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DISCHARGE OF FIRE SUPPRESSION AGENTS FROM A PRESSURIZED VESSEL:
A MATHEMATICAL MODEL AND ITS APPLICATION TO EXPERIMENTAL DESIGN

Leonard Y. Cooper
Fire Modeling Group
Building and Fire Research Laboratory
National Institute of Standards and Technology

ABSTRACT

A mathematical model and associated computer program is developed to simulate the discharge of
fire extinguishment agents from N,-pressurized vessels. The model is expected to have three
applications. First, to establish an experimental design and procedure which closely simulates
discharge of a field-deployed vessel; second, to evaluate the discharge characteristics of a wide range
of alternative-agent/pressure-vessel configurations, thereby extending the slow and relatively costly
experimental method of making such evaluations; and finally, to predict vessel exit flow conditions
to be used to solve the problem of agent dispersal outside of the discharge vessel. The model is used
in example calculations which address the first of these applications.

The field-deployed system, which forms the basis of the example calculations, involves a half-liter
cylindrical discharge vessel with a circular discharge nozzle/orifice of diameter 0.019m. The vessel
is half-filled with liquid Freon 22 and is pressurized with N, to 41.37x10°Pa (600psi). Vessel
discharge is initiated by actuation of an explosive cap over the nozzle/orifice.

The simulating experimental configuration involves a modified field-deployed system. A diaphragm
with nominal 41.37x10°Pa (600psi) rupture pressure [actual values between 37.92x10°Pa (550psi) and
44.82x10°Pa (650psi)] replaces the explosive cap. The system is equipped with a high-pressure N,
holding tank connected to the discharge vessel via an orifice. An experimental run begins with the
onset of through-orifice N, flow from the holding tank. The vessel is pressurized to the point of
diaphragm rupture and this is immediately followed by vessel discharge.

The model is used to simulate discharge of the field-deployed system and pressurization/discharge of
the experimental system. Simulations of the experimental system involve holding tank volumes of
2.5x10m? or 2.5x10"3m?; orifice diameters of 0.005m, 0.001m, or 0.0005m; and initial vessel pressures
of 9.38x10°Pa (136psi) (the saturation pressure of Freon 22 at 294K) and 34.47x10°Pa (500psi).

From the calculations it was determined that the 2.5x10°m?® holding tank with the 0.0005m orifice
could be used to simulate accurately the discharge of the field-deployed system and that it is
reasonable to expect that this experimental design would give good simulations even when extended
to a range of parameters and agent materials well beyond the scope of the present calculations.
Calculations also indicated that use of the 2.5x10m? holding tank and/or the 0.005m orifice would
not be consistent with an acceptable experimental design.

Keywords: agents, aircraft fire safety, discharge, fire extinguishment, fire safety, halon, halon
alternatives



THE PROBLEM AND THE OBJECTIVE

This work formulates a mathematical model to simulate the discharge of Halon and Halon-alternative
fire extinguishment agents from N,-pressurized vessels. The objective is to develop a mathematical
model which simulates agent-discharge experiments now under way at the Building and Fire Research
Laboratory (BFRL) of the National Institute of Standards and Technology (NIST). The experiments

are part of a program to support advances in fire safety in aircraft of the US Air Force.

The model is expected to have three applications. First, it will be used to establish an experimental
design and procedure which closely simulates discharge of field-deployed vessels while allowing for
acquisition of data, including high speed photography, to characterize adequately the discharge
process. Second, the model will be used to evaluate the discharge characteristics of a wide range of
alternative-agent/pressure-vessel configurations, thereby extending the slow and relatively costly
experimental method of making such evaluations. Finally, it will be used to determine the discharge
vessel exit-flow conditions for use in the simulation of agent dispersal outside of the vessel. After
presenting the mathematical model, this work will include example calculations which address the first
of these applications.

The analysis is based on the experimental arrangement depicted in Figure 1.

THE EXPERIMENT AND THE MODEL ASSUMPTIONS
The Experimental Arrangement

Refer to Figure 1. This represents the arrangement associated with discharge experiments being
considered at NIST The Figure 1 arrangement can also be used to describe the phenomena of
discharge from vessels under field conditions.

The experimental arrangement involves a right cylinder discharge vessel at pressure Ppy, which would
contain N,-pressurized test agent, and a holding tank filled with mass Mz of N, at pressure Py
The discharge vessel is of height Zy; and cross-sectional area Ap,,. The volume of the holding tank
is Ve

The holding tank is connected via an orifice of area Ag to the discharge vessel. It is assumed that
the flow path through the orifice can be opened or closed with a relatively fast-acting solenoid valve.
If the path is open it is assumed that Py = Py, i.e., the flow is always from the holding tank to the
discharge vessel. In the case of a field-deployed system there is no holding tank and Ag is zero.

At the bottom of the vessel is a short-nozzle/orifice-type opening of area Ay. The agent will be
discharged through this to the outside ambient environment which is at pressure P 5 < Ppy- The
discharge flow path is originally closed off by a cap or diaphragm. When the cap is removed, the test
agent liquid is driven out of the discharge vessel by virtue of the cross-nozzle/orifice pressure
difference.



The Procedure Prior to An Experimental Run or a Field-Deployed Discharge

The orifice and nozzle/orifice flow paths are closed and the discharge vessel is evacuated. The vessel
is then filled completely with a known mass of test agent. There will be a volume of liquid agent
below and a volume of gaseous agent above and the pressure will be Pg 4, the saturation pressure
at the agent temperature. The vessel is then pressurized with N,. This flows into the vessel from
the holding tank or from some other relatively high-pressure N, source. In general, the upper gas
volume is now a two-component mixture of N, and test agent gas. Although some N, may be
dissolved in the liquid volume, it is assumed that the amount is always so small that throughout
subsequent sequential (additional-)pressurization and discharge processes to be studied here the
properties of the liquid in the discharge vessel are well approximated by the liquid properties of the
pure test agent.

Now consider the system at the time, t = 0, when an experimental run or a field-deployed discharge
is initiated. The liquid/gas interface is a distance Z; above the bottom of the vessel. The mass of
liquid in the vessel is Mpy o1 (the subscript refers to that portion of Discharge Vessel test Agent in
the Liquid state) and throughout the experimental run or field-deployed discharge the temperature
and density of the liquid that remains in the vessel will be assumed to remain at the now-existing
respective values T,y and pa; = pgap(Tar)- As indicated, p,; is estimated to be the density of
saturated test agent liquid at the saturation temperature T,;. The gas mixture is at an assumed
uniform initial temperature Ty and the initial masses of gaseous test agent and N, in the discharge
vessel are Mpy oG and Mpy; 1, respectively. Note that the pre-pressurization process, prior to t
= 0, may have been so rapid that the liquid and gas are not in thermal equilibrium with each other.
For this reason, Ty is not necessarily identical to T ;. The discharge vessel and the holding tank
are at the uniform pressures Py, and Pyr,, respectively.

During an Experimental Run or Field-Deployed Discharge

During discharge of a Figure 1-type system, the flow path through the orifice is either open or closed
att = 0. When the orifice is closed the discharge will simulate discharge of a field-deployed system
which does not involve a holding tank. When the orifice is open the discharge will simulate discharge
of the experimental system where additional N, pressurization during the discharge is provided by the
holding tank. The flow path through the nozzle/orifice at the exit of the discharge vessel is either
opened at t = 0 (as in the field-deployed system, which uses an explosive cap to initiate discharge
from an equilibrium state at the specified Ppy,) or else it opens if and when Ppy, rises to some
specified diaphragm rupture/burst pressure, Pgyyrst < Pyr; (as in the experimental system). The
time when this latter flow path is opened is designated as tgrsT-

Further Assumptions

For times and conditions of interest it is assumed that as long as liquid remains in the vessel Py >
P a1(T 5;) and there is no possibility of flashing (i.e., spontaneous change from a thermodynamically
unstable liquid state to an equilibrium, two-phase, liquid/gas state) in the liquid volume. Future work
will address the problem of removing this latter constraint from the analysis. It is assumed that any
N, dissolved in the liquid that may come out of solution during the discharge process is negligible.



The purpose of this work is to mathematically model the state of the system at any t > 0 up to tp,
where tp is the smaller of 1) the time when the discharge vessel is emptied of test-agent liquid, and
2) the time when Ppyy is reduced to Pgay(T ;). For experimental systems of interest here tgyret
is expected to be of the order of 10s and the time interval of the discharge process, (tp - tgyrsT)
of the order of 10”%. Prior to tp there is no gas mixture discharge from the vessel. The mass of
gaseous agent in the vessel therefore remains constant at its initial value Mpy o

In view of the relatively short times of interest it is assumed that during an experimental run or field-
deployed discharge there is no heat or mass transfer across the liquid/gas interface. It is also assumed
that there is no heat or mass transfer across the interface that contains the nitrogen and gaseous test
agent in the combined holding-tank/discharge-vessel system, e.g., there is negligible heat transfer to
the walls of the vessel and holding tank. This is the basis of the assumption that both Mpy g and
the total mass of N, in the combined system, designated as My, are constant for allt, 0 <t < tp,.
My, is determined from the initial conditions.

It is assumed that the gaseous test agent and the N, can be modeled as perfect gases with constant
specific heats and gas constants, Cy ag Cpags Rag 2nd Cynz Cpnas Ryp: The values of the specific
heats, which depend on temperature, are taken to be those which correspond to Tpy;.

THE MODEL EQUATIONS

Together with specified parameters, the unknown time-dependent variables of the problem that
define the state of system at an arbitrary time are: Py, Ppy, MHT,NZ’ MDV,NZ’ Mpv AL Tyr Tow
Z. Known/specified parameters would include: the initial values of these variables, PH'];p PDV,I’
MHT,Nz,v MpvnNz.1s Mpy AL THT,l’ TDV,p and Z,, respectively; the geometric parameters of the
system, A, Ay, Apys Zpys Yy Material properties of the test agent and of N,; the constant value
Mpy ac; and nozzleforifice discharge coefficients, to be introduced below.

The equations governing the variables are:

Equations of State in the Holding Tank and in the Discharge Vessel and the Law of Partial Pressure

in the Discharge Vessel

Pyur = Myrno/Vur) Rz Tur ey

Ppy = MpyacRac + MpyneRno) Tov/[(Zpv - Z)Apy] (2)

Conservation of Mass of N,

Mpynz + Myrnz = constant = My, = Mpynz1 + Mygnog A3)



Relation of Z t0 Mpy a1

MpyarPaL = ApvZ 4)

Reversible Adiabatic Expansion for N, in Holding Tank

PHT/(MHT,Nz)y = constant = PHT,ll(MHT,Nz,l)y (5)

where y = CENZ/CV,NZ = RNZ/CV,NZ + 1

First Law of Thermodynamics for Entire Gas System

d[(MpyacCyac + MpunaCun2) Tov + MyrnaCune Tyrl/dt

= rate of work done on the gas system

= PpyApvdZ/dt (6)

Flow Across the Orifice

- Cp,oAoPur{ V(R Typ][2/(y + 1] * DIy - D72
if PPy = [(v + DRI U] (ie, choked flow)

- Cp 0APHT(PovPuD {21 - PpyPup? "M@y - DR Tyl

if Py/Ppy < [(v + 1)2]70 D] (ie, un-choked flow)

where Cp, ( is the (compressible) flow coefficient for the orifice [1].
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Flow across the Nozzle/Orifice

- Cp nANIZ2 AL (Ppy - Pamp)'? if Payp = Psp

dMpy 4 /dt = (®)

- CpnANI20aL (Ppy - Psp)'? if Payp < Pgp

Where Cp y is the flow coefficient for the nozzle/orifice and Pgp is defined below. Assuming that
Ayn/Apy << 1 in discharge vessels of interest here, in Eq. (8) the kinetic energy of the liquid
upstream of the exit nozzle is neglected compared to the kinetic energy at, and immediately
downstream of the nozzle.

DEFINITION OF Py, AND COMMENTS ON EQ. (8)

In Eq. (8) it is assumed that the liquid in the discharge vessel, at state [T, P] = [T, Ppy >
Pgar(T A1), flows into and through the exit nozzle/orifice while moving along state paths of constant
entropy. When the pressure of the liquid drops below its saturation pressure, the liquid is assumed
to initiate its movement into the "vapor dome" as a metastable super-heated liquid.

For the generic pure material, the relevant P-V diagram which depicts the metastable states is
sketched in Figure 2. This includes the region of metastable super-heated liquid states and the
corresponding region of metastable subcooled vapor states. For a pure material the metastable liquid
or vapor state can only be maintained where (8P/8V) |1 < 0 [2], i.e., only outside the locus of points,
referred to as the spinoidal curve, where (9P/6V) |t = 0. The spinoidal curve, sketched in Figure 2,
passes through the critical state and has the superheated liquid region to its left and the subcooled
vapor region to its right.

At any time during the discharge, Pgp is defined as the particular pressure along the liquid-leg of the
spinoidal curve of the test agent associated with the intersection of the spinoidal curve and the above-
mentioned, instantaneous, constant-entropy paths. Since states along the spinoidal curve are states
of unstable equilibrium where spontaneous nucleation will occur [2, 3], ie., the constant-entropy
metastable-state path of the liquid cannot be sustained at the state defined by the intersection point,
it is conjectured that if Pgp > P,p\p violent flashing of the liquid jet occurs where and when its
pressure reaches Pgp. This would be upstream of a physically-unachievable, ie., unstable, vena
contracta at pressure Pyg.

If P,p is achieved prior to the Pgp state then the top portion of Eq. (8) is used. For this
circumstance the constant-entropy state of the possibly metastable superheated lquIld at Pyypis a
physically-admissible endpoint to the liquid-jet development process. The situation is consistent with
the idea that: 1) the endpoint state coincides with the vena contracta of the jet; 2) the jet is
convected for some distance downstream of this endpoint without substantial changes and at the vena
contracta diameter; and 3) the jet eventually breaks apart due to fluid-dynamic and/or thermodynamic
(flashing) instabilities. Note that the upper Eq. (8)-description of the nozzle flow rate of a
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superheated liquid as an incompressible, non-flashing fluid, is consistent with results reported in the
literature, e.g., [4], for flow through sharp-edge orifices and short nozzles.

If Pgp is achieved prior to Pyp then flashing of the metastable liquid will be initiated immediately
downstream of the position in space where the intercept occurs. In the latter case the incompressible
flow calculation methodology is still applicable at and upstream of the spinoidal-curve intercept point.
This is indicated by the use of the bottom portion of Eq. (8).

The above discussion is illustrated with CO,. For stable and metastable liquid CO,, a sketch from
[3] of constant-entropy paths in a P-T diagram is presented in Figure 3. In preparing this figure, the
Peng-Robinson equation of state was used in [3] to describe the metastable liquid CO,.

First assume that liquid CO, is in a Figure 1-type discharge vessel at Ppy = 70x10°Pa and TaL =
288K. In Figure 3 this initial state is seen to lie on the s = s2 constant-entropy line, which has no
positive P intercept with the spinoidal curve. As the liquid CO, flows toward and then out of the
vessel’s nozzle/orifice its state is assumed to move downward along the s2 curve of Figure 3. As can
be seen, the P = Py = 1x10°Pa intercept on this curve, corresponding to T = 277K, represents
an achievable metastable liquid state for the material. This is the metastable liquid state that is
predicted by the present model. It would be expected at, and for some distance downstream of, the
jet’s vena contracta.

Now assume that liquid CO, in a discharge vessel is at P = Py, = 60x10°Pa and T = T,; = 291K
In Figure 3 this initial state is seen to lie on the s = s3 constant-entropy line, which intersects the
spinoidal curve at approximately Pgp = 10x10°Pa >> P amp- 1D this case, as the liquid CO, flows
through and out of the vessel nozzle/orifice the model predicts that it will flash explosively when P
= Pgp. This will occur upstream of the position at which a fluid jet vena contracta would otherwise
occur; well within a distance of one nozzle/orifice diameter downstream of the vessel exit.

This nozzle/orifice flow model is consistent with a discharge process involving a smoothly time-varying
Ppy, a constant T,;, and an abrupt change in nozzle/orifice exit flow from a simple incompressible-
fluid-jet type flow to an explosively flashing two-phase flow. This kind of discharge phenomenon was
clearly observed during recent Freon 22 discharge experiments at NIST [5]. Note that the idea of
using the condition of the existence of Pgp > P,\p as a criterion for violent flashing of liquids
flowing through sharp-edged orifices or very short nozzle-like openings does not seem to have been
proposed previously. Nor has it been validated quantitatively.

REDUCED DIMENSIONLESS EQUATION SET - THE INITIAL VALUE PROBLEM

Egs. (1) - (8) are made dimensionless by introducing a dimensionless time, 7, dimensionless mass of
N, and liquid agent in the discharge vessel, x, and x,, respectively, and a combined variable, x;.

Xy = [(1 + 13)(2)/(1 + z’le)](PDV/PDV,I)(Z/Zl - X3) + /1214(1 - Xz)y
X, = Mpyno/Mno X3 = Mpyar/Mpyar 1 )
7 = tCp NANIZPpv1/(Mpyar 1ApvZ)]M
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where

A1 = MpoMpyac) Rn2Rac) 42 = (Puri/Pov)/ Myt 1Mno)s

Ay =A4(rac - DIy - 1) A4 = [(Yag - /(7 - DIIVa/(Z,Ap0));

(10)

The initial values of the x’s are functions of the various parameters of the particular problem of
interest. The dimensionless initial value problem for an arbitrary Figure-1 configuration is

dx/dr = o;; x;(0) specified, i = 1, 2, or 3 _ (11)

where

0,=0,(X,, X,, X3; parameters of the problem), i = 1, 2, and 3 (12)

The reader is referred to the Appendix for definitions of o; [the right hand sides of the equations of
(A-5)] and for explicit equations to extract values of time-dependent dimensional variables from a
solution of Egs. (11) and (12).

N, JET-DRIVEN MIXING IN THE DISCHARGE VESSEL - ESTIMATING THE RESULTING
DISTURBANCE OF THE LIQUID/GAS INTERFACE

The above model assumes that throughout the pressurization and discharge process the agent gas and
the N, in the discharge vessel are fully mixed and in a state of thermodynamic equilibrium. It is also
assumed that there is no significant heat or mass transfer interactions at the gas/liquid interface, i.e.,
it is assumed that the interface is relatively quiescent.

In cases where there is no N, flow from the holding tank (e.g., the orifice is closed) the initial fully-
mixed state of the gases will persist throughout de-pressurization, the gas volume will be relatively
quiescent, and the assumption of negligible interface interactions is expected to hold. This is the case
for actual field-deployed systems.

When there is N, flow from the holding tank, it is the N, jet from the orifice that will drive gas
mixing in the discharge vessel. Refer to Figure 4. If jet velocities are too large, the liquid/gas
interface disturbance of the jet can be violent enough to invalidate the quiescent interface
assumption.

For the configuration of Figures 1 and 4, the significance of the effect of the N, jet impinging on the
liquid surface can be determined from an estimate of the axial velocity of the orifice jet at the
liquid/gas interface. Such an estimate is obtained here from the characteristics of an incompressible



submerged jet (i.e., analogous to the N, orifice jet) in an unconfined space (analogous to the gas
volume of the discharge vessel). The estimate is also useful for other orifice orientations.

Let the velocity on the jet axis a distance Zjpr = Zpy - Z from the orifice (i.e., at the elevation of
the liquid/gas interface) be denoted by Uygr and assume a uniform velocity, U, across the orifice
opening

Up = (dMpyno/dt)/[Ao(Myrna/Vir)] (13)
From [6]
Uppr/Uo = 0.96/[0.066(2Z;1/Dg)+0.29] for 2Z,7/Dg > 10. (14)

When the time-dependent solution for Mpyy, is available, Ujgr can now be estimated from Egs.
(13) and (14) and the significance of the jetting phenomenon can be assessed.

SOLVING THE MODEL EQUATIONS

A computer program was developed to solve the initial value problem of Egs. (11) and (12)
corresponding to an arbitrary choice of geometric parameters, material properties, and initial
conditions, and to determine the value of Ujgy from Egs. (13) and (14). The method of solution is
based on the differential equation solver RKQC presented in [7). The program was used in the
example calculations to follow.

EXAMPLE CALCULATIONS
An Experimental Procedure to Simulate the Discharge of Field-Deployed Vessels

As mentioned in the introductory comments, the example calculations to be presented here focus on
the establishment of an experimental design and procedure, where vessel discharge closely simulates
the discharge of a field-deployed vessel while allowing for acquisition of data, including high speed
photography, to characterize the discharge process.

Field-deployed systems use an explosive device to remove, "on demand,” a cap covering the exit
nozzle/orifice of a pre-pressurized discharge vessel. Thus, the deployed system is characterized by
a Figure 1-type configuration with no holding tank component, i.e., with Ag = 0.

The nature of the experimental program at NIST precludes the use of an explosive cap device. The
experimental procedure to be evaluated involves a vessel discharge process which is initiated, instead,
by rupture of a nozzle/orifice diaphragm cap at a high cross-diaphragm pressure difference. The
pressurization of the discharge vessel from Ppy,y to the diaphragm burst pressure, Ppyger IS
achieved with the use of the holding-tank/orifice-flow feature of Figure 1.
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As discussed earlier, an experimental run involves sequential processes of vessel pressurization and
discharge. Initially, the diaphragm cap prevents flow from the vessel to the outside environment. At
t = 0% the orifice connecting the vessel and the holding tank is opened and pressurization of the
vessel is initiated. At the instant the pressure in the vessel reaches the diaphragm burst pressure, the
diaphragm ruptures. Nozzle/orifice flow and discharge of the vessel are then initiated. As mentioned
earlier, the pressurization and dlscharge processes of interest here are expected to occur over time
intervals of the order of 10s and 10", respectively

Prior to any particular test run, Pgirest is only known to an accuracy of approximately ten percent.
Also, the high speed camera to be used to photograph the discharge process during the test
procedure can record a total time interval no larger than the order of a few seconds, including an
initial interval of approximately 1s required to bring the camera up to its operating speed.

Criteria for Experimental Discharges to Closely Simulate Field-Deployed Discharges

One would hope to determine that an experimental discharge would closely simulate a field-deployed
system discharge by obtaining good agreement between results of model simulations of the two
processes. The basic criterion would be good reproduction of the predicted time-dependent values
of Py and Mpy a5 -

Since field-deployed discharges involve no addition of N, and no significant heat or mass transfer at
the liquid/gas interface, an acceptable Figure 1-type experimental procedure should similarly involve
discharges with no significant addition of N,. In view of this, in addition to the above criterion two
additional criteria must be satisfied if the experimental discharge is to simulate closely a field-deployed
discharge: 1) the experiment must include a discharge process during which the total mass of N,
delivered from the holding vessel to the discharge vessel is small compared to the mass of N, in the
discharge vessel immediately prior to the onset of discharge, i.e.,

I'equte (MN2 - MNZ,B)/MNZ,B << 1fort> tBURST (15)

where MNz p is the mass of N, in the discharge vessel at tpyrer; 2nd 2) the addition of N, during
the entire pressurization/discharge sequence does not lead to gas flows in the discharge vessel gas
(where velocities will be of the order of Ujgy) which are so vigorous as to lead to sigpificant heat or
mass transfer at the liquid/gas interface. It is reasonable to expect that interface surface interactions
will not be significant if Uy - dZ/dt never exceeds the order of a few m/s. Thus

require Ujpp - dZ/dt < 5to 10m/s fort = 0 (16)

Model Input Parameters

Sets of parameters representative of a possible Figure-1-type experimental design and associated
design procedures are presented in Table 1. The parameters are selected to simulate discharge of
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a field-deployed system involvi(r)xg a 0.5x103m?3 discharge vessel half-filled with liquid CHCIF, and
pressurized with N, to 41.37x10°Pa (600psi). Parameters of the field-deployed system are included
in Table 1.

The parameters sets of Table 1 define simulations of 18 different experimental systems and the single
simulation of the field-deployed system. The parameters sets were used to define and solve the
model’s initial value problem. Solution results provide time-dependent histories of all model variables
and the information necessary to determine whether or not the criteria of Eqs. (15) and (16) are
satisfied during the simulation. Solution results will be presented and discussed below.

As indicated, the model simulations involve the agent CHCIF,. In solving Egs. (11) and (12) the
following thermodynamic properties were used for this and for Ny:

Properties of Chlorodifluoromethane/CHCIF, (Freon 22) [8].

Molecular Weight = 86.469%g/(kg-mole)
Density of Liquid = p,; = pgar(294K) = 1209kg/m* (17)
Specific Heat (of gas) at Constant Pressure (at 300K) = Cppg = 57(10*)J/(kg-mole K)

Poar = 6895(T/R)'C[F . (T/R)]E[F - (TR)F(T/R)] 1 A - BATR) + D(TR)p,
where

A=29.35754453; B=3845.193; C=7.86103122;

D=0.002190939044; E=305.826813; F=686.1

Properties of Nitrogen [9].

Molecular Weight = 28.013kg/(kg-mole)
Specific Heat at Constant Pressure = Cpy, (18)

= [7.440 - 3.24(103)(T/K) + 6.400(10%)(T/K)? - 2.790(10°)(T/K)*]4186]/(kg-mole K)

where T = Tpy; was used to estimate (a constant value for) Cpyp.
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Other Assumptions on the Model Parameters
The following completes the information used to fully define the model equations:

Flow coefficient for the nozzle/orifice (flow of test agent liquid from the discharge vessel to the
outside environment).

Spinoidal pressure. Use of Eq. (8) and the o; and o3 components of Egs. (11) and (12) require
values of Pgp for isentropic paths from the time-dependent liquid states in the discharge vessel. For
the present calculation it is assumed that throughout the discharge process Pgp < Py = 1.01x10°Pa
(14.7psi), i.e., spinoidal-curve type instabilities of the metastable exit liquid stream do not occur during
the major portion of the discharge-process time interval. This assumption is consistent with
previously mentioned recent Freon 22 discharge experiments at NIST [5]. However, as seen above
in the discussion of CO,, this assumption can not be expected to hold in general, and actual estimates
of Pgp will have to be included in more general applications of the mathematical model.

Flow coefficient for the orifice (flow of N, from the holding tank to the discharge vessel). CD,o for
compressible flow through sharp-edged orifices as a function of cross-orifice pressure ratio, Poy/Pyr

is provided in [10]. Data points for Cpy (Ppy/Pyt) are plotted in Figure 5. In the present calcula-
tions, values of Cp,  are estimated by linear interpolation between these data points.

Input value for Mpy 5. To determine the constant mass of gaseous test agent in the discharge
vessel it is assumed that the process of filling the vessel included a time when pure test agent filled
the entire vessel with gas and liquid volumes in thermodynamic equilibrium with each other. The
mass of gaseous agent at this time is taken to be Mpy ,g- In the present calculations it is assumed
that at this time of equilibrium the agent temperature was 294K. This is the value taken above for
the initial temperatures Tpyy,; and Ty;.

RELATIVELY LOW-PRESSURE LARGE-VOLUME HOLDING TANK

This section will present results for the pressurization/discharge sequence using a relatively low-
pressure large-volume holding tank. Note that experimental safety considerations motivate use of
relatively low-pressures in the holding tank, especially when it is of relatively large volume.

Vyr = 2.5x103m3 is chosen to be ten times larger than the initial gas volume in the discharge vessel
and Pypy = 51.71x10°Pa (750psi) is chosen to be 6.89x10°Pa (100psi());rcater than the maximum of
the diaphragm burst pressure which can fall within the range 37.92x10°Pa < Pgypst < 44.82x10°Pa

(550psi < Pgyper < 650psi).

The objective in the present choice of parameters is to provide for a pressurization process which is
slow enough to minimize disturbances of the liquid/gas interface, i.e. satisfy Eq. (16), but fast enough
to be able to bracket clearly the time of the subsequent discharge process to a known time interval
of the order of 1s. The 1s time interval is required to guarantee timely triggering of and
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photographic data acquisition from a high-speed camera during the discharge process. As mentioned
above, the latter is expected to occur over a time interval of the order of 10™s.

The relatively large volume of the holding tank would allow the pressurization/discharge process to
be initiated either: 1) from a relatively high-Ppy, state, somewhat below the minimum possible
diaphragm burst pressure and with a relatively significant initial mass of N, in the discharge vessel;
or 2) from a minimum-Ppy, state where there is no N, in the discharge vessel (i.e, the discharge
vessel initially contains only pure test agent at the saturation pressure Ppyy = Pgar, where Pgar is
significantly below the Pgrgy pressures under investigation).

Solution results are presented in Figures 6 - 13 and these are discussed below.

Initiating the Pressurization/Discharge Sequence from the Agent’s Saturation State; No N, in the
Discharge Vessel att = 0

Simulations were carried out for experiments where the pressurization/discharge processes were
initiated at the test agent’s saturation state, i.e., at Ppy; = Pgap(Tpy; = 294K) = 9.38x10°Pa
(136psi), e.g., shortly after filling the evacuated vessel with the test agent. In such experiments there
is no N, in the discharge vessel at t = 0, i.e., Mpyy,; = 0. Results of the calculations are plotted
in Figures 6 - 11.

The pressurization process. Figure 6 presents plots of Py, and Pyyr during vessel pressurization, 0
< t < tgyrsT- Results are presented for the three orifice diameters, Dg = 0.005m, 0.001m, and
0.0005m.

As seen in Figure 6, for the smallest orifice, Dy = 0.0005m, the pressurization process, when Ppy
< Ppy < Ppygss takes 4.25- [for PgyrsT = 37.92x10°Pa (550psi)] to 5.§s [for PgyrsT = 44.82x10°Pa
(650psi)]. For the intermediate-size orifice, Dy = 0.001m, the pressurization process takes 1.0s (for
Pgyrst = 550psi) to _l.dts (for Pgyrs = 650psi). For the largest orifice, Dy = 0.005m, the entire
process takes place within 0.1s.

Ujgt values corresponding to Figure 6 are presented in Figure 7. For the smallest orifice, Dg =
0.0005m, Ujgy starts out at approximately 4m/s and drops to 2 - 3m/s at tgygsy the time of
diaphragm bursting. For Dy = 0.001m, Ujgy starts out at approximately 8m/s and drops to
approximately 4m/s at tgypst- FOT Do = 0.005m, Ujgy starts out at approximately 40m/s and drops
to as low as approximately 16m/s [for Pgypgr = 44.82x10°Pa (650psi)] at tyyrst-

Based on the above results it is concluded that during the pressurization process and relative to the
criterion of Eq. (16): 1) use of the large orifice would lead to conditions which do not satisfy the
criterion; 2) use of the intermediate size orifice would lead to results which are barely acceptable; and
3) use of the small orifice would lead to acceptable performance, provided that pressurization times
are consistent with timing requirements of the photographic data acquisition system.

The discharge process. Figures 8 - 11 present plots of Uygy, dZ/dt, Z/Z,, and (M, - My, g)/Mnz B
during the discharge process. For the limiting burst pressures, Pgyrsy = 37.92x10°Pa (550psi) and
44.82x10°Pa (650psi), results are presented for the small- and large-orifice designs.
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Figure 8 presents results for Pyyjret = 37.92x10°Pa (550psi) and Dg = 0.0005m. Once the discharge
process is initiated, the liquid is seen to drop from its initial elevation (Z/Z,; = 1) and to be removed
entirely from the vessel (Z/Z; — 0) in approximately 0.024s. Liquid discharge occurs at a relatively
uniform rate with dZ/dt dropping from approximately 7.0 to 4.5 m/s during the emptying process.
During discharge U,y first rises slightly (because of relatively rapid reductions of Ppy, slow
reductions of Py, and resulting increases in cross-orifice pressure difference) from approximately 3
m/s, and then drops (because of the significantly increased length along the jet axis between the
source of the jet, at the orifice, and the elevation at the gas/liquid interface - refer to Figures 1 and
2) to the final value of approximately 2m/s. As can be seen from the plot of (My, - My, g)/Mn; B,
during the entire emptying process the total mass addition of N, from the holding tank to the
discharge vessel is less than one percent of the initial N, mass in the discharge vessel.

Figure 9 presents results for Pgipet = 37.92x10°Pa (550psi) and Dy = 0.005m. Based on an
approximate extrapolation from t - tgyrgt = 0.020s, once the discharge process is initiated the liquid
is seen to drop from its initial elevation and to be removed entirely from the vessel in approximately
0.023s. Liquid discharge occurs at a relatively uniform rate with dZ/dt dropping from approximately
7.0 to 5.5m/s during the emptying process. During discharge Ujgy first rises slightly from
approximately 30m/s, and then drops to the final value of approximately 20m/s. As can be seen from
the plot of (My; - My, g)/Mn; g, during the entire emptying process the total mass addition of N,
from the holding tank to the discharge vessel is significant, approximately 45 percent of the initial N,
mass in the discharge vessel.

Figure 10 presents results for Pgypst = 44.82x10°Pa (650psi) and Dy = 0.0005m. Here the
discharge is completed in 0.023s. Liquid discharge occurs at a relatively uniform rate with dZ/dt
dropping from approximately 7.5 to 5.0m/s during the emptying process. During discharge Ujgr first
rises from approximately 1 to 2m/s, and then drops back to the final value of approximately 1m/s.
During the discharge the total mass addition of N, from the holding tank to the discharge vessel is
less than one percent of the initial N, mass in the discharge vessel.

Figure 11 presents results for Pgypet = 44.82x10°Pa (650psi) and Dg = 0.005m. From this it is seen
that discharge occurs in approximately 0.021s. Liquid discharge occurs at a relatively uniform rate
with dZ/dt dropping from approximately 7.5 to 5.5m/s during the emptying process. During discharge
Ujgr first rises from approximately 17 to 25m/s, and then drops to the final value of approximately
20m/s. During the discharge the total mass addition of N, from the holding tank to the discharge
vessel is approximately 40 percent of the initial N, mass in the discharge vessel.

Based on the above results it is concluded that during the discharge process and relative to the

criteria of Egs. (15) and (16): 1) use of the large orifice would lead to conditions which violate both

of the criterion; 2) use of the small orifice would lead to acceptable performance.

Initiating the Pressurization/Discharge Sequence From a Ppy; Slightly Below Pgyper

Simulations were carried out for experiments initiated from a Ppy,; which is slightly below PBUgSST.
x10°Pa

Since the minimum possible Pgyper i 37.92x10°Pa (550psi), PD’V’1 is selected to be 34.47
(500psi).
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The _pressurization process. Figure 12 presents plots of Py, and Py during vessel pressurization.
Results are presented for the three orifice diameters, Dy = 0.005m, 0.001m, and 0.0005m.

As seen in Figure 12, for the smallest orifice, Dy = 0.0005m, and for the diaphragm burst pressures
under consideration, the pressurization process, PDV,I < Ppy < Pgygrsp takes 0.6s [Ppyrst =
37.92x10°Pa (550psi)] to 1.9s [PgyrsT = 44.82x10°Pa (650psi)]. For the intermediate-size orifice, D,
= 0.001m, the pressurization process takes 0.1s (Pgyper = 350psi) to 0.5s (Pgyrst = 650psi). For
the largest orifice, Dy = 0.005m, the entire pressurization process takes place in less than 0.02s.

Ujgr values corresponding to Figure 12 are presented in Figure 13. For the smallest orifice, D =
0.0005m, Uygr starts out at approximately 3.5m/s and drops to 2.0 - 2.5m/s at the time of diaphragm
rupture. For Dg = 0.001m, Uy starts out at approximately 7m/s and drops to approximately 4.5m/s
at the time of diaphragm rupture. For Dy = 0.005m, Ujgp starts out at approximately 33m/s and
drops to as low as approximately 21m/s [for Pgyret = 44.82x10°Pa (650psi)] at the time of diaphragm
rupture.

Based on the above results it is concluded that during the pressurization process and relative to the
criterion of Eq. (16), the present results for Ppy; = 34.47x10°Pa (500psi) are similar to the earlier
results for Py = Pgar = 9.38x10°Pa (136psi).

The discharge process. In the present case where Py, = 34.47x10°Pa (500psi), results for the
discharge process are very similar to the earlier resuits where Py, = Pgar = 136psi and are
qualitatively well represented by the plots of Figures 8 - 11 and the earlier discussion of these.

Comparing the Discharges of a Small-Orifice Test Configuration and a Field-Deployed System

The model equations were also used to simulate the discharge of a field-deployed vessel filled with
CHCIF, and pressurized with N,. At the onset of discharge the temperature in the vessel was taken
to be 294K and, corresponding to the above calculations, the pressure in the vessel was taken to be
41.37x10°Pa (600psi) [i.e., a nominal Ppypet = 41.37x10°Pa (600psi), where simulating tests would
involve experiments where 37.92x10°Pa < PguRrsT < 44.82x10°Pa (550psi = Pgygrst = 650psi)]. In
Figures 14 and 15 calculated values of Ppy, and Z/Z; for the deployed system simulation are
compared with the values of these variables obtained in the above test simulations with Dy =
0.0005m. [The Ppy;y = 9.38x10°Pa (136psi) results are presented in the figures since these compare
somewhat less favorably with the field-deployed system results than do the Ppyy = 34.47x10°Pa
(500psi) results.]

As can be seen in the figures, simulated field-deployed system results and simulated test results
compare favorably.

Summary of Results of Simulations Involving the Relatively Low-Pressure Large-Volume Holding
Tank

The above described model simulations lead to the following summary result:
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A Figure 1-type test configuration with a 0.25x10°m? holding tank and a 0.0005m, and
possibly a 0.001m-diameter orifice will provide experimental discharges which can be expected
to simulate accurately the discharge of field-deployed systems. Of the two orifice sizes the
smaller orifice is preferable. Use of a 0.005m diameter orifice can not be expected to
adequately simulate field-deployed system discharges under the conditions studied.

It is expected that this result can be extended to a wide range of test parameters and test agents.

RELATIVELY HIGH-PRESSURE SMALL-VOLUME HOLDING TANK

This section will present results for the pressurization/discharge sequerice using a relatively high-
pressure small-volume holding tank. Vyy = 2.5x10°m3 is chosen to be one tenth of the initial gas
volume in the discharge vessel and Py = 155.13x10°Pa (2250psi) is chosen to be large enough to
insure that the amount of N, stored in the holding tank will rupture the diaphragm even when
Pgygst IS at its maximum value, 44.82x10°Pa (650psi).

The objective of choosing this combination of parameters is to attain a pressurization/discharge
sequence which is so rapid, well within the above-mentioned 1s time interval, as to guarantee, without
any significant timing considerations, successful acquisition of high-speed photographic data of the
discharge process. The feature of a relatively small initial volume and mass of N, in the holding tank
is only consistent with test sequences with relatively high initial Ppyy,’s, values close to the minimum
possible diaphragm burst pressure. Thus, the present test parameters would not be expected to be
useful in initiating the pressurization/discharge process from an initial state where the vessel contained
only pure test agent at its saturation pressure. Here, Ppy; is again chosen to be 34.47x10°Pa
(500psi), slightly below 37.92x10°Pa (550psi), the minimum value for Pgyper

Solution results are presented in Figures 16 - 24.

Pressurization and Discharge for the Small Orifice, Dy, = 0.0005m

Simulation results for pressurization/discharge test using the small orifice design are presented in
Figures 16 - 20.

For Pgyrst = 37.92x10°Pa (550psi), plots of Ppy and Py are presented in Figures 16 and plots of
Usgp dZ/dt, Z/Z;, and (My;, - Mp; 8)/Mn; g in Figure 17. Note that the latter variable is meaningful
only during discharge when t = tpyrs- As can be seen in these figures, for this case tgyret =
0.173s, ie., this is the time it takes for Ppy to rise from Ppy, = 34.47x10°Pa (500psi) to the
diaphragm rupture pressure. From Figure 17 it is seen that the liquid is nearly all discharged from
the vessel (i.e., Z/Z, is approaching zero) at approximately t = 0.2s. From Figure 17 it is also seen
that during discharge: the rate of liquid outflow is reduced to about half of its original value, with
dZ/dt being reduced from 7.0m/s to 4.5m/s; Usgy is reduced from an initial pre-discharge value of
approximately 4m/s to approximately 2m/s; and (M, - My, p)/M; p rises from 0 to approximately
0.02, i.e. at the end of the discharge the mass of N, in the vessel is increased from its value at tgret
by a factor of approximately 0.02. The latter two results indicate that the criteria of Egs. (15) and
(14) are both satisfied and, in this sense, as with the relatively large holding tank, the small orifice
design can be expected to adequately reproduce field-deployed discharges.
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For Payrst = 44.82x10°Pa (650psi), plots of Ppv and Py are presented in Figures 18 and plots of
Ujgt and dZ/dt are presented in Figure 19. Plots of Ujgy, dZ/dt, Z/Z,, and (Mp; - M, )/ My, g
for the times of the discharge process are highlighted in Figure 20. For this case tgyggy = 0.94s.
From Figure 18 it is seen that the Py has almost been reduced to Ppy; at the time that discharge
is initiated. Indeed, if the Py, had been much less than 155.13x10°Pa (2250psi), Ppy would not
have risen to Ppyrer and the discharge process would never have occurred! From Figure 19 it is
seen that during the pressurization process Uygy is reduced from approximately 4.0m/s to 1.5m/s. The
liquid is nearly all discharged from the vessel at 0.962s. During discharge: dZ/dt is reduced from
7.5m/s to 5.0m/s; U rises to approximately 2.5m/s from its initial value of 1.5m/s and finally drops
to approximately 2m/s; and (M, - My, p)/M;, p rises from 0 to approximately 0.005. The criteria
of Egs (15) and (16) are again satisfied.

As noted, for both Pgypst = 37.92x10°Pa (550psi) and 44.82x10°Pa (650psi) the above results
indicate that both criteria of Eq. (15) and (16) are satisfied with the small-holding-tank/small-orifice
design and that in this sense this design can be expected to adequately reproduce field-deployed
discharges. However, for the following three reasons the large-holding-tank design is significantly
more robust than the small-holding-tank design:

1. For a given maximum value for Pgypet, and discharge vessel volume, the minimum
acceptable value for Pyr; [approximately 155.13x10°Pa (2250psi) for the present test
parameters] is very sensitive to the original amount of liquid in the vessel. For example, in
the present simulations the vessel was assumed to be one-half full; but if it were only one-
quarter full, the minimum Py, that would lead to_rupture of the 44.82x10°Pa (650psi)
diaphragm would have been approximately 206.84x10°Pa (3000psi).

2. The small-volume-holding tank configuration does not allow for the option of initiating tests
from relatively-low values of Py, €.g. immediately after filling the vessel with the test agent,
when Ppy; = Pgar. To do so would once again require highly variable and unreasonably
large values of Pyyr.

3. The large-holding-tank design requires Pyyr; values only slightly greater than the maximum
Ppurst Vvalue and it suffers from neither of the above shortcomings.

Pressurization and Discharge for the Large Orifice, Dy = 0.005m

Simulation results for pressurization/discharge test using the large-orifice design are presented in
Figures 21 - 24.

For Ppygrst = 37.92x10°Pa (550psi), plots of Ppy and Pyp are presented in Figures 21 and plots of
Ujgp, dZ/dt, Z/Z,, and (My; - My, g)/My; p in Figure 22. Note that the latter variable is meaningful
only during discharge when t = tgygst As can be seen in these figures, for this case tgygst =
0.00173s, i.e., this is the time it takes for Ppy to rise from Ppyy = 34.47x10°Pa (500psi) to the
diaphragm rupture pressure. From Figure 21 is seen that the Py has almost been reduced to Ppy
at t = 0.015s, at which time approximately 40 percent of the original amount of liquid is still in the
vessel, i.e. Z/Z, = 0.4 (Figure 22). Also, from Figure 22 it is seen that the liquid is nearly all
discharged from the vessel (i.e., Z/Z, is approaching zero) at approximately t = 0.023s. From Figure
22 it is seen that during discharge: the rate of liquid outflow is reduced to about half of its original

17



value, with dZ/dt going from 8m/s to 4m/s; Uygy is always dropping, being reduced from an initially
large pre-discharge value of approximately 40m/s to approximately 4m/s; and (My, - Mn28)/Mno B
rises from 0 to 0.35, i.e. at the end of the discharge the mass of N, in the vessel is increased from its
value at tgyyre by a factor of approximately 0.35. The latter two results indicate that the criteria of
Egs. (15) and (16) are not satisfied and, as when used in conjunction with a relatively large holding
tank, the large orifice design is not expected to adequately reproduce field-deployed discharges.

For Pgyrst = 44.82x10°Pa (650psi), plots of Ppy and Py are presented in Figures 23 and plots of
Ujgy, dZ/dt, Z/Z,, and (My; - M2 )M, g in Figure 24. The results are qualitatively similar to
those discussed in the last paragraph for Pgygrst = 37.92x10°Pa (550psi). The quantitative
differences can be easily determined from the figures. For this case tgyper = 0.0094s. From Figure
23 is seen that the Py has almost been reduced to Ppy, at the time that discharge is initiated.
Indeed, if the Pyr) had been much less than 155.13x10°Pa (2250psi), Ppy, would not have risen to
Ppurst and the discharge process would never have occurred! The liquid is nearly all discharged
from the vessel at 0.03s. During pressurization process Ujgy drops from approximately 40m/s to
15m/s. During discharge: dZ/dt is reduced from 7m/s to Sm/s; Uy is reduced from 15m/s to 3.5m/s;
and (My;, - My, g)/M;, g fises from 0 to 0.1. Although the criterion of Eq. (15) is satisfied, that of
Eq. (16) is not.

SUMMARY AND CONCLUSIONS

A mathematical model and associated computer program were developed to simulate the discharge
of fire extinguishment agents from N,-pressurized vessels. The model is expected to have three
applications. First, to establish an experimental procedure which both 1) simulates de-pressurization
of a field-deployed discharge vessel and 2) allows for acquisition of data, including high speed
photography, to chracterize adequately the discharge process. Second, to evaluate the discharge
characteristics of a wide range of alternative-agent/pressure-vessel configurations, thereby extending
the slow and relatively costly experimental method of making such evaluations. Finally, to predict
exit flow conditions to be used to solve the problem of agent dispersal outside of the discharge vessel.

The model is based on the experimental configuration depicted in Figure 1, and the solution method
is capable of treating arbitrary choices of geometric parameters, material properties, and initial
conditions.

The model was used in example calculations which address the first of the applications, viz., the
establishment of a robust experimental design and procedure that would 1) simulate the discharge
of field-deployed fire extinguishment systems useable in US Air Force aircraft and 2) meet additional
experimental constraints consistent with a program at NIST in support of the US Air Force fire safety
issues.

In the example calculations, the fixed parameters which characterized the system were a half-liter
discharge vessel with a circular exit nozzle/orifice of diameter 0.01905m half-filled with Freon 22 in
the liquid phase at "room temperature," 294K.

The deployed system was assumed to be pressurized with N, to a total pressure of 41.37x10°Pa
(600psi), where the exit nozzle/orifice is closed with an explosive cap which is released "on demand."
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In the experimental system, the exit nozzle/orifice is capped with a disk which ruptures at an a priori-
unknown pressure, between 37.92x10°Pa (550psi) and 44.82x10°Pa (650psi).

The experimental system, is brought to the rupture/burst pressure, Ppyyret, from an initial pressure
Ppy; by a process of pressurization by flow from the holding tank which is initially filled with N, at
some pressure, Pyyry, higher than Pgyrer. The holding tank communicates with the discharge vessel
through a circular orifice of diameter D,

The model was used to simulate the discharge of the deployed system and of the experimental system.
Experimental parameters that were varied were Ppy; [9.38x10°Pa (136psi) or 34.47x10°Pa (500psi)];
Py, and the volume of the holding tank [51.71x10°Pa (750psi) and 2.5x10m3, or 155.13x10°Pa
(2250psi) and 2.5x10°m?); and D¢ (0.005m, 0.001m, or 0.0005m).

Results of the simulations were presented in Figures 6 - 24.

Based on the model calculations it was determined that with Ppy; = 9.38x10°Pa (136psi) or
34.47x10°Pa (S00psi) an experimental conﬁguration/design using the relatively low-pressure
[51.71x10°Pa (750psi)], large-volume (2.5x10>m>), holding tank and the smallest-diameter (0.0005m)
orifice would accurately simulate the discharge of the field-deployed system. Furthermore, it is
expected that such a design is robust in the sense that it would also simulate well the field-deployed
system even when extended to a range of parameters and agent materials well beyond the scope of
the present calculations.

Model calculations also indicated that an experimental design which uses the large-diameter orifice
(0.005m) and/or the relatively-high pressure small-volume holding tank [155.13x10°Pa (2250psi) and
2.5x10m%] would often not provide accurate simulations of field-deployed discharges and would
never be expected to be "robust.”

Validation of the model requires experimental confirmation of model predictions.
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NOMENCLATURE

Apy cross-section area of discharge vessel

Ay Ag area of discharge nozzle/orifice, orifice from holding tank

CD,N, CD,O flow coefficient of discharge nozzle/orifice, orifice from holding tank
Crac Conz specific heat at constant pressure of agent gas, N,

Cvac Cunz specific heat at constant volume of agent gas, N,

Do diameter of orifice connecting discharge vessel and holding tank

£y, £, 5, f4 functions of x; and parameters, Eq. (A-3)

Mpyac MpyaL mass of gaseous, liquid agent in discharge vessel

Mpynz Mutne mass of N, in discharge vessel, holding tank

Mpynz1 MpvaLr  Mpvnz Mpyvar Mugnz att =0

MuTN2,1

My, total mass of N, in discharge vessel and holding tank, see Eq. (3)
Mn2.B mass of N, in discharge vessel when the diaphram ruptures
P pressure

PaMB P of ambient environment

PgursT P in discharge vessel when the diaphram ruptures

Ppovs Pur P in discharge vessl, holding tank

Ppvi Pumi Ppy, Pyratt =0

Pgar P when liquid agent is at saturation

Pgp P on agent spinoidal curve

Rag Rno gas constants for gaseous agent, N,

T temperature

TaL T of liquid agent

Tpwv, Tt T of gaseous agent in discharge vessel, N, in holding tank
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Tpv1 Tum

Spv

v, Our

9pv1> OHT1

PaAL

PSAT

A

BDpvN2: FHTN2
EDVN2,1> BHTN2,1
TAMB

THT "DVv» THT1

TDV’ THT att =0

time from begining of experiment or from onset of discharge of field-deployed
system

t when diaphram ruptures

t at completion of liquid discharge or when Ppy reaches Pg,r during
discharge

axial velocity of orifice jet upstream of gas/liquid interface
volume of holding tank

variables of dimensionless initial value problem, Eq. (9)
elevation of gas/liquid interface above bottom of discharge vessel
Zatt=0

length of discharge vessel

Zpy -2

ratio of specific heats for N,, gaseous agent

dimensionless Z, Eq. (A-1)

dimensionless Zpy,, Eq. (A-4)

dimensionless Ty, Tyt, Eq. (A-1)

dimensionless Ty, Tyty, Eq. (A-1)

density of liquid agent

density of saturated liquid agent

dimensionsless parameters, i = 1 to 5, Egs. (10) and (A-4)
dimensionless Mpyny, Mytna Eq. (A-1)

dimensionless Mpynz,1» Murne 1 EQ- (A1)
dimensionless Py, Eq. (A-4)

dimensionless Py, Ppy, Pypy Eq. (A-1)
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Tsp

dimensionless Pgp, Eq. (A-4)
functions of x; and parameters, i = 1, 2, 3, Egs. (11) and (12)

dimensionless t, Egs. (9) and (A-1)



APPENDIX: THE DIMENSIONLESS INITIAL VALUE PROBLEM

Define the following dimensionless variables and their initial values:

7 = tCp NAN2Ppy1/(Mpyar,1ApvZ )]
Tt = PPy mar(t = 0) = myqy = Pyt /Ppyy > 1
Tpv = Ppy/Ppy; mpv(r = 0) =1
kutNz = Mupe™Mnz Barne(T = 0) = Mypne /Mg = Burne: = 1- Bpynzs S 1
kpvnz = Mpyno/Mnz Bpyna(T = 0) = Mpynz 1Mz = Bpynzy = 1 - Bz < 1
BpvaL = Mpyar/Mpyar1 = Mpyar/ParApvZy); vpyar(t =0) =1 (A-1)
fu1 = TurReMno/(VuatPovi) = (Tar/Tur) Puti/Povi)/ My /M)

0yr(t = 0) = byr; = (Pyr1/Ppv)/Mpygng1/Myp) > 1
Opv = TpvMpyacgRac/(Z1ApvPpvi) = TovMpyacRacea/Mpyar 1Pova);

fpv(t = 0) = bpy; = TpyiMpyacRac/(Z1ApvPpyy)

E=2Z/Z; Lr=0)=1

Deﬁne.the new variable x; and introduce x, and x, as new designations for ppyn, and upyar,
respectively:

x1(7) = [(1 + A3ppyn)/(1 + ppyn)lTov€py - Bpval) + Ax44(1 - kpyne)s

x1(0) = [(1 + A3ppynz,)/(T + Ajkpynz D)oy - 1) + Axdy(1 - ppynzt)

(A-2)
x(7) = vpynz %2(0) = Bpynz1
x3(7) = tpvar *3(0) = vpvara
Define also the following functions of the x;:
f; = [x1 - ApA4(1 - %)"1(1 + 4x)/[(1 + A3x)(Cpy - X3)]; A

£, =L, -x)" 1 £ = 4,(1-x); £ = A,(1 - x)/fy;
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Aty {y[2/(y + 1))+ DI - D 2, if£, = [(y + 1)) D)
fs(x) =
'lsfs(l/f4)1h'{27[1 - (UEQ - D7)y - DEMZ iff, < [(y + 1))/ D]
| (A3 oont'd)
(& - mamp)" if ToMp = Tgp
fo(x) =
(& - msp)'% if mamp < Tsp

where

Ay = MpnoMpyac)RnRac) 42 = myr/(Burnz)s
Ay = (Cyno/Cyac)MnoMpyag) = 41(Vac - DI - 1);

Ay = [(ag - VIO - DIV (ZiApy));

-4
A5 = (Cp,o/Cp N)(Ac/Aw)[(Mpy a M) (ApvZi/ V)21, o
Cpv = Zpy/Zy = constant > 1; Y45 = Cpac/Cyac = Rag/Cvac + 1
TamB = Pamp/Ppvis 7sp = Psp/Ppvy
Then the x; can be determined from the solution of the following initial value problem
dx,/dr = - (yag - Diife dx/dr = f; dx,/dr = - {5
x(0) = [+ /13FD\/;N2,1)/(1 + '11PDV,N2,1)](CDV -+ 12'14(1 - PDv,Nz,1)y§ (A-5)

%(0) = ppunz,is X3(0) = Bpvara

and the solutions for the original dimensionless variables of Egs. (A-1) can be retrieved from

mov = fi; myr = & BNz = 1-X Bpynz = X3 BpvaL = £ = x3 (A6)
Oyt = £ Opv = (Cpv - /(1 + 41%,)
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From the latter solutions the dimensional variables can be determined finally from the definitions of
Eqgs (A-1).

The problem formulation of Egs. (A-5) and its solution are valid up to the value of = where x; = 0

(the last of the liquid is driven from the discharge vessel) or f; is reduced to Pg ar/Ppy; (the liquid
in the discharge vessel is subjected to a condition where an equilibrium state would lead to flashing).
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agent Chlorodifluoromethane/CHCIF, (Freon 22)
material
Tyry =
diameter of
discharge 0.05m
vessel =
Dpy =
volume of
discharge 0.5x103m?
vessel =
Vpy =
initial Vpy/2 = 0.25x10"m3
volume of
liquid
agent in
discharge
vessel =
Dy = 0.01905m
Vyr = 2.5x10"°m3 2.5x10°m3 field simu-
(large holding tank) (small holding tank) lation
(no hold-
ing tank)
Pyry = 51.71x10°pa 155.13x10°pa .
(750psi) (2250psi)
Ppy: = 34.47x10%pa 9.38x10°pa 34.47x10%pa 41.37x
(500psi) (136psi) (500psi) 10° pa
(Figs. 12 and 13) (600psi)
= Psar(Tpvy)
(Figs. 6 and 7)
PaursT = 37.92x 44.82x 37.92x 44.82x 37.92x 44.82x 41.37x
105pa 105pa 105pa 105pa 105pa 105pa lﬂspa
(550psi) (650psi) (550psi) (650psi) (550psi) (650psi) (600psi)
(Figs. 14
and 15)
0.0005m, 0.0005m, 0.0005m 0.0005m 0.0005m 0.0005m
Dy = 0.001m, 0.001m, (Figs. 8, (Figs. 10, (Fig 16 and (Figs. 18, -
and 0.005m | and 0.005m | 14 and 15), 14, and 17), 19, and
0.001m, 15), 0.001m, 20),
and 0.005m 0.001m, and 0.005m 0.001m,
(Fig. 9) and 0.005m (Figs. 21 and
(Fig.11) and 22) 0.005m
(Figs. 23
and 24)
Table 1.  Characteristics of simulated discharges - model input parameters
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HIGH PRESSURE N 2
HOLDING TANK

ORIFICE

N

DISCHARGE VESSEL \ I

N 2/AGENT
(GAS)

Z pv

NOZZLE/ORIFICE 7

Figure 1. The experimental arrangement.
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SUPERHEATED METASTABLE LIQUID
CRITICAL STATE

SATURATION CURVE

P
SUBCOOLED METASTABLE GAS
SPINOIDAL CURVE
V —
Figure 2. P-V diagram for a generic material; the spinoidal curve and regions of metastable

liquid and vapor.
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Figure 4. Sketch of the orifice-driven N, jet flow in the discharge vessel.

31



0.8 ‘ Ne

S 0.75 | °

i S
© - ‘.
: N
0.7 \
i ®
- \.
0.65 - N
. I \‘\
L @
A \
i o
06 . 1 . ) . L \ \ 1\'

Figure 5. Discharge coefficient, Cp, ,, for compressible flow through a sharp-edged orifice as
a function of cross-orifice pressure ratio, Pyyy/Pyp [10].
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Figure 6. Plots of Py and Py for 0< t < tyyper and Dy = 0.005m, 0.001m, and 0.0005m;

750 pe—==<

~

S—

id

0.005m

where Vyp = 2.5x10°m’ Tpyy = Typ, = 294K, Ppy; = Pg,p = 9.38x10°Pa

(136psi), Pyp; = 51.71x10°Pa (750psi), Pyyper < 44.82x105Pa (650psi).
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Figure 7. Plots of U ngor 0=t < tyyper 2and D = 0.005m, 0.001m, and 0.0005m; where Vi1
= 2.5x107°m”", Tpyy = Ty = 294K, Ppy; = Pgar = 9.38x10°Pa (136psi), Pyt
= 51.71x10°Pa (750psi), Pyyrsr < 44.82x105Pa (650psi).
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U e [m/s], dZ/dt [m/s], Z/Z,, (My, - My, g)/Myo

Figure 8.
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t-tgypst [S]

2.5x10°m’, Tpyy, = Typ, = 294K, Ppyy = Pgup = 938x10°Pa (136psi), Pyp; =
51.71x105Pa (750psi), Pyygper = 37.92x10°Pa (550psi) and Dy = 0.0005m.
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Figure 9. Plots of Ujpy, dZ/dt, Z/Z, and (My; - My 8)/Mu2 for t = tgypey Where Vyr =

2.5x103m’, Tpy, = Tyyy = 294K, Ppy; = Pgup = 938x10°Pa (136psi), Pyyy =

51.71x10°Pa (750psi), Pgypst = 37-92x10°Pa (550psi) and D = 0.005m.
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51.71x10Pa (750psi), Pyypsy = 44.82x10°Pa (650psi) and Dy = 0.0005m.
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Figure 11. Plots of Uyppy, dZ/dt, Z/Z,, and (My;, - MNz,B)/MNz,B for t = tgypers Where Vi =

2.5x10°m’, Ty, = Typ, = 294K, Ppy; = Pgur = 938x10°Pa (136psi), Pyyy =
51.71x105Pa (750psi), Pyypsy = 44-82x10°Pa (650psi) and Dg = 0.005m.
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Figure 12.  Plots of Py and Py for 0< t < tyyper and Do = 0.005m, 0.001m, and 0.0005m;
where Vi = 2.5x107°m%, Tpyy; = Tyg; = 294K, Ppy, = 34.47x10°Pa (500psi), Py,
= 51.71x10°Pa (750psi), Pyypsy < 44.82x105Pa (650psi).
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Figure 13. Plots of Ujgy for 0< t < tyyper and Dy = 0.005m, 0.001m, and 0.0005m.; where
Vir = 25x10°m>, Tpyyy = Typy = 294K, Ppy; = 34.47x105Pa (500psi), Pyp; =
51.71x10°Pa (750psi), Pyygrer < 44.82x10°Pa (650psi).
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Figure 14. Plots of Ppy; during discharge of: 1) field-deployed vessel at Ppyper = 41.37x10°Pa
(600psi) and test configuration vessel [Vyr = 2.5x10'3m3, Dg = 0.0005m, PDV,1 =

Pg,r(294K) = 9.38x10

Pa (136psi)] at 2) Pyyper = 37.92x10°Pa (550psi) and 3)

44.82x105Pa (650psi).
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Figure 15. Plots of Z/Z, during discharge of: 1) field-deployed vessel at Pgyper = 41.37x10°Pa
(600psi) and test configuration vessel [V = 2.510°m® Dg = 0.0005m, Py =
Pg,1(294K) = 9.38x10°Pa (136psi)] at 2) Ppyper = 37.92x10°Pa (550psi) and 3)
44.82x10°Pa (650psi).
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Figure 16. Plots of Ppy and Py for t = 0 and Do = 0.0005m; where V. = 2.510'5m3, TDV’1
= Ty, = 294K, Ppy, = 34.47x10°Pa (500psi), Pyr; = 155.13x10°Pa (2250psi),
Pgurst = 37.92x10°Pa (550psi).
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Figure 17.

Plots of Uypr, dZ/dt, and Z/Z1, for t = 0 and dZ/dt, Z/Z,, and of (My, - My, p)/
Mpyp for t = tgypers where Viyp = 2.5x10°m’ Do = 0.0005m, Tpy; = Tyyy =
294K, Py, = 34.47x10°Pa (500psi), Py = 155.13x105Pa (2250psi), and Pgyuger
= 37.92x10°Pa (550psi).
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Figure 18.  Plots of Py and Py for t = 0 and Dy, = 0.0005m; where Virp = 2.5x10m?, Ty,
= Tyg, = 294K, Ppy, = 34.47x10°Pa (500psi), Pyp, = 155.13x10Pa (2250psi),

Phurst = 44-82x10°Pa (650psi).
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Figure 19.
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Plots of U;p and dZ/dt for t = 0 and Dy = 0.0005m; where Vi = 2.5x10°m’>,
Tpy: = Tur = 294K, Pry; = 34.47x10°Pa (500psi), Pyg, = 155.13X10°Pa

(2250psi), Pyypey = 44.82x10

Pa (650psi).
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Figure 20. Plots of Uy, dZ/dt, Z/Z,, and (My, - MNz,B)/MNz,B for t = tgyper and Dy =
0.0005m; where Vyp = 2.5x10°m’, Tpy; = Tyyy = 294K, Ppy, = 34.47x10°Pa
(500psi), Pyp; = 155.13x10°Pa (2250psi), and Pyyper = 44.82x10°Pa (650psi).
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Figure 21.
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Figure 22. Plots of Ujgy, dZ/dt, and Z/Z1, for t = 0 and dZ/dt, Z/Z,, and of (My;, - My, )/
Myyp fOr t = tyypers where Vyp = 2.5x10°m? Dy = 0.005m, Tpy; = Typy =
294K, Ppy; = 34.47x10°Pa (500psi), Pyp; = 155.13x10°Pa (2250psi), and Pyyper
= 37.92x10°Pa (550psi).
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Figure 23. Plots of Py, and Py for t = 0 and Dy = 0.005m; where Vi = 2.5x10"5m3, Tpvs
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Figure 24. Plots of Ujgy, dZ/dt, and Z/Z1, for t = 0 and dZ/dt, Z/Z,, and of (My; - My, p)/

Mp,p for t = tpyps

5 where Vi = 2.5x10°m? Dy = 0.005m, Tpy; = Tyr; =

294K, Ppy, = 34.47x10°Pa (500psi), Pyp; = 155.13x105Pa (2250psi), and Ppyget
= 44.82x10°Pa (650psi).
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