of the nozzle in each
test. Four video cameras, enclosed by a water-cooled protecting shield,
were placed at four different locations inside of FLAME. Two cameras
recorded normal and parallel views of the fire; a third camera recorded
the fire from above; and the fourth camera monitored for spillage below
the floor plane. Before each test, JP8 was poured on top of a water layer
sitting on the 2-m diameter pan, nominally providing a 3-min duration
fire. Although fuel burn rates for this test were not actively measured,
other nearly identical tests (for a different test series, same fire
configuration) suggested a burn rate of 0.038 kg/(m2s) with a standard
deviation of 0.0016 kg/(m2s). These burn rates were comparable with
others found in the common literature within a factor of about 2 [13–15].
The total heat release rate was  5 MW. A forced draft fan maintained
an air flow rate of 150,000 ft3/min. After about 1–2 min the fire was fully

0
350

Pressure (psi)

Figure 3. Nozzle flow rate and droplet mean diameter and velocity as a function of
pressure, measured along the spray centerline at a distance of 1 m from the nozzle.
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developed and the suppression system was activated. Suppression flows
were active for about 30–40 s or until real-time video evidence suggested
the fire was extinguished, whichever was shortest.

EXPERIMENTAL RESULTS
A total of 12 fire suppression benchmark test cases, comprising of 8
and 4 separate tests for 90 and 458 nozzle configurations, respectively,
were conducted in the new FLAME facility. The following parameters
were varied in these tests: (1) the position of the spray injection at
injection angles of 45 and 908, (2) operating pressures, (3) and the
existence of the calorimeter directly above the pool fire.
Tables 2 and 3 show test runs for 90 and 458 nozzle angles,
respectively. Two test runs were performed for each test, one with and
one without a calorimeter. In addition, each test run was repeated twice
to test the repeatability of results, so a total of 48 experimental runs
were performed. Results showed that while the 908 test cases were
repeatable, the 458 test cases were not in all cases.

Table 2. Test cases for 908 angle experiments.
Test no.
1
2
3
4
5
6
7
8

Operation
pressure (psi)

Flow rate
(gpm)

Nozzle model
no./diameter (in.)

52
74
190
25
100
155
317
317

42
48
39
14
28
34
4
14

30400/0.469
30400/0.469
30200/0.344
30200/0.344
30200/0.344
30200/0.344
3050/0.094
3014/0.172

Table 3. Test cases for 458 angle experiments.
Test no.
1
2
3
4

Operation
pressure (psi)

Flow
rate (gpm)

Nozzle model
no./diameter (in.)

25
100
155
190

14
27
34
39

30200/0.344
30200/0.344
30200/0.344
30200/0.344
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Injection Angle of 908
Figure 4 summarizes results of suppression tests with the 908 nozzle
configuration. The arrows in the figure point to the operating conditions
of the test run. The labels ‘Supp’ and ‘No Supp’ in the figure indicate
the regime where suppression was or was not achieved, without the
calorimeter. It is supposed that suppression was achieved when the
flame was no longer observable in the video recordings.
As Figure 4 shows, for a single nozzle, suppression was achieved when
the operating flow rates and pressures were on the high end of the nozzle
operating curve. For example, in the case of nozzle 30200 (0.344 in. nozzle
diameter), suppression was not achieved with and without the calorimeter when the flow rate was 14 gpm (Test 4). For the same nozzle,
suppression was achieved without the calorimeter when the flow rate was
28 gpm (Test 5). Finally, for the same nozzle, suppression was achieved
with and without the calorimeter at greater flow rates (Test 6 and Test 3),
indicating the fact that high mass flow rate guarantees suppression
regardless of the presence/absence of the calorimeter.
Similar trends were observed with nozzle 30400 (0.469 in. nozzle
diameter), although at different operating conditions and in only two
tests. In the case of nozzle 3050 (0.172 in nozzle diameter), suppression
55
50
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No supp
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40
Flow rate (gpm)
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30400 – 0.469 in.
3014 – 0.094 in.
3050 – 0.172 in.
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35
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30
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25
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20
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15
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10
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5
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Figure 4. Summary results of the suppression tests.
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was achieved without the calorimeter at 14 gpm, the highest flow rate
the suppression system could operate with this nozzle. For nozzle 3014
(0.094 in nozzle diameter), suppression was not achieved with and
without the calorimeter. Due to the limitations of the suppression
system, the highest possible flow with nozzle 3014 was 4 gpm.
Figure 5 shows the time series snapshot of the fire suppression
conducted with nozzle 30200 at 28 gpm flow rate without the
calorimeter. The image taken at t ¼ 0.33 s shows a typical fire prior
to the spray injection. The time at which the water spray was first
injected was regarded as the zero-time, t ¼ 0.00 s. Figure 5 shows that
the fire was suppressed when the calorimeter was not present. Here, the
suppression time is defined as the time at which the fire is not visible in
the images. In reality, the fire was extinguished near the fuel surface at
a slightly earlier time, even though flames remained visible in the upper
region of the fire. Notice that when the spray reached the flame – shown
in the snapshots from t ¼ 0.33 to 1.67 s – the extent of the fire appears to

t = – 0.33 s

t= 0.00 s

t = 0.33 s

t = 0.67 s

t= 1.00 s

t = 1.33 s

t = 1.67 s

t = 2.00 s

t= 2.33 s

t = 2.67 s

t = 3.00 s

t = 3.33 s

t= 3.67 s

t = 4.00 s

Figure 5. 908 spray injection at 100 psi without the calorimeter (Test 5). (Suppression
is achieved at approximately t ¼ 3 0.33 s).
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increase, presumably resulting in an increase in heat flux in the vicinity
of the fire. The increase in fire intensity is caused by an enhanced fuelmixing rate. In this case, the spray momentum was sufficiently high to
reach the fuel surface; therefore, suppression was achieved. A rough
estimate of the momentum of an individual droplet is, H2 O ð=6ÞD30:5 V1m ,
where D0.5 is the measured droplet diameter and V1m is the measured
droplet velocity. This gives 8.83  107 kg m/s for D0.5  500 mm and V1m
 13.5 m/s, which are deduced from Figure 3. Both diameter and velocity
are measured in the absence of fire at a distance of 1 m from nozzle. The
total momentum of the spray can be obtained by summing the individual
droplet momentum values. This momentum value of the droplets was
sufficient enough to reach the fuel surface.
Figure 6 shows the time series snapshots of the fire suppression
conducted with nozzle 30200 injecting at a constant flow rate of 28 gpm
with the calorimeter. Again, the image taken at t ¼ 0.33 s shows the
typical fire structure prior to the spray injection, and the image taken at

t= – 0.33 s

t = 0.00 s

t= 0.33 s

t= 0.67 s

t = 1.00 s

t = 1.33 s

t= 1.67 s

t= 2.00 s

t = 2.33 s

t= 2.67 s

t = 3.00 s

t = 3.33 s

t = 3.67 s

t = 4.00 s

Figure 6. 908 spray injection at 100 psi with the calorimeter (Test 5). (Suppression is
never achieved).
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t ¼ 0.00 s shows the fire structure when the water spray was first injected.
In this case, the fire is not fully suppressed even though the nozzle’s
operating condition is the same as that in the previous case of Figure 5.
The presence of the calorimeter makes it more difficult to suppress the
fire. Notice again that when the spray reached the flame during 0.33 s  t
 1.67 s in Figure 6, the fire intensity increased. Judging from the images
in Figures 5 and 6, the enhanced fire intensity is comparable in both
cases, except in the region below the calorimeter where we presume fuelair mixing was enhanced due to the increase in flow turbulence produced
by vortices underneath the calorimeter itself [16].
Figure 7 shows the time series snapshot of the fire suppression
conducted with nozzle 30200 and the calorimeter under the 34 gpm
injection pressure of Test 6. In this case, the fire was fully suppressed
even with the calorimeter present because of sufficient spray momentum and mass flow rate; the suppression time was recorded at
tsupp ¼ 1.67  0.33 s. Note that the increased momentum of the spray

t = – 0.33 s

t= 0.00 s

t = 0.33 s

t = 0.67 s

t= 1.00 s

t = 1.33 s

t = 1.67 s

t = 2.00 s

t= 2.33 s

t = 2.67 s

t = 3.00 s

t = 3.33 s

t= 3.67 s

t = 4.00 s

Figure 7. 908 spray injection at 155 psi with the calorimeter (Test 6). (Suppression is
achieved around 1.67 s).
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in Test 6, as compared to that of Test 5, did not appear to enhance the
fuel-air mixing as substantially.
At the 34 gpm mass flow rate of Test 6, the mean droplet diameter and
velocity 1 m downstream from the nozzle exit were estimated to be
400 mm and 14 m/s. A rough estimate of the individual droplet
momentum gives 4.69  107 kg m/s. This momentum value is actually
smaller than the one estimated for nozzle 30200 at 100 psi of Test 5,
which was 8.83  107 kg m/s. Although the velocity of the droplet is
slightly higher for Test 6 than for Test 5, the individual droplet
momentum is more sensitive to droplet size (notice that the momentum
is proportional to D30:5 V1m ). As a result, the individual momentum of a
droplet for Test 6 is smaller than that for Test 5. It should be, however,
realized that the number of droplets increased because of the mass flow
rate increase; therefore, the total momentum of the spray increased.
Based on the results for 28 gpm of Test 5 and 34 gpm of Test 6, it is
inferred that increasing the total momentum of the spray, but
decreasing an individual droplet momentum by high operating pressure
actually reduces the intensity of the fire during suppresion. It may also
be inferred that increasing the flow rate decreases the time to
suppression, thus, increasing the efficiency of fire suppression.
However, as it will be shownlater, it should be cautioned that the
trend might not persist in some cases.
Figure 8 shows the time series snapshot of the fire suppression
conducted with nozzle 30200 injecting at 39 gpm without a calorimeter
below. This case is referred to as Test 3, in which the operating pressure
is increased to 190 psi. From previous results, it may be supposed that
increasing the flow rate from 34 to 39 gpm would result in a more
efficient suppression condition, but the snapshots from Figure 8 show
otherwise. The flame intensity was enhanced slightly with an even
higher spray momentum. Furthermore, suppression was achieved at
about tsupp ¼ 2.67 s; this suppression time is greater than that of the
34 gpm case of Test 6 (tsupp ¼ 1.67 s even with the calorimeter) and
comparable to that of the 28 gpm case of Test 5 without the calorimeter
(tsupp ¼ 3.00 s). This surprising result indicates that a high value of the
total momentum of the water spray can temporarily enhance the fire
prior to suppression. This behavior is attributed to the smaller droplets,
whose penetration against the fire was not as efficient as it was in Test
6. This behavior shows that there is an optimum droplet size best
suitable for a given fire suppression scenario.
Figure 9 shows the time series snapshots of the fire suppression
conducted with nozzle 30200 injecting at 39 gpm with a calorimeter
below. In this case suppression was achieved at a slightly later time,
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t= – 0.33 s

t= 0.00 s

t = 0.33 s

t= 0.67 s

t = 1.00 s

t= 1.33 s

t = 1.67 s

t= 2.00 s

t= 2.33 s

t= 2.67 s

t = 3.00 s

t = 3.33 s

t = 3.67 s

t = 4.00 s

Figure 8. 908 spray injection at 190 psi without the calorimeter (Test 3). (Suppression
is achieved approximately at t ¼ 2.7  0.33 s).

tsupp ¼ 3.00 s, than that without the calorimeter below. The flame
intensity was also slightly more enhanced in this case because of the
presence of an object. It is safe to conclude that the effect of the
calorimeter at the high operating pressure of Test 3 is fairly
insignificant.
Initially, it was thought that increasing the overall spray momentum
at greater flow rate was absolutely desirable to achieve efficient
suppression. However, Figures 7–9 indicate that the greater momentum
of a spray is not always desirable because it may increase the intensity of
the fire. Thus, increasing spray momentum is favorable only up to a
certain limit condition, which we describe in terms of the optimum flow
rate and droplet size. Any flow rate exceeding the optimum value would
intensify the flame by agitating the fire.
Based on the aforementioned experiments, a rough critical line was
constructed as shown in Figure 4. This critical line is defined as the
point at which the suppression is achieved without the calorimeter.
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Figure 9. 908 spray injection at 190 psi with the calorimeter (Test 3). (Suppression is
achieved approximately at t ¼ 3  1/3 s).

In other words, the operating regime below the critical line would not
yield suppression and the operating regime above the line would
guarantee suppression for a case without the calorimeter. To guarantee
suppression for a case with the calorimeter, a certain marginal
tolerance – shifting to the upper right region with respect to the critical
line in Figure 4 – needs to be considered. This tolerance should be
estimated based on the experimental data.
Injection Angle of 458
The suppression tests with a 458 injection angle were carried out to
seek a nozzle configuration which may yield a better suppression
performance; see Figure 2(a). The nozzle was set up such that the entire
pool fire was covered under the spray impingement area. The height of
the nozzle remained the same as that of the previous 908 configuration,
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Figure 10. Critical line for suppression for 458 spray injection.

and, thus, the spray travel distance
pﬃﬃﬃ to the calorimeter and the pool fire
was increased by a factor of 2; this distance may be far enough
to adversely affect the suppression condition. The operating pressure
was set to 25 psi and increased up to 190 psi with the nozzle diameter
of 0.344 in.
Figure 10 summarizes the test results conducted with the 458 spray
angle. The fire was suppressed at 155 psi only without the calorimeter,
but these results were not repeatable. Suppression was consistently
achieved when the operating pressure was 4190 psi only for the case
without the calorimeter. In this case the suppression time reached
nearly 10 times the suppression time of the case with 908 injection angle,
based on the comparison of the results from Test 3 of Table 2 (908
injection) and Test 4 of Table 3 (458 injection). Due to limitation in
suppression system, higher operating pressures were not possible with
nozzle 30200. It is uncertain how high the operating pressure should be
to suppress the fire consistently with the calorimeter in place at this
given 458 configuration.
Figures 11 and 12 show the time series snapshot of the fire
suppression conducted with nozzle 30200 at 458 injecting at 39 gpm
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t= – 0.33 s

t= 0.00 s

t= 0.33 s

t= 0.67 s

t = 1.00 s

t = 1.33 s

t= 1.67 s

t= 2.00 s

t = 2.33 s

t = 2.67 s

t= 3.00 s

t= 3.33 s

t = 3.67 s

t= 4.00 s

t= 14.00 s

t = 27.00 s

Figure 11. 458 Spray Injection at 190 psi without the Calorimeter (Test 4).
(Suppression is achieved at t ¼ 27  1/3 s).

with and without a calorimeter below, respectively. Notice that in both
figures, the initial intensification that was observed in the 908 angle
tests is not present, indicating insufficient spray momentum. Also, the
region of the fire’s influence appears to be much smaller than results of
the 908 configuration suggest, and a constant size fire below the
calorimeter is present for a relatively long period of time.
The reason for the poor performance of the 458 nozzle configuration
is attributed to several factors. First, the spray travel distance
was comparatively long with the 458 nozzle. With such a long distance,
the spray momentum can be lost, especially when the spray droplets
are confronted against a vibrantly rising buoyant flame. Second, the
spray was unevenly distributed across the fire, which means that
the spray may have helped stir the fire more vigorously, enhancing the
mixing and burning rates. As a result, the fire became difficult
to suppress.
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t= – 0.33 s

t= 0.00 s

t = 0.33 s

t = 0.67 s

t = 1.00 s

t = 1.33 s

t= 1.67 s

t= 2.00 s

t = 2.33 s

t = 2.67 s

t= 3.00 s

t= 3.33 s

t = 3.67 s

t = 4.00 s

t = 14.00 s

t= 27.00 s

Figure 12. 458 spray injection at 190 psi with the calorimeter (Test 4). (Suppression is
never achieved).

SIMULTATION RESULTS
Two Phase Flow Fire Suppression Modeling
Numerical simulations are conducted using Sandia’s fire field modeling
code, VULCAN (ComputIT, Co., Trondheim, Norway). The Eulerian gas
phase is solved assuming the Temporally Filtered Navier-Stokes (TFNS)
turbulence closure model [17]. The ‘Eddy Dissipation Concept’ (EDC)
combustion model of Ertesvag and Magnussen [18] is used to model
turbulent combustion. Soot formation and absorption properties are
based on the work of Tesner [19], and a discrete transfer method is used to
solve for the radiation heat transfer.
Liquid fuel vaporization rates were computed using the model
described in Brown and Vembe [20], which predicts pool evaporation
on the basis of convective and radiative flux at the pool surface. This
model has been found to reasonably approximate the vaporization
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behavior of liquid fuels to incident flux. However, the model will not
correctly simulate the effects of impinging liquid water on the fuel
surface. The model was tuned to produce realistic and accurate mass
fluxes or fuel release rate at steady state by adjusting the radiation
absorption coefficient, on the basis of the experimental values. Although
examples of evaporation models exist in the literature, accurate pool
vaporization models have yet to be fully validated for this class of fire.
The model of discrete transfer method of Shah and Lockwood is used
to solve the radiative transport equation, and gas and soot properties
are extracted from open literature models [21,22]. Soot is computed
because it contributes to the radiation [22]. The Lagrangian model
radiation interactions are not modeled in the version of the code used in
this study, so the droplet thermal interactions with the flame are purely
convective.
The gas-phase flow is calculated on an Eulerian staggered Cartesian
grid using the pressure correction method of the SIMPLE algorithm
[23]. Upwinding and centered schemes that approach second-order
spatial accuracy are used for the convective and diffusion terms,
respectively, for solving the transport differential equations.
The water spray model is based on a Lagrangian stochastic separated
flow approach [24,25]. The concept of a ‘group parcel’ representing
collection of droplets of similar sizes is adopted to reduce computational
cost. The motion of parcels is advanced under the influence of
modeled turbulent fluctuations in the gas-phase properties. Maxey and
Riley’s [26] momentum equation for a small rigid sphere in a nonuniform flow is used. Evaporation is modeled using a thin skin model
with standard convective correlations of heat and mass transfer.
Droplet–droplet collisions are modeled using the model of BrazierSmith et al. [27]. This approach only accounts for either droplet–droplet
‘bouncing’ or ‘coalescence,’ and not the droplet–droplet ‘shattering’
effect, which produces additional drops. The ‘shattering’ effect may
become important for head-to-head colliding sprays, but can be
neglected in this case [28]. Droplet-wall impacts are also modeled,
based on refs. [29–31]. Since all droplets are typically moving in the
same direction in our ‘dilute’ spray, shattering is unlikely to occur.
Droplet breakup due to aerodynamic forces is modeled using the Taylor
Analogy Breakup (TAB) Model of O’Rourke and Amsden [32].
Particle turbulence interaction models are introduced at the parcel and
sub-parcel level to account for the effect of local fluctuations in the
velocity field, while the rest of the thermo-physical variables are approximated by their corresponding time averaged values. The velocityfluctuation models serve to increase the droplet dispersion, mimicking
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the effects of unresolved turbulent eddies. These unresolved turbulent
motions are significant for the present high-pressure sprays that generate
substantial turbulent kinetic energy. The unresolved turbulent motions
are decomposed into parcel and sub-parcel models. The parcel turbulence
model accounts for the effects of turbulent eddies perturbing the parcel
trajectory and is based on the random walk model of Gosman and
Ioannides [33], as modified by Shuen et al. [34]. Within a parcel, a
Gaussian spatial distribution of particles is assumed. The standard
deviation of this spatial distribution evolves with time for each parcel as
discussed by Zhou and Yao [35].
The VULCAN suppression model is based on the concept of a critical
Damkohler number, where the Damkohler number represents the ratio
between the chemical and fluid mixing time scales [36]. This suppression
model captures the physics of both oxygen depletion and flame cooling
in fire suppression because both act to increase the chemical time
scales. The chemical time scales were determined by conducting a series
of computations of the blowout limits for a perfectly stirred
reactor (PSR) [37,38]. Further details on the suppression model are
available in ref. [24].
Computational Details
The water spray was injected directly above the fire centered at
xinj ¼ yinj ¼ 0, and zinj ¼ 5.0 m, and the droplet velocity was varied from
Uinj ¼ 20 m/s to 60 m/s. The time step used in the gas-phase simulation
was allowed to vary between 0.01 s and 0.0001 s to maintain a peak
Courant number of 0.5 and below. The sub-cycling time step for the
liquid phase was approximately tliq  tgas =100 s, set by the stability
criterion implemented in the fire suppression code at the given
maximum injection speed. The grid was stretched to provide fine
resolution near the pool fire, for a computational node count of 168, 116
(or 53  52  61). The cone angle of the spray was set at  ¼ 30o , and the
spray injection was initiated at t ¼ 5 s. A total of 50,000 computational
parcels were injected during 5 s of spray injection (or 10,000 parcels/s).
The total number of water droplets ranged from 13.0  106 to 1.1  109,
which yielded an average value of 2  102 to 21  103 droplets per parcel.
The distribution of initial droplet sizes was assumed to be of the Rosin–
Rammler distribution shape (i.e., PDFðDÞ ¼ ðqDq1 =X q Þ expððD=XÞq Þ,
where D is the droplet diameter and X is the characteristic or mean
droplet size with the corresponding dispersion coefficient of q ¼ 1.8,
deduced from the experimental data obtained for a typical commercial
nozzle of the Spray System Co., IL.
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A few of the experimental cases were selected for simulation. The
cases with the calorimeter were avoided because the deposition, heat
transfer, and spread of liquid on the calorimeter introduced additional
challenges to the problem that could not be well described by the present
model. To limit the scope, the 908 spray cases were selected for our
computational analysis.
JP8 Pool Fire Predictions
Simulated results shown in Figure 13 indicate the quasi-steady state
temperature of burning gas at various physical heights, z ¼ 0.141, 0.840,
and 2.085 m. Note that no water spray was injected for this particular
simulation. It seems that the quasi-steady state was reached at about
t ¼ 5 s and, thus, spray injection is initiated at this instant, which
corresponds to t ¼ 0 s of the experimental time in Figures 5–8. Locations
selected are in a regime of increasing predicted temperature with height.
Test 3: High Injection Pressure
In the simulation, nozzle model no. 30200 (Spray System, Co., IL), with
a nozzle diameter d ¼ 0.344 in., was modeled. The operating condition
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Figure 13. Time histories of the local gas temperature at the pool fire center,
x ¼ y ¼ 0 plane for various heights. A quasi-steady state is reached at about t ¼ 5 s.
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consisted of the following: operating pressure was 190 psi, mass flow
rate was 2.46 kg/s, the mean diameter and the dispersion coefficient of
the Rosin–Rammler distribution were 370 mm and 1.8, respectively.
Due to the relatively high-injection pressure of the nozzle, the initial
droplet size at the nozzle exit was relatively small and the droplet had a
high evaporation rate, which induced rapid cooling of both the flame and
pool surface.
Figure 14 shows gas temperature spikes observed subsequent to the
initiation of the water spray at t ¼ 5 s – see the results during 5.5 s 5 t 5
6.0 s for z ¼ 0.141 and 0.840 m, which are relatively low in height.
Because the water spray nozzle is located at z ¼ 5.0 m, the gas in the
proximity of the nozzle is cooled by the water spray first, while the lower
parts of the flame undergo enhanced combustion, which is presumably
due to the ample supply of air from top to bottom and increased spray
momentum, which contributes to the enhanced turbulent fuel-air
mixing. This explanation of enhanced turbulence for Figure 14 is
consistent with the qualitative volume-rendered temperature results of
the simulations shown in Figure 15.
As expected, upon spray injection at t ¼ 5 s, the flame shape
changed due to the spray momentum projection toward the flame.
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Figure 14. Time histories of gas temperature at the pool fire center for various
heights for Test 3. Gas temperature experiences a sudden decrease when subject to
water spray.
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Figure 15. Simulation result for Test 3. Suppression was achieved at  t ¼ 7 s,
yielding the suppression time of tsupp ¼ 2 s.

The spray momentum was large enough to overcome the rising
buoyancy force of the flame. As a result, within a fraction of a second
after the injection (i.e., t ¼ 5.9 s), the flame column quickly disappeared
and flattened near the pool surface. At about t ¼ 7 s, fire was nearly
suppressed with a small flame still surviving at the pool’s edge, which
caused an increase in the gas temperature at t ¼ 7 s, as manifested in
Figure 14. The fire was eventually extinguished, finally reaching 300 K
gas temperature at all locations.
Flame enhancement due to spray injection was also observed in the
experiment, as shown in Figure 8. The ‘fireball,’ or intensification, was at
its maximum size 1 s after the water spray injection (t ¼ 1 s in the
experimental time corresponding to t ¼ 6 s in simulation time in
Figure 15). Based on the snapshots from Figure 8, the flame seems to
be completely suppressed at the pool surface at t41.33 s (though it is
possible a few small flames still may have remained at the pool). For
t41.33 s, only the remaining fireball continued to rise, and eventually
dissipated. Currently, we do not have the quantitative experimental data
of local gas temperatures and, thus, cannot make a direct comparison
between the model and experimental results. However, under the given
injection pressure of 190 psi in Test 3, the model predicted the
extinguishment of fire, which was the case in the actual experiment. In
addition, the model predicted the suppression time of tsupp ¼ 2 s, which
is in fairly good agreement with the experimental suppression time of
tsupp ¼ 2.67 s from Table 4. Nevertheless, flame enhancement due to
spray injection is not observed in the simulation results.
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Table 4. Comparison of suppression time, tsupp, from experiments and
simulations for the 908 nozzle configuration.
Test no.

With calorimeter
(experiment)

Without calorimeter
(experiment)

Without calorimeter
(simulation)

1
2
3
4
5
6
7

No suppression
4.00 s
3.00 s
No suppression
No suppression
1.67 s
No suppression

No suppression
N.A.
2.67 s
No suppression
3.00 s
N.A.
No suppression

N.A.
N.A.
2.00 s
No suppression
5.00 s
N.A.
N.A.

Test 4: Low Injection Pressure
Test 4 was simulated for the following initial conditions. The nozzle
model was no. 30200 (Spray System, Co., IL), nozzle diameter was
d ¼ 0.344 in., injection pressure was 25 psi, mass flow rate was 0.883 kg/
s, the volume average mean diameter of droplets was D0.5 ¼ 870 mm, and
the dispersion coefficient of the Rosin–Rammler distribution was q ¼ 1.8.
Due to the relatively low injection pressure of the nozzle, the initial
droplet size at the nozzle exit was relatively large. Thus, we expected
less efficient suppression, as opposed to the excellent suppression result
of the previous Test 3.
Figure 16 shows the temporal changes of the gas temperature for Test
4 at various heights. The mass flow rate is substantially reduced to
14 gpm, as compared to the 39 gpm from Test 3, because of the low
injection pressure. Thus, we expected a dramatic reduction in the spray
momentum and lower quantities of water evaporating in the fire.
Suppression was not achieved, although the flame indeed recognized the
presence of the water spray, as suggested by the fluctuation in the flame
temperature of the baseline fire case. The flame’s buoyancy force
was strong enough or spray momentum was too weak to significantly
change the morphology of the flame, a fact suggested by visualizations in
Figure 17. This nonsuppression of the fire was predicted by our
simulation, consistent with the experimental result of Test 4 (Table 4).
Test 5: Intermediate Injection Pressure
Two extreme cases (i.e., high 190 psi of Test 3 and low 25 psi of Test 4)
have led further to investigate numerically the effect of moderate
injection pressure on suppression. An intermediate injection pressure
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Figure 16. Time histories of gas temperature at the pool fire center for Test 4.

t = 5.04 s

t = 5.90 s

t = 6.77 s

t = 8.50 s

Figure 17. Simulation result for Test 4. Suppression was not achieved during the time
of injection at t ¼ 5 s to the end of the simulation at t ¼ 10 s.

(i.e., 100 psi of Test 5) was considered and applied to a fire suppression
scenario. Simulation of Test 5 employed nozzle model no. 30200
(d ¼ 0.344 in.) operating at a pressure of 100 psi and a mass flow rate
of 1.77 kg/s, with an average VMD of D0.5 ¼ 490 mm, and a dispersion
coefficient of the Rosin–Rammler distribution q ¼ 1.8. Due to the
intermediate injection pressure, we expected a longer suppression time
than that of Test 3, if ever suppression was achieved or, at least, a clear
change in flame morphology.
Figure 18 shows the qualitative computational results of Test 5.
The fire appears to survive until t ¼ 7.9 s, and suppression appears
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t= 5.04 s

t= 5.39 s
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t= 7.90 s

t= 8.26 s
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t= 9.40 s
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Figure 18. Simulation result for Test 5 (Nozzle no. 30200, d ¼ 0.344 in., 100 psi,
1.77 kg/s, X ¼ 490 mm, and q ¼ 1.8). The fire was suppressed at about t ¼ 9.40 s.
Relatively lower injection pressure (as compared to Test no. 3) yielded a delay in
suppression time.

complete at t ¼ 8.26 s. A small flame at the pool’s edge ‘re-ignited’ the
pool, whose effect is shown in the snapshots at 8.70–9.18 s. The fire
appears completely suppressed at t ¼ 9.4 s. Excluding the temporal rise
in gas temperature due to the re-ignition, suppression was said to be
achieved at about t ¼ 8.0 s, which was a longer duration than that
recorded in Test 3. This result was expected because of the lower
injection pressure of Test 5. This longer suppression duration of the
model result was consistent with what was experimentally observed for
Test 5, as indicated in Table 4; the intermediate operating pressure
resulted in longer suppression time than that of the high pressure case
Test 3. Again, no subsequent intensification is observed to rise from
near the pool surface as observed in the experiments.
Modeling Summary
We suspect that several unique features of our code lead to
the positive agreement of the model result to the experiment results.
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A fuel vaporization model that responds to the energy input is thought
to be critical in this type of modeling. It inhibits the fuel from vaporizing
when the feedback from the fire diminishes. Broadly applicable models
to this extent have yet to be demonstrated. Improvements in modeling
the response of fuels are critical to the predictability of such scenarios.
Physical elements missing from the present model may yet prove to
be significant. We believe that the particle/radiation interaction could be
significant since the water droplet fraction may be high in the fire region.
The interactions between the spray and the liquid pool may also be
important, as suggested in a previous work [5]. Higher resolution modeling
may also be important for fully capturing the gas-phase dynamics.
The good comparison found between the model and experiment as
suggested by Table 4 suggests that it is possible to achieve a reasonable
reproduction of the bulk characteristics of spray suppression with the
current suite of 3D modeling tools. The complexity of the interaction
among the various physical aspects of the model inhibits this study from
quantifying the relative importance of the various mechanisms involved
in the suppression of the fire. Indeed, it may be difficult to widely
validate a suppression model without considering various parameters,
such as fuel types, configurations, and scales, upon which suppression
mechanisms are highly dependent. Because detailed measurements are
often unavailable, integral metrics may be found to be most useful. Fire
prediction and fire suppression involve very complex multi-phase
interrelated physics and chemistry, which interact across wide ranges
of length and time scales. As modeling becomes more mature with
increasingly accurate physical models and quantified validations, it may
be used more frequently in the design and study of fire suppression and
protection systems.

CONCLUSIONS
A series of water spray fire suppression benchmark experiments were
performed. Boundary and temporal data were measured to support the
development and validation of the flame model used for the evaluation of
the Sandia’s fire suppression code, VULCAN. A total of 12 fire
suppression cases were tested. Test parameters included the nozzle
size, nozzle orientation, operating pressure, and the presence or absence
of a cylindrical calorimeter inside the fire. Results obtained from the
application of a 908 and a 458 spray angle were significantly different.
Results from the 908 spray angle configuration showed suppression
above a critical line, expressed as a function of pressure and suppressant

Modeling of Large-scale Benchmark Enclosure Fire Suppression

135

flow rate. Operating in the regime below the critical line did not yield
complete suppression, and operation in any regime above the line
guaranteed suppression for the case without the calorimeter. To
guarantee suppression for the case with the calorimeter, a higher mass
flow rate needs to be considered. Except in the region near the critical
line, the presence of the calorimeter did not seem to have a great effect on
suppression. In the region below the critical line, no suppression is
achieved, regardless of the presence of an object. Similarly, suppression
was achieved regardless of the presence of the calorimeter in the region
above the critical line. As for the 458 configuration results, suppression
was much more difficult to achieve because of the droplets’ longer travel
distance and their asymmetric dispersion, which caused unwanted
vortices behind the calorimeter. A general conclusion can be drawn
that high nozzle pressure or high mass flow rate of water alone cannot
guarantee suppression. In other words, suppression is guaranteed only if
reasonably high values of both injection pressure and mass flow rate (or
sufficiently large nozzle diameter) are secured. The suppression model
produced suppression time results that were consistent with the
experiments for high, low, and intermediate injection pressures, which
correspond to experimental Tests 3, 4, and 5, respectively.
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