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Abstract
A Perfectly Stirred Reactor model (PSR) is introduced to determine the Minimum Extinguishing
Concentration (MEC) of gaseous fire suppression agents. Both physical and chemical
mechanisms of fire suppression are considered in PSR modeling. Results are contrasted to
experimental data and to a semi-analytical approach based on assumption that heat absorption by
the agent is the primary extinguishing mechanism; good agreement is achieved. Results verified
that agent heat capacity has the first order effect in the determination of the MEC, whereas the
direct chemical effect of the oxygen concentration reduction appears less significant. The PSR
model is also used in assessments of the impact on the MEC of inert agents at various conditions
including the cooling due to the rapid gas expansion during discharge, high altitude and various
relative humidity levels.
Keywords: Minimum extinguishing concentration, Inert gas agent, Cup-burner modeling,
Perfectly stirred reactor
Introduction
The cup-burner test is widely used to determine the Minimum Extinguishing Concentration
(MEC) of gaseous fire suppression agents against flammable liquid hazards such as n-heptane
[1-13]. Effective modeling of the cup-burner is important in the development of an in-depth
understanding of the dominant mechanisms by which different agents suppress the combustion
process and in exploiting this understanding towards the design of more effective fire-fighting
agents. Researchers have determined the MEC of gaseous agents using various approaches and
configurations. Phenomenological models [3, 6-8] assumed the adiabatic flame temperature of
the cup-burner flames at the extinction condition to be almost constant for all agents. This
approach generated a relationship of inert gas MEC in terms of integrated heat capacity and fuel
properties in which the change of reactant (oxygen) concentration due to inert gas addition is
neglected. The cup-burner test was also interpreted using one-step, activation-energy asymptotic
theories and the results were used to provide a rough indication of the thermal and chemical
influence of reacting agents on the flame structure [9]. Other modeling approaches employed
nonpremixed and premixed flames experimentally and numerically to predict the agent MEC. In
co-flow jet diffusion flames [10-12], the extinguishing concentration is indicated by the blowoff

condition at the burner base. In counterflow diffusion flames [9, 12-13], the effectiveness of the
extinguishing agent is characterized by quantifying the decrease of the ratio of the flame
temperature to the extinguishing temperature as a function of the global strain rate. In premixed
flames [14-16], the inhibition effect of agents is described by the reduction of the laminar flame
speed. Simulations using either premixed or nonpremixed flames captured the changes of flame
behavior and predicted the agent MEC at relatively higher computational cost. In this study, we
introduce the Perfectly Stirred Reactor (PSR) model as an effective means of establishing the
cup-burner MEC and we employ this model to probe further into the extinguishing mechanisms
of gaseous substances.
Description of PSR model
The perfectly stirred reactor consists of a reactor that is represented by two states: the inlet and
internal/outlet states. A schematic of such a reactor is shown in Fig. 1. A steady flow of a well
mixed mixture of fuel and oxidizer is introduced to the reactor. Internal mixing is assumed to be
infinitely fast so that the contents of the reactor are spatially uniform. As a result, the conversion
of reactants to products is only controlled by the competition between the chemical reaction rate
and the reactor residence time (effectively a flow through time) i.e. mixing processes play no
role. Thus, the reactor is uniquely characterized by the residence time and the inlet mixture
composition and temperature. The internal state of the reactor is computed by numerically
solving the integral differential form of the energy and species conservation equations. In this
work, a steady state implementation of a PSR is considered [17]. Under this condition the
aforementioned equations reduce to algebraic equations:
m& (Yk − Yk* ) − ω& k W k V = 0
(1)
K

m& ∑ (Yk hk − Yk* hk* ) + Q = 0
k =1

(2)

In these equations, Yk is the mass fraction of the kth species (total K species), Wk, ω& k , hk are the
molecular weight, the molar rate of production by chemical reaction per unit volume, and the
specific enthalpy of the kth species, respectively, V is the reactor volume, m& is the mass flow rate
and Q the reactor heat loss. The superscript (*) indicates the inlet conditions. In this work the
reactor is assumed to be adiabatic, Q = 0.
The reactor residence time τ is related to the reactor volume and the mass flow rate by
τ = ρV / m&
(3)
The mass density is calculated from the ideal gas equation of state,
ρ = PW / R T
(4)
where P is the pressure, T the temperature, R the universal gas constant and W the mixture’s
mean molecular weight.
A detailed chemical kinetics mechanism for n-heptane is used to calculate reaction rate of each
species together with a detailed description of the thermochemical properties [18-20].
Calculations with detailed chemical kinetics allow for the evaluation of effects of different inlet
reactant composition, temperature, and pressure on the reaction rate (or chemical reaction time)
and other characteristics of the reactor, such as extinction time, which is discussed next.

“Extinguishment” of a combustion reaction occurs when competition between chemical reaction
time and residence time becomes unfavorable. When the residence time is shorter than a critical
value, chemical reactions cannot occur; this critical value is referred to as the extinction time.
Assuming the cup-burner reaction region can be represented by a PSR, the fire extinction process
can then be simulated by the PSR extinction time. By benchmarking the extinction time of a
known agent MEC (e.g. N2), the MEC value of any other agent can be evaluated assuming the
extinction time remains the same for the same extinguishing effectiveness. This implicitly
assumes that the differences in the mixing/transport characteristics of various agents are small.
Specifically, for moderate changes in density of inlet/outlet mixtures for different agents, fluid
dynamics of the reaction region will be similar under similar amount of heat release near
extinction. The advantage of this approach is that results can be obtained in a few minutes as
opposed to hours of computation time required for premixed or non-premixed flame calculations
while the same chemistry effects can still be captured. Stoichiometric conditions are assumed for
all simulations as they represent the peak temperature in the reactor.
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Figure 1 Schematic representation of a perfectly stirred reactor (PSR)
Results and Discussions
As mentioned earlier, to use the PSR residence time to predict the MEC of different agents, a
known agent MEC needs to be provided. In this study, a MEC value of 32.4% for nitrogen in air
is used as benchmarking agent (consensus mean of [21]). Specifically, a mixture of air (67.6%)
and N2 (32.4%) stoichiometrically mixes with fuel (n-heptane) at room temperature (300K) and
ambient pressure (1 atm). PSR calculations were performed to obtain the reactor temperatures as
a function of residence time. Chemical equilibrium can be reached for a longer residence time,
whereas chemical reactions can be extinguished if residence time is below a critical value. As
mentioned earlier, this critical residence time is defined as the extinction time. Figure 2 shows
the reactor temperatures as a function of residence time for four air/N2 mixtures. It indicates that
with the decrease of residence time, reactor temperature decreases gradually due to the increased
mass of fluid that needs to be heated by the chemical energy release and then suddenly decreases
to the original inlet mixture temperature due to extinguishment of chemical reactions. The
residence time at which the sudden decrease occurs is the extinction time of the reactor, τex. As is
marked in Fig. 2, this time depends on the inlet mixture composition, e.g., τex= 0.45 ms for air/N2
mixtures of 67.6%/32.4%. That is, the greater the level of N2 dilution the easier the
extinguishment and, hence, the larger the extinction time – for a given reactor this implies
extinction at lower flowrates, as shown in Fig. 3, the extinguishing time as a function of nitrogen
concentration in air. Clearly only one of all the extinction times is relevant to the MEC – only

one would be relevant to the cup-burner experiment. At this juncture, it is not apparent how to
calculate this time from first principles (using Eq.(3))– one would need to physically relate the
cup-burner reaction region to the PSR volume to accomplish this. This limits the ability of the
PSR model to be predictive in an absolute sense. If the MEC for a particular inert was known,
however, the PSR model itself could be used to provide the extinction time. The earlier
assumption that the fluid dynamic/transport features of the cup-burner experiment remain similar
across different inerting mixtures would then imply that so should this extinction time. In this
work we define the MEC related extinction time using the MEC for N2 noted above, i.e. τex=
0.45 ms for the air/N2=67.6%/32.4% mixture.
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Figure 2 Reactor temperatures as a function of residence time for air and air/N2 mixture.
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Figure 3 Extinguishing time as a function of nitrogen concentration in air.
Next, we obtain the MEC for other inerting agents such as argon, argonite, inergen, water vapor,
CO2, and etc, by varying the inlet mixture composition to the PSR until the τex= 0.45 ms was

attained. Table 1 shows MEC value for various agents calculated using the PSR model and
Senecal’s formula [3] along with a wide range of cup-burner data [2-7, 12]. It should be noted
that chemical effects of decomposition of trifluoro-methane (CHF3) are not accounted for in the
current PSR calculation due to unavailability of trifluoro-methane kinetics mechanism. Also note
that in Table 1 the integrated heat capacity for various agents are calculated using the Chemkin
thermodynamic database [18-19] for temperatures from 298 to 1600K for comparison with cupburner data, whereas the integrated heat capacity for temperatures from 298 to 1845K was used
in Senecal formula [3] in which trifluoro-methane is treated as inert gas without chemical
reactions.
Table 1
Integrated
heat
capacity
Inert agent
Argon (IG-01)
27.1
Argonite (IG-55)
34.5
Inergen (IG-541)
38.0
Nitrogen (IG-100)
41.9
CO2
67.5
CHF3
110.9

Senecal
formula [3]
(Vol %)
42.98
36.95
34.64
32.40
22.80
15.17

Cup-burner MEC values, Vol. %, fuel: n-heptane
PSR
Senecal data
Hirst and
Dlugogorski et
Sheinson at
calculated
[3]
Booth [4]
al. [5]
Saito et al. [6]
al. [7]
MEC(Vol %) Moore et al. [2]
41.50
38.0
42.5
39.0
43.3
41.0
36.20
28.0
36.4
33.70
34.3
32.0
35.6
32.44
30.0
31.9
30.2
29.0
33.6
30.0
21.10
20.4
20.9
20.5
22.0
21.0
17.00

Katta et al.
[12]

11.7

Figure 4 shows the MECs of various agents as functions of their integrated heat capacity (298 ~
1600K). Good agreement is obtained except for trifluoro-methane where chemical effects are
neglected in both calculations. Note that both the PSR and the analytical formula suffer from this
problem. However, the PSR model can potentially address this problem by incorporating in it a
chemical mechanism for trifluoro-methane combustion in air. Indeed the PSR can be used to
establish the MEC of any chemically reactive agent as long as the relevant kinetic mechanisms
are available, whereas the integrated heat capacity approach is limited to inerts.
50
Argon
Argon
Argonite

40

Inergen
MEC (%)

Nitrogen
30

PSR
CO2
20

CHF3

Cup-burner data
[2-7,12]
Cup-burner data [2-7, 12]
PSR calc.
Senecal calc.

10

Senecal
Calc.

0
0

20

40

60

80

100

120

Integrated heat capacity [298~1600K] (kJ/mol)

Figure 4 MEC values as functions of integrated heat capacity for various agents.
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Results show that agent heat capacity has the first order effect in the determination of the MEC
for inert agents, whereas the direct chemical effect of the oxygen concentration reduction in the
mixture appears less significant. As mentioned earlier, PSR calculations account for the oxygen
concentration reduction due to agent addition, whereas in the heat capacity approach the effect of
oxygen dilution on the reaction rate is neglected. The effect of oxygen concentration can be seen
in Fig. 5, in which a comparison between PSR calculations and Senecal formula is made by
normalizing to the same MEC of argon. It is clearly indicated that with the increase of oxygen
concentration (as agent concentration decreases), the PSR model predicts a larger value of MEC.
The differences between the two approaches increase to as much as 16% for the agents
investigated in this work. This difference can be more significant as agent integrated heat
capacity becomes large. The increased oxygen concentration significantly increases reaction rate,
making fire suppression hard and thus a higher agent concentration is needed.
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Figure 5 Comparison of MECs between PSR calculation and heat capacity approach.
Parameter studies
Once the PSR model is validated, it is a powerful tool to evaluate the effects of different
parameters on fire suppression effectiveness. In addition, using the tool to predict MEC of agents
eliminates the inconsistency of the cup-burner test among different laboratories, as indicated in
[21]. As an example of using the tool, we now demonstrate the parametric studies on selected
parameters, such as agent discharge temperature, altitude and relative humidity.
Figure 6 shows a sensitivity analysis for cooled nitrogen as the extinguishing agent with
temperatures lower than the room temperature at which air and fuel are present. Results show
that even for rather extreme temperature drops (e.g. from 300K to 100K) the nitrogen MEC only
decreases slightly (7%). Thus, one would not expect the effect of the cooling of the Nitrogen due
to the expansion during discharge to nullify estimates established using the MEC defined in a
cup-burner test.

Figure 7 shows the effect of altitude on the MEC value of nitrogen in air. With the increase of
altitude, ambient pressure decreases, leading to reduced chemical reactions. This results in the
reduced MEC of the same agent to suppress a weaker fire. An 11% decrease in MEC of nitrogen
is predicted for an altitude increase from sea level to 3000 meters.
At 77 F room temperature and 1 atm.

MEC of Nitrogen (Vol %)

35
34
7% change
in MEC

33
32
31
30
50

100

150

200

250

300

350

N2 temperature (K)

Figure 6 Sensitivity analysis of nitrogen MEC for cooled nitrogen using PSR tool.
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Figure 7 Sensitivity analysis of nitrogen MEC for altitude change using PSR tool.

In Fig. 8, the MEC of nitrogen in air at various relative humidity conditions is calculated.
Assuming the consensus mean MEC value of nitrogen (32.4Vol. %) is obtained at 0% relative

humidity, an 8% reduction of MEC at 100% relative humidity is predicted. This indicates that
water vapor in air does help to suppress a fire, since the heat capacity per mole of water vapor is
higher than that of nitrogen, thus reducing the need of nitrogen.

At 77 F room temperature and 1 atm.
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Figure 8 Sensitivity analysis of nitrogen MEC for relative humidity variation using PSR tool.

Conclusion
The PSR model has been demonstrated to be a simple and promising tool in predicting the cupburner MEC of inert agents. Results agree with previous work and indicate a dominant effect of
inert heat capacity on the MEC and only a secondary effect of oxygen depletion. It is also
indicated that for the agents considered here lowering of inert inlet temperature has a secondary
effect on MEC. With an increase of altitude, a reduced MEC value is predicted due to the fact
that chemical reactions are reduced at low pressure conditions. Relative humidity does affect the
MEC value; an 8% reduction in MEC of nitrogen is predicted from dry to saturated air
conditions. Additional investigation on chemically active agents is suggested to further validate
the model. This will require chemical kinetic mechanisms for the active agents.
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