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3.1 Introduction

The extinguishment of a fire using gaseous agents is a very complicated process which is not
completely understood. Current fire-fighting agents such as halon 1301 and halon 1211 are believed
to function by a combination of chemical (catalytic removal of hydrogen atoms at the flame front due
to the presence of bromine atoms) and physical (cooling and dilution of flame gases) actions. All of
the proposed alternative agents are known to be less effective (i.e., considerably higher molar
concentrations of the agent are required) than halon 1301. This reduction in effectiveness is attributed
to-the absence of bromine atoms in these chemicals and thus the absence of a highly effective
chemical means of fire extinguishment.

An aspect of fire extinguishment using halons which has not received a great deal of attention is
the role that the dispersion and evaporation characteristics of the agent play in fire-fighting effective-
ness: The reason for this lack of interest in the past was that these properties have been nearly
optimized by the use of halon 1301 for total flooding applications and halon 1211 for spray applica-
tions. With regard to total flooding applications, which are of most interest for this study, the low
boiling point of halon 1301 has ensured that, for the majority of applications, it can be dispersed and
vaporized very rapidly into a space. Design of total flooding systems generally have focused on the
use and placement of hardware designed to ensure all areas of an enclosure quickly receive concentra-
tions of the agent sufficient to extinguish the fire.

The fire fighting applications--nacelle and dry bay fires on aircraft--which are the focus of the
current investigation have different requirements with respect to these agent characteristics. Due to
the nature of dry bay fires, detection and extinguishment is generally required within tens of
milliseconds. On the other hand, nacelle fires tend to have burned for longer periods before
extinguishment and a premium is placed on the achievement of extinguishing concentrations which
can be maintained for a period of time following extinguishment to prevent relight on heated surfaces.
Effective dispersion throughout the volume is required, but the dispersion can take place over longer
periods of time than for the dry-bay application. Due to the more stringent requirements for dry bay
fire extinguishment, much of the work which follows has focused on rapid release and dispersion of
agents. It should be kept in mind, however, that the findings also have applications for nacelle fire-
fighting.

Even though the physical mixing processes involved are not generally considered in designs of
halon fire-fighting systems, they are crucial. The important processes can be characterized into three
major categories--release rate, dispersion and mixing, and evaporation. The release rate determines
the minimum time required to extinguish a fire. If the release is very slow it is possible that the fire
may never be extinguished.
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The release rate for an agent also generally, but not always, affects the subsequent dispersion and
mixing behavior of the agent. Much of the dispersion and mixing is the result of the momentum
imparted to the agent by its release. If sufficiently high, this momentum causes the development of
turbulent flows which can effectively transport the released agent throughout a volume.

In order to be fully effective, gaseous agents must interact with the flame as a gas. All of the
alternative agents considered here, with the exception of FC-116, are liquids when stored under
pressure at room temperature. As will be shown shortly, the room-temperature agents are released
from pressurized bottles into ambient atmospheres as superheated liquids, i.e., the liquid has a vapor
pressure which is above the ambient pressure. Therefore, the vaporization behavior of these liquids
following release becomes an important characteristic for fire fighting effectiveness.

This chapter discusses experimental and modeling studies which were designed to rank the
proposed alternative agents with respect to release rate, dispersion and mixing, and evaporation. The
following section (Section 3.2) describes the development of a model for predicting the release
behavior of pressurized liquids from a containment vessel. This effort provided guidance for the
design of an experimental system for investigating the release behavior and subsequent mixing and
evaporation of the proposed alternative agents and halon 1301. The vessel design is discussed in
Section 3.3. Experimental characterizations of the release rates from the vessel and characterization
of vessel interior conditions are summarized in Section 3.4 for all of the agents and halon 1301.
Section 3.5 describes the development and use of an experimental system for characterizing the
dispersion and evaporation behavior of the alternative agents and halon 1301 following release from
the pressurized vessel. During the course of this study initial attempts were made to modify existing
computer models for two-phase evaporating flows to allow computation of agent release behaviors.
These efforts are discussed in Section 3.6. The final section of the report summarizes the major
findings of the chapter and provides recommendations for future work as well as a ranking for the
alternative agents based solely on their release rate, dispersion and mixing, and evaporation behav-
iors.

3.2 Model of Discharging Vessel

3.2.1 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.

The model is expected to have three applications. First, it was used to guide the development of
the experimental design and procedure (see Section 3.3) 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. [See Section 3.6.3 and Cooper (1993b).] After presenting the mathe-
matical model, this section will include results of example calculations which addressed the first of
these applications. Descriptions of the model have been presented previously elsewhere (Cooper,
1993a).

The analysis is based on the experimental arrangement depicted in Figure 1.
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3.2.2 The Experiment and the Model Assumptions

3.2.2.1 The Experimental Arrangement. Refer to Figure 1. This represents generically the
arrangement associated with the downward discharge experiments which were carried out 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
contains N,-pressurized test agent, and a holding tank filled with mass Mgz, of N, at pressure Pyr.
The discharge vessel is of height Zp,,, and cross-sectional area Apy. The volume of the holding tank
is Viyr.

The holding tank is connected via an orifice of area 4, 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 = Ppy, 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 A4, is
Zero.

At the bottom of the vessel is a short-nozzle/orifice-type opening (note that the containment
vessel exit will be referred to as the "nozzle/orifice” for the purposes of this section and Section
3.6.3) of area Ay. The agent will be discharged through this to the outside ambient environment
which is at pressure Py < 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.

3.2.2.2 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,r, 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, # = 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, 4 (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 maintain their
respective initial values, T, and oy = psar(Ty 7). As indicated, p4; 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 Tpy,; and the initial masses of gaseous test agent and N, in the discharge
vessel are Mpy 46 and Mpy s 15 respectively. Note that the prepressurization process, prior to ¢ =
0, may have been so rapid that the liquid and gas are not in thermal equilibrium with each other. For
this reason, Tpy ; is not necessarily identical to T,;. The discharge vessel and the holding tank are at
the uniform preésures Ppy; and Pyr g, respectively.
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3.2.2.3 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 at = 0Y. 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 ¢ = 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, Pgyper < Pyr; (as in the experimental system). The
time when this latter flow path is opened is designated as gy per-

3.2.2.4 Further Assumptions. For times and conditions of interest, it is assumed that as long
as liquid remains in the vessel Ppy > Pg,r(T4;), 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 # > O up to
tp), wWhere #, is the smaller of 1) the time when the discharge vessel is emptied of test-agent liquid,
and 2) the time when Ppy, is reduced to Pg,r(T,;). For experimental systems of interest here, fpper
is expected to be of the order of 10 s and the time interval of the discharge process, (¢p-Zgyrsy), Of
the order of 102 s. Prior to 1, 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 46

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 46 and the total mass of N, in the combined system, designated as My, are constant forall ¢, 0
<t < t. 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 46 Cpag> Rag and Cyn, Cppp, Ryy. The values of the
specific heats, which depend on temperature, are taken to be those which correspond to Ty, ;.

3.2.3 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: Pgyr, Ppy, Myr ),
Mpy 2 Mpyars Tur Tpys and Z. Known/specified parameters would include: the initial values of
these variables, Pyr ;. Ppy 1> Myrnz. 1 Mpynz, 1 Mpvar, v Tur,1» Tpyp- and Z;, respectively; the
geometric parameters of the system, A,, Ay, Apy, Zpy» and Vyr; material properties of the test agent
and of N,; the constant value MDV, 46> and nozzle/orifice discharge coefficients, to be introduced
below. The equations governing the variables are:
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Equations of State in the Holding Tank and in the Discharge Vessel and the Law of Partial
Pressure in the Discharge Vessel:

Myr 2
Pyr = ( V’ Ry, Tyr M
HT
and
P,, = Mpy 4eRuc + My 2 Ry Ty @)
[(Zpy - DAp,]
Conservation of Mass of N,:
My, ny * My, = constant = My, = Mpy oy * Mpr o €)
Relation of Z to Mpy 47
M
DV,AL _
Movar _ 4 7 o)

Par

Reversible Adiabatic Expansion for N, in Holding Tank:

P P

BT - constant = —HPL _; y = B2 AL 5)
(MHT,NZ)Y (MHT,NZ, 1)Y CV,NZ CV,N2
First Law of Thermodynamics for Entire Gas System:
dlMpy 46Cruc * Mpy v CondTpy + Myr voCy noTar) _ P4 dz (6)

dt Dv°"DV dt
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Flow_Across the Orifice:

[
2 by -2
- Cp AP Y [ }
po ot Hr Ry,Tor| (v + D)
P Yity - 1)
if AT G+ (i.e., choked flow)
Py, 2
am
—— s P, - o] @
dt 2y|1 - |22
1/y P
- CpodoP _boy HT
’ Pyr [(Y - I)RNZTHT]
P 7164
if AT LY“L_I)] (i.e., un—choked flow)
Py, 2

where Cp, , is the (compressible) flow coefficient for the orifice (Shapiro, 1953).

Flow_Across the Nozzle/Orifice:

dMDV,AL _ - CD’NAN[ZPAL(P ov ~ P AMB)]IIZ if P v 2> Pp (8)
dt - CD,NAN[ZPAL(PDV - PSP)]IIZ if P ot < SP

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

3.2.4 Definition of Pgp and Comments on Equation (8). In Equation (8) it is assumed that the
liquid in the discharge vessel, at state [T, P] = [T, 4> Ppy > Pgr(T4; )1, 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 superheated 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 superheated 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 (3P/dV)| < 0 (Modell and Reid, 1983), i.e., only
outside the locus of points, referred to as the spinoidal curve, where (9P/3V)| r = 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
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above-mentioned, instantaneous, constant-entropy paths. Since states along the spinoidal curve are
states of unstable equilibrium where spontaneous nucleation will occur (Modell and Reid, 1983;
Kim-E and Reid, 1983), i.e., 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 > P4pp violent
flashing of the liquid jet occurs where and when its pressure reaches Pgp. This would be upstream of
a physically unachievable, i.e., unstable, vena contracta at pressure P,,p.

If P,yp is achieved prior to the Pgp state then the top portion of Equation (8) is used. For this
circumstance the constant-entropy state of the possibly metastable superheated liquid at Piuypisa
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 Equation (8)-description of the nozzle flow rate of a superheated
liquid as an incompressible, nonflashing fluid, is consistent with results reported in the literature,
e.g., (Benjamin and Miller, 1941) for flow through sharp-edge orifices and short nozzles.

If Pgp is achieved prior to P,y then flashing of the metastable liquid will be initiated immedi-
ately downstream of the position in space where the intercept occurs. In the latter case the incom-
pressible 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 Equation (8).

The above discussion is illustrated with CO,. For stable and metastable liquid CO,, a sketch
based on a drawing by Kim-E (1981, see his Figure 4) of constant-entropy paths in a P-T diagram is
presented in Figure 3. In preparing his figure, Kim-E used the Peng-Robinson (1976) equation of
state to describe the metastable liquid CO,.

First assume that liquid CO, is in a Figure 1-type discharge vessel at P, = 70 X 10° Pa and
T,, = 288 K. 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 = Pypy, = 1 X 10° Pa intercept on this curve, corresponding to T = 277 K,
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, = 60 X 10° Paand T = T UL
= 291 K. 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 = 10 X 10° Pa > > P, In 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 7;, and an abrupt change in nozzle/orifice exit flow from a simple
incompressible-fluid-jet type flow to an explosively flashing two-phase flow. 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.



SECTION 3. FLUID DYNAMICS OF AGENT DISCHARGE

100 -
Y~ N s @
90 | o
P~
=
80 | A
(7))
=
70 é} -
7] I
60 | ——9/-
mE 50 CRITICAL
STATE
= 40 ‘.’ |
o | 'SPINOIDAL
_ |
30 | |CURVE
20 | : |
- SATURATION
10 F CU?VE
| |
| b
0 B | | |
I
-10 |y |! N IR T D

280 290 300
T [K]

Figure 3.  P-T diagram for metastable liquid CO,.



SECTION 3. FLUID DYNAMICS OF AGENT DISCHARGE 47

3.2.5 Reduced Dimensionless Equation Set - The Initial Value Problem. Equations (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;.

1 + Ax)P YA M M
%, - ( ¥) Ppy 4oy _ x| + A - ) x, = DVNz, x, = DV,AL
I+ Ax)Ppy, | Z, My, My a1 9)
2P 12
T = 1Cph Ay b.1
(Mpy 41.1ApvZ))
Pyr,
A - My, ﬁ B = Py, .- MYy - 1) 5 = (Yac ~ DVyr (10)
1 s 2 s 3 s 4 T N7 a4
Mpy a6 Ry Myr o | (v - D (v - DZA,,
My,

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.
— = o0,; x(0) specified, i = 1, 2, 3;
dv pecif (11)

g, = 0(x,; x,; x,; parameters of the problem)

The reader is referred to Section 3.2.13 (Appendix) for definitions of the o; and for explicit equations
to extract values of time-dependent dimensional variables from a solution of Equation (11).

3.2.6 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 depressurization, 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 Figure 1 and Figure 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.
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Figure 4.
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Sketch of the orifice-driven N jet flow in the discharge vessel.
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Let the velocity on the jet axis a distance Zjzr = Zpy, - Z from the orifice (i.e., at the elevation
of the liquid/gas interface) be denoted by U,z and assume a uniform velocity, U,,, across the orifice
opening,

dMDV,NZ
dt
Up=—7— 12)
AOMHTNZ
Var
From Abramowitz (1963),
Ujer _ 0.96 for Zigr > 5
U, [0 1327, . 029} D, (13)
o)

When the time-dependent solution for Mp,y, 5, is available, Ujgy can now be estimated from
Equations (12) and (13) and the significance of the jetting phenomenon can be assessed.

3.2.7 Solving the Model Equations. A computer program was developed to solve the initial value
problem of Equation (11) corresponding to an arbitrary choice of geometric parameters, material
properties, and initial conditions, and to determine the value of U from Equations (12) and (13).
The method of solution is based on the differential equation solver RKQC presented by Press (1986).
The program was used in the example calculations to follow.

3.2.8 Example Calculations

3.2.8.1 An Experimental Procedure to Simulate the Discharge of Field-Deployed Vessels.
As mentioned in Section 3.2.1, the example calculations to be presented here focused on providing
guidance for the experimental design and procedure such that a vessel discharge of the experimental
system 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 prepressurized discharge vessel. Thus, the deployed system is characterized by a
Figure 1-type configuration with no holding tank component, i.e., with 4, = 0.

The nature of the experimental program at NIST precluded the use of an explosive cap device.
The experimental procedure to be evaluated therefore involved a vessel discharge process which was
initiated, instead, by the rupture of a nozzle/orifice diaphragm cap at a high cross-diaphragm pressure
difference. The pressurization of the discharge vessel from Ppy,; to the diaphragm burst pressure,
Pgyrsy> Was assumed to be achieved with the use of the holding-tank/orifice-flow feature of Figure 1.

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 = 07 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
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earlier, the pressurization and discharge processes of interest here are expected to occur over time
intervals of the order of 10 s and 107 s, respectively.

Prior to any particular test run, Pgyper is only known to an accuracy of approximately 10%.
Also, the high-speed camera used to photograph the discharge process during the test procedure could
record a total time interval no longer than the order of a few seconds, including an initial interval of
approximately 1 s required to bring the camera up to its operating speed.

3.2.8.2 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
Ppy and Mpy 4 .

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.,

M, - M
Myo = Myap) 1fort>t (14)

require
M BURST

where My, p is the mass of N, in the discharge vessel at gy pq; and 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 U,z;) which are so vigorous as to lead to significant heat or mass
transfer at the liquid/gas interface. It is reasonable to expect that interface surface interactions will
not be significant if U, - dZ/dt never exceeds the order of a few m/s. Thus

require U, - % <5-10mfs fort >0 s (15)

3.2.8.3 Model Input Parameters. Sets of parameters representative of those for a Figure 1-
type experimental design were selected to simulate discharge of a field-deployed system with a 0.5 X
103 m? discharge vessel half-filled with liquid HCFC-22 and pressurized with N, to 41.4 X 10° Pa.
Parameters of the field-deployed system are included in Table 1.

The selected parameter sets of Table 1 defined 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 Equations (14) and
(15) are satisfied during the simulation.

As indicated, the model simulations involve the agent HCFC-22. In solving Equations (11) and
(12) the thermodynamic properties listed in Table 2 and Table 3 were used for HCFC-22 and for N,.
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Table 1.  Characteristics of Simulated Discharges - Model Input Parameters
agent HCFC-22
material
T, DV = 294 K
diameter
of dis- 0.05m
charge
vessel =
Dpy =
volume of
discharge 0.5 x 103 m?
vessel =
Vpv =
initial Vpy/2 = 0.25 x 103 m?
volume of
liquid
agent in
discharge
vessel
Dy = 0.0191 m
Vyr = 2.5 X 107 m? 2.5 x 10° m? field
(large holding tank) (small holding tank) simu-
lation
(no hold-
ing tank)
Pyr; = 51.7 x 10° Pa 155 X 10° Pa -
Ppy; = 34.5 X 10° Pa 9.38 x 10° Pa 34.5 x 10° Pa 41.4 X
Pgurst= 37.9 X 44 .8 x 37.9 X 44.8 X 37.9 X 44 .8 ¥ 41.3 X
10° Pa 10° Pa 10° Pa 10° Pa 10° Pa 10° Pa 10° Pa
0.5 mm, 0.5 mm, 0.5 mm, 0.5 mm, 0.5 mm, 0.05 mm
Dy = 1 mm, 1 mm, 1 mm, 1 mm, 1 mm, 1 mm, -
and 5 and 5 and 5 and 5 and 5 and
mm mm mm mm mm 5 mm
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Table 2.  Properties of HCFC-22

Molecular Weight 86.47 kg/mole

Liquid Density [p,; = 05,7(294 K)] 1209 kg/m3

Constant Pressure Specific Heat [Cp 45] 57 x 103 Jkg'lmole‘lK'l
Saturation Pressure [Pg,7] 6895(T/R)C x

[F - (T/R)]E[F - (T/R)]/[F(T/R)]IOA - B/(T/R) + D(T/R) Pa

where A=29.36, B=3845.1, C=7.861,
D=0.002190, E=305.8, F=686.1

The following completes the information used to fully define the model equations.
The flow coeflicient for the nozzle/orifice (flow of test agent liquid from the discharge vessel to
the outside environment) was assigned a value of

Cpy = 0.60. (16)

The use of Equation (8) and the ¢; and o3 components of Equation (11) 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 = 1.01 X 10° Pa, 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. 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.

An expression for the flow coefficient, Cp, o, for the flow through a sharp-edged orifice (flow of
N, from the holding tank to the discharge vessel) as a function of cross-orifice pressure ratio,
Ppy/Pyr, is taken from Perry (1949). Data points for Cp, (Ppy/Pyy) are plotted in Figure 5. In the
present calculations, values of Cp, , are estimated by linear interpolation between these data points.

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 4. In the present calculations it is assumed that at this time of equilibrium
the agent temperature was 294 K. This is the value taken above for the initial temperatures 7p,; and

3.2.9 Relatively Low-Pressure Large-Volume Holding Tank. This section presents 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.

Vgr = 2.5 X 103 m? is chosen to be ten times larger than the initial gas volume in the
discharge vessel and Pyr; = 51.7 X 10° Pa is chosen to be 6.9 x 103 Pa greater than the maximum
of ;he diaphragm burst pressure which can fall within the range 37.9 X 10° Pa < Ppyrsr < 44.8 X
10° Pa.



SECTION 3. FLUID DYNAMICS OF AGENT DISCHARGE 53

Table 3.  Properties of Nitrogen

Molecular Weight 28.01 kg/mole

Constant Pressure Specific Heat [Cp ol [7.440 - 3.24 X 10‘3(T/K) + 6.400 x 10°
(T/K)? - 2.790 X 10°°(T/K)’] x 4186 J/(kg-
mole-K)

The objective in using 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 Equation (15),
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 1 s. The 1 s time interval is required to guarantee timely triggering of
and 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 1072 s.

The relatively large volume of the holding tank would allow the pressurization/discharge process
to be initiated either: 1) from a relatively high-Pp,,; 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-Pp,,; 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 Ppy 1 = Pgyr, where Pgris
significantly below the Pgyrer pressures under investigation).

3.2.9.1 Initiating the Pressurization/Discharge Sequence from the Agent’s Saturation State;
No N, in the Discharge Vessel at t = 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, =
Poy(Tpy; = 294 K) = 9.38 X 10° Pa, e.g., shortly after filling the evacuated vessel with the test
agent. In such experiments there is no N, in the discharge vessel att = 0, i.e., Mpynz g = 0.
Results of the calculations are plotted in Figure 6 through Figure 11.

First the pressurization process will be considered. Figure 6 presents plots of Ppy, and Py
during vessel pressurization, 0 < t < fgper Results are presented for the three orifice diameters,
D, = 0.005 m, 0.001 m, and 0.0005 m.

As seen in Figure 6, for the smallest orifice, D, = 0.0005 m, the pressurization process, when
Ppy; < Ppy < Pgyper takes 4.2 s for Ppyper = 37.9 x10°Pa to 5.8 s for Pyyper = 44.8 X 10°
Pa. For the intermediate-size orifice, D, = 0.001 m, the pressurization process takes 1.0 s for
Pgurst = 37.9 X10° Pa to 1.4 s for Pgyper = 44.8 X 10° Pa. For the largest orifice, D, = 0.005
m, the entire process takes place within 0.1 s.

U,gr values corresponding to Figure 6 are presented in Figure 7. For the smallest orifice, D, =
0.0005 m, U,z starts out at approximately 4 m/s and drops to 2 - 3 m/s at tgpr, the time of
diaphragm bursting. For D, = 0.001 m, Uy, starts out at approximately 8 m/s and drops to
approximately 4 m/s at tgyper. For Dy = 0.005 m, Ujgy starts out at approximately 40 m/s and
drops to as low as approximately 16 m/s for Pgyper = 44.8 X 10° Pa at LBURST-

Based on the above results it is concluded that during the pressurization process and relative to
the criterion of Equation (15): 1) use of the large orifice would lead to conditions which do not satisfy
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0.65 N

Figure 5. Discharge coefficient, Cp, (), for compressible flow through a sharp-edged orifice
as a function of cross-orifice pressure ratio, Ppy/Pgr (Perry, 1949).
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Figure 6.  Pressures in the holding tank and discharge vessel for 0< ¢ < fz;pc for a large-
volume, low-pressure holding tank and no N, in the discharge vessel at t = 0.
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Figure 7.  Plots of Uy in the discharge vessel for 0 < ¢ < fgp¢r for a large-volume, low-
pressure holding tank and no N, in the discharge vessel at ¢ = 0.
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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.

Now the discharge behavior will be discussed. Figure 8 through Figure 11 present plots of
Ujgr, dZ/dt, Z/Z;, and (My;, - My, g)/My;, p during the discharge process. For the limiting burst
pressures, Ppyper = 37.9 X 10° Pa and 44.8 x 10° Pa, results are presented for the small- and
large-orifice designs.

Figure 8 presents results for Ppper = 37.9 X 10° Pa and D, = 0.0005 m. 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 0.024 s. Liquid discharge occurs at a relatively
uniform rate with dZ/dr 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 Figure 1 and
Figure 4) to the final value of approximately 2 m/s. As can be seen from the plot of My, - My, )/
My, g, during the entire emptying process the total mass addition of N, from the holding tank to the
discharge vessel is less than 1% of the initial N, mass in the discharge vessel.

Figure 9 presents results for Pgyper = 37.9 X 10° Pa and D, = 0.005 m. Based on an
approximate extrapolation from ¢ - tpper = 0.020 s, 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
0.023 s. Liquid discharge occurs at a relatively uniform rate with dZ/dr dropping from approximately
7.0 to 5.5 m/s during the emptying process. During discharge U, first rises slightly from
approximately 30 m/s, and then drops to the final value of approximately 20 m/s. As can be seen
from the plot of (M, - My, p)/My;, p, during the entire emptying process the total mass addition of
N, from the holding tank to the discharge vessel is significant, approximately 45% of the initial N,
mass in the discharge vessel.

Figure 10 presents results for Pgyper = 44.8 X 10° Pa and D, = 0.0005 m. Here the
discharge is completed in 0.023 s. Liquid discharge occurs at a relatively uniform rate with dZ/ds
dropping from approximately 7.5 to 5.0 m/s during the emptying process. During discharge Ugr
first rises from approximately 1 to 2 m/s, and then drops back to the final value of approximately 1
m/s. During the discharge the total mass addition of N, from the holding tank to the discharge vessel
is less than 1% of the initial N, mass in the discharge vessel.

Figure 11 presents results for Pgyper = 44.8 X 10° Pa and Dy = 0.005 m. From this it is seen
that discharge occurs in approximately 0.021 s. Liquid discharge occurs at a relatively uniform rate
with dZ/dt dropping from approximately 7.5 to 5.5 m/s during the emptying process. During
discharge Uy first rises from approximately 17 to 25 m/s, and then drops to the final value of
approximately 20 m/s. During the discharge the total mass addition of N, from the holding tank to
the discharge vessel is approximately 40% 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 Equations (14) and (15) : 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.

3.2.9.2 Initiating the Pressurization/Discharge Sequence From a Ppy, 1 Slightly Below
Pgurst Simulations were carried out for experiments initiated from a Ppy ; which is slightly below
Ppprsr- Since the minimum possible Ppyperis 37.9 X 10° Pa, Ppy  is selected to be 34.5 X
10° Pa.



62 SECTION 3. FLUID DYNAMICS OF AGENT DISCHARGE

Figure 12 presents plots of Ppy and Py during vessel pressurization. Results are presented for
the three orifice diameters, D, = 0.005 m, 0.001 m, and 0.0005 m.

As seen in Figure 12, for the smallest orifice, D, = 0.0005 m, the pressurization process, Ppy;
< Ppy < Ppypers takes 0.6 s for Pgyper = 37.9 X 10° Pato 1.9 s for Ppyrst = 44.8 X 10° Pa.
For the intermediate-size orifice, D, = 0.001 m, the pressurization process takes 0.1 s for Pgyper =
37.9 x 10° Pato 0.5 s for Py per = 44.8 X 10° Pa. For the largest orifice, Dy = 0.005 m, the
entire pressurization process takes place in less than 0.02 s.

U gy values corresponding to Figure 12 are presented in Figure 13. For the smallest orifice, Dy
= 0.0005 m, U,y starts out at approximately 3.5 m/s and drops to 2.0 - 2.5 m/s at the time of
diaphragm rupture. For D, = 0.001 m, Ujgy starts out at approximately 7 m/s and drops to
approximately 4.5 m/s at the time of diaphragm rupture. For D, = 0.005 m, U g starts out at
approximately 33 m/s and drops to as low as approximately 21 m/s for Pgyper = 44.8 X 10° Pa 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 Equation (15), the present results for Ppy,; = 34.5 X 10° Pa are similar to the earlier
results for Py ; = Pgyr = 9.38 X 10° Pa.

In the present case where Ppy,; = 34.5 X 10° Pa, results for the discharge process are very
similar to the earlier results where Ppy; = Pgyr = 9.38 X 10° Pa and are qualitatively well
represented by the plots of Figure 8 through Figure 11 and the earlier discussion of these.

3.2.9.3 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 HCFC-22 and pressurized with N,. At the onset of discharge the temperature in the
vessel was taken to be 294 K and, corresponding to the above calculations, the pressure in the vessel
was taken to be 41.4 X 10° Pa, i.e., a nominal Pgursy = 41.4 X 10° Pa, where simulating tests
would involve experiments where 37.9 X 10° Pa < Ppper < 44.8 X 10° Pa. In Figure 14 and
Figure 15 calculated values of Py and Z/Z; for the deployed system simulation are compared with
the values of these variables obtained in the above test simulations with D, = 0.0005 m. The Ppy,;
= 9.38 X 10° Pa results are presented in the figures since these compare somewhat less favorably
with the field-deployed system results than do the Ppy,; = 34.5 X 10° Pa results.

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

3.2.9.4 Summary of Results of Simulations Involving the Relatively Low-Pressure Large-
Volume Holding Tank. A Figure 1-type test configuration with a 0.25 X 10> m* holding tank and
a 0.0005 m, and possibly a 0.001 m 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 0.005 m 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.

3.2.10 Relatively High-Pressure Small-Volume Holding Tank. This section presents results for the
pressurization/discharge sequence using a relatively high-pressure small-volume holding tank. Vg =
2.5 x 107 m3 is chosen to be one tenth of the initial gas volume in the discharge vessel and Pyy; =
155.1 x 10° Pa is chosen to be large enough to ensure that the amount of N, stored in the holdiﬁg
tank will rupture the diaphragm even when Pgpper is at its maximum value, 44.8 X 10° Pa.
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Figure 12. Pressures in the holding tank and discharge vessel for 0 <t <tgyrer for a large-
volume, low-pressure holding tank; Ppy ; =3.4 MPa; Pyy=5.17 MPa; Pgyger
=4.5 MPa.
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Figure 13. Plots of Ujgy in the discharge vessel for 0 < t <tgyger for a large-volume, low-
pressure holding tank; Ppy ;=3.4 MPa; Py =5.17 MPa; Pgygper=4.5 MPa.
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Figure 15. Plots of Z/Z, during discharges of the field-deployed vessel and test configuration
vessel with a large-volume, low-pressure holding tank and no N, in the discharge
vessel at t = 0.
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The objective of choosing this combination of parameters is to attain a pressurization/discharge
sequence which is so rapid, well within the above-mentioned 1 s 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 Ppy’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, Py, ; is again chosen to be
34.5 x 10° Pa, slightly below 37.9 X 10° Pa, the minimum value for PBbRST.

3.2.10.1 Pressurization and Discharge for the Small Orifice, D, = 0.0005 m. Simulation
results for pressurization/discharge test using the small orifice design are presented in Figure 16
through Figure 20.

For Pgyper = 37.9 X 10° Pa, plots of Ppy and Py are presented in Figure 16 and plots of
Ujer, dZ/dt, Z/Z;, and (M, - My, g)/My, p in Figure 17. Note that the latter variable is meaningful
only during discharge when t = tg; e As can be seen in these figures, for this case LBURST =
0.173 s, i.e., this is the time it takes for Ppy to rise from Ppy,; = 34.5 x 10° Pa 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 = 0.2 s. 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 7.0 m/s to 4.5 m/s; U is reduced from an initial predischarge value of
approximately 4 m/s to approximately 2 m/s; and (My, - My, p)/My;, g rises from O 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
tgyrst by a factor of approximately 0.02. The latter two results indicate that the criteria of Equations
(14) and (15) 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.

For Ppyper = 44.8 X 10° Pa, plots of Ppy and Py are presented in Figure 18 and plots of
Ujgr and dZ/dr are presented in Figure 19. Plots of Ujgr, dZ/dt, Z/Z;, and (M, - My, g)/My;, g for
the times of the discharge process are highlighted in Figure 20. For this case tg; e = 0.94 s. 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 PHZ ; had been much less than 155 x 10° Pa, Pp,y, would not have risen to Ppyrsr and
the discharge process would never have occurred! From Figure 19 it is seen that during the
pressurization process Ujgr is reduced from approximately 4.0 m/s to 1.5 m/s. The liquid is nearly
all discharged from the vessel at 0.962 s. During discharge: dZ/dt is reduced from 7.5 m/s to 5.0
m/s; Uy rises to approximately 2.5 m/s from its initial value of 1.5 m/s and finally drops to
approximately 2 m/s; and (My, - My, p)/My;, g rises from O to approximately 0.005. The criteria of
Equations (14) and (15) are again satisfied.

As noted, for both Pgyper = 37.9 X 10° Pa and 44.8 x 10° Pa the above results indicate that
both criteria of Equations (14) and (15) 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 PBg]RST and discharge vessel
volume, the minimum acceptable value for Ppy; (approximately 155 X 10° Pa 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 44.8 X 10° Pa diaphragm would have been
approximately 207 X 10° Pa. (2) The small-volume-holding tank configuration does not allow for the
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Figure 16. Pressures in the holding tank and discharge vessel for t = O for a small-volume,
high-pressure holding tank; D, = 0.5 mm; Ppy; = 3.45 MPa; Pyy ;= 15.5
MPa; Pgyrst = 3.79 MPa.
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Figure 18. Pressures in the holding tank and discharge vessel for t = 0 for a small-volume,
high-pressure holding tank; D, = 0.5 mm; Ppy; = 3.45 MPa; Pyp ;= 15.5
MPa, PBURST = 4.48 MPa.
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Figure 19. Ujgr and dZ/dt for t = O for a small-volume, high-pressure holding tank; D, =
0.5 mm; PDV,I = 3.45 MPa, PHT,I =155 MPa., PBURST = 4.48 MPa.
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option of initiating tests from relatively-low values of Ppy,;, e.g., immediately after filling the vessel
with the test agent, when Ppy,; = Pg,r. To do so would once again require highly variable and
unreasonably large values of Pgr;. (3) The large-holding-tank design requires Py ; values only
slightly greater than the maximum Ppgyper value and it suffers from neither of the above shortcom-
ings.

3.2.10.2 Pressurization and Discharge for the Large Orifice, D, = 0.005 m. Simulation
results for pressurization/discharge test using the large-orifice design are presented in Figure 21
through Figure 24.

For Pgyper = 37.9 X 10° Pa, plots of Ppy and Py are presented in Figure 21 and plots of
Ujgr» dZ/dt, Z/Z;, and (My;, - My, g)/Mp, g in Figure 22. Note that the latter variable is meaningful
only during discharge when t = fzyper. As can be seen in these figures, for this case fgyper =
0.00173 s, i.e., this is the time it takes for Ppy, to rise from Ppy,; = 34.5 X 10° Pa to the diaphragm
rupture pressure. From Figure 21 is seen that the Py has almost been reduced to Ppy at t = 0.015
s, at which time approximately 40% 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 = 0.023 s. From Figure 22 it is seen that
during discharge: the rate of liquid outflow is reduced to about half of its original value, with dZ/ds
going from 8 m/s to 4 m/s; Ugr is always dropping, being reduced from an initially large
predischarge value of approximately 40 m/s to approximately 4 m/s; and (My, - My, g)/My,, g rises
from O to 0.35, i.e., at the end of the discharge the mass of N, in the vessel is increased from its
value at fg;per by a factor of approximately 0.35. The latter two results indicate that the criteria of
Equations (14) and (15) 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 Ppyper = 44.8 X 10° Pa, plots of Ppy and Py are presented in Figure 23 and plots of
Ujgr, dZ/dt, Z/Z,, and (My, - My, p)/My;, p in Figure 24. The results are qualitatively similar to
those discussed in the last paragraph for Ppyper = 37.9 X 10° Pa. The quantitative differences can
be easily determined from the figures. For this case tgyper = 0.0094 s. 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 X 10° Pa, P, would not have risen to Pgper and the discharge
process would never have occurred! The liquid is nearly all discharged from the vessel at 0.03 s.
During the pressurization process Uz drops from approximately 40 m/s to 15 m/s. During
discharge: dZ/dt is reduced from 7 m/s to 5 m/s; Ujgr is reduced from 15 m/s to 3.5 m/s; and (My, -
My, p)/My;, g rises from 0 to 0.1. Although the criterion in Equation (14) is satisfied, that of
Equation (15) is not.

3.2.11 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 guide the development of an experimental
procedure which both 1) simulates depressurization of a field-deployed discharge vessel and 2) allows
for acquisition of data, including high speed photography, to characterize 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.
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Figure 21. Pressures in the holding tank and discharge vessel for t = 0 for a small-volume,
high-pressure holding tank; D, = 5 mm; Ppy; = 3.45 MPa; Py, = 15.5 MPa;
PBURST = 3.79 MPa.
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Figure 22. Ujgr, dZ/dt, Z/Z,, and (My,-My; g)/My; p for small-volume, high-pressure
hOldlng tank, D0=5 mm, PDV,l =345 MPa, PHT,1= 15.5 MPa, PBURST= 3.79
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Figure 23. Pressures in the holding tank and discharge vessel for t > 0 for a small-volume,
high-pressure holding tank; D, = 5 mm; Ppy; = 3.45 MPa; Py, = 15.5 MPa;

PBURST = 4.48 MPa.
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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 aircraft and 2) meet additional experimental
constraints consistent with a program at NIST in support of aircraft fire safety issues.

In the example calculations, the fixed parameters which characterized the system were a 0.0005
m? discharge vessel with a circular exit nozzle/orifice of diameter 0.01905 m half-filled with
HCFC-22 in the liquid phase at "room temperature,” 294 K.

The deployed system was assumed to be pressurized with N, to a total pressure of 41.4 X 10°
Pa, where the exit nozzle/orifice is closed with an explosive cap which is released "on demand.” In
the experimental system, the exit nozzle/orifice is capped with a disk which ruptures at an a priori-
unknown pressure, between 37.9 X 10° Pa and 44.8 x 10° Pa.

The experimental system, is brought to the rupture/burst pressure, Pgyper, 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, PHT, 7, higher than Pgyper. The holding tank communicates with the
discharge vessel through a circular orifice of diameter Dy,

The model was used to simulate the discharge of the deployed system and of the experimental
system. Experimental parameters that were varied were Ppy, (9.38 X 10° Pa, the saturation
pressure of HCFC-22 at 294 K, or 34.5 X 10° Pa); Pyr; and the volume of the holding tank (51.7
x 10° Pa and 2.5 x 103 m?, or 155.1 X 10° Paand 2.5 x 10" m’); and D, (0.005 m, 0.001 m,
or 0.0005 m).

Results of the simulations are presented in Figure 6 through Figure 24. Based on the model
calculations it was determined that with Ppy,; = 9.38 X 10° Pa or 34.5 X 10° Pa an experimental
configuration/design using the relatively low-pressure (51.7 X 10° Pa), large-volume (2.5 X 10-3
m?), holding tank and the smallest-diameter (0.0005 m) 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 (0.005 m) and/or the relatively high pressure small-volume holding tank (155.1 X 10° Pa and
2.5 x 10> m?) would often not provide accurate simulations of field-deployed discharges and would
never be expected to be "robust.”

3.2.12 Nomenclature

Apy cross-sectional area of discharge vessel
Ay, Ap area of discharge nozzle/orifice, orifice from holding tank
Con Cpo flow coefficient of discharge nozzle/orifice, orifice from holding tank
Cpac Cpnz spec@ﬁc heat at constant pressure of agent gas, N,
Cyac Cyne spemﬁc heat at copstant volume qf agent gas, N, .
diameter of the orifice between discharge vessel and holding tank
Mpyac Mpyar mass of gaseous, liquid agent in discharge vessel
Mpy N2 Myr N2 mass of N, in discharge vessel, holding tank

Mpyna s Mpyar;r Mpyna Mpyars Myry,att =0
Myr N2, 1
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My,
My, g
P

Pmp
Pgursr
Ppy, Pyr
Ppy 1 Pur g
Pgur

Pgp

Ryc. Ry,

T

TAL
TDV’ THT

TDV,I’ THT,I
t

LBURST
Ip

UJET’ UO

Zigr
Y> YAG
Y
$pv
Opv> Our
Opv 1> O
PaL
Psar
i

Kpy N2 BT, N2
MpVN2, 1> FHT, N2, 1

T AMB

THT> TpVv> THT,]

Tsp
g;
T

total mass of N, in discharge vessel and holding tank, see Equation (3)
mass of N, in discharge vessel when the diaphragm ruptures
pressure

pressure of ambient environment

pressure in discharge vessel when the diaphragm ruptures

pressure in discharge vessel, holding tank

Ppy, Pyratt =0

pressure when liquid agent is at saturation

pressure on agent spinoidal curve

gas constants for gaseous agent, N,

temperature

temperature of liquid agent

temperature of gaseous agent in discharge vessel, N, in holding tank
Tpy, Tyratt =0

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

time when diaphragm ruptures

time at completion of liquid discharge or when Py, reaches Py, during
discharge

axial velocity of orifice jet upstream of gas/liquid interface

volume of holding tank

variables of dimensionless initial value problem, i = 1, 2, 3, Equation (9)
elevation of gas/liquid interface above bottom of discharge vessel
Zattr =20

length of discharge vessel

Zpy-Z

ratio of specific heats for N,, gaseous agent

dimensionless Z, Equation (A-1)

dimensionless Z,y,, Equation (A-4)

dimensionless Tpy, Tyr, Equation (A-1)

dimensionless T pv1> Tyt 1> Equation (A-1)

density of liquid agent

density of saturated liquid agent

dimensionless parameters, i = 1 to 5, Equations (10) and (A-4)
dimensionless Mpy ny, M Hr. N2> Equation (A-1)

dimensionless Mpy y> 1 Myr 1, Equation (A-1)

dimensionless P;,5, Equation (A-4)

dimensionless Pyr, Ppy, Pyr;, Equation (A-1)

dimensionless Pgp, Equation (A-4)

functions of x; and parameters, i = 1, 2, 3, Equation (11)
dimensionless ¢, Equations (9) and (A-1)

3.2.13 Appendix: The Dimensionless Initial Value Problem. Define the following dimensionless
variables and their initial values:

79
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7 = tCp NANI2Ppy /Mpy AL 1 ApyZ )12

Tyt = Pyr/Ppv; Tur(t = 0) = myr; = Py /Ppyvy > 1

Tpv = Ppy/Ppy s mpy(r = 0) =1

paTN2 = Mprno/Mags sarne(m = 0) = Mypng 1/Mo = surne: = 1- #pyneg <
ppvN2 = Mpyno/Mio Hpvn2(T = 0) = Mpyng /MNa = mpyne = 1 - sarNe, <
#ov,aL = Mpyar/Mpyar,1 = Mpyar/(eaLApvZy); ppyac(t = 0) =1
Ot = TurRnoMno/(VurPov,) = (Tur/Tur, ) ®Par,1/Pov, 1)/ Myt ng, 1/Mn2);
Our(t = 0) = Oyr1 = (Pyr,1/Ppy1)/ My g 1/ M) > 1
Opv = TpyMpy acRac/(Z1ApvPov, 1) = TovMpy acRacPaL/Mpy aL,1Pov,1);
Opv(t = 0) = by = Tpy,1Mpy,acRac/(Z1ApyPpv,1)
=212 {(r=0=1
Define the new variable x, and introduce X, and x; as new designations for ppy N, and ppy ar
respectively:
x1(7) = (1 + Mppyn2)/( + MopynDITpv(py - #pvar) + Ml - wpyn)™;
x1(0) = [(1 + Mppyng, /(1 + NMupyng, DGy - D + MAg(l - ppy g, 1)?
X(1) = ppyNzs *%200) = ppvNg,1

X3(1) = ppyaLs X3(0) = ppy AL,
Define also the following functions of the x;:

f; = [x1 = MAg(1 - )71 + MX)/I(1 + M%) ({py - X3

f, = M1 -%)0 D5 £ = MA-x)7 £y = M1 - %)/

(A-1)

(A-2)

(A-3)
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Nsy{y[2/(y + DI T DO-Dg a2, i £ > [y + 1)/2)00/0 D]
fs(xy) =
NsT3(L/EY Y2901 - (/£ - DI/[(y - DEII2; it f, < [(y + 1y2]v/v-Dl
(£ - Tamp)'% if ToMp = Tgp
fs(x;) =
(fy - msp)'"%; if Tamp < 7sp
where

M = (Mno/Mpy ac)Rno/Rac)i Ay = myr1/(kpmng, 1)
A3 = (Cyno/Cyac) M2/ Mpy a) = M(vag - DIy - 1);

>\4 = [(’YAG - D/(y - 1)][VHT/(ZlADV)];

As = (Cp o/ Cp N(A/ANIMpy, AL/ M) (ApyZ/Viygr)/2]H2; o
$ov = Zpy/Zy = constant > 1; ypg = Cpag/Cyag = Ra/Cync + s
Tame = Pamp/Povi; #sp = Pgp/Ppy;
Then the x; can be determined from the solution of the following initial value problem
dx;/d7 = - (yag - Dfyfg; dxy/dr = fs; dxgldr = - fg
x1(0) = [(1 + MppyNa, /(1 + Mupyne, D1GDy - D + Mg - ppyng. )% (A-5)
%(0) = ppyN2, 13 X3(0) = ppy AL i
and the solutions for the original dimensionless variables of Equation (A-1) can be retrieved from
Tov = fi3 mur =155 pyrne = 1-Xp #pyne = Xg5 HpvaL = = X33 *6)

Our = 5 Opv = pv - XPf/(1 + N\ixy)

From the latter solutions the dimensional variables can be determined finally from the definitions of
Equation (A-1).

The problem formulation of Equation (A-5) and its solution are valid up to the value of 7 where
X3 = 0 (the last of the liquid is driven from the discharge vessel) or f; is reduced to Pgar/Ppy,; (the
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liquid in the discharge vessel is subjected to a condition where an equilibrium state would lead to
flashing).

3.3 Design of Experimental Release Vessel

3.3.1 Introduction. In a conventional halon 1301 bottle, a fixed amount of agent is initially
dispensed to the bottle followed by pressurization with nitrogen to a fixed equilibrium pressure at
room temperature. Depending upon the application, the amount of agent and the charged pressure
can be varied accordingly. Release of the agent from the vessel is normally achieved by a squib or a
solenoid valve, either manually or automatically, upon the detection of a fire. For fire protection of
dry bays, the agent has to be released from the vessel and suppress the fire in less than 50 ms. The
use of a squib or solenoid valve to study discharge dynamics in a laboratory is not appropriate
because a squib is an explosive device and the flow path through a solenoid valve is too complex to
analyze. In order to obtain fundamental understanding of the discharge processes, an experimental
apparatus has to be designed such that it can eliminate the above shortcomings of using either a squib
or a solenoid valve and at the same time closely simulate the actual discharge process.

There were two major design criteria that had to be considered: vessel size and release mechanism.
Since the experimental condition was at high pressure, the size of the vessel had to be small enough
to minimize weight for ease of mounting and handling of the vessel, but not so small that the size of
the vessel became unrealistic and that the characteristic emptying time of the agent was so short that it
was not possible to characterize the discharge process in sufficient detail. In addition, minimization
of the amount of agents used in the discharge tests had to be considered because of the limited
availability and high cost of some of the alternative agents. An internal volume of approximately 5 X
10™% m> was selected. This volume was less than a factor of three smaller than the internal volume
(14 x 10™* m®) of the smallest vessel (type CF-2) specified in the appropriate Military Specification
(1965). In addition, this volume was large enough to hold a sufficient amount of agent to perform the
discharge experiments. An aspect ratio (length/diameter) of about 5 was used in the vessel design.
The selection of this aspect ratio was governed by the dimension of the rupture disk holder (to be
discussed).

Since the intent was not to design an actual release mechanism for practical applications, but
rather to design a release mechanism that could be used to compare the discharge dynamics of various
alternative agents, the device had to have a simple geometry, a simple flow pattern, and quick action.
Due to safety consideration in the laboratory, release mechanisms that utilized explosive cartridges to
initiate the discharge of the vessel were not considered in the design of the discharge vessel. Solenoid
valves were also not considered because of the complex flow path inside the valves (although some
valves do have a straight-through design) and a slow response time compared to the emptying time of
the vessel. Furthermore, solenoid valves are not designed to operate under extreme high and low
temperatures. A rupture disk was chosen as a quick release mechanism because the bursting of the
disk is almost instantaneous once a specified pressure has been reached and a simple straight-through
and full opening of the non-fragmented burst disk can be obtained. This technique had been
successfully used previously in a study of rapid venting of hot, high pressure liquids from a pressure
vessel (Kim-E, 1981; Kim-E and Reid, 1983).

3.3.2 Release Vessel Design. A rupture disk (FDI FA scored) with a diameter of 19.1 mm was
used as a rapid release mechanism for discharging agents from the pressurized vessel. The disk was
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made of stainless steel (SS 316) with a nominal burst pressure of 4.12 MPa at room temperature
(22 °C). The actual burst pressure varied less than + 10% of the nominal burst pressure.

The vessel used in this study was made of either stainless steel or clear acrylic plastic (poly-
methyl methacrylate). The clear acrylic vessel was used for visualizing the internal behavior of the
agents during discharge and for obtaining emptying rates of the agents from the vessel.

The stainless steel (SS 304) vessel was constructed from a tube with an internal diameter of 50.8
mm and a wall thickness of 6.4 mm. One end of the tube was welded with an end plate in which
there were four tapped access holes for mounting a piezoelectric dynamic pressure transducer (Kistler
Model 603B1), two thermocouples (K-type), and a needle valve (Whitey SS-1RS4) for dispensing the
agent into the vessel and for subsequent nitrogen pressurization. The other end of the tube was
welded to a flange with an O-ring seal for mounting a rupture disk holder (FDI Model FF). A tapped
hole was also made on the lower side wall of the vessel so that a pressure transducer could be
mounted to monitor the pressure of the liquid during downward discharge. The internal volume of
the vessel was measured by filling the vessel with water and weighing and was found to be 4.97 X
107* m3. The vessel was hydrostatically tested to 17.2 MPa. However, for safety reasons, the
vessel was operated at pressures less than or equal to 8.2 MPa. Figure 25 is a schematic of the
stainless steel vessel.

The plastic vessel was constructed from a clear acrylic tube with a nominal internal diameter of
50.8 mm and a nominal wall thickness of 9.5 mm. A schematic of the vessel is shown in Figure 26.
The tube was sandwiched between two aluminum end plates equipped with O-ring seals using four
threaded rods which passed through the plates. The rupture disk holder was attached to one of the
end plates. Two tapped holes were drilled for mounting a dynamic pressure transducer and a needle
valve on the other end plate. For those agents (all the HCFC’s and HFC’s) that were found to cause
glazing or to dissolve into the wall of the plastic vessel, a new acrylic tube was used for each run.
The internal diameter of the plastic tube was found to vary from tube to tube due to the manufactur-
ing process of extruding the tube. The average internal volume of the all plastic vessels was 5.09 x
10~* m3 with a standard deviation of 0.15 X 1074 m3. Measurements were recorded for each tube
used.

3.3.3 Design Validation. The experimental set-up used in this study (to be discussed) resembles
closely the conceptual experimental configuration described in Section 3.2. In the conceptual design,
a nitrogen holding tank was proposed, whereas in the actual experimental set-up the internal volume
(3.38 x 107* m’) of the supply line (not shown in Figure 25 and Figure 26) between the nitrogen
cylinder and the pressure vessel acted like a holding tank. In addition, the needle valve used for
regulating nitrogen flow into the vessel functioned in a similar way as an orifice plate placed between
the holding tank and the pressure vessel. A holding tank was not used in the actual experimental set-
up because the combined holding tank/vessel system could not be easily assembled due to the
bulkiness of the system. The situation was more critical when changing of the orientation of the
system was required in order to study the effect of orientation on the discharge (see Section 3.4).

In an actual discharge vessel, the vessel is a closed system; that is, there is no continuous flow of
nitrogen into the vessel. However, the present experimental design depends on the inflow of nitrogen
to raise the internal pressure of the vessel in order to rupture the disk (see Section 3.4.2). Further-
more, it was not possible to shut off the nitrogen flow to the vessel at the instant when the rupture
disk burst due to the relatively slow response time (~ 35 ms) of the solenoid used to connect the
vessel and nitrogen supply line.

A series of experiments were performed to access the effect of the continuous nitrogen inflow
during discharge. It was found that by regulating (less than a 1/4 turn; equivalent to an orifice
opening of less than 0.5 mm) the needle valve to minimize the inflow of nitrogen such that the
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duration from the initiation of nitrogen flow to the rupture of the burst disk was greater than one
second, no appreciable differences (within the experimental uncertainty due to the actual burst
pressure) were detected in the internal pressure traces during discharge. Therefore, it can be
concluded that the continuous flow of nitrogen has an insignificant effect on the discharge behavior.

Based on the above discussion, the actual experimental configuration, in essence, incorporates the
design recommendations made in Section 3.2 for a generic experimental set-up using a relatively low-
pressure large-volume holding tank and a small orifice between the holding tank and the discharge
vessel.

Since nitrogen is dissolved in liquid agent in an actual discharge vessel, the effect of dissolved
nitrogen on the discharge process needs to be addressed. During discharge, rapid internal depressu-
rization of the vessel could cause degassing of dissolved nitrogen from the liquid which could affect
the dynamic behavior of the liquid agent inside the vessel and the flow rate through the vessel
opening. Based on observed internal pressure-time histories during discharges of halon 1301, it has
been conjectured (with no visual observations) that degassing of nitrogen occurs during the time
interval from initiation of discharge to the complete depletion of the liquid (Williamson, 1976, Elliot
et al., 1984). However, the characteristic discharge times (order of seconds) for vertically downward
release were much longer in these earlier studies than in our experiments (~ 30 ms). Based on the
following argument, it is Aypothesized that the characteristic discharge time in our experiments is
much faster than the time required for degassing of dissolved nitrogen. The time for evolution of
dissolved nitrogen in the liquid can be considered to be the sum of the waiting time for nucleation of
nitrogen bubbles and the time for nitrogen bubbles to grow (Avedisian, 1985). If the waiting time is
assumed to be very short even in the case of rapid discharge, the bubble growth time is then the
dominant factor. Assuming the bubble growth is diffusion-controlled, i.e., the growth is due to the
diffusion of nitrogen into the bubble, the bubble growth velocity is of the order of 0.1 m/s (Bankoff,
1966). This growth velocity is about two orders of magnitude slower than the velocity of the
depleting liquid level during rapid discharge (to be discussed later), implying that the discharge time
of the liquid is much faster than that of degassing of dissolved nitrogen. Hence, the presence or
absence of dissolved nitrogen would not affect the behavior of the liquid inside the vessel during very
rapid discharge. In the experimental procedure used in this work (to be discussed in the next
section), the dissolved nitrogen does not play a role due to the short contact time between the liquid
and nitrogen in the vessel before initiation of discharge. The above argument is to ensure that the
experimental procedure used in this study simulates closely the actual discharge process. Although
dissolved nitrogen may not play a role in the behavior of the liquid inside the vessel during vertically
downward discharge, it may affect the flashing behavior of the liquid external to the vessel as well as
the behavior of the liquid inside the vessel during vertically upward and horizontal release due to
longer characteristic discharge time. However, the solubilities of nitrogen in all the liquid agents
used in this study were found to be very similar (see Section 2). Therefore, the differences in the
overall external behaviors of the liquid agents could still be considered not to be attributable to
differences in the solubility of nitrogen in the liquid agents.

3.4 Vessel Discharge Rate Measurements

3.4.1 Introduction. The events occurring inside and outside of a pressurized vessel containing
alternative agent during discharge are extremely complicated due to the presence of two-phase flow.
The discharge process addresses how the agent is delivered to a fire scene. The effectiveness of an
agent in suppressing a fire depends on how fast and how it is transported to the fire. This part of the
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task is designed to address the behavior of the proposed alternative agents inside the pressure vessel
during rapid discharge. The characteristic discharge time is on the order of tens of milliseconds.
Various parameters that could influence the discharge process will also be examined in this study.
The parameters studied are: (1) orientation of discharge, (2) orifice diameter, (3) presence of an
extension tube at the vessel exit, (4) vessel pressure at discharge, and (5) ambient temperature. The
behaviors of the agents external to the vessel during discharge are discussed in Section 3.5.

3.4.2 Experimental Method. The experimental procedure involved the following steps. The vessel
was evacuated for at least 15 min. The vessel was then connected to the agent supply bottle. For
liquid agents, the vessel was filled approximately two-thirds full (by volume). For FC-116, which is
a gas at room temperature, the vessel was filled until the pressure in the vessel equilibrated with the
pressure in the supply bottle, and the amount of FC-116 in the vessel corresponded to an average fill
density of 110 kg/m3. This number was limited by the pressure of the agent in its supply bottle. The
total mass of an agent dispensed to the vessel was obtained by weighing on an electronic scale with an
accuracy of 1 g. The vessel was then pressurized with nitrogen to 75% of the nominal burst pressure
of the rupture disk through a solenoid valve (Skinner 712X1D1B) and the needle valve (see Figure 25
and Figure 26). To initiate a discharge, the upstream nitrogen pressure in the nitrogen supply line
was first raised to approximately 15% above the nominal burst pressure with the solenoid valve
closed. The solenoid valve was then opened to start a flow of nitrogen into the vessel through the
needle valve and initiate the experiment. The nitrogen flow continuously increased the internal
pressure of the vessel to a point where the rupture disk could no longer sustain the rising internal
pressure. Bursting and complete opening of the rupture disk followed, thus causing rapid release of
the agent from the vessel.

A high-speed movie camera (Photec IV) operating at 2000 frames per second was used to
document the events occurring inside the plastic vessel. Kodak Ektachrome high-speed daylight films
(ASA 400), some front lighting, and intense backlighting were used. Emptying rates were obtained
by using frame-by-frame analysis of the movies taken from the experiments. The high-speed motion
picture film acquired for each discharge was analyzed using a slide scanner (Microtek ScanMaker 35t)
to digitize the images and digital image processing software (Aldus PhotoStyler Version 1.1).
Emptying rates were extracted from the digitized images of the liquid level of the agent in the vessel
as a function of time during discharge.

The slide scanner is designed for use with 35 mm slides or film strips, both color and black and
white, but is easily adapted for use with 16 mm movie film. It uses a linear array CCD (charge
coupled device) and can digitize an image with a resolution of 3656 X 3656 dpi (dots per inch); twice
the resolution (7312 x 7312 dpi) is possible with software interpolation. Dots can be represented by
an 8-bit code indicating any one of 256 shades of gray, or by a 24-bit color code indicating any one
of over 16 million colors. For this work, two frames per image were scanned as grayscale images
with 3656 x 3656 dpi at 100% scale.

The scanning module incorporated in the digital image processing software (PhotoStyler) is
Twain-compliant, which allows software applications and hardware imaging devices to communicate
directly. This means that the scanner can be accessed directly from within the digital image
processing software; after the scan, the image is placed inside the imaging software, where data
processing is performed before the image is archived. The archival method used is to compress the
image in JPEG format. In this way, an image that comprises 3.8 Mbyte of disk space can be saved in
a file which is 144 kbyte without loss of image quality.

The process for computing the emptying rates is straightforward. The digital image processing
software allows the measurement of the position of every pixel in the image, which is typically 2630
pixels wide by 1470 pixels high. Accurate measurements of timing and liquid level position, as seen
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through the transparent vessel, allow the computation of volumetric flow rate when the vessel
diameter is known.

The edge of the film strip contains a timing mark adjacent to the sprocket holes; the spot appears
on the film at a rate of 1 kHz. When the high-speed movie camera is operated at 2000 frames per
second, there is a timing spot every 2 frames (nominally 0.5 ms per frame). A more accurate
framing rate can be computed by measuring the timing spot relative to the sprocket holes and using
linear interpolation. It is estimated that the imprecision in the film speed for the data in this report is
+ 0.001 ms per frame, or + 0.2%.

The liquid level and a reference point are measured for each frame with a resolution of + 0.5
pixels. Pixels are related to the physical length measurement scale by means of a 25.4 mm steel ball
photographed at the beginning of each film reel. The uncertainty in the length calibration is + 0.5
pixel, or 0.2 mm. Thus, the uncertainty in the liquid position measurements is typically + 0.4 mm.

Two thermocouples, one placed in the ullage and one in the liquid, were used to record the
temperature changes in both phases during discharge. The thermocouples used were K-type, fine
gage (12 or 25 um), and unsheathed. The thermocouple were constructed by arc-welding the fine
thermocouple to the two bare ends (with the original bead junction removed) of a rugged unsheathed
thermocouple (K-type) probe under a microscope. Attempts to record temperatures in the both phases
(vapor and liquid) inside the vessel proved to be difficult, although some qualitative information could
still be obtained from the temperature measurements. The difficulty lies in the response time and the
fragility of the fine wire thermocouples. Even a fine 12 pm unsheathed thermocouple was found to
have a time constant which was too slow to follow the events occurring inside the vessel.

The pressure transducer was a Kistler Model 603B1 piezoelectric dynamic pressure transducer
which was regulated by a dual mode charge amplifier (Kistler Model 5004). The outputs from the
charge amplifier and thermocouples were recorded using a high-speed data acquisition board
(Strawberry Tree FLASH-12™ Model 1) at a rate of 25 kHz and stored in a personal computer for
subsequent data analysis.

Unless specified, discharge experiments were conducted by discharging vertically downward at
room temperature with rupture disks having a nominal burst pressure of 4.12 MPa. This condition
will be referred to as the standard discharge in the discussion. The agents studied were the eleven
potential replacement agents: HFC-236fa, FC-31-10, FC-318, HCFC-124, HFC-227ea, HFC-134a,
FC-218, HCFC-22, HFC-125, HFC-125 (40% by mass)/HFC-32 (60%) mixture, and FC-116. Halon
1301 was also included in the study as a reference agent.

The effect of the size of the opening on the discharge process was assessed by mounting various
diameter orifice plates at the base of the discharge vessel to restrict the opening of the rupture disk at
the exit of the disk holder. The orifice diameters used in this study were 19.1, 12.7 and 6.4 mm.
The plates were 5.08 mm thick.

In order to simulate discharge through a pipe for engine nacelle fire protection applications,
experiments were performed using an extension tube 0.5 m long with an internal diameter equal to
that of the 19.1 mm rupture disk. The tube was attached to the vessel exit, and the effect of
orientation on the discharge dynamics with an extension tube was also studied.

The effect of the initial charge pressure on the discharge was simulated and studied by perform-
ing a series of experiments at room temperature using rupture disks with different burst pressures.
Rupture disks with nominal burst pressures of 2.76, 4.12, and 5.50 MPa were selected.

A few experiments were also conducted to evaluate the effect of temperature on the discharge
characteristics. The temperature effect was evaluated only at —45 °C by using burst disks with
nominal burst pressures of 2.76 MPa. Based on the measurements of thermodynamic properties of
agent/nitrogen mixture (see Section 2), this burst pressure was chosen in order to simulate the residual
pressure in an actual vessel as a result of exposing the vessel to a —45 °C environment. Two agents
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(FC-31-10 and FC-218) were evaluated at this temperature. Cooling was achieved by immersing the
vessel in dry ice. Due to its large thermal inertia, the stainless steel vessel and its contents could only
be chilled to an equilibrium temperature of —45 °C. No experiments were conducted at 150 °C as
originally planned because the final pressure exceeded the operating pressure of the vessel even when
the vessel was 1/3 fill (see Section 2). However, some general comments will be made in Section
3.4.3.5 with regard to the discharge characteristics at elevated temperatures.

The study on effects of orientation on the discharge dynamics was carried out by discharging the
vessel vertically downward and upward or horizontally. Since the horizontal and vertical upward-
discharge processes were found experimentally to be slower than the downward discharge, the high-
speed movie camera was operated at 500 or 1000 frames per second in these experiments.

Only three agents were used for studying the effect of various parameters on the discharge
process. Two representative alternative agents (FC-31-10 and FC-218) and halon 1301 at room
temperature. These two alternative agents were chosen among others because they represented the
range of boiling points encompassed by most of the eleven proposed fluids. Halon 1301 was included
as the baseline agent.

3.4.3 Results and Discussion

3.4.3.1 Standard Discharge. Visual observations of the events occurring inside the vessel
during downward discharge are described as follows. Liquid agent is propelled out of the vessel
when the rupture disk breaks. In some of the experiments, the inflow of nitrogen disturbs the
liquid/vapor interface causing a wavy motion along the liquid surface in a manner similar to that
described in Section 3.2. Apparently these disturbances did not affect the agent release behavior. At
the end of the liquid discharge the vessel interior becomes foggy, possibly due to the condensation of
vapor caused by a decrease in temperature in the ullage due to the adiabatic expansion of the vapor
phase. As the discharge of the remaining vapor continues, the vessel becomes clear once again.

Figure 27 shows a photographic sequence of events during a downward discharge of FC-218
from a plastic vessel. The photographs were taken at 2000 frames per second. The frame which
corresponds to the time t = 0.5 ms is the first frame where agent is observed outside the vessel. Due
to the framing rate, there is a 0.5 ms uncertainty in the times. The dark grey horizontal shadow in
the middle of the background was caused by the backlighting set-up. The first photograph shows the
plastic vessel, which is located in the middle, the vessel mount, and the liquid level. In this sequence
of photographs, the perturbation of the vapor/liquid interface caused by the inflow of nitrogen is
evident from the wavy nature of the interface. The photographs also show the behavior (to be
discussed in Section 3.5) of the agent outside the vessel during discharge.

Figure 28 through Figure 39 show results for the temporal variation of the internal pressure
during downward discharges of all the agents evaluated in this study. Pressures reported in the
figures are gauge pressures. The pressure is nondimensionalized by the actual burst pressure, P;,
which is taken to be the pressure at ¢ (time) = 0s. The time s = 0's is defined as the time when the
first laser (located at the immediate exit of the vessel) signal is attenuated (see Section 3.5) by the
agent coming out from the vessel. For most agents (except FC-116, HFC-125/HFC-32 mixture, and
halon 1301), there are two distinct regions, separated by an inflection point, in the pressure-time
history. The first region corresponds to the time interval during which the liquid agent is being
propelled from the vessel; the second region corresponds to the period when the remaining vapor
(mostly nitrogen) is being vented from the vessel. Based on observations from the plastic vessel
experiments, the inflection point corresponds very closely to the time at which the liquid agent has
just been completely expelled from the vessel. Since the pressure-time histories obtained from the
pressure transducer mounted on the stainless steel vessel wall in order to monitor the temporal change
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0.5 ms 1.0 ms

1.5 ms 2.0 ms

2.5 ms 3.0 ms

Figure 27. Photographic sequence of events showing a downward discharge of
FC-218 from a plastic vessel.
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10.0 ms 15.0 ms

20.0 ms 25.0 ms

30.0 ms 32.5ms

Figure 27. (continued) Photographic sequence of events showing a downward discharge
of FC-218 from a plastic vessel.
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35.0 ms 40.0 ms

50.0 ms 75.0 ms

100.0 ms 125.0 ms

Figure 27. (continued) Photographic sequence of events showing a downward discharge
of FC-218 from a plastic vessel.
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Figure 28. Temporal variations of internal pressure during downward discharges of
HFC-236fa.
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Figure 29. Temporal variations of internal pressure during downward discharges of
FC-31-10.
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Figure 30. Temporal variations of internal pressure during downward discharges of
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Figure 31. Temporal variations of internal pressure during downward discharges of
HCFC-124.
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Figure 32. Temporal variations of internal pressure during downward discharges of
HFC-227ea.
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Figure 33. Temporal variations of internal pressure during downward discharges of HFC-134a.
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Figure 34. Temporal variations of internal pressure during downward discharges of FC-218.
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Figure 35. Temporal variations of internal pressure during downward discharges of HCFC-22.
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Figure 36. Temporal variations of internal pressure during downward discharges of HFC-125.
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Figure 37. Temporal variations of internal pressure during downward discharges of the HFC-
125/HFC-32 mixture.
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Figure 38. Temporal variations of internal pressure during downward discharges of FC-116.
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Figure 39. Temporal variations of internal pressure during downward discharges of halon 1301.
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of the pressure in the liquid phase followed those obtained from the pressure transducer used to
measure pressure change in the vapor phase, only the pressure-time histories from the vapor phase
measurements are presented and discussed.

The pressure-time histories obtained using plastic vessels have an oscillatory nature and more
noise. Such time traces are easily identified in the figures. This behavior is believed to have been
caused by vibration of the vessel mount during discharge. The observed oscillatory frequency of the
pressure traces corresponded closely to the natural frequency of the vessel mount, which was
estimated by simulating the four threaded rods (see Figure 26) as four springs and the vessel as a
mass attached to the springs. Since a different mount was used for the stainless steel vessel, no such
oscillatory characteristic in the pressure-time histories was observed. The variations in the pressure-
time histories from run to run reflect the nature of the rupture disk, that is, the actual burst pressure
of each rupture disk used in the experiments deviated somewhat from its nominal burst pressure.
Therefore, different P;’s are anticipated depending on the pressure at which the disk bursts.
Differences in the pressure histories obtained from the stainless steel vessel and from plastic vessels
are due to the differences in the internal volumes of the vessels.

The visual observation of the internal behavior of liquid agent during discharge from plastic
vessels shows that during the time when the liquid level is visible (refer to Figure 26) no internal
boiling of the liquid occurs during depressurization. This observation can be explained by examining
the temporal variation of the internal pressure. From Figure 28 through Figure 36, for the nine
agents with boiling points above —45 °C, the pressures at the time when the liquid empties (at the
inflection point in the pressure-time history) is still well above the saturation vapor pressure for all of
these agents at room temperature. Although the temperature of the ullage above the liquid is very
low because of the expansion of the vapor phase, the characteristic time, ¢, for the interfacial heat
transfer between the liquid and the vapor phases is much longer than the discharge time of the liquid,
typically O(10 ms). The characteristic time for heat transfer can be estimated (Bird et al., 1960)
using

2
PR (17)
o

where « is the thermal diffusivity, typically O(10~7 m?/s) and 8 is the thermal penetration distance in
the liquid, in our case typically 0(1072 m). Hence, t. is on the order of tens of seconds. Therefore,
the liquid agent remains at the initial room temperature and can be considered to undergo an
isothermal depressurization during discharge. As shown in Figure 40, this argument is supported by
the temperature-time histories in the liquid during discharge of HCFC-22. Figure 40 was obtained
using a 25 um fine wire thermocouple. Data were taken at a rate of 10 kHz.

For FC-116 (see Figure 38), the pressure-time histories show a relatively smooth decay of the
internal pressure. Since FC-116 is a gas at room temperature, this behavior is typical of a gas vented
from a pressurized vessel. The two regions in the temporal variation of the internal pressure
observed for the liquid agents do not exist.

For HCFC-22, HFC-125, HFC-125/HFC-32 mixture, and halon 1301, only the pressure-time
histories from the stainless vessel were recorded. Since some of these agents etch plastic and all have
relatively high vapor pressures at room temperature, the plastic vessel was not used for fear of
rupture of the vessel during its filling and handling.

The experimental results for HFC-125/HFC-32 mixture and halon 1301 deserve further
discussion. The pressure-time histories in Figure 37 and Figure 39 show that the transition from the
liquid discharge to the venting of the remaining vapor from the vessel is not distinct and abrupt. The
transition appears to be gradual. Since no visual observations were made for these agents, the events
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Figure 40. Temporal variation of temperature in the liquid phase during discharge of HCFC-22.
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occurring inside the vessel could only be inferred from the experimental pressure-time traces. It can
be seen that at some point during the release the internal pressure dropped below the saturation vapor
pressure of the agent at room temperature (refer to Section 2). Therefore, it is conjectured that
boiling of the liquid occurred near the end of the liquid discharge, thus causing a gradual transition
until the remaining liquid had been discharged.

Based on visual observations of the discharges, a simple mathematical model can be formulated
to simulate the pressure-time history. As mentioned above, there are two distinct regions, separated
by an inflection point, in the pressure-time traces. The first region corresponds to the liquid
discharge while the second region corresponds to the discharge of the remaining vapor after the liquid
has been released from the vessel. The formulation of the model for liquid discharge will first be
presented, followed by a discussion on the simulation of the discharge process of the remaining
Vapor.

Once the rupture disk bursts, the nitrogen above the liquid agent simply acts as a piston to drive
the liquid out of the vessel. The control volume that is being considered is the ullage above the
liquid. Since the discharge process is very rapid, the process occurring in the gas phase can be
assumed to be adiabatic and reversible, i.e., isentropic. Furthermore, for simplicity the control
volume is assumed to be closed in the analysis because the inflow of nitrogen does not influence the
discharge process (see Sections 3.2 and 3.3.3). Assuming the vapor phase to be ideal, from the first
law of thermodynamics for an isentropic process,

PV?Y = constant , (18)

where v is the ratio of the constant pressure and volume heat capacities, P is the pressure, and V is
the control volume. Since nitrogen is the dominant species in the vapor phase, the -y of nitrogen with
a value of 1.4 is assumed. If a time derivative of Equation (18) is taken, then

ap  Pydv _, (19)
dt V dt

Because of the design of the rupture disk holder, there is a short distance, L (25.4 mm), having a
diameter of 19.1 mm through which the fluid has to pass before exiting from the release vessel
assembly. Because of rapid depressurization, the liquid becomes superheated as it passes through the
opening of the disk (Modell and Reid, 1983; Reid, 1976). Superheating of the liquid has been
observed in previous studies on the discharge of saturated and subcooled liquid from orifices and
nozzles (Benjamin and Miller, 1941; Burnell, 1947; Pasqua, 1953; Hesson and Peck, 1958; Henry,
1970; Prisco et al., 1977; Celata et al., 1983; Van den Akker et al., 1983). If we assume the flow
of metastable liquid through the disk opening (D) and the disk holder can be approximated by flow
through a short tube (0 < L/D < 3) , then the volumetric flow rate of the liquid, expressed in terms
of the volumetric expansion rate of the gas above the liquid agent, can be calculated by (Prisco et al.,
1977; Tong, 1965)

dv C,A 2(P-P, ’ (20)
dt P,

where A is the cross sectional area of the disk opening, p, is the liquid density, P, is the saturation
vapor pressure of agent, and C, is the discharge coefficient for the liquid, with measured values found
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to be between 0.61 to 0.64 in the literature (Prisco er al., 1977; Tong, 1965). Equations (19) and
(20) were solved numerically using a fourth order Runge-Kutta method (Carnahan er al., 1969) to
obtain the pressure-time histories and the liquid level as a function of time.

Figure 41 through Figure 46 show the temporal variations of liquid level for agents obtained
from experiments using plastic vessels. Also shown in the figures are predictions obtained using
Equations (19) and (20). The liquid levels were measured from the upper edge of the lower
aluminum plate (see Figure 26), and a zero liquid level does not correspond to complete depletion of
liquid. The best curve fits were obtained by optimizing the values of C;, which varied between 0.67
to 0.80. These C, values are slightly higher than previous experimental values reported in the
literature.

After complete depletion of liquid, the discharge process of the remaining vapor can be modeled
as follows. If the vapor is assumed to be an ideal gas, the process is again assumed to be isentropic,
and the pressure in the vessel is high enough that the flow can be assumed to be choked in the disk
opening (which is approximated as a round, sharp-edged orifice), it can be easily shown that the
following equation describes the rate of pressure decay in a vessel as a function of time (Kim-E,
1981).

3 \12 2y
i _ 1 - CaA RTelY K 1 - Y ; 1 -9 (21)
P, v M 2y ’
with
y-1
K- (-2 1) @)
y +1

where P, and T, are the pressure and temperature in the vessel at the instant of complete depletion of
liquid agent, respectively, C, is the discharge coefficient for the gas, R is the universal gas constant,
and M is the molecular weight of the vapor (assumed to be nitrogen). A choked flow is justifiable
because P,/P, where P, is the exit pressure (0.101 MPa), is less than the critical pressure ratio most
of the time during discharge of the remaining vapor. For an ideal gas undergoing an isentropic
process, the critical pressure ratio is given by (Balzhiser er al., 1972)

Y
P, (2 Yo 23)
P critical Y * 1

Optimum values of C, were found to be between 0.26 and 0.31 (Kim-E, 1981) during depressuriza-
tion of a vessel initially filled with nitrogen.

Figure 47 through Figure 52 compare the complete pressure-time histories with predictions from
Equations (19), (20), (21), and (22). The best curve fits for the duration of vapor discharge were
obtained by optimizing the values of C,, which varied between 0.25 to 0.35. However, if instead of
using the P,;’s from the liquid discharge calculations, one fits the experimental results of vapor
discharge by optimizing both P,; and C,, the values of C, are found to be ~ 0.6.

The average volumetric flow rates, defined as the initial volume of liquid in the vessel divided by
the emptying time of the liquid, are summarized in Table 4. Knowing the framing rate of the high-
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Figure 42. Temporal variation of liquid level obtained from a FC-31-10 discharge.
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Figure 44. Temporal variation of liquid level obtained from a HCFC-124 discharge.
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Figure 45. Temporal variation of liquid level obtained from a HFC-227ea discharge.
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Figure 46. Temporal variation of liquid level obtained from a FC-218 discharge.
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Figure 47. Comparison of measured pressure-time history of a HFC-236fa discharge with
prediction.
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Figure 48. Comparison of measured pressufe-time history of a FC-31-10 discharge with
prediction.
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Figure 49. Comparison of measured pressure-time history of a FC-318 discharge with
prediction.
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Figure 51. Comparison of measured pressure-time history of a HFC-227ea discharge with
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Table 4. Initial burst pressures (P,), initial agent masses (M;), and average volumetric flow rates
(Q) obtained from experiments using plastic and stainless steel vessel

Agent P, (MPa) M; (g) Q (mfs) x 10°
HFC-2361 4.39 + 0.14° 468 + 5 10.8 + 0.5
FC-31-10 3.88 + 0.06 508 + 18 103 £ 0.2
FC-318 4.20 + 0.30 503 + 3 10.8 + 0.2
HCFC-124 4.16 + 0.18 464 4 2 109 + 0.8
HFC-227eab 4.44 476 11.1
HFC-134a 423 +0.12 416 + 8 10.7 + 0.9
FC-218 431 +0.37 462 + 2 10.8 +£ 0.7
HCFC-22 4.40 + 0.15 411 + 14 102 + 0.1
HFC-125 4.16 + 0.09 414 + 10 98 + 0.7
HFC-125/HFC-32 mixture 4.32 + 0.04 367 + 12 10.0 + 0.8
CF;Br® 4.35 554 7.6
%mean + SD

bone run

speed movie camera, the emptying time was obtained by counting the number of frames of the movies
for the second flashing of the spray (see Section 3.5) to occur at the vessel exit following the start of
the release because the time for the appearance of the second flashing corresponded closely to the
inflection point in the pressure-time histories. The scatter in the data reflects the uncertainty in
identifying the exact emptying time of the liquid and variations in the initial burst pressure. Except
for halon 1301, the average volumetric flow rates of the alternative liquid agents evaluated vary less
than 10% among each other. Based on Equations (19) and (20) and given the same initial conditions,
the emptying time or the volumetric flow rate of the liquid should be relatively independent of the
agents studied because the terms under the square root in Equation (20) do not differ significantly
among the agents. This is consistent with the experimental observations made in this work.

However, the above simple analysis is only applicable when there is no internal boiling of liquid

agent inside the vessel during discharge in a downward orientation; this may not be the case for liquid
agents with low boiling points (e.g., halon 1301).

Since FC-116 is a gas at room temperature, Equations (21) and (22) can be used to simulate the
discharge of FC-116. In this case, P, = P;and T,, = T;. The predicted and measured pressure
decays are given in Figure 53. The predicted values were calculated by assuming an average
molecular weight of 83 based on the amount of FC-116 and nitrogen at £ = 0 and a value of 1.2
for v. There is a large discrepancy between the measured and predicted temporal variations of
internal pressure during discharge. It is conjectured that the assumption of ideal gas behavior which
underlies Equations (21) and (22) may not be applicable for FC-116. Support for this conjecture is
obtained from studies on releases of nitrogen only (which should behave as an ideal gas). For
nitrogen-only releases from the pressurized vessel, Equations (21) and (22) predicted reasonably well
the temporal variation of the internal pressure as can be seen in Figure 54. Note that, for both cases
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Figure 53. Comparison of a measured pressure-time history of FC-116 discharge with
prediction.
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FC-116 and nitrogen releases, the optimum values of C, are much higher than the values found in
other discharge experiments wherein a liquid agent is initially present and the values in the literature
(Kim-E, 1981). The low values of C, obtained by Kim-E (1981) are possibly due to obstruction of
his flow path by a pneumatic plunger. In his experimental set-up, a rupture disk was used as a

release mechanism. The plunger which was placed inside the vessel was used to break the rupture
disk in order to initiate the discharge process. However, the reason for the low and high values
obtained in this study is not known; the low values of C, were obtained when gas discharge was
preceded by liquid release, whereas the high values of C, were found when liquid was not present
initially in the vessel. The value for C, normally centers around 0.6 (Perry ef al., 1984). It can only
be conjectured that the edge roughness of the rupture disk opening (Perry et al., 1984) and the
transient effect due to the abrupt transition from the discharge of liquid to the release of the remaining
vapor may have an effect on the discharge coefficient, and that the assumption of a round, sharp-
edged orifice may not be valid because the flow through the disk holder resembles one through a
short tube rather than through an orifice. The use of a single value of C, may also be questionable
because C, can be a function of the pressure ratio across the opening (see Section 3.2). Since the
pressure inside the vessel is changing with time during discharge, the pressure ratio is then a function
of time. Therefore, it is conceivable that C, may not be constant during the course of discharge.

3.4.3.2 Effect of an Orifice Plate. The experimental results for internal pressure obtained by
restricting the disk opening by means of an orifice plate are shown in Figure 55 through Figure 57.
The agent in the vessel remains as liquid during the observation period from the initiation of
discharge to the time when the liquid level is no longer visible (see Figure 26) within the plastic
vessel. The discharge process is very similar to that without the orifice plate. The key effect of
decreasing the diameter of the orifice on the discharge process is to increase the emptying time of the
contents, as indicated by the locations of the inflection points in Figure 55 through Figure 57. For
the 12.7 mm plate, the average volumetric flow rates are 6.0 X 1073, 5.6 x 1073, and 3.2 x 1073
m?3/s for FC-31-10, FC-218, and halon 1301, respectively. For the 6.4 mm plate, the average
volumetric flow rates are 1.5 X 1072, 1.4 x 1072, and 1.3 X 1072 m%/s for FC-31-10, FC-218,
and halon 1301, respectively. It is found that increasing the diameter of the plate from 6.4 to
12.7 mm increases the average volumetric flow rates of FC-31-10 and FC-218 by approximately
fourfold, in accordance with Equation (20), i.e., dV/dt ~ A for a given P. The relationship between
the average volumetric flow rate (Q) and the orifice area (A) is clearly seen in Figure 58 for FC-31-
10 and FC-218 using burst disks with a nominal burst pressure of 4.12 MPa. Results discussed
earlier for standard releases (orifice diameter of 19.1 mm) are included. The symbols in the figure
are measured values. The dotted and solid lines in the figure are least-square fits of the data which
are forced to pass through the origin. Figure 59 through Figure 62 show the comparisons of
measured pressure-time histories of FC-31-10 and FC-218 discharge with predictions using Equations
(19) through (22). For the experimental results obtained using a 6.4 mm restrictor plate, the model
did not simulate the discharge process well because the flow field is more complicated when a smaller
orifice plate is used to restrict the flow at the exit of the short tube section which was part of the
rupture disk holder (see Figure 25 and Figure 26). Since it has been conjectured in Section 3.4.3.1
that boiling of liquid halon 1301 inside the vessel occurs near the end of liquid discharge, the above
volumetric flow rate-area relationship is not applicable to halon 1301.

3.4.3.3 Effect of an Extension Tube. From visual observations, the presence of an extension
tube did not affect the internal behavior of the liquid during discharge. Figure 63, Figure 64, and
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Figure 55. Temporal variations of internal pressure during discharges of FC-31-10 with a

restricting orifice plate (6.4 or 12.7 mm).
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Figure 56. Temporal variations of internal pressure during discharges of FC-218 with a
restricting orifice plate (6.4 or 12.7 mm).
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Figure 57. Temporal variations of internal pressure during discharges of halon 1301 with a
restricting orifice plate (6.4 or 12.7 mm).
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Figure 58. Relationship between average volumetric flow rate and orifice area.
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Figure 60. Comparison of a measured pressure-time history of FC-31-10 discharge using a
12.7 mm orifice plate with prediction.



SECTION 3. FLUID DYNAMICS OF AGENT DISCHARGE 131

1.2 I I | | |
- FC-218 |
Ho C, = 0.61
Ca = 0.50
P = 4,21 MPa
0.8 with 6.4 mm plate -
—— measured
----- calculated
e 0.6 _
a
0.4 _
0.2 F _
0.0
l L | ] |
0 200 400 600 800 1000 1200

time (ms)

Figure 61. Comparison of a measured pressure-time history of FC-218 discharge using a
6.4 mm orifice plate with prediction.
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Figure 62. Comparison of a measured pressure-time history of FC-218 discharge using a
12.7 mm orifice plate with prediction.
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Figure 63. Temporal variations of internal pressure during discharges of FC-31-10 with a 0.5 m
long extension tube.
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Figure 64. Temporal variations of internal pressure during discharges of FC-218 with a 0.5 m
long extension tube.
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Figure 39 show the internal pressure results for FC-31-10, FC-218, and halon 1301. For compari-
son, the results obtained with and without extension tube are shown in Figure 65, Figure 66, and
Figure 39. It appears that the presence of an extension tube does not change the temporal behavior of
the internal pressure during discharge of liquid FC-31-10 and FC-218. This is indicative of the
existence of critical flow at the vessel orifice since the downstream geometry does not affect the
pressure upstream (Prisco ez al., 1977). The presence of an extension tube slows down the discharge
of the remaining vapor from the vessel after liquid depletion because of friction losses in the tube, as
can be seen in Figure 65, Figure 66, and Figure 39. In the case of halon 1301, the presence of an
extension tube makes the pressure-curve transition from liquid to gaseous discharge more gradual.
Such gradual transition is indicative of initiation of boiling within the vessel or extension tube (see
discussion in Section 3.4.3.1). Furthermore, when compared to the discharge behavior of halon 1301
without an extension tube, the discharge of the two-phase boiling halon 1301 in the presence of an
extension tube is much slower due to additional frictional losses in the tube.

3.4.3.4 Effect of Initial Vessel Pressure. The above discussion is based on results obtained
using rupture disks with nominal burst pressures of 4.12 MPa. In order to study the effect of initial
pressure on the discharge dynamics, rupture disks with different nominal burst pressures (2.75 and
5.50 MPa) were used. Figure 67 shows pressure-time histories for FC-218 for three initial burst
pressures. The oscillation seen in two of the pressure traces reflects the use of a plastic vessel. It is
clear that the emptying time of the liquid decreases with increasing initial pressure in the vessel, and
that a twofold increase in the initial burst pressure only increases the average volumetric flow rate by
approximately a square root of 2. The measured average volumetric flow rates for these three runs
are 8.4 X 1072 m¥/s for P, = 2.60 MPa, 11.3 x 1072 m%/s for P; = 4.57 MPa, and 11.9 x 1073
m?/s for P; = 6.18 MPa. The results are consistent with the model (Equation (20)), i.e., dV/dt ~
(P)Y2 for a given A. The relationship between the average volumetric flow rate (Q) and the initial
charge pressure (P;) is shown in Figure 68 for FC-218 using a 19.1 mm opening. The dotted line in
the figure is a least-square fit through the origin, and the symbols represent measured values. The
calculated and measured temporal variations of internal pressure for P, = 6.18 MPa, as an example,
are shown in Figure 69. The prediction matches the experiment quite well.

3.4.3.5 Effect of Vessel Temperature. The study of the effect of temperature on the discharge
dynamics was carried out experimentally with FC-31-10 and FC-218 at —45 °C. Since similar trends
were observed for FC-218, only the results for FC-31-10 are shown in Figure 70. The pressure-time
histories are very similar to those obtained using the same burst disks but at room temperature. The
internal behavior of the agent in the vessel, though not observed visually, should be similar.

However, the dispersion characteristics of the agent external to the release vessel were observed to
have a less-flashing nature when the agent was discharged at —~45 °C (see Section 3.5.3.9).

Figure 71 shows a comparison of the measured results with predictions from Equations (19) through
(22).

Although no experiments were carried out at 150 °C, the discharge of an agent at this tempera-
ture may be characterized as a discharge of a supercritical fluid from the vessel because at this
temperature, and its corresponding pressure, the agent/nitrogen mixture is in the supercritical region.
If this indeed is the case, then the discharge process should be very similar to that of a FC-116/nitro-
gen mixture.

Some interesting but important events which may occur when the vessel is rapidly discharged at
moderately high temperature and pressure will be discussed. These processes are also discussed in
Section 3.2.4. The following is based on the hypothesis proposed by Reid (1979) in an attempt to
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Figure 65. Temporal variations of internal pressure during discharges of FC-31-10 with and
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Figure 66. Temporal variations of internal pressure during discharges of FC-218 with and
without an extension tube.
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Figure 67. Temporal variations of internal pressure during discharges of FC-218 with different
initial burst pressures.
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Figure 69. Comparison of measured pressure-time history of a FC-218 discharge at elevated
pressure with prediction.
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Figure 70. Temporal variations of internal pressure during downward discharges of FC-31-10 at
—45 °C.
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Figure 71. Comparison of measured pressure-time history of a FC-31-10 discharge at —45 °C
with prediction.
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provide a possible mechanism for pressurized-liquid tank explosions or boiling liquid expanding vapor
explosions (BLEVEs).

In order to delineate the important features, and for simplicity and clarity, a fixed initial amount
of pure agent in the vessel without pressurization of nitrogen will be considered. For example, say
the vessel has an initial fill density (og,) of 0.5 kg of FC-31-10 per 5 X 10™* m® (approximately 2/3
full) at room temperature (22 °C). The vessel is then heated to say 7} = 100 °C. The heating
process of the vessel is illustrated in Figure 72 (point A to point B) which is a pressure-temperature
diagram of pure FC-31-10 (Daubert and Danner, 1992). Point A represents the initial condition of
the vessel, that is, liquid and vapor of FC-31-10 coexist in the vessel at 7, = 22 °C with a saturation
vapor pressure of 0.24 MPa). The saturation curve in Figure 72 represents the conditions of pressure
and temperature required for the coexistence of liquid and vapor phases. To determine the fina! state
(point B) of the heating process, that is, whether point B will lie in the single phase (gas or liquid)
region or on the saturation curve, one has to compare the saturation vapor and liquid densities at T;
(p,, f and p,; f) with the initial fill density of the vessel (pﬁ”). If P < Pan < Pup then two phases
(vapor and liquid) still coexist in equilibrium in the final state (Smith and Van Ness, 1975). In the
case of FC-31-10, Py f = 296 kg/m3 and Pl = 1002 kg/m3 (Brown and Mears, 1958). Given an
initial fill density of 1000 kg/m?, the final state is still two-phase. Therefore, point B lies on the
saturation curve, as shown in Figure 72. If the vessel is rapidly depressurized or discharged at the
final temperature and pressure, the liquid will be superheated, that is, at a temperature higher than the
saturation temperature at the corresponding existing pressure (Modell and Reid, 1983). The liquid is
superheated as a result of crossing the saturation curve without concomitant phase change. However,
there is a pressure limit for how far the metastable liquid can be sustained. This limit is the so-called
spinodal curve (Modell and Reid, 1983). The superheated liquid thus lies in the region between the
saturation curve and the spinodal curve. Once the superheated liquid reaches the spinodal curve,
spontaneous, homogeneous nucleation will occur within the bulk of the liquid. Such rapid nucleation
is expected to be accompanied by strong and damaging shock waves and huge pressure increases in
the vessel. If this event happens, it is expected that substantial damage would be incurred by the
vessel, or in the worst scenario, explosion of the vessel would occur if the vessel was not designed to
withstand such a pressure surge.

For a pure agent, the spinodal curve can be calculated (Beegle er al., 1974) by determining
where the condition

(a_”) -0 (24)
av T

is met. P is the pressure, v is the molar volume, and T is the temperature. The Peng-Robinson
equation of state (Peng and Robinson, 1976) is used for illustration (see Section 2.3.1). By applying
Equation (24) to the equation of state, the following quartic equation in v results:
B RT . 2a(v + b) - 0 (25)
(v - b (v +b)+bv-b)

or
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Figure 72. Vapor pressure and calculated spinodal curves for FC-31-10.
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where a and b are the parameters of the equation of state (see Section 2.3.1). For given temperatures
below the critical point, there are four real roots from Equation (26). Two of the roots, one less than
the saturated liquid molar volume and the other greater than the saturated vapor molar volume, are
nonphysical and are disregarded. The smallest of the remaining two roots corresponds to the v on the
liquid spinodal curve, whereas the largest corresponds to the v on the vapor spinodal curve which is
not relevant in this discussion. Once v is determined for a given T, P can be obtained from the
equation of state. The calculated liquid spinodal curve for FC-31-10 is also shown in Figure 72.

If the vessel is rapidly discharged at the condition corresponding to point B in Figure 72, the
discharge process can be approximated by that of an isothermal depressurization (see Section 3.4.3),
as depicted by the vertical line in Figure 72. If the homogenous nucleation pressure (P,,) at Ty,
which is the pressure corresponding to the intersection of the vertical line and the spinodal curve, is
greater than any instantaneous pressure during the interval when the liquid is being discharged, that is

P@) < P, 0<t<t, 27

where ,, represents the time at which complete depletion of liquid occurs, then homogeneous
nucleation would be predicted. However, if P@t) > P, for 0 < ¢t < t,, then homogeneous
nucleation would not occur.

The above discussion is based on a pure agent. If nitrogen is used to pressurize the vessel,
nitrogen will be dissolved in the liquid agent. The homogeneous nucleation pressure will then depend
not only on the temperature but also on the composition of the liquid mixture. The effect of dissolved
gas on the homogeneous nucleation pressure of a liquid was found to raise the homogeneous
nucleation pressure (Forest and Ward, 1977). In this case, homogeneous nucleation, if it occurs,
would initiate sooner in the presence of the dissolved gas during rapid isothermal depressurization.

Although the hypothesis proposed by Reid (1979) can not be substantiated or disproved at present
(Reid, 1979, Kim-E and Reid, 1983), it is prudent to recognize such a potentially hazardous event
when the vessel is rapidly discharged at high temperature and pressure, and further study is warrant-
ed.

3.4.3.6 Vertically Upward Discharge. When the vapor above the liquid is vented first during
depressurization, that is, in the case of upward discharge of the vessel, the discharge process is totally
different from that of downward discharge. Visual observation of the discharge process from a
plastic vessel reveals several stages. Once the rupture disk breaks, the vapor on top of the liquid is
vented out rapidly, during which time the liquid in the vessel remains quiescent. The vapor ullage
becomes foggy (¢ ~ 10 ms), possibly due to the condensation of the vapor as the result of cooling by
adiabatic expansion. Then, following a delay time (r ~ 25 ms), boiling is initiated from the bottom
of the vessel, and, because of bubble growth, the liquid-gas mixture level expands all the way through
the disk opening. Frothing of the liquid continues for a period of time during which time a two-phase
flow emerges from the vessel. The liquid level then settles down (f ~ 500 ms). The interior of the
vessel becomes clear, and some liquid is observed at the bottom of the vessel. At this point, most of
the liquid in the vessel has been expelled. Pool boiling of the liquid then continues until the
remaining liquid is boiled off. The complete emptying time of the liquid agent in the vessel is on the
order of seconds. The discharge process is much slower for FC-31-10 than for FC-218 because
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FC-31-10 has a higher boiling point. The observations, in general, are very similar to those made by
Gihler et al. (1979) and Fletcher (1982) although the discharge process in both earlier studies is
much slower.

Figure 73 shows a photographic sequence of events during a vertically upward discharge of
FC-218. The photographs were taken at 1000 frames per second. The frame which corresponds to
t = 1 ms is the first frame where the agent first appears outside the vessel. Due to the framing rate,
there is a 1 ms uncertainty in the time. The first photograph shows the plastic vessel, a stainless-steel
tube inside the vessel for introducing nitrogen in order to burst the rupture disk, vessel mount, and
the liquid level. The behavior of the agent inside and outside of the vessel during discharge can be
seen in these photographs. The discharge characteristics of the agent outside of the vessel is
discussed in Section 3.5.

In Figure 74 the results of pressure measurement for upward discharges of FC-31-10 are shown.
In the upward discharge configuration, the pressure transducer measured the temporal variation of the
pressure in the liquid phase. When the stainless steel vessel was used in the experiments, the pressure
transducer mounted on the side wall of the vessel was used to monitor the pressure change in the
vapor phase. Due to its relatively high boiling point, FC-31-10 does not show distinctly in the
pressure-time histories the several stages occurring in the discharge process.

Pressure traces for FC-218 and halon 1301 are shown in Figure 75 and Figure 76. The several
processes discussed above are clearly depicted. Upon initiation of discharge, the internal pressure
decreases rapidly. The following small pressure rise corresponds to the expansion of the liquid.
Then, the pressure decreases gradually over a period of time. This time interval corresponds to the
continuous frothing of the liquid. Eventually, an abrupt decrease in pressure corresponds to the pool
boiling of the remaining liquid in the vessel. The above interpretation is based on comparison of the
pressure traces with high-speed movie records obtained from experiments on FC-218 using plastic
vessels. Only the stainless steel vessel was used for experiments on halon 1301 due to safety
considerations. However, it is conjectured that similar behaviors occurred for halon 1301 because
similar pressure-time histories were noted.

When an extension tube was attached to the release vessel assembly exit, the behavior of the
liquid agent inside the vessel during vertically upward discharge was very similar to that without an
extension tube, as observed in the high-speed movies and noted in Figure 74 through Figure 76.

3.4.3.7 Horizontal Discharge. Observations regarding horizontal discharge of the vessel also
show several stages. Once discharge is initiated, the vapor is vented very rapidly from the vessel.
Some liquid also flows out of the vessel because the initial liquid level in the horizontally mounted
vessel covers a portion of the rupture disk. The flow of vapor causes some wavy motion along the
liquid/vapor interface. The sloshing of the liquid could also be caused by the vibration of the vessel
mount. A foggy cloud is formed (r ~ 15 ms) above the liquid for a period of time. The vessel
ullage then becomes clear (¢t ~ 400 ms), and pool boiling is initiated in the remaining liquid pool
which still constitutes a significant amount of the initial liquid. Boiling continues until all the liquid is
depleted. The emptying time is on the order of seconds. The complete discharge of the remaining
liquid is much slower for FC-31-10 than for FC-218 because FC-218 has a lower boiling point.

Figure 77 shows a photographic sequence of events during a horizontal discharge of FC-218.
The photographs were taken at 1000 frames per second. The frame which corresponds to t = 1 ms is
the first frame where the agent first appears outside the vessel. Due to the framing rate, there is a 1
ms uncertainty in the time. The first photograph shows the plastic vessel (mounted horizontally) with
its exit located to the far left and the liquid level. The photographs reveal the behavior of the agent
internal and external to the vessel.
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1 ms 2 ms

10 ms 15 ms

25 ms 30 ms

Figure 73. Photographic sequence of events showing a vertically upward discharge
of FC-218 from a plastic vessel.
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40 ms 60 ms

100 ms 150 ms

200 ms 250 ms

Figure 73. (continued) Photographic sequence of events showing a vertically upward discharge of
FC-218 from a plastic vessel.
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300 ms 350 ms

400 ms 450 ms

500 ms 550 ms

Figure 73. (continued) Photographic sequence of events showing a vertically upward discharge of
FC-218 from a plastic vessel.
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Figure 74. Temporal variations of internal pressure during upward discharges of FC-31-10 with
and without an extension tube.
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Figure 75. Temporal variations of internal pressure during upward discharges of FC-218 with and
without an extension tube.
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Figure 76. Temporal variations of internal pressure during upward discharges of halon 1301 with
and without an extension tube.
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10 ms 20 ms

80 ms 100 ms

Figure 77. Photographic sequence of events showing a horizontal discharge of
FC-218 from a plastic vessel.
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150 ms 200 ms

250 ms 300 ms

350 ms 400 ms

Figure 77. (continued) Photographic sequence of events showing a horizontal discharge of FC-218
from a plastic vessel.
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440 ms 480 ms

520 ms 580 ms

600 ms 650 ms

Figure 77. (continued) Photographic sequence of events showing a horizontal discharge of FC-218 from
a plastic vessel.
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Figure 78 and Figure 79 show the pressure-time histories for horizontal releases of FC-31-10 and
FC-218. The results were obtained from the pressure transducer that was initially positioned at a
location below the liquid level. Therefore, the measured pressure traces represent a combination of
the pressure change in two stages during discharge. In the first stage, the pressure measurements
were made when the liquid level was still above the position where the transducer was located. In the
second stage, the pressure measurements were obtained when the liquid level had dropped below the
location of the pressure transducer. In other words, the pressure in the vapor phase was measured.

In Figure 78 and Figure 79, after the initial rapid decrease in pressure, the slight rebound in
pressure due to initiation of boiling and bubble growth is not apparent in the case of FC-31-10, but is
noticeable in the case of FC-218. Thereafter, the pressure decreases continuously until the liquid is
completely boiled off. The reason for the presence of small humps in the pressure traces of FC-31-10
at 500 ms < t < 1000 ms (Figure 78) is unclear. It is conjectured that the liquid level in the vessel
during this time interval is still slightly below the location of the pressure transducer because of the
relatively slow boiling process of FC-31-10, and that any sloshing of the liquid upon the transducer
could raise the pressure reading. The shifting of the location of the hump in the two pressure traces
may be indicative of such an event.

Figure 78 and Figure 79 also show results for temporal variations of pressure when an extension
tube is connected to the exit of the rupture disk holder. The behaviors are very similar to that when
no extension tube is present.

In the case of halon 1301, the results obtained with and without an extension tube are shown in
Figure 80. Because a stainless steel vessel was used, no visual observations were made. Therefore,
it is unclear at present why the small pressure rebound is apparent in the case of an extension tube but
is not present when the extension tube is absent.

3.4.4 Conclusions. In downward discharge, the average volumetric flow rates for all the alternative
liquid agents are very similar. No internal boiling was observed for downward discharge of
HFC-236fa, FC-31-10, FC-318, HCFC-124, HFC-227ea, HFC-134a, FC-218, HCFC-22, and
HFC-125. Based on results for FC-31-10 and FC-218, the behavior of the liquid inside the vessel
during discharge was found to be very similar whether an extension tube was present or absent at the
vessel exit. A twofold increase in the initial discharge pressure decreases the emptying time of the
liquid approximately by half. The effect of a restrictor plate at the vessel exit on the discharge
process is to increase the liquid emptying time. A twofold increase in the diameter of the orifice
plate increases the average volumetric flow rate by approximately fourfold. Liquid discharged at cold
temperature behaves very similarly to that at room temperature. However, when the vessel is
discharged vertically upward or horizontally, the discharge process depends on the boiling point of the
agent. Agents with higher boiling points remain in the vessel for a considerable amount time before
they can be boiled off.

3.4.5 Recommendations. Based on the above findings, it is recommended that in order to empty
the liquid contents from the pressure vessel within tens of milliseconds, the vessel should be
discharged in a vertically downward position. If the vessel were to be designed to increase release
rates and to withstand higher internal pressure, higher initial charge pressures are also recommended.
In addition, further study of discharge at high temperatures is needed because of concern regarding
boiling liquid expanding vapor explosion (BLEVE).
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Figure 78. Temporal variations of internal pressure during horizontal discharges of
FC-31-10 with and without an extension tube.
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Figure 79. Temporal variations of internal pressure during horizontal discharges of FC-218 with

and without an extension tube.
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Figure 80. Temporal variations of internal pressure during horizontal discharges of halon 1301
with and without an extension tube.
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3.5 Measurements of Agent Dispersion

3.5.1 Introduction. The purpose of this part of the research effort was to characterize experimental-
ly the dispersion and evaporation behavior of the eleven potential replacement fire extinguishing
agents. The design of the experiments was based on the reasonable hypothesis that effective fire
extinguishment requires both rapid dispersion of the agent within a volume as well as rapid gasifica-
tion following release of the agent from a pressurized bottle. These properties are expected to be
crucial for both the dry bay and engine nacelle applications. However, they are particularly relevant
for the dry bay application due to the extremely rapid fire suppression times (on the order of tens of
milliseconds) required.

The agent must be dispersed throughout the volume to ensure that all regions of flame are
suppressed. This requires that the agent not only be rapidly released from the bottle, but also that it
be rapidly and effectively mixed with the surrounding gases. Rapid vaporization of the liquid is
desirable for two reasons. While the liquid may, in some circumstances, be dispersed more rapidly
as a two-phase mixture, it is also true that it is unlikely to be dispersed evenly throughout the volume.
Since the fire location cannot be specified, it is necessary to have full vaporization to ensure a more
uniform distribution. The proposed halon replacement agents are not expected to be as effective as
halon 1301 for these fire fighting applications since they do not have the effective chemical suppres-
sion mechanism associated with the presence of bromine atoms. Principal mechanisms for extinguish-
ment are therefore likely to be heat extraction and dilution as well as the physical effects associated
with the rapid release of the agent (i.e., flame extinction due to stretch). Complete vaporization
ensures the maximum interaction between the agent and the fire zone.

With the exception of one of the chemicals (FC-116), all of the proposed alternatives are liquids
when stored under pressure at room temperature and are superheated when released as liquids into the
ambient atmosphere. As a result, partial rapid vaporization is to be expected when these agents are
released into an ambient environment at room temperature. A review of the literature indicated that
while there have been investigations of flashing liquids reported, none of these previous experiments
dealt with the rapid, short-time releases which are characteristic of the current study. Here we
summarize the literature which was reviewed during the course of this effort in order to provide an
overview of the existing understanding and to provide a basis for later discussion.

One of the earliest investigations of released superheated liquids was the study of Brown and
York (1962). These authors investigated sprays formed by the release of water, CFC-11 and water
saturated with carbon dioxide. They noted that the flashing of a superheated liquid or a pressurized
liquid with dissolved gases provides an additional mechanism for the breakup of a liquid stream (in
addition to the classical mechanisms resulting from surface tension forces (Rayleigh, 1878) and
aerodynamic forces (Weber, 1931)). They pointed out that for adiabatic conditions the flashing of a
superheated liquid would occur by the extraction of latent heat from the liquid to provide the energy
necessary to evaporate the liquid. Thermodynamic equilibrium is attained when the fraction of liquid
converted to gas is sufficient to cool the remaining liquid to it saturation pressure.

Results reported included the distance required for the liquid jets to break up as well as
characterization of the sprays generated. Several of their conclusions are relevant to the current
investigation. They reported that a liquid jet does not "shatter” abruptly when the liquid just becomes
superheated, but that a well defined amount of superheating is required for shattering to occur. A
dependence of the flashing behavior on the jet diameter was characterized by correlating the liquid
breakup times with the Weber number (We), defined as
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We ngoD (28)
20

where p,, is the density of the gas surrounding the liquid jet, U, is the jet velocity, D is the jet
diameter, and o is the liquid surface tension. The times required for jet breakup increased with
decreasing D. A transition in the behavior was observed for We = 12.

Brown and York argued that the times required for flashing of pressurized liquid jets containing
dissolved gases should be considerably longer than those for superheated jets due to molecular
diffusivity considerations. Experimental evidence was provided which supports this conclusion.

Measurements of drop sizes generated by the flashing liquids showed that flashing provided an
effective mechanism for atomizing the liquid. The flashing of the liquids resulted in a rapid
expansion of the flow.

Lienhard and coworkers (Lienhard, 1964; Lienhard and Stephenson, 1966; Lienhard, 1966;
Lienhard and Day, 1970) developed a model for predicting the time required for superheated liquids
to flash and compared the findings with experiment. The first of these papers (Lienhard, 1964)
considered the conditions for which bubbles growing in a liquid are stable to growth or collapse.
Results were based on thermodynamic arguments. Lienhard and Stephenson (1966) considered the
kinetics of bubble growth. Their analysis was based on equations for bubble growth developed earlier
by Deragarabedian (1953), Forster and Zuber (1954), and Plesset and Zwick (1954). In order for
bubbles to grow spontaneously they must attain a critical size. For smaller sizes, bubbles tend to
redissolve into the liquid. Nuclei bubbles therefore arise due to fluctuations in the local environment
which favor their formation. When such fluctuations result in a bubble with sufficient size to
continue growth, a large bubble will form. Generally the formation of a larger bubble will "trigger"
the growth of additional bubbles. Using arguments based on the distribution of disturbances in the
liquid, Lienhard and Stephenson derived an approximate relation for the period required for a
superheated liquid to flash which can be written as

v amb)
where ¢, is the delay time for bubble growth, 4 is the cross sectional area for the liquid flow, P, is
the vapor pressure for the liquid at its release temperature, and P, is the ambient pressure. Note
that P-P,,,, is a measure of the superheat based on pressure. Experimental results were presented
for the flashing of superheated water which supported the use of this equation.

In the same paper these authors derived an expression for the amount of work that an isobaric
expansion of a superheated liquid can do. For the case where the saturation temperature for the
liquid, T}, is much greater than the superheat expressed in temperature terms, 77T, the resulting
expression is

_ 2
=C (Tl Tsat) , (30)
7 2T

sat

w

where w is the amount of work which can be done by the flashing and C, is the constant pressure
heat capacity which had been assumed to be constant.

The above analysis for the flashing time was extended by Lienhard and Day (1970) [see also Day
(1969)] in order to derive a more general equation applicable to different superheated fluids. They
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argued that the delay time for bubble growth should scale with the density of the saturated liquid, p,,
D, o, and the superheat, P,-P,,,. Using the Buckingham Pi-Theorem, they reduced these variables
to two dimensionless variables which should correlate the experimental data. These were a dimen-
sionless dwell time, &,

P -P_ YDt
o = ____( v ‘;'"b) 4 3D
0%/ Py

where o is the liquid density, and a dimensionless jet diameter, ¥,

D(P -P
¥y = _(—vlb)' (32)
ag
By using Equation (29) and eliminating ¢, and (P,-P,,,,;,) from the equations one finds that
®Y = constant (32)

Once the constant in Equation (32) is determined experimentally, it should be possible to predict ¢,
for any superheated fluid. Based on measurements of delay times for jet flashing with water and
liquid nitrogen, the constant in Equation (32) was found to equal 2.12 X 1013, This paper also has a
detailed discussion of the conditions under which liquid jet break up occurs as the result of capillary
and aerodynamic instability.

In a brief paper, Lienhard (1966) considered how the spreading of a flashing liquid jet can be
understood in terms of the amount of work which the flashing can do on the system (Equation (30)).
The analysis was done in terms of the radial velocity, U,, imparted to the spray by the flashing. The

maximum such velocity, U, ..., is

C \12
Ur,max = (T_P) (Tl_Tsat) (33)

sat

Lienhard argued that all of the available work would not be used to impart radial momentum and that
only a fraction, C, would be available. Based on experimental spreading angles for flashing
superheated water jets he estimated that C = 0.04.

Solomon et al. (1982) reported limited measurements for a flashing jet of CFC-11 and
superheated fuels. They found that flashing due to small amounts of superheating was very effective
in generating atomized liquid flows.

Celata et al. (1982) have provided a very brief description of experiments on the release of
superheated water. They found that flashing took place very rapidly, and that the spreading angle of
the two-phase flow increased with increasing superheat. Using a probe, they recorded dynamic
pressures within the flow field. Unlike previous investigations, they concluded that evaporation was
occurring on the outside of the flow and that there was a narrow liquid core in the center of the flow
surrounded by a two-phase shell.

Moodie and Ewan (1990) provide a nice introduction to the release behavior of liquid jets. They
discussed the behavior of flashing jets and showed a photograph of a flashing CFC-11 jet. The
analysis was complicated because flashing seemed to occur within the vessel orifice. They measured
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the peak droplet sizes which suggested that the droplet size decreased with increasing superheating.
Time-averaged temperature measurements were also provided. The temperature profiles seem to
suggest that the entire jet is flashing unlike the findings of Celata ef al. (1982). The temperature
measurements also indicate that the entrainment of air plays a critical role in the ultimate evaporation
of the superheated liquid.

These authors also made mass fraction measurements of CFC-11 and air in the flow field. These
measurements also suggest the two-phase flow covered a large extent of the flow. Velocity measure-
ments were also reported. These measurements showed that measured flow velocities were consider-
ably higher than expected based on liquid flow rates at the vessel exit. Radial velocity profiles in the
region near the vessel were non Gaussian, but tended to attain a Gaussian profile as the measurement
location was moved further downstream.

Superheated releases of CFC-11, chlorine, methylamine, and cyclohexane have been investigated
by Johnson and Diener (1991). In these experiments the liquid fraction of the two-phase flow was
captured. The data indicated that there were well defined superheat points for which the liquids
flashed near the vessel exit. Under these conditions the amounts of liquid trapped decreased
significantly. Comparisons were made with a model designed to predict the behaviors. In general,
the agreement was not very good.

There are a variety of systems employed for the release of halon 1301 into dry bays and nacelles.
It was beyond the scope of this study to investigate a wide range of release configurations. For this
reason, the decision was made to characterize the spreading and mixing characteristics of the agents
following release from a generic system based on the vessel developed to study the release rate of
agents (see Section 3.3).

3.5.2 Experimental Methods. As mentioned above, there were very few investigations available in
the literature to guide the design of a system for characterizing the dispersion and evaporation
behavior of the agents. As a first step in the design process a high-speed video system! was used to
record a downward release of HCFC-22 from the vessel at a rate of 1000 frames/s. A burst disk
providing a nominal pressure of 4.1 MPa was employed and the 0.0005 m® vessel was filled one-third
full. A series of sequential photographs from the high-speed video are reproduced in Figure 81.
Lighting for the camera was provided from the rear and front of the release.

As can be seen from Figure 81, the mixing process is extremely complex. When the burst disk
first opens, a flashing is observed which results in a rapid expansion of the agent in both the
downward and radial directions. The lighting from behind the flow is attenuated by the flow.
Shortly afterwards a vortex structure forms at the downstream edge of the release and the flow field
looks very much like an impulsively started axisymmetric gas jet. Such structures have been
observed in liquid jets (Shirakashi et al., 1984) and combustion torch ignition experiments (Cattolica
and Vosen, 1987). As the flow develops behind the leading edge it has a nearly linear spreading
behavior. This is true near the orifice as well as the far field. The linear expansion seems to be
initiated immediately at the orifice of the vessel. At 13 ms into the release a second flashing starts
near the vessel orifice and one ms later this flashing has resulted in a very rapid radial expansion.
Analysis of the emptying rate of the vessel for these conditions indicates that the second flashing
occurred very close to the time when the liquid was completely released from the vessel. Following

IKodak Ektapro 1000 Motion Analyzer. The authors thank Michael Howachyn of Kodak for
arranging a demonstration of this instrument and for allowing us to record an initial series of high-
speed images of the releases.
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Figure 81. Sequence from a high-speed video (1000 frames/s) of the flow formed by a
release of 245 g (1/3 full) of HCFC-22 from the 0.0005 m? test vessel. Time
increases to the right and from top to bottom.
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the second flashing, the release becomes obviously slower and within 30 ms the flow has cleared up
and the backlighting is again transmitted.

Additional high speed films indicated that the double flashing behavior identified from Figure 81
was typical for downward releases of all of the agents, with the exception of FC-116 which was not
investigated since this agent is not a liquid under the storage conditions. All of the agents resulted in
nearly total attenuation of a laser beam when they were present in a two-phase state. This observa-
tion ultimately determined the type of diagnostics which could be employed to characterize the mixing
and vaporization behavior.

Our initial intention was to record the concentration of agent as a function of time using either
Rayleigh light scattering (gas concentrations only) (Pitts and Kashiwagi, 1984) or aspirated hot-film
probes (Brown and Rebollo, 1972). However, the early visualization studies indicated that these
techniques are inappropriate due to the two-phase nature of the flows and their high optical density.
A consideration of possible diagnostics revealed that there were no techniques available which would
allow quantitative concentration measurements or two-phase flow characterization over the short time
periods required.

The discussion above indicates that the two most important flow properties determining the
ability of an agent to extinguish a flame are rapid mixing and agent vaporization. A simple, but
effective, experimental system was developed to characterize the agents with regards to these two
variables. This system combined high speed flow visualization, laser attenuation measurements,
dynamic pressure measurements, and an aspirated hot-film concentration probe. To our knowledge,
this is the first time that such a system has been used to characterize the behavior of the short period,
two-phase flow generated by a release from a pressurized bottle. Figure 82 shows a schematic of the
overall system.

The system was used to characterize the flows formed by releases of the agents from the vessels
developed to study their release rates (see Section 3.3). Data were recorded for the various release
conditions performed during these investigations (see Section 3.4).

3.5.2.1 High-Speed Filming. The same high-speed camera which was used to record the fluid
level inside the transparent vessel (see Section 3.4.2) simultaneously recorded the release of the agent
in regions near the vessel exit. This was accomplished by placing the camera such that it recorded
the liquid behavior inside the transparent vessel as well as locations immediately downstream of the
vessel exit. The field of view imaged by the camera could be varied by adjusting the camera
placement and distance from the vessel. Most data were recorded with a field of view of roughly
0.40 m width and 0.10 m height.

Selected frames of these films were used to estimate the axial and radial velocities of the agents
immediately following release. The approach used image analysis (see Section 3.4.2) to locate the
downstream and radial edges of the release at different times and calculate the corresponding velocity.
The radial velocity was determined for the downstream location (13 mm from orifice) where the
pressure transducer (see ahead) was located. Due to the relatively small area of the near-field release
which was imaged, normally only two such measurements could be made before the agent covered an
area larger than the field-of-view. Note that frame 1 is defined as the frame where it is clear that the
release of the agent has begun. As a result, the time for frame 1 can be anywhere from O to 0.49 ms
(for a framing rate of 2000 frames/s) following the bursting of the disk.

3.5.2.2 Laser Attenuation Measurements. This part of the system was designed to measure
the rate at which the downstream edge of the released agent moved away from the vessel exit and to
provide estimates for the period required for the agent to evaporate. Five laser beams were aligned
downstream of the vessel exit and perpendicular to the flow direction. ~ Simple helium neon lasers
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Figure 82. A schematic of the experimental system is shown. Helium-neon lasers and silicon
photodiodes are used for the extinction measurements. The piezoelectric pressure
transducers and aspirated hot-film probe are described in the text.
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(Melles Griot 05-LLR) were mounted on a vertical strut located 1.3 m from the vessel such that the
spacing between lasers was nominally 0.3 m. The laser closest to the vessel was positioned across the
center of the orifice within 1 mm of the rupture disk holder.

After traversing the flow field the lasers were detected by a series of five photodiodes. The
photodiode amplifier circuits and mountings were based on a design by Bryner (1993). Each detector
was a silicon photodiode (Hamamatsu S1337-1010BQ) having an active surface area of 100 mm?. An
operational amplifier circuit (Figure 83) was used to generate a voltage proportional to the light
intensity striking the photodiode. Each photodiode and amplifier was placed in a rigid mount with a
connector for power input and signal extraction. The mount was drilled and tapped so that a rod
could be attached for positioning the photodiode. A tube having an inside diameter of 22 mm and a
length of 0.23 m was placed in front of the detector in order to shield the photodiode from ambient
light in the room. In some cases neutral density filters were used to ensure that the outputs of the
photodetectors were not saturated. Circuits housed in a single box were built to provide power for
the photodiodes and signal outputs on BNC connectors for a maximum of eight detectors. For the
experiments reported here only five detectors were used.

The photodetectors were mounted on a vertical strut located on the opposite side of the room
from the lasers. Each photodiode system was aligned with one of the laser beams in such a way that
the beam was centered on the active area. Figure 84 is a photograph of the photodiode detectors.

The voltage outputs for the photodiodes (numbered 1 to 5 with 1 closest to the vessel) were
recorded using the data acquisition system described below. Tests showed that laser #1 was totally
attenuated very rapidly (in less than 40 us) when the disk burst. The attenuation of this laser beam
was used to define time O for the experiments. It is interesting that this laser beam was normally
found to be totally attenuated several hundred microseconds before a pressure drop was recorded by
the pressure transducers within the vessel.

3.5.2.3 Dynamic Pressure Measurements. Two piezoelectric pressure transducers were used
external to the vessel to record the dynamic pressure of the releases. The transducers were Kistler
603B1 models used with Model 5004 amplifiers. The amplifiers included 180 kHz frequency filters
and were operated in the "long" integration mode to allow the pressure to be tracked over the
relatively long time (generally several hundred milliseconds) of a release. The output of the amplifier
is a voltage proportional to the pressure. Usually a range of 687 kPa/V was used.

One of the pressure transducers was located near the vessel exit at a distance 13 mm downstream
of the rupture disk holder of the vessel and 46 mm from the centerline defined by the center of the
orifice. It was oriented so that it was perpendicular to the centerline. Note that the orifice was
nominally 19.1 mm in diameter, and the pressure transducer was located 4.8 orifice radii from the
centerline.

The second pressure transducer was positioned along the centerline of the release at a down-
stream position just beyond the point where the fifth laser beam crossed the centerline (1.3 m
downstream of the vessel exit). It was oriented perpendicular to the flow direction.

Both pressure transducers were mounted in the center of conically shaped pieces of aluminum
designed to protect the transducers and, at the same time, minimize their interaction with the flow
field. The near-field transducer and its mount were attached to a rod which allowed positioning of
the transducer. This pressure transducer and its mount can be seen in the early frames of the high-
speed films which are shown later. The downstream transducer and its mount were attached to a
plate which was capable of surviving the large dynamics pressures sometimes generated by the flow
fields at this position. Figure 85 is a photograph showing the pressure transducer mounted in the
experimental system.
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Figure 83. The circuit used to power a photodiode and generate a voltage proportional to the
current generated by light striking the detector. The output is a signal proportion-
al to the laser intensity reaching the detector.
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Figure 84. A photograph of the array of five photodiodes and mounts used to record trans-
mitted laser intensities across the flow. The nominal spacing between detectors is
0.3 m.
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Figure 85. Photograph of the dynamic pressure transducer (left) and aspirated hot-film (right)
located 1.3 m downstream of the agent vessel. Probes are placed in metal
housings for protection and to provide a means for mounting to an aluminum

plate.



SECTION 3. FLUID DYNAMICS OF AGENT DISCHARGE 171

An important point with regard to the use of these transducers is the expected response of the
transducer to the flow. Davis (1980) used pitot tubes to make similar measurements of dynamic
pressure in a gas-liquid mixture flow. He reported that pressure probes respond partially to the
incident flow momentum flux with pressure rises of

34
P =‘/zeme2 G

m

where P, is the measured dynamic pressure, ¢ is a factor which varies between 1.0 and 1.85, Py 18
the density of the mixture, and U is the local flow velocity. Note that Equation (34) reduces to the
standard Bernoulli equation form for a pitot tube (Roberson and Crowe, 1980) when & equals 1.

Davis argues that the variation in ¢ is the result of the relative motion of the gas and liquid in the
region of the probe tip. For the case of the piezoelectric transducers used in the current investigation,
the stagnation point is very close to the probe and such effects should not be important. Equation
(34) with ¢ = 1 will therefore be used.

3.5.2.4 Aspirated Hot-Film Probe. The aspirated hot-film probe is a device which is designed
to record real-time concentrations in isothermal binary gas mixtures. The response time depends on a
number of system parameters, but is generally less than 1 ms. The active part of the device consists
of a thin quartz rod which is coated with platinum. A small current is passed through the platinum
film and resistively heats the surface. The resistance of the device changes with temperature.
Feedback electronics are provided which maintain the resistance, and hence the temperature, constant.
This is known as the constant-temperature mode. A bridge circuit provides the current necessary to
balance the heat losses from the rod. By monitoring this current it is possible to characterize these
heat losses which vary with the flow velocity over the rod, the thermal conductivity of the gases
surrounding the rod, and the fluid temperature. (Bradshaw, 1971)

The most common use of hot-films is for velocity measurement in a single fluid where proper
calibration allows the measured heat losses to be related to velocity. Brown and Rebollo (1972)
showed that these devices could be utilized for accurate concentration measurements in isothermal
binary gas mixtures by placing the hot-film in the flow generated by extracting gases through a small
orifice with a sufficient backing pressure that the gas becomes sonically choked. In this case the
velocity only depends on the fluid properties. Since the flow velocity is always constant for a given
composition, it is possible to calibrate the instrument with mixtures of the two gases having a range of
concentration, and then make accurate concentration measurements in unknown mixtures.

The use of an aspirated hot-film for concentration measurements in the current investigation is
complicated by the variations in temperature which occur as the result of the vaporization of the
superheated agents and the presence of two-phase flow, which dramatically alters the heat loss
behavior of the fluid. For this reason, in the current investigation, these probes were not used for
quantitative measurements, but rather provided qualitative indications of the presence of an agent and
whether or not a single or two phase fluid was present.

The system employed was commercially available from TSI, Inc. It consisted of a Model
1440-20 aspirating probe used in conjunction with a Model 1053B constant temperature anemometer
and Model 1051-2 power supply. The necessary vacuum source for the probe (7 I/m @ 33 kPa) was
provided by a small vacuum pump. The probe was placed in a conically shaped aluminum holder to
protect it and allow easy mounting. It was positioned near the centerline just downstream of the fifth
laser beam by mounting on a plate placed in the flow. It can be seen in the photograph in Figure 85.
The voltage output of the anemometer circuit was recorded in the manner described below.
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3.5.2.5 Data Acquisition System. The data acquisition requirements for this experiment were
demanding. Counting the sensors employed within the vessel, a maximum of eleven sensors were
used for a single run. The processes of interest occur at submillisecond time scales. A data
acquisition rate of 25 kHz per channel was ultimately used. Note that this corresponds to a total
maximum data rate of 275 kHz. Total data collection times varied up to a maximum of 2 s.

The design of the agent release vessel presented an additional difficulty. Due to variations in the
pressure required to rupture the disk and the need to flow the pressurization nitrogen into the vessel at
a reasonably slow rate, it was not possible to know exactly when the experiment would be initiated.
This meant that it was necessary to "trigger" data acquisition using some property of the experiment
itself. It was also desirable to record some data prior to the initiation of the experiment in order to
provide baselines. This was done by continuously recording the data until a trigger was received and
then saving a specified number of data points before and after the trigger signal. This type of data
acquisition is referred to as "pretriggering."

The system chosen for the experiments was the Flash 12-Model 1 digitizer from Strawberry
Tree. This system provides 16 channels of 12 bit data acquisition at a maximum total data rate of 1
MHz. Voltage ranges can be specified for each channel, and provisions are available for making
thermocouple measurements. A daughter board was attached which provided a total high-speed
memory of 1 Mbyte. The board was mounted in a 486 personal computer, and data acquisition
functions were controlled using Workbench 4.0 software.

The system was operated in the pretrigger mode with the trigger signal provided by the near-total
attenuation of laser #1 which was located immediately downstream of the vessel orifice. All of the
transducer outputs described above as well as those internal to the vessel (see Section 3.4.2.) were
connected to the digitizer, and the voltage ranges adjusted to match the expected signals. Following
the conclusion of an experiment, the data was stored for later analysis using SigmaPlot 5.0 software.

3.5.2.6 Test Conditions. These experiments were performed in conjunction with the release
experiments summarized in Section 3.4. The majority of these experiments were downward releases
at room temperature using nominally 4.1 MPa burst disks and a vessel orifice of 19.1 mm.
However, additional runs were performed with a cooled vessel exhausting into a room temperature
environment, using burst disks set for higher and lower pressure, and smaller orifices. In a few
cases, a half-meter extension tube was attached to the vessel. In this case, the near-field pressure
measurements were not made, but the transmitted intensities of the three downstream lasers, the
downstream dynamic pressure, and the aspirated hot-film response were recorded. Some measure-
ments were also made for upward releases. In this case laser #5 was placed just above the vessel
orifice and provided the timing for the experiment.

3.5.3 Experimental Results

3.5.3.1 High-Speed Filming. The high-speed films provide excellent qualitative insights into
the behavior of the agents upon release from the pressure vessel. Figure 86 and Figure 87 show time
series taken from films recorded at 2000 frames/s for releases of FC-31-10 and halon 1301. These
films were recorded primarily to monitor the behavior of the released agent. The region imaged is
0.19 m (downstream) x 0.33 m (radial). Remarkable differences are observed in the mixing
behaviors of the two agents.

The behavior of the FC-31-10 (Figure 86) is summarized as follows. At time O the disk bursts
and the agent appears as a white plume. During the next 3 ms the agent spreads rapidly in both the
radial (maximum of 0.14 m) and axial directions (0.17 m). The flow then develops a mushroom
shape which is characteristic of an impulsively started axisymmetric jet. As the flow further
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0.0 ms 0.5 ms

1.0 ms 1.5 ms

2.0 ms 2.5 ms

Figure 86. A sequence from a high-speed film (2000 frames/s) of the flow formed by a release
of 386 g of FC-31-10 from the vessel. The times indicate the period since the
initiation of the release.
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3.0 ms 3.5ms

4.0 ms 4.5 ms

5.0 ms 5.5 ms

Figure 86. (continued) A sequence from a high-speed film (2000 frames/s) of the flow formed
by a release of 386 g of FC-31-10 from the vessel. The times indicate the period
since the initiation of the release.
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6.0 ms 6.5 ms

7.0 ms 7.5 ms

8.0 ms 8.5 ms

Figure 86. (continued) A sequence from a high-speed film (2000 frames/s) of the flow formed
by a release of 386 g of FC-31-10 from the vessel. The times indicate the period
since the initiation of the release.
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9.0 mis 9.5 ms

106G ms 10.5 mis

11.0 ms 11.5 mas

rigure 86, (continued) A seguence from a high-speed filin (2000 frames/s) of the flow formed
oy a release of 386 g of FC-31-10 from the vessel. The times mdicate the period
since the initiation of the ielease.
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12.0 ms 12.5 ms

13.0 ms 13.5 ms

14.0 ms 14.5 ms

Figure 86. (continued) A sequence from a high-speed film (2000 frames/s) of the flow formed
by a release of 386 g of FC-31-10 from the vessel. The times indicate the period
since the initiation of the release.
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15.0 ms 15.5 ms

16.0 ms 16.5 ms

17.0 ms 17.5 ms

Figure 86. (continued) A sequence from a high-speed film (2000 frames/s) of the flow formed
by a release of 386 g of FC-31-10 from the vessel. The times indicate the period
since the initiation of the release.
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18.0 ms 18.5 ms

20.0 ms 20.5 ms

Figure 86. (continued) A sequence from a high-speed film (2000 frames/s) of the flow formed
by a release of 386 g of FC-31-10 from the vessel. The times indicate the period

since the initiation of the release.
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21.0 ms 21.5 ms

22.0 ms 22.5 ms

23.0 ms 23.5 ms

Figure 86. (continued) A sequence from a high-speed film (2000 frames/s) of the flow formed
by a release of 386 g of FC-31-10 from the vessel. The times indicate the period
since the initiation of the release.
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24.0 ms 24.5 ms

25.0 ms 25.5 ms

26.0 ms 26.5 ms

Figure 86. (continued) A sequence from a high-speed film (2000 frames/s) of the flow formed
by a release of 386 g of FC-31-10 from the vessel. The times indicate the period
since the initiation of the release.
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27.0 ms 27.5 ms

28.0 ms 28.5 ms

29.0 ms 29.5 ms

Figure 86. (continued) A sequence from a high-speed film (2000 frames/s) of the flow formed
by a release of 386 g of FC-31-10 from the vessel. The times indicate the period
since the initiation of the release.
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0.0 ms 0.5 ms

1.0 ms 1.5 ms

2.0 ms 2.5 ms

Figure 87. A sequence from a high-speed film (2000 frames/s) of the flow formed by a release
of 270 g of halon 1301 from the vessel. The times indicate the period since the
initiation of the release.
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3.0 ms 3.5 ms

4.0 ms 4.5 ms

5.0 ms 5.5 ms

Figure 87. (continued) A sequence from a high-speed film (2000 frames/s) of the flow formed
by a release of 270 g of halon 1301 from the vessel. The times indicate the period
since the initiation of the release.
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6.0 ms 6.5 ms

7.0 ms 7.5 ms

8.0 ms 8.5 ms

Figure 87. (continued) A sequence from a high-speed film (2000 frames/s) of the flow formed
by a release of 270 g of halon 1301 from the vessel. The times indicate the period
since the initiation of the release.
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9.0 ms 9.5 ms

10.0 ms 10.5 ms

11.0 ms 11.5 ms

Figure 87. (continued) A sequence from a high-speed film (2000 frames/s) of the flow formed
by a release of 270 g of halon 1301 from the vessel. The times indicate the period
since the initiation of the release.



SECTION 3. FLUID DYNAMICS OF AGENT DISCHARGE 187

12.0 ms 12.5 ms

13.0 ms 13.5 ms

14.0 ms 14.5 ms

Figure 87. (continued) A sequence from a high-speed film (2000 frames/s) of the flow formed
by a release of 270 g of halon 1301 from the vessel. The times indicate the period
since the initiation of the release.
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15.0 ms 15.5 ms

16.0 ms 16.5 ms

17.0 ms 17.5 ms

Figure 87. (continued) A sequence from a high-speed film (2000 frames/s) of the flow formed
by a release of 270 g of halon 1301 from the vessel. The times indicate the period
since the initiation of the release.
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18.0 ms 18.5 ms

19.0 ms 19.5 ms

20.0 ms 20.5 ms

Figure 87. (continued) A sequence from a high-speed film (2000 frames/s) of the flow formed
by a release of 270 g of halon 1301 from the vessel. The times indicate the period
since the initiation of the release.
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21.0 ms 21.5 ms

22.0 ms 22.5 ms

23.0 ms 23.5 ms

Figure 87. (continued) A sequence from a high-speed film (2000 frames/s) of the flow formed
by a release of 270 g of halon 1301 from the vessel. The times indicate the period
since the initiation of the release.
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24.0 ms 24.5 ms

25.0 ms 25.5 ms

26.0 ms 26.5 ms

Figure 87. (continued) A sequence from a high-speed film (2000 frames/s) of the flow formed
by a release of 270 g of halon 1301 from the vessel. The times indicate the period
since the initiation of the release.
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27.0 ms 27.5 ms

28.0 ms 28.5 ms

29.0 ms 29.5 ms

Figure 87. (continued) A sequence from a high-speed film (2000 frames/s) of the flow formed
by a release of 270 g of halon 1301 from the vessel. The times indicate the period
since the initiation of the release.
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develops, the neck of the flow grows thinner until at roughly 6 ms following release the agent is
exiting the vessel as a liquid stream which exists over the entire observed downstream length. At
approximately 10 ms partial flashing of the liquid jet occurs near the orifice and subsequently grows
in time and space. Even after 15 ms the two-phase flow is compact and has not spread substantially
over the observed downstream distance. At later times the jet begins to spread slowly until a very
strong expansion occurs 21 ms after release. This point corresponds closely to the emptying time
estimated from pressure measurements recorded internal to the vessel. This strong flashing behavior
lasts a few milliseconds before only condensed vapor in the nitrogen flow is observed to exit the
vessel.

The halon 1301 (Figure 87) is released in a very different way. The initial release of the agent
from the bottle is much more violent than observed for the FC-31-10. The flow develops fingers
which look almost like an explosion. By 3.5 ms the agent covers a wider radial extent (approximate-
ly 0.29 m) than it has moved downstream. The flow near the nozzle seems to be assuming a conical
shape. The jet continues to spread in the radial direction as the flow field moves beyond the farthest
observed downstream position. For the next 8 ms the flow seems to settle down into a flow condition
for which the flow leaves the nozzle and spreads rapidly with downstream distance. The spreading
angle is roughly 60°. During this period the material ejected to large radial positions at earlier times
seems to have evaporated. This behavior can be contrasted to that for FC-31-10 where the released
agent appears to form a liquid stream during this phase of the release. Fourteen milliseconds after the
release a very strong flashing is observed which disperses material over extremely wide radial
distances for short downstream distances. Again, internal pressure measurements indicate that this is
roughly the time when all of the liquid has been emptied from the vessel.

Films were recorded for all of the agents over the smaller 0.40 m X 0.10 m view area. Table 5
lists measured values of radial and axial velocities calculated from the films for the ten proposed
alternative agents which are liquid at room temperature and halon 1301. Due to the limited number
of measurements the data do not show definite trends. However, it is clear that the axial near-field
velocities increase with decreasing boiling point (i.e., the amount of superheating).

3.5.3.2 Near-Field Dynamic Pressure Measurements. These measurements were intended to
test two aspects of the released agent behaviors. The first was whether or not there were shock
waves generated by either the bursting of the disk or the sudden flashing of the liquid. The second
was to detect the presence of the agent at the transducer and, if possible, estimate the degree of
vaporization.

The high-speed films showed that during an agent release there were two flashings which might
expel liquid to a distance where it could strike the pressure transducer. Time records of pressure
traces all show signals corresponding to the second flashing near the end of the release. The lower
boiling-point liquids also showed pressure rises shortly after the disk burst (recall that time O is
defined as the time when laser #1 is strongly attenuated). Interestingly, no pressure changes were
generally detected for the higher boiling-point liquids at short times.

Figure 88 shows a time plot of pressure from the near-field pressure transducer for two room
temperature releases of HFC-236fa from a vessel which is 2/3 full of the liquid agent. The two sets
of data are in good agreement. No pressure increases are observed until near the time when the fluid
is emptied from the vessel. Apparently, the flashing observed in the high-speed films when the disk
burst did not generate shock waves or impart sufficient momentum to the HFC-236fa to reach the
pressure transducer which was 46 mm from the centerline. In contrast, the strong flashing observed
near the ends of the releases generated a very large dynamic pressure at the transducer. Table 6 lists
the maximum pressures observed for the two releases.
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Figure 88. Two time traces of near-field dynamic pressure for releases of HFC-236fa. For
clarity, trace B is offset by 100 kPa. Conditions are: A, 464 g of agent, release
pressure of 4.30 Mpa; B, 471 g agent, release pressure of 4.51 MPa.
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Table 5. Values of Velocity Determined from High Speed Films of Liquid Agents Released from
Pressurized Vessels
Radial Velocity Radial Velocity Axial Velocity Axial Velocity
AGENT Frame 2-3 Frame 3-4 (m/s) Frame 2-3 (m/s) Frame 3-4 (m/s)
(m/s)
HFC-236fa 9 2 42 57
FC-31-10 12 2.4 49 2
FC-318 14 0 67 a
HCFC-124 10 0 57 a
HFC-227ea 4 2 55 57
HEC-134a 10 5 69 63
FC-218 6 11 86 2
HCFC-22 2 58.1 49.3
HFC-125 2.1 18 76 2
HFC-125/HFC- 17 9 80 2
32 mixture
halon 1301 11 1.5 > 80 2

a Measurements could not be made for these conditions due to poor contrast in the images

A number of releases with various vessel fill levels have been made for FC-31-10. Figure 89
shows time plots of pressures from the near-field pressure transducer for three runs having initial
vessel fill levels of 1/3, 1/2, and 2/3. The observed behaviors are very similar to those found for
HFEC-236fa. Table 6 summarizes the pressure increases observed during the second flashings for a
number of experiments. There are no clear trends in the maximum pressure with burst pressure or
the mass of agent in the bottle. A range of values are observed which are likely to be characteristic
of run-to-run variations.

Figure 90 shows two pressure time traces for FC-318. The results are similar to those for HFC-
236fa and FC-31-10 except that one of the pressure traces has a slight jump with a maximum of 41
kPa starting 3.48 ms after the agent release. This pressure rise indicates that for this release the
initial flashing behavior was strong enough to eject material as far as the pressure transducer. A total
of six experiments were run with this agent. Only one recorded the initial flashing behavior.
Pressure increases associated with the second flashing are listed in Table 6. A fairly wide range of

pressures is observed.

Two time traces for the near-field pressure behavior are shown in Figure 91 for HCFC-124. No
signals were recorded immediately following the opening of the vessel orifice. The relevant data for
observed dynamic pressures as a result of the second flashing are summarized in Table 6.
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Table 6.  Maximum Dynamic Pressures Observed by the Near-Field Transducer During the
Second Flashings of Agent Releases

Agent Mass of Agent (g) Internal Pressure at Maximum Dynamic
Release (MPa) Pressure (kPa)
HFC-236fa 464 4.30 499
471 4.51 480
FC-31-10 261 4.50 314
262 4.45 293
263 3.98 364
266 4.33 314
386 4.21 448
387 4.52 397
495 3.93 557
515 4.20 312
520 3.85 315
FC-318 257 3.90 487
270 4.25 469
404 3.92 516
501 4.43 647
505 3.99 561
521 4.34 629
HCFC-124 465 4.30 708
462 4.05 668
HFC-227ea 476 4.45 900
489 4.41 792
HFC-134a 419 4.21 1176
418 4.13 1101
423 4.38 1317
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Table 6.  (continued) Maximum Dynamic Pressures Observed by the Near-Field Transducer
During the Second Flashings of Agent Releases.
Agent Mass of Agent (g) Internal Pressure at Maximum Dynamic
Release (MPa) Pressure (kPa)
FC-218 468 4.28 559
463 4.06 421
460 4.58 579
HCFC-22 412 2.81 572
421 4.48 1402
417 4.52 1271
HFC-125 423 4.24 1047
403 4.19 367
416 4.07 566
HFC-125/HFC-32 375 4.36 1508
mixture 358 4.31 1626
halon 1301 270 4.43 602
554 4.36 113

Figure 92 and Table 6 contain similar results for HFC-227ea. One of the releases showed a
quite substantial pressure increase starting 1.12 ms after the initial release of the agent. The pressure
reached a maximum of 304 kPa.

Results for HFC-134a are given in Figure 93 and Table 6. Three sets of data were recorded for
this agent. Two of these showed pressure increases (169, 102 kPa) shortly after (1.80 ms and
1.52 ms) the initiation of the experiments. The experiment which isn’t shown in Figure 93 did not
have a pressure increase at the short delay time.

Three sets of data were also recorded for FC-218. Figure 94 and Table 6 summarize the
findings. As found for the HFC-134a, two of the releases resulted in small pressure increases (28
and 31 kPa) shortly following the release time (1.92 and 1.60 ms). As can be seen by comparing
entries in Table 6, the pressure increases as a result of the second flashing observed for the FC-218
are considerably smaller than those found for the HFC-134a.

HCFC-22 generated pressure traces which were quite complicated and variable. Examples of
two of the traces are shown in Figure 95. The pressure time histories are quite different than those
for the agents discussed up to this point. Not only are pressure increases observed near the begin-
nings and ends of the releases, there also indications of some flashing behavior at intermediate times.
Table 6 summarizes the findings for three releases of HCFC-22. The dynamic pressures observed for
the releases using nominal 4.14 burst disks were the highest recorded during the study. The pressure
increase was found to be considerably smaller for the one case using a lower-pressure burst disk (see
Table 6).
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Figure 89. Three time traces of near-field dynamic pressure for releases of FC-31-10.
Traces B and C are offset by 50 kPa. Conditions: A, 515 g, release pressure
4.20 MPa; B, 386 g, release pressure 4.21 MPa; C, 263 g, release pressure of
3.98 MPa.
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Figure 90. Two time traces of near-field dynamic pressure for releases of FC-318. Trace B
is offset by 100 kPa. Conditions: A, 501 g, release pressure 4.43 MPa; B,
270 g, release pressure 4.25 MPa.
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Figure 91. Two time traces of near-field dynamic pressure for releases of HCFC-124. Trace
B is offset by 100 kPa. Conditions: A, 465 g, release pressure 4.30 MPa; B,
462 g, release pressure 4.05 MPa.
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Figure 92. Two time traces of near-field dynamic pressure for releases of HFC-227ea. Trace
B is offset by 100 kPa. Conditions: A, 476 g, release pressure 4.45 MPa; B,
489 g, release pressure 4.41 MPa.
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Figure 93. Two time traces of near-field dynamic pressure for releases of HFC-134a. Trace
B is offset by 100 kPa. Conditions: A, 423 g, release pressure 4.38 MPa; B,
418 g, release pressure 4.13 MPa.
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Figure 94. Two time traces of near-field dynamic pressure for releases of FC-218. Trace B is
offset by 100 kPa. Conditions: A, 463 g, release pressure 4.06 MPa; B, 468 g,
release pressure 4.28 MPa.
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Figure 95. Two time traces of near-field dynamic pressure for releases of HCFC-22. Trace B
is offset by 100 kPa. Conditions: A, 412 g, release pressure 4.52 MPa; B, 417 g,
release pressure 4.48 MPa.
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HFC-125 also generated pressure traces which varied from release to release. Figure 96 shows
two examples. Both plots indicate that flashing occurred at the beginning and end of the releases, but
there were indications that flashing also took place at intermediate times. The third set of data
summarized in Table 6 was similar. Each release has a pressure rise at early times. The maximum
pressures observed were 20, 81, and 122 kPa.

The HFC-125/HFC-32 mixture has the lowest boiling point of all of the potential replacement
agents except FC-116. Time traces for two releases of this agent (see Figure 97) indicate that the
liquid tends to flash strongly during most of time the liquid is exiting the vessel. Pressure increases
(249 and 293 kPa) first appear immediately (1.24 and 1.12 ms) following the release. These are
followed by a short quiet period before the dynamic pressure begins to increase rapidly. The
maximum pressure readings occurred near the end of the releases, reaching values greater than 1500
kPa. Table 6 summarizes the findings.

For comparison purposes, releases of halon 1301 were also performed. Figure 98 and Table 6
summarize the findings. Note that trace B was recorded for a release in which the vessel was only
1/3 full of liquid. In both cases, the pressure traces indicate that flashing occurred immediately
following (1.16 and 1.84 ms) the opening of the orifice. Early pressure increases of 91 and 43 kPa
were observed. Trace A indicates that the liquid flashed near the orifice during most of the release.
The flashing associated with the emptying of the vessel is also obvious. Despite the fact that the
boiling point of halon 1301 is 20 K lower than for the HFC-125/HFC-32 mixture, the dynamic
pressures measured are considerably lower for the halon 1301. The maximum pressures observed due
to the second flashing are quite different for the two experiments shown in Figure 98.

These measurements will be discussed further in Section 3.5.4. However, a few general
conclusions can be drawn from the results summarized in Table 6 and the figures. The data for the
various agents have been presented in order of decreasing boiling point. Only for the lowest boiling-
point agents are dynamic pressures generated by the flashing observed immediately following the
opening of the burst disk. For agents having boiling points higher than HCFC-22 (232 K), flashing is
only detected near the beginning and end of the releases. Pressure increases observed for HCFC-22
and agents having lower boiling points suggest that strong flashing is taking place at intermediate
times as well. With the exceptions of FC-218, HFC-125, and halon 1301, the pressure increases
observed near the time when the vessel empties increase with decreasing boiling point.

3.5.3.3 Laser Attenuation Measurements. Laser attenuation measurements were made at the
five downstream positions listed in Table 7 for each of the agents investigated. Figure 99 through
Figure 109 show examples of the laser signals recorded for releases of all of the alternative agents,
with the exception of FC-116, and halon 1301. In each case the vessel was 2/3 full of the liquid
agent and a nominal 4.14 MPa burst disk was used.

For the higher boiling-point agents, the arrival of the agent at a laser beam fully extinguishes the
beam nearly instantaneously (within 40 us). This is clearly seen in Figure 99 through Figure 104
where sharp drops are seen in the laser intensities at successively later times as the agent moves away
from the vessel orifice. Recall that time O corresponds to the extinguishment of laser #1. The light
extinguishment is the result of scattering by the two-phase flows generated by the releases. For the
lower boiling-point agents, the fall off in light intensity with time is not as sharp. This is most clear
for lasers #3, #4, and #5 for the halon 1301 release (see Figure 109). This observation is evidence
that these liquid agents are evaporating at a sufficient rate on the leading edges of the releases that the
two-phase flow is not optically dense enough to fully extinguish the laser beams. . Even for the low
boiling-point liquids, the laser beams are eventually fully attenuated as the flow develops further.

At varying times following the complete attenuation of the laser beams, the optical density of the
flows decreases and the laser beams are partially transmitted. The exact nature of the optical density
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Figure 96. Two time traces of near-field dynamic pressure for releases of HFC-125. Trace B is
offset by 100 kPa. Conditions: A, 416 g, release pressure 4.07 MPa; B, 423 g,
release pressure 4.24 MPa.
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Figure 97. Two time traces of near-field dynamic pressure for releases of the
HFC-125/HFC-32 mixture. Trace B is offset by 100 kPa. Conditions: A,
375 g, release pressure 4.36 MPa; B, 358 g, release pressure 4.31 MPa.
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Figure 98. Two time traces of near-field dynamic pressure for releases of halon 1301.
Trace B is offset by 100 kPa. Conditions: A, 554 g, release pressure
4.36 MPa; B, 270 g, release pressure 4.43 MPa.
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Table 7. Downstream Distances from the Orifice of the Release Vessel for the Five Laser
Beams. Distances Between the Laser Beams are also Indicated.

Downstream Position (m) Separation Distance (m)
Laser #1 0.0 0.320
Laser #2 0.320
0.335
Laser #3 0.655
0.305
Laser #4 0.960
Laser #5 1.300 0.340

of a flow is expected to be quite complex. It should be a function of the total mass concentration of
the agent, the degree of vaporization of the agent, the size of droplets in the liquid phase, and the
degree to which the agent has cooled and condensed water vapor from the surrounding air entrained
by the flow. Even so, there are clear trends in the data. The total attenuation of laser #1 lasts for
much longer than the agent release time (30-40 ms). The explanation for this behavior is available
from the high-speed films of the behavior of the agents inside the vessel (see Section 3.4.1). These
show that agent condensation occurs in the nitrogen above the liquid in the vessel during a release.
This is attributed to the cooling of the nitrogen and gaseous agent by the adiabatic expansion of the
gas (see Section 3.4). Due to the gas used to pressurize the vessel, there is a slow flow of nitrogen
even after a release is complete and eventually the condensed agent is swept from the vessel.

The time behaviors of laser #2 transmission for releases of different agents provide insight in the
evaporation characteristics of the various agents. For all of the agents except FC-218, the time of
total laser beam attenuation is on the order of 60 ms or roughly 50% longer than the total release time
of the liquid. The total attenuation time for FC-218 is roughly the same as its release time. The total
attenuation times of the beam for laser #3 tend to be somewhat shorter than for laser #2. The
recovery of light transmission tends to be quicker for the lower boiling-point agents.

The periods of total light attenuation for lasers #4 and #5 are longer and the recovery of light
transmission takes place more slowly. It is likely that this observation is the result of the condensa-
tion of water vapor which should require a longer period to evaporate than the agents.

As can be seen in Figure 99 through Figure 109, the arrival time of an agent release at a laser
beam is easily detected as a rapid, near-total attenuation of the transmitted light. It is a simple
exercise to accurately determine these arrival times. For example, for the data shown in Figure 99
the arrival times are 0, 5.88, 10.55, 15.31, and 20.01 ms for lasers #1-#5, respectively. Since the
distances between the laser beams are known, four average velocities can be calculated from these
results. Such calculations have been made for the series of releases from 2/3 filled vessels. In the
figures which follow, the average velocities are plotted as a function of downstream distance defined
as the midpoints of the laser beam locations.

Figure 110 through Figure 120 show results for the ten agents which are liquids at room
temperature and halon 1301. There are dramatic differences among the results. HFC-236fa,
FC-31-10, FC-318, HCFC-124, and HFC-227ea (Figure 110 through Figure 114) are similar.
Average velocities measured at the first measuring station fall in a range of 50 to 60 m/s. As the
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Figure 99. Time behaviors for transmission of laser beams #1-#5 spaced as shown in Table 7
following a release of HFC-236fa at 0 s. Conditions: 464 g agent, 4.30 MPa
release pressure.
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Figure 100. Time behaviors for transmission of laser beams #1-#5 spaced as shown in
Table 7 following a release of FC-31-10 at 0 s. Conditions: 520 g agent,
3.85 MPa release pressure.
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Figure 101. Time behaviors for transmission of laser beams #1-#5 spaced as shown in

Table 7 following a release of FC-318 at 0 s. Conditions: 501 g agent,
4.43 MPa release pressure.
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Figure 102. Time behaviors for transmission of laser beams #1-#5 spaced as shown in

Table 7 following a release of HCFC-124 at 0 s. Conditions: 462 g
agent, 4.05 MPa release pressure.



214 SECTION 3. FELUID DYNAMICS OF AGENT DISCHARGE

HFC—227ea

Laser intensity

o N >~
}
1

T
3.0 1 1 I 1 1 1 I

20
1.5 a

Laser Intensity

Laser Intensity

Laser Intensity

Laser intensity

§ ) 5 1 1

40 60 80 100 120 140

Time (ms)

Figure 103. Time behaviors for transmission of laser beams #1-#5 spaced as shown in
Table 7 following a release of HFC-227ea at 0 s. Conditions: 476 g
agent, 4.45 MPa release pressure.
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Figure 105. Time behaviors for transmission of laser beams #1-#5 spaced as shown in

Table 7 following a release of FC-218 at 0 s. Conditions: 463 g agent,
4.06 MPa release pressure.
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Time behaviors for transmission of laser beams #1-#5 spaced as shown in
Table 7 following a release of HCFC-22 at 0 s. Conditions: 417 g agent,

4.52 MPa release pressure.
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Figure 107. Time behaviors for transmission of laser beams #1-#5 spaced as shown in
Table 7 following a release of HFC-125 at 0 s. Conditions: 423 g agent,
4.24 MPa release pressure.



SECTION 3. FLUID DYNAMICS OF AGENT DISCHARGE 219

HFC-125/HFC—32 Mixture

8 T T T T T T T
Laser #1

Laser Intensity

Laser Intensity

Laser Intensity

Laser Intensity
P
B
a
b

0 1 1 ] L 1 1 1 1

0 20 40 60 80 100 120 140

Time (ms)

Figure 108. Time behaviors for transmission of laser beams #1-#5 spaced as shown in
Table 7 following a release of the HFC-125/HFC-32 mixture at O s.
Conditions: 375 g agent, 4.36 MPa release pressure.
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Figure 109. Time behaviors for transmission of laser beams #1-#5 spaced as shown in
Table 7 following a release of halon 1301 at 0 s. Conditions: 554 g
agent, 4.36 MPa release pressure.
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Figure 110. Average velocities for releases of HFC-236fa determined by the time of

arrival at laser beams #1-#5 plotted as a function of average downstream
distance. Pressures are those inside the vessel at disk bursting.



222

SECTION 3. FLUID DYNAMICS OF AGENT DISCHARGE

FC-31-10

80 | | | I |
- 70 |- » nh;:'.":..g —
2> ;
S T
°c g/ N
)
>
.>9.< 60 I -
<
o 0O 4.21 MPa
o B 4.33 MPa
g O 3.85 MPa A 4.45 MPa
® 3.93 MPa A 450 MPa
50 - v 3.98 MPa O 4.52 MPa -
v 4.21 MPa @ 4.52 MPa
| | | | |
0 20 40 60 80 100 120
Average Downstream Position (cm)
Figure 111. Average velocities for releases of FC-31-10 determined by the time of

arrival at laser beams #1-#5 plotted as a function of average downstream
distance. Pressures are those inside the vessel at disk bursting.
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Figure 112. Average velocities for releases of FC-318 determined by the time of arrival

at laser beams #1-#5 plotted as a function of average downstream distance.
Pressures are those inside the vessel at disk bursting.
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Figure 113. Average velocities for releases of HCFC-124 determined by the time of

arrival at laser beams #1-#5 plotted as a function of average downstream
distance. Pressures are those inside the vessel at disk bursting.
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Figure 114. Average velocities for releases of HFC-227ea determined by the time of

arrival at laser beams #1-#5 plotted as a function of average downstream
distance. Pressures are those inside the vessel at disk bursting.
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Figure 115. Average velocities for releases of HFC-134a determined by the time of

arrival at laser beams #1-#5 plotted as a function of average downstream
distance. Pressures are those inside the vessel at disk bursting.
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Figure 116. Average velocities for releases of FC-218 determined by the time of arrival

at laser beams #1-#5 plotted as a function of average downstream distance.
Pressures are those inside the vessel at disk bursting.
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Figure 117. Average velocities for releases of HCFC-22 determined by the time of
arrival at laser beams #1-#5 plotted as a function of average downstream
distance. Pressures are those inside the vessel at disk bursting.
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Figure 118. Average velocities for releases of HFC-125 determined by the time of

arrival at laser beams #1-#5 plotted as a function of average downstream
distance. Pressures are those inside the vessel at disk bursting.
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Figure 119. Average velocities for releases of the HFC-125/HFC-32 mixture deter-

mined by the time of arrival at laser beams #1-#5 plotted as a function of
average downstream distance. Pressures are those inside the vessel at disk
bursting.
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Figure 120. Average velocities for releases of halon 1301 determined by the time of

arrival at laser beams #1-#5 plotted as a function of average downstream
distance. Pressures are those inside the vessel at disk bursting.
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agent moves further away from the vessel, the average velocities actually increase, remaining roughly
constant at approximately 70 m/s.

HFC-134a (Figure 115) has a different velocity dependence on downstream distance. Two of the
releases had high velocities (65-70 m/s) near the vessel which stayed roughly constant over the two
nearest measurement locations. At the third and fourth locations the velocities actually decreased to
values of roughly 50 m/s. Note that these results are nearly exactly the opposite of those for the
higher boiling-point agents discussed above. A third release of HFC-134a looks similar to the higher
boiling-point agents (i.e., the measured velocity near the nozzle is roughly 56 ms/s and increases to
roughly 70 m/s) except that the velocity again decreases at the furthest measuring station.

The velocity results for FC-218 (Figure 116) are similar to those for HFC-134a. Velocities for
the two locations near the nozzle are on the order of 80 ms/s. As the agent moves further from the
exit the velocity begins to fall off, decreasing to approximately 40 m/s for the last station. The
results for HCFC-22 (Figure 117) are similar, but there is substantial scatter in the results.

For HFC-125 (Figure 118) the velocities near the vessel are again roughly 70 m/s. However,
these velocities decrease faster with downstream distance becoming less than 20 m/s at the most
distant location. The HFC-125/HFC-32 mixture (Figure 119) displays a similar, but enhanced
behavior. Velocities near the vessel exit are very high, approaching 100 m/s. By the second
measuring station the velocity has dropped rapidly and eventually falls to less than 30 m/s. Interest-
ingly, the results for halon 1301 (Figure 120) are similar to those for FC-218 and HFC-125.

These measurements have been made for a range of pressures in the release vessel due to
variations in burst disks. Close examination shows that the measured velocities depend somewhat on
pressure, with higher pressures yielding higher velocities. However, for the range of pressures
shown the dependence is relatively weak and on the order of experiment-to-experiment variation.

3.5.3.4 Far-Field Dynamic Pressure Measurements. These measurements were made on the
centerline of the releases at a distance 1.3 m from the vessel exit. The pressure transducer was
oriented such that it faced the release direction. Figure 121 through Figure 131 show examples of the
dynamic pressures recorded as a function of time for the ten room-temperature liquid replacement
agents as well as halon 1301.

Figure 121 shows time plots of downstream dynamic pressure for two releases of HFC-236fa. In
both cases a rapid pressure rise is observed at approximately 20 ms following release. This agrees
closely with the arrival of the agent at laser #5 as determined by strong beam attenuation (18.8 ms
and 20.1 ms). The pressure jumps roughly 200 to 300 kPa immediately following the arrival of the
agent at the transducer. The pressure then continues to increase over the next 25 ms. Maximum
pressures observed in the two cases were 1,100 kPa and 1,420 kPa. As we will be discussed shortly,
such pressure increases are indicative of a two-phase flow striking the transducer.

Similar pressure traces for FC-31-10 are shown in Figure 122. The behaviors are similar to
those for HFC-236fa with maximum pressures reaching 820 and 1029 kPa. The pressure traces for
FC-318 (Figure 123) also have a similar behavior except the initial pressure increase is somewhat
higher (500 to 700 kPa) with maximum observed values of 1000 and 1200 kPa. Results for
HCFC-124 are shown in Figure 124. This agent generates strong pressure increases (500 to 700 kPa)
immediately upon arrival at the transducer which then grow to very high levels (1200 to 1500 kPa).
The results for HFC-227ea (Figure 125) are very similar to those for HCFC-124. The pressure
traces for HFC-134a (Figure 126) have very rapid and large increases (> 1000 kPa) upon arrival at
the transducer and reach the highest values (1900-2100 kPa) of any of the high boiling-point agents.

The dynamic pressure measurements for FC-218 (Figure 127) have a very different behavior than
those discussed thus far. A rapid pressure increase is observed at roughly 25 ms corresponding to the
time when the agent reaches the transducer. A maximum value is quickly reached. This maximum
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Dynamic pressure measured 1.3 m from the vessel for HFC-236fa. For
clarity, trace B is offset by 100 kPa. Conditions are: A, 471 g agent,
release press