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Abstract

Nitrogen used for pressurization in the extinguisher can be partially dissolved in the fire
extinguishing agent. Consequently, the evolution of the dissolved nitrogen has a significant
effect on the release behavior of the fire extinguishing agent in a rapid process. In this article, a
new model was developed to predict the critical pressure of the nitrogen evolution and the
release process of the fire extinguishing agent was described in detail. According to the Peng-
Robinson (PR) equation of state and van der Waals mixing rule, the effect of the dissolved
nitrogen on the surface tension of the fire extinguishant was analyzed by considering surface
phase and fugacity coefficient. A method to calculate the surface tension of the liquid agent
dissolved with nitrogen was proposed. The results showed that the proposed model can
determine the accurate critical pressure of the evolution of the dissolved nitrogen and further
evaluated whether nitrogen escapes. At different initial filling pressure, in addition, the release
process of the nitrogen-extinguishant such as CFzl, FC218 (CsFs), HFC125 (CoHFs), and
Halon1301 (CF3Br) was well predicted by the fluid release model when taking the surface
tension and adiabatic index of the mixture into account. Compared with the previously obtained
experimental data, the predictions obtained indicated that the present model can adequately
describe the liquid and the gas mixture release stage in the release process of the nitrogen-
extinguishant.
Keywords: gas-liquid equilibrium; equation of state; surface tension; homogeneous nucleation;

escaping pressure; adiabatic index
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Nomenclature

A Cohesive energy parameter in the PR equation of state, Pa m® mol
A Surface area, m?; Constant defined in Eq. (9)

b Volumetric parameter in the PR equation of state, m® mol*
B Constant defined in Eq. (9)

f fugacity, Pa

J Nucleation rate, nuclei cm s

k Binary interaction parameter

M Molecular mass, g

Na Avogadro constant, 6.02x10% mol’!

p Pressure, Pa

PDe Bubble-point pressure, Pa

R Molar gas constant, 8.3145 J mol™* K1

T Absolute temperature, K

Ti Initial temperature, K

v Molar volume, m%/mol

X, X Mole fraction

y,Y Mole fraction

VA Compressibility factor

Y, Volume, m?

Greek letters

a Function of temperature in the PR equation of state
aij Binary parameter

K Function of the acentric factor

17 Fugacity coefficient

0} Acentric factor

Superscripts

G Gas

L Liquid

Subscripts
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Nitrogen

1
2 Agent
B

Bulk phase
c Critical point
i,j Component identification
m Mixture

Reduced parameter

Surface phase

b Bottle

1. Introduction

Aircrafts may be confronted with the threat of fire. As an important subsystem of an aircraft,
a fire suppression system equipped for an engine cabin can release sufficient fire extinguishing
agent to put out a fire to guarantee safety. Nowadays, Halon1301 is normally utilized in military
aircrafts since it is nontoxic and effective as fire extinguishing agent [1]. However, Halon1301
has been banned from production and utilization under Montreal Protocol which addresses
global environmental concerns and the potential of high ozone depletion. Therefore, halon
alternatives are being produced and used in recent years [2-4]. Grosshandler et al. [5] adopted
CFsl, FC218 and HFC12S5 to replace Halon1301 for the fire suppression in the dry bay. Saso et
al. [6] examined the fire suppression effects of three kinds of hydrofluorocarbons (HFC) and
perfluorocarbon (FC). Generally, these agents have low saturation vapor pressure at room
temperature. In order to speed up the release of the agent, nitrogen is practically used as the
pressurized medium in the extinguisher, which can ensure that the pressure is high enough inside
the bottle when extinguishing fire at low temperature. Two typical filling pressures of 2.5 MPa
and 4.2 MPa are always applied.

For the different initial filling pressure in the bottle, the pressure decay curve shows an
obvious difference in the process of releasing Halon1301 [7-9]. For a low filling pressure,
nitrogen dissolved in the liquid agent cannot escape in the process of the releasing extinguishing
agent. Under this condition, the release process was approximately divided into two stages by
Elliott [7] and Yang [8, 9]. However, when the filling pressure is high, the nitrogen dissolved in

the liquid agent will come out of the liquid along with a rapid pressure drop in the bottle, which

3
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has been verified by the rapid release test of agent. As the total pressure in bottle is lower than
the nucleation pressure of the dissolved nitrogen, the nitrogen is released in the form of bubbles
from the liquid agent. This will lead to the short-term increase of the pressure in the bottle.
Typical pressure-time curves during the low-pressure release and high-pressure release were
presented by Yang et al. [9].

Experimental investigation on the pressure variation during the release of Halon1301 was
performed by Elliott et al. [7], when the initial filling pressure was varied from 4.48 MPa to
10.24 MPa and the initial filling temperature was increased from 12 °C to 63 °C, accordingly.
However, the critical pressure of the nitrogen evolution was not addressed theoretically. It was
only assumed that the total pressure in the escaping bubble was the same as the filling pressure
and decreased slowly with the drop of the temperature. Moreover, they also believed that the
surface tension of Halon1301 had an important effect on the nitrogen escaping pressure. But
they did not take the effect of the dissolved nitrogen on the surface tension of Halon1301 into

account.

During the release of the extinguishing agent, the dissolved nitrogen may escape and lead
to the pressure rise inside the bottle. Elliot et al. [7] studied the Halon1301 release process and
assumed that the critical radius of nitrogen escaping bubble was 7.5nm, which has been adopted
by HFLOW software. According to the homogeneous nucleation theory, Blander et al. [10] and
Forest et al. [11] developed a mathematical model describing the homogeneous nucleation
process of bubble in solution. They further validated the model against the experiments for
nitrogen dissolved in aether. Yang et al. [9] developed a model to calculate the critical pressure
of the nitrogen escape for Halon1301, HFC125, FC218 and CFzl, which can accurately
determine whether nitrogen escape occurs during the release of agent. However, their model can
only be used to qualitatively explain the variation of nitrogen escaping pressure. In recent years,
some researchers [12,13] calculated the critical bubble size in the process of gas-phase in binary
systems through the modified Gibbs' approach, which provided new insights for analyzing the
critical radius of the nitrogen escaping bubbles.

The determination of the surface tension of the mixture of dissolved nitrogen and liquid agent
is involved in the study of the critical state of nitrogen escaping. As for the calculation of the
surface tension for pure liquid agent, the method based on the principle of corresponding state
and parachor was recognized as the most accurate. For instance, Jiang et al. [14] used a

piecewise function method to define the surface tension of the liquid CO; based on the Parachor
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Macleod—Sugden correlation and Brock-Bird correlation. Duan et al. [15] developed a
prediction method of surface tension for twenty types of HFCs and HCFCs based on the
principle of corresponding state. Nicola and Moglie [16, 17] also presented a similar prediction
method for the surface tension of total 28 refrigerants with that developed by Duan et al. [15],
such as HFC 227ea, FC218, HFC125 and Halon1301. If combined with a suitable mixing rule,
van der Waals equation could also be used to calculate the surface tension of multicomponent
HFCs mixtures [18, 19]. Additionally, Carey et al. [20] firstly combined the density gradient
theory with the cubic equation of state to determine the surface tension of pure fluid, which
expanded the application scope of density gradient theory [21, 22]. In terms of the measurement
of the surface tension, recently, Wang [23] studied the surface tension of the organosilicone
surfactant as foam extinguishing agent by orthogonal experiments, while Baidakov et al. [24-
26] tested the surface tension of the mixed solutions of nitrogen-methane, nitrogen-ethane and
methane-ethane in the temperature ranging from 95 K to 170 K, 93 K to 283 K and 93 K to 283
K, respectively.

Dinenno et al. [27] and Yang et al. [3, 28] proposed mathematical models to analyze the
release process of the fire extinguishing agent in bottles. The former assumed that the average
release flow in any time step was consistent with the flow when the fluid in the fire extinguisher
was stable; while the latter assumed that the gas mixture drove the liquid fire extinguishing agent
like a piston during the release process as an adiabatic reversible isentropic process, ignoring
the effect of the extinguishing agent vapor.

It 1s significant to accurately determine the specific heat capacity at constant pressure in the
calculation of the adiabatic index of actual gas mixture. The thermodynamic properties of fluids
can be calculated according to the Maxwell function and the cofunction method. Lemmon and
Jacobsen [29, 30] calculated the thermodynamic properties including specific heat capacity at
constant pressure of various refrigerants and their mixtures based on Helmholtz free energy
equation, but the coefficients of the equation were too many to be convenient to use. He et al.
[31] chose PR equation combined with van der Waals mixing rule and 81 M-H equation
combined with constant mixing rule to establish a calculation model which can accurately
predict the specific heat capacity at constant pressure of pure HFC227ea and pure HFC125.

To the best of author’s knowledge, there are no detailed researches available in the open
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literature regarding the effect of the dissolved nitrogen on the surface tension of the liquid fire
extinguishing agent and the mathematic model predicting the critical pressure for the evolution
of dissolved nitrogen. Therefore, the current work aims to develop a method to calculate the
surface tension of the liquid agent dissolved with nitrogen, and further describe the release
process of the mixture of nitrogen and fire extinguishing agent. PR equation of state and van der
Waals mixing rule are selected and the effect of the dissolved nitrogen on the surface tension of
liquid extinguishing agent taking Halon1301 as an example is analyzed and discussed based on
the corresponding thermodynamic model. Another major contribution of the current work is to
develop a fluid release model in order to predict the release process of the mixture of nitrogen
and fire extinguishing agent, such as CF3l, FC218 (CsFg), HFC125 (CoHFs), and Halon1301
(CF3Br). The homogeneous nucleation theory is used and a constant critical radius of nitrogen
evolution under different filling conditions is assumed, to determine the critical pressure of the
nitrogen evolution in the fire extinguisher. Furthermore, based on the state equation and mixing
rules, the adiabatic index of the mixture of nitrogen and fire extinguishing agent steam are
calculated accurately. According to the actual adiabatic isentropic expansion process of gas, the
differential equation of the fluid release process in the fire extinguisher is derived. The fourth-
order Runge Kutta method is applied to solve the equation, which can predict the whole release

process of various mixtures of nitrogen-extinguishant.

2. Surface tension of mixture

During the release of the fire extinguishing agent, the surface tension of the liquid agent
dissolved with nitrogen has an important impact on nitrogen evolution. As the binary system of
nitrogen-extinguishant reaches gas-liquid equilibrium, the surface phase occurs between the gas
phase and liquid phase. The components inside the surface phase are considered as constant and
uniform distribution. Based on the theoretical model of surface tension, the thermodynamic
correlation predicting the surface tension of mixture can be obtained by defining the fugacity of
surface phase and fugacity coefficient, and considering the relationship, among surface tension,

chemical potential and fugacity [32], as described in the equation below.

o =2 o, BTy, PsYss

== 1
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where o is the surface tension of the mixture, o; is the surface tension of pure component, A,

is the molar surface area of the ith pure component, E is the partial molar surface area of

component i relative to mixture, R is the gas constant, 7 is the temperature, ¢ is the fugacity
coefficient, y is the mole fraction, the subscript S and B indicate surface phase and bulk phase,
respectively.

For the surface tension o; of the pure agent, the following correlation in Eq. (2) provided by

Nicola et al. [16, 17] is adopted with a high precision.
O_i — 0.658p2.618-rc0.34 (1+ a))O.77O (1—T /Tc)l.262 (2)

where p. is the critical pressure, 7t is the critical temperature, w is the acentric factor, 7 is the
thermodynamic temperature.

In order to use Eq. (1) to calculate the surface tension of the mixture, the following two
assumptions are proposed [32].

(1) The partial mole surface area of component 7 is assumed to be equal to the mole surface
area of the pure component i, i.e., E = A, . Moreover, the surface phase is considered as

monomolecular layer and molecule of each component is regarded as spherical. Consequently,

E and A; can be calculated by Eq. (3):

= 3
A=A :ﬂ'(E)ZIBNi/SVéIS =1.2IN} %3 3)

where Na is Avogadro constant, =6.02x10%* mol™, v;s is the molar volume of liquid phase for
pure component i.

(2) Assuming that the correlation of the fugacity coefficient and component for the surface
phase and bulk phase can be described by equation of state and mixing rule. Because the
component y;g and fugacity coefficient ¢;g in the bulk phase follow vapor-liquid equilibrium,
they can be calculated by using appropriate equation of state and mixing rule. Thus, they are
regarded as the known constant.

In the current study, the PR equation of state was used, which can be expressed as the

following:

_RT a
v—b v(v+b)+b(v-b)

P (4)
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where a and b are the function of temperature. According to the critical parameters and reduced

parameters, both variables can be obtained from the following expressions:

2T 2
a—aofl )= 0.45724R°T a(T,) )
P
, — 0-07780RT, ©)
Pe
o(T,)=[1+xL-T ) %)
Kk =0.3746 +1.542260 — 0.269920° (8)

where T is the reduced temperature, x is the constant characteristic of each component.
In general, Eq. (4) is transformed into cubic equation in one variable corresponding to

compressibility factor Z, which can be expressed as [33]:

Z®-(1-B)Z?+(A-3B*-2B)Z - (AB-B?-B°%)=0 (9)
where
a
AzRZ—_‘;Z (10)
bp
B=— 11
RT (1)
pv
/=— 12
RT (12)

In the current work, the one variable mixing rule of van der Waals is used to define the mixture

parameters in Egs. (9) - (11):
a_ :Z:inxjaij (13)
bm = inbi (14)
a; =(a,a;)*°(1—k;) (15)

where £;; is the binary interaction parameter. For nitrogen and different extinguishing agents, the
calculation method of the binary interaction parameters was described in Ref. [34].

Consequently, the equations predicting the surface tension of mixture are as follows:
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n ?isYis
A 0gYis

(16)

In Eq. (16), the unknown variables are y1s, y2s and om, respectively. Therefore, these equations

group is close and has unique solution, which can be obtained by using Newton iterative method.

3. Fluid release model

This paper mainly analyzes the critical condition of dissolved nitrogen evolution based on the

discharge model proposed by Yang et al. [9], and discusses the effect of different filling pressures

on the critical pressure of nitrogen evolution, to predict the release process of nitrogen-

extinguishant.

It is assumed that the liquid fire extinguishing agent is clean other than the dissolved nitrogen.

The release of the agent is a rapidly depressurized process. Meanwhile, the liquid phase can be

considered as experiencing an isothermal release process. The evolution of dissolved nitrogen

is schematically illustrated in Fig. 1, where the size of the gas bubble is exaggerated.

Initial state
Gas Gas isentropic
'y P oT expansion
ﬁ-
Liquid isothermal
release
Partial enlarged view

Y, p R

Liquid release

Gias
}.-1-31 I,—J-:l p:I E‘f

r T Bubble
AR



245

246

247

248

249

250

251

252

253

254

255

256

257

258

259

260

261

262

263

264

265

266

267

268

269

270

271

Fig. 1 The schematic diagram of release process [9]

When the critical bubbles appear, the unstable thermodynamic equilibrium reaches between
the bubbles and surrounding superheated liquid. According to the theory of gas-liquid
equilibrium, the fugacity is equal for nitrogen (denoted by ‘1’ in Fig. 1) and fire extinguish agent

(denoted by ‘2’ in Fig. 1), as shown by the formula below.
B (P T X)) = £7(Py Ty Vo) (17)

B (o Tio X,) = £7(py TiuY,) (18)
where X; and X> are the mole fractions of nitrogen and extinguishing agent in liquid phase,

respectively; Y1 and Y> are the mole fractions of nitrogen and agent vapor in vapor phase,

respectively; flG and sz are the fugacity for nitrogen and agent vapor in vapor phase,

respectively; fl" and sz are the fugacity for nitrogen and agent in liquid phase, respectively;

Py is the liquid pressure outside bubble; Py is the pressure inside bubble.
The pressure at the interface of bubble and liquid agent should meet the Yang-Laplace

equation:

Pp—Po=—7" (19)

where R. is the critical radius of bubble.

It can be seen from Eq. (8) to (10) that there are four unknown variables in total, namely Py,
Po, Y1 and R.. One more equation needs to be supplemented to achieve a solution. Referring to
the theory of superheat limit kinetics of binary mixture proposed by Holden and Katz [35], Yang

et al. [9] added an equation regarding the nucleation rates J, in the form as below:

N Y. Y 20 — 470R?
J=—A 1 2 ) (Y05 axp(———c 20
it R e ) 0)

where M) and M, are the molecular masses of the nitrogen and agent, respectively.

The results from Yang et al. [9] show that the calculated nitrogen escaping pressure is
remarkably lower than the experimental data, although their model shown as Eq. (17) - (20) can
accurately determine whether nitrogen gas has escaped during the release of fire extinguishing
agent. Therefore, it can only be used to describe the changing trend of nitrogen escaping pressure.
In view of this, Eq. (20) is not used as a supplementary equation in the current work, but the

10
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critical radius of escaping nitrogen bubble (R.) under different initial conditions is directly
assumed to be constant.

In order to solve the unknown variables in the equation, the scenario of the critical radius of
nitrogen bubble approaching infinity is first analyzed.

As the critical radius tends to infinity, the thermodynamic equilibrium for the fluids on both
sides of the bubble is shown in Fig. 2. Where, P. and T; are the bubble-point pressure and

temperature, respectively, when the gas-liquid equilibrium is reached.

Gas
Rc - 0 Ye,l Ye|2 pe Ti fle sz

Fig. 2 The thermodynamic equilibrium at gas-liquid interface for infinite bubble

radius

From the theory of gas-liquid phase equilibrium [36, 37], the fugacity of nitrogen and agent

are equal at both sides of the bubble.
[fZL(pe T ’XZ)]RC—>00 :[sz( P.. T ’Ye,z)]RC—»o (21)

[flL( P.. Ty ’xl)]RC—xx) =[ flG( P Ty ’Ye,l)]RC—>a> (22)
According to the thermodynamic theory, the fugacity for nitrogen and agent can be defined
by Eq. (22).

oin f. V.
1 — 1 23
o I RT (23)

[

Integrate the equation above:

T

2 IRgow

dinfl = _[ppOVzLdp (24)

If assuming the partial molar volume of the liquid agent is only a function of temperature,

and slightly affected by pressure and composition, then the above integral turns into:

Vv, (P —
e ©3)

Substituting Eq. (18) and Eq. (21) into the Eq. (25) can obtain:

11
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sz =[ f2G ]Rﬁoo eXp[w] (26)

Simultaneously, fzG and [fZG]RC% is approximately proportional to the partial pressures

under their corresponding conditions, namely:

G
sz ~ Y2 pb (27)
[fz ]RC~>00 Ye,z Pe

where, Yapy and Y. ope represents partial pressure for the agent vapor.

Substituting Eq. (18) into Eq. (17) yields:

nm=nmwm[“%T“H (28)

Employing the procedure like the one described above, a formula to calculate the partial

pressure of nitrogen in the nucleating bubble can be obtained:

nm=nmwm[”§T“ﬁ (29)

In the current study, the PR equation of state and van der Waals mixing rule are chosen to
calculate the partial molar volume for the dissolved nitrogen and liquid agent. The formulas are

as follow:

L:_[Z x1( )TP] (30)
o Rl oz
=T 2 Xl ] G

Using the implicit function derivation rule, (;TZ)T"’ can be calculated as the process below:
2

oB oA
—Z2+2Z(1+3B)+ A—-2B-6B?*](—— B-2)(—
(az ) _[ +2Z(1+3B) + ](aXZ)T,p X ( )(aXZ)T,p
X, P 322 -2(1-B)Z +(A-3B*-B? 322 -2(1-B)Z +(A-3B*-B?
(32)
where,
oA OB
(GX )T,p R2 2 [2a22X 2a11x1 + 2(1_2)(2)(1_ k12)'\/ a11a22]9 (R)T,p :R_?r[bzz _bn]
2 2

12
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When the bubble radius approaching infinity (Rc — o), and the liquid temperature (7;) and
the mole fraction (X>2) of liquid phase agent is given, the pressure and the mole fraction of the
agent vapor inside bubble can be obtained via a simple gas-liquid equilibrium calculation using
the PR equation and the van der Waals mixing rule. Combining Eq. (28) and (29), the molar
fractions for nitrogen (Y1) and agent vapor (}2) in the nucleating bubble can be obtained.

Taking the nitrogen evolution during the release of Halon1301 as an example, this study
assumes that the critical radii are different constants in this process. Therefore, to evaluate the
accuracy of the model proposed by the authors, the critical escaping pressures calculated by
different critical radii will be compared with the experimental data.

When the evolution of the nitrogen happening and the values of 7;. X1+ X2 and R. are given,
the process of calculating the critical pressure within the nucleation bubble (py), the pressure of
the liquid phase (po), and the molar ratio of nitrogen in bubble (Y1) are as follow:

(1) According to the given values 7;+ X and X2, the values for pe, Y. 1 and Y. can be acquired
through the bubble point pressure calculation (bubble point pressure calculation refer to Ref.
[34]).

(2) Calculate the compression factor Z (pe, T;, X2) corresponding to pe, T;, and Xa.

(3) Calculate the partial molar volume v"(p,,T,X,) and v, (p,, T, X,), of nitrogen and

agent, respectively.
(4) Based on Z (pe, T}, X2), pe and T}, calculate the molar volume v¥(pe, T, X2) of liquid mixture.
(5) Assume po=1.0 MPa.
(6) Use Eq. (28) and (29) to calculate po, Y1, and Y>.
(7) Calculate the new po through Eq. (19).

(8) Compare the calculated po, stop the calculation as meet |p/* — pd| < 0.001, otherwise go

to step 6 for recalculation.

Since nitrogen is a type of insoluble gas in all fire extinguishing agents, the gas mixture and
liquid fire extinguishing agent in the fire extinguisher still show obvious stratification even
under high filling pressure. It is recognized that the release of the liquid fire extinguishing agent
can only last tens of milliseconds after the valve is opened. Therefore, it could be assumed that

the energy exchange and mass exchange between the gas mixture and the liquid are strictly

13
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restricted. Moreover, the release of the liquid fire extinguishing agent can be considered as the
isothermal decompression process, while the gas mixture undergoes the adiabatic reversible
process of actual gas.

Yang et al. [8] did not distinguish the type of the fire extinguishing agent and the filling
pressure strictly, and the adiabatic index was taken as 1.4 when analyzing the fluid release
process. However, the mole ratio of Halon1301 vapor in the gas mixture in the fire extinguisher
is 0.49 when the typical filling pressure is 4.2 MPa [38]. As a result, it is necessary to consider
the influence of the nitrogen and fire extinguishing agent vapor simultaneously when developing
the model of the fluid release process in fire extinguisher.

According to the differential relation of the thermodynamics, the calculation formula of the

volume adiabatic index 4, and the temperature adiabatic index k7 is as follows:

4
K=o

Z,-Rz?Ic, (33)
K= L

1-RZ, /c, 34

where, ¢; is the specific heat capacity of the actual gas at constant pressure, J/(mol-K); Z, and
Zr are derivative compression factors, and the definition formulas are as follows:

oz
Zp =Z- p(%)T (35)

Z,=Z+T (%) A

oT (35)

Since the gas mixture is only composed of nitrogen and extinguishing agent steam, the PR

equation of state and van der Waals mixing rule are selected to calculate the above derivative
compression factor of gas mixture.

For gas mixtures, the PR equation is expressed in the form of cubic equation of compression

factor Z as follows:
Z°-(1-B,)Z*+(A,-3B>-2B,)Z—(A,B,-B>-B2)=0 (36)
where, A =a p/R’T?; B,=b, p/RT; Z=pv,/RT.

For the cubic equation of the compression factor, the partial derivatives of pressure and

temperature are respectively calculated by implicit differentiation, and then substituted into the

14
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equation of the derivative compression factor, finally the calculation formula of the gas mixture's

derivative compression factor can be obtained as follows:

o
Q—ni = Rzp-)l-s [a1E1y12 +Y1Y2(1_ kiz)\/a1a2 (E1+E2)+32E2y22 +2am] (37)
P
B, _ B. (%)
o, T
oz 2A B -2B?-3B®-Z?B_-Z(A-6B>-2B
Zp:Z_p(_)T:Z_ An m 2m m m (2 3m m) (39)
op 322-2(1-B,)Z +(A-3B% —B®)
oz
Z. :Z+T(E)p
8,27 +[-682 — 28+ p/R*T?("m) 17 —Bp/RoT2(Pn)

32 -2(1-B,)Z+(A-3B2-B?)
A B +2B%+3B>
32°-2(1-B_)Z+(A-3B>-B?)

where, E =k1«/i1,r/051 ; E, =k24/i2'r la, .

In addition, the specific heat capacity ¢, m of the mixture of nitrogen and extinguishing agent

steam under pressure can be calculated by the following formula:
Cp,m:ZCp,iyi (41)

where, y; is the mole fraction of each component; cp,; is the specific heat capacity of each
component at constant pressure.
Based on the above method of critical pressure of nitrogen and adiabatic index of gas mixture,

the release model of gas mixture of nitrogen and extinguishing agent steam is finally obtained

9o, Pk g p [HP=P) (42)
dt v, Pim

where, V4 is the volume of the fire extinguisher; Cy is the liquid emission coefficient, and the

as follows:

NIST recommended value is 0.61 to 0.64 [8]; A is the cross-sectional area of the small hole; p,

is the atmospheric ambient pressure.
The total pressure in the fire extinguisher at each time step in the above formula can be

calculated by the fourth-order Runge Kutta method [39]. Before the liquid phase at the bottom
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of the fire extinguisher is released completely, if the pressure in the fire extinguisher is less than
the predicted value of critical pressure of nitrogen evolution, it can be determined that the
nitrogen escapes, and the gas-liquid interface after nitrogen escapes needs to be redefined;
otherwise, the nitrogen will not escape during the whole releasing process.

If nitrogen does not escape during the release of the extinguishing agent, the gas mixture will
be filled with the fire extinguisher after the release. Therefore, the subsequent release process
can be treated as an open system. In the current work, the calculation model mentioned in Ref.

[8] can be used:

2k,

C,A RT. kK 1-K, .1
pp U= R 0 43)
full b

where, K =[1/(k, +D]*™'&?  C, is the gas emission coefficient, and the value is 0.61; m

is the equivalent molecular mass of the gas mixture which can be calculated according to the
molar components of nitrogen and fire extinguishing agent steam; prn and T are the pressure
and temperature respectively at the moment when the liquid is released and the gas mixture is
filled with the fire extinguisher.

If nitrogen escapes during the release of the liquid extinguishing agent, the volume of the gas
mixture and liquid after nitrogen escapes must be recalculated separately. In the current study,
it is assumed that all the escaping bubbles stay in the liquid layer while the process of the
subsequent bubble growth and rising are ignored. Therefore, the escape of the nitrogen makes
the liquid layer expand upward and the gas phase space decrease correspondingly. If this process
is regarded as isentropic change, the pressure formula of compressed gas phase space is as

follows:

, V.
P'= Pua byt (44)

compress

where, pva and Vg are pressure and volume of the gas mixture in the fire extinguisher before

nitrogen escaping respectively.
4. Results and discussion

4.1 Surface tension of nitrogen-extinguishant mixture

The dissolved nitrogen can change the surface tension of the mixture of fire extinguishing

16



418

419

420

421

422

423

424
425

426

427

428

429

430

431

432

433

434

435

436

437

agent and nitrogen. According to the literature review, there is no experimental data regarding
the surface tension of binary mixture of nitrogen and extinguishing agents. To verify the
accuracy of Eq. (16), the surface tension of nitrogen-ethane mixture in Ref. [27] are cited for
evaluation. The temperature range for the selected data is 253 K - 283 K, and the pressure range
is 1.44 MPa - 3.92 MPa. The calculated results are compared to the experimental data in Ref.

[27], as shown in Fig. 3.

10 T T T T T T T T T T T T
—— pure ethane —0o— 273K-Calculation
253K-Calculation —m— 273K-Experiment
— 8} —e— 253K-Experiment 283K-Calculation .
g —A— 263K-Calculation —*— 283K-Experiment
MZ —A— 263K-Experiment
'3
g 6r 7]
2
wn
c
&
8 4t -
8
=}
n
2+ 4

?000 l 15100 l 20100 l 25100 l 30100 l 35100 l 40100 l 4500
Pressure (kPa)
Fig. 3 Comparison between the calculated and experimental data for nitrogen-ethane
mixture

Fig. 3 shows that the surface tension of nitrogen-ethane solution decreases with the
temperature and pressure increasing. Compared to the surface tension of pure ethane, the surface
tension of mixture decreases approximately linearly as the amount of dissolved nitrogen
gradually increases. In the range of investigated temperature and pressure, the surface tension
calculated by Eq. (16) is basically consistent with the experimental data, with an average relative
deviation less than 2.8%, which verifies that the model to predict surface tension of mixture is
accurate and effective.

Taking Halon1301 as an example, the influence of different filling pressures on the surface
tension of nitrogen- extinguishant mixture is analyzed. The given operating conditions are as
follow: the volume of fire extinguisher is 2.35x1073 m?, the filling amount of Halon1301 is 1.89

kg, the filling temperature is 293.15 K, and the filling pressure is 2.5 MPa and 4.2 MPa.
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The calculated results for the surface tension of nitrogen-Halon1301 solution under different
filling pressures are shown in Fig. 4. As can be seen from Fig. 4, the surface tension of the
mixture gradually decreases with the increase of filling pressure at the same temperature. Given
that filling pressure is 4.2 MPa, the surface tension for nitrogen-Halon1301 solution is only 65%
of that for pure Halon1301, which means that the absolute difference between the two cases is
1.5x10* N/m. Therefore, the effect of dissolved nitrogen needs to be considered when

calculating the escaping pressure of nitrogen during the release of the fire extinguishing agent.
5

w s

N

Surface tension(10° N/m)

Pure Halon1301 Filling pressure 2.5MPa  Filling pressure 4.2MPa

Fig. 4 The surface tension of nitrogen-Halon1301 solution under different operating
conditions

4.2 Critical pressure of nitrogen evolution

Some extensive experiments on Halon1301 release were carried out by Elliot et al. [7] and
the critical pressures when the evolution of the nitrogen happening were recorded. These provide
an experimental evidence for comparing the accuracy of different nitrogen evolution prediction
models. When calculating the critical pressure of nitrogen evolution, both Elliot et al. [7] and
Yang et al. [9] directly used the equation which calculates the surface tension of pure substance,
but ignored the influence of dissolved nitrogen on the surface tension of the agent. However, it
has been analyzed in section 4.1 that the dissolved nitrogen has an obvious effect on the surface
tension of the agent. Therefore, the equation to calculate surface tension of the nitrogen-
extinguishant mixture is employed in this study to calculate the escaping pressure of the nitrogen.

When the critical radius is set as 6nm ~ 9nm, the comparison between the predicted and the
18



459

460

461

462

463

464

465

466

467

468

469

470
471

472

experimental value of the critical pressure of the nitrogen escaping is presented in Fig. 5. The

surface tension of the mixture of Halon1301 and nitrogen is assumed as that of a pure substance,

which was calculated by Eq. (2). It can be found from Fig. 5 that as the critical pressure of

nitrogen escaping is small (less than 3.5 MPa), the predicted critical pressure is closer to the

experimental value for the critical radius of 6nm. When the critical pressure increases, the value

of the critical radius should be increased to obtain more accuracy results. In general, as the

critical radius is set as 6nm, 7nm, 7.5nm, 8nm and 9nm, the mean relative deviations between

predicted and experimental values for the critical escaping pressure are 8.9%, 5.8%, 6.2%, 7.2%

and 10.0%, respectively. The critical radius between 7nm and 7.5nm is considered as a

reasonable value for all the experimental cases. The result is in a good agreement with the value

of the critical pressure suggested by Elliot et al. [7].
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Fig. 5 Comparison between the predicted and experimental value of critical

escaping pressure using surface tension of a pure substance
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Fig. 6 Comparison between the predicted and experimental value of critical
escaping pressure using surface tension of mixture

When the critical radius is set as 4nm ~ 7nm, the comparison between the predicted and the
experimental value of the critical escaping pressure of the nitrogen is presented in Fig. 6. It
should be noticed that if using the Eq. (1) to calculate surface tension the critical radius needs
to be increased as the experimental critical escaping pressure of the nitrogen gradually raises.
This can be explained by the Yang-Laplace equation, namely, the surface tension of nitrogen-
Halon1301 mixture is smaller than that of pure Halon1301 under the same conditions. Thus, the
critical radius selected in Yang-Laplace equation also should be smaller. For all the nitrogen
evolution experiments, the average relative deviations between predicted and experimental
values for the critical escaping pressure are 6.4%, 6.5%, 7.9%, 12.4%, and 16.2%, for the critical
radii of 4nm, 4.5nm, Snm, 6nm and 7nm, respectively. For all the filling conditions, the critical
radius of 4nm is a more preferred.
4.3 Nitrogen-extinguishant release process

In this section, the fluid release model considering the surface tension of the mixture proposed
in the current study is applied to predict the release process of Halon1301 and three kinds of
halon alternatives at atmospheric pressure after filling with nitrogen to typical pressure. In order
to evaluate the accuracy of the fluid release model, the pressure-time curves of the liquid
extinguishant release and the gas mixture release phase are calculated and compared to the
experimental data in Ref. [8].

The six known conditions of the validation cases are shown in Table 1. In all cases, the
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equivalent diameters of the valve at the bottom of the fire extinguisher used are 24.5 mm, and
the critical radius of the nitrogen escape are taken as 4 nm. For the mixtures of nitrogen-CF3l,
nitrogen-FC218, nitrogen-HFC125, and nitrogen-Halon1301 under corresponding operating
condition, the calculated optimum binary interaction parameters are 0.02501, 0.12328, 0.17524

and 0.04920, respectively.

Table 1 The known conditions of the validation cases

_ . ) Volume of
. Type of Quality of Filling Ambient o
Condition o o extinguisher
extinguishant extinguishant/kg pressure/MPa temperature/K 1104 m?
“m
| CFsl 0.755 417 294.15 6.10
I FC218 0.450 4.04 295.15 6.10
1l HFC125 0.438 4.03 294.15 6.10
v Halon1301 0.591 4.10 295.15 6.10
Vv Halon1301 0.564 4.05 295.15 6.10
VI Halon1301 0.586 2.75 294.15 6.10

The comparison between the predicted value and the experimental data of the release process
of nitrogen-extinguishant under six different operating conditions is shown in Fig. 7, where the
gauge pressure in the bottle has been converted into dimensionless pressure p/p;, and Fig. 7 (a)
to (f) correspond to the calculation results of conditions I to V1. Based on the fluid release model
proposed in the current study, the critical pressures of the nitrogen escape under the six operating
conditions are 0.94 MPa, 2.58 MPa, 2.41 MPa, 2.53 MPa, 2.49 MPa, and 1.23 MPa, and the
volume adiabatic indexes are 1.41, 1.16, 1.19, 1.233, 1.229, and 1.127, respectively. Under
conditions I and VI, the dissolved nitrogen does not escape, and the mixture release process
clearly presents two stages: the liquid extinguishant release stage and the gas mixture release
stage. However, the evolution phenomenon of the dissolved nitrogen occurs in the cases under
conditions 11to V in Fig. 7 due to the high filling pressure, accompanied by the transient increase
of pressure in the fire extinguisher. The whole fluid release process presents four stages: 1) The
superheated liquid release stage, accompanied by the decrease of pressure; 2) The nitrogen
escaping stage, accompanied by the increase of pressure in the bottle; 3) The release stage of
the two-phase fluid consisting of the escape bubble and liquid extinguishant; 4) The gas mixture
release stage.
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534 Fig. 7 Comparison between predicted and experimental value of nitrogen-
535 extinguishant release process
536 According to the experimental data, the nitrogen escaping pressures under conditions Il to V
537  are about 2.66 MPa, 2.30 MPa, 2.51 MPa, and 2.43 MPa, and the corresponding average relative
538  deviations between predicted value and experimental data are 3.0%, 4.8%, 0.8% and 2.5%,
539  respectively. Due to the neglect of the growth and rise process of the nitrogen bubble, the
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predicted pressures in the fire extinguisher during the release stage of two-phase flow are greater
than the experimental data under conditions Il to V, while the prediction results of other stages
and conditions are in good agreement with the experimental data. Taking condition Il as an
example, the average relative deviation between the calculated and the experimental pressure in
the liquid and two-phase fluid release stages is about 5.8%, and that in the nitrogen-FC218 steam
mixture release stage is about 4.7%. In addition, the predicted and experimental gas mixtures
are filled with the fire extinguisher at 32 ms and 35 ms respectively, with a difference of about
3 ms.

Moreover, it is believed that the release model can be used to predict the other nitrogen-
extinguishant mixtures. In addition, it would be better that the verification is performed if the
corresponding experimental data can be provided.

Therefore, it can be considered that the proposed release model can accurately predict the
release process of multiple binary mixtures of nitrogen and fire extinguishing agent and

calculate the change of pressure in the fire extinguisher with time.

5. Conclusions

According to PR equation of state and van der Waals mixing rule, this article calculates the
surface tension of the fire extinguishing agent dissolved nitrogen based on the thermodynamic
model. The results show that the surface tension of the liquid agent decreased obviously after it
dissolved with nitrogen. Consequently, a prediction model of the critical escaping pressure of
dissolved nitrogen during the release of fire extinguishing agent is developed based on the
homogeneous nucleation theory. The critical radius value of nitrogen evolution is discussed.
Comparing to critical pressure of nitrogen evolution reported in a large amount of Halon 1301
release experiments from literature, the results indicate that the average relative deviation
between the predicted and experimental critical escaping pressure is approximate 6.4% when
the critical radius of nitrogen evolution is 4 nm. The prediction model can not only accurately
determine whether the dissolved nitrogen evolution occur, but also calculate the critical escaping
pressure of dissolved nitrogen more accurately. Moreover, an improved fluid release model is
developed to predict the release process of various nitrogen-extinguishant binary systems, such
as nitrogen-CF3l, nitrogen-FC218, nitrogen-HFC125, and nitrogen-Halon1301. In comparison
with the previous experimental data, the pressure-time curves in the liquid and the gas mixture

release stage can be described well by the fluid release model.
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