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Featured Application: The approach proposed in this paper can be applied to the fire safety
field using total flooding Clean Extinguishing Agents. Accurate prediction of the hold time of a
CEA can achieve reliable fire control and extinguishment, as well as prevent overdesign of the
CEA system.

Abstract: When estimating the theoretical hold time of a Clean Extinguishing Agent (CEA), the hold
time is predicted using a leakage exponent and leakage characteristics that are measured through an
Enclosure Integrity Test (EIT). In particular, the leakage exponent n is conventionally applied as 0.5,
but recently, a variable exponent has been applied through measurement (approximately 0.48 to 0.85).
When variable 7 is applied, the hold time varies greatly depending on the size of n. Therefore, in this
study, a modified theoretical model for the hold time of a CEA is proposed to improve the accuracy
of the hold time depending on the leakage exponent n. The modified theoretical model applies a
different analysis of the inflow and outflow volumetric flow, and the results enable a more accurate
hold time prediction. The modified theoretical equation shows an improvement of up to 8.6% for
outflow volumetric flow V, and a maximum improvement of approximately 10.7% for hold time ¢;,.

Keywords: fire extinguishing system; clean extinguishing agent; retention time; hold time; enclosure
integrity test

1. Introduction

Water is the most widely used extinguishing agent to control, suppress, and extinguish
fires. However, although water is used most efficiently, it is difficult to use in places where
water damage is a concern. Therefore, in these places, water mist, gaseous agents, and
a hybrid system combining water mist and inert gases are used. The water mist system
extinguishes a fire by spraying very fine water droplets into the fire like water fog. That is,
the sprayed water mist cools the frame and surrounding gases, displacing oxygen through
evaporation, and attenuating radiant heat with the fine droplets [1-3]. The hybrid system
adds the extinguishing effect of the inert agent to the extinguishing effect of the existing
water mist by including inert gases in the water mist [4-6]. However, water mist has
disadvantages such as high installation costs and limitations in actual discharge testing.
On the other hand, a clean extinguishing agent (CEA) can limit water damage, and its
performance can be evaluated without an actual discharge test through an evaluation of
the theoretical model. Therefore, a CEA is one of the most widely used extinguishing
agents in places where water damage is a concern. A CEA is a gas suppressant that is used
in fire areas. It is discharged with a concentration above the extinguishing concentration
in a sealed enclosure and prevents combustion from occurring for more than a certain
period of time through physical and chemical mechanisms. This time is called the hold
time or retention time. Because the hold time secures the time required to extinguish a fire
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manually, the longer this time is, the more the fire damage can be minimized [7]. Therefore,
it is only possible to obtain approval from relevant authorities when evidence of a hold
time exceeding the standard is secured.

Evidence of hold time in an enclosure in which a CEA is installed cannot be measured
by direct discharge of an applied CEA, which can be predicted using leakage characteristics
obtained from an enclosure integrity test (EIT). Theoretical models for the prediction of
hold times are provided in the National Fire Protection Association (NFPA) 2001 Annex C
and the International Standards Organization (ISO) 14520-1 Annex E [8,9]. The theoretical
models provided are divided into the continuous mixing models and the descending interface
models. The continuous mixing model is a model that is applied when the air flowing in from
the outside of the enclosure and the agent-air mixture inside the enclosure are completely
mixed by the bias pressure and other relevant factors. In this case, bias pressure can be
generated by stack effect, wind, or a mechanical HVAC system. This model is offered by
both NFPA and ISO. However, the descending interface models are different between NFPA
and ISO. NFPA provides the sharp model that considers only advection, and ISO provides
the wide model that considers advection and diffusion at the same time.

The difference between these two models is whether or not they consider the effect
of diffusion on the prediction of hold time. Therefore, compared to the sharp model, which
does not consider diffusion, the wide model predicts a conservative hold time [10,11]. This
difference can be more than doubled depending on the conditions. As such, theoretical
models for hold time inevitably have different predicted values depending on diffusion
analysis. Todd proposed the thick model combined with the sharp model and the wide model,
which reduced the prediction error of the extreme hold time of these models [11,12].

The descending interface models are divided into three types based on differences in
the interpretation of diffusion, but the interpretation of advection is the same [7-10,13].
In other words, the analysis of the advection for the wide model and the thick model is the
same as in the sharp model. This analysis method, proposed by DiNenno and Forssell, is still
applied today [14]. This analysis method predicts the outflow volumetric flow using the
leakage characteristics obtained through the EIT, and the hold time is predicted using this
value. That is, the interpretation of advection proposed by DiNenno and Forssell is based
on the prediction of the outflow volumetric flow out of the enclosure.

The outflow volumetric flow through the leakage area of the enclosure is derived from
the general orifice theory. In this case, n is the leakage exponent. It is simply expressed as
an exponent of 1/2 in the derivation of Bernoulli’s equation, but it has a value that varies
from 0.5 (turbulent flow) to 1 (laminar flow), depending on the flow of the fluid [15].

The analysis of the outflow volumetric flow formed by the density and pressure
difference involves the analysis of the height of the neutral plane, which is the height
at which the pressure inside and outside the enclosure equalizes. The analysis of the
height of the neutral plane can be derived through the conservation of mass inside the
enclosure [16,17]. In other words, it is analyzed while assuming that the inflow and outflow
mass flow rate are the same. However, DiNenno and Forssell derived an equation for the
outflow volumetric flow while assuming that the volume flow rate is the same rather than
the mass flow rate. There is no significant difference when the leakage exponent n has
an approximate value of 0.5 or the difference in density inside and outside the enclosure
is small. However, when the leakage exponent n increases or the density difference
increases, the difference in the predicted hold time according to the two assumptions
increases. In the study by DiNenno and Forssell, the leakage exponent n was estimated
to be approximately 0.5, but they also noted that n can vary from 0.5 depending on the
actual flow characteristics [14]. Early theoretical models used a fixed leakage exponent n
of 0.5, so this difference could not be seen. However, a variable leakage exponent n has
been adopted since the 2007 edition of NFPA 2001 and the 2006 edition of ISO 14520-1.
Specifically, in NFPA 2001, n is suggested as a value between 0.48 and 0.85 [8]. Therefore, in
this study, we propose a modified theoretical model for hold time that is interpreted as the
mass flow, which we attempted to verify through theory and experiment. The experiments
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were conducted using IG-01 and HFC-125. By comparing the predicted hold time with the
observed hold time, the proposed theory was validated.

2. Theoretical Background
2.1. Deviation of the Theoretical Equations for the Hold Time

An existing theoretical model for the hold time of a CEA starts from the sharp model
proposed by DiNenno and Forssell [14]. The sharp model was extended to the wide model pro-
posed by Dewsbury and Whiteley and modified to the thick model proposed by Todd [7,11,12].
The theoretical model is derived from the mass conservation equation for the agent inside
the enclosure through several assumptions. The assumptions for the hold time of a CEA
are as stated below [7,11-14,18-22]:

M The protected has a constant cross-section according to its height.

B The leakage areas through the protected enclosure boundaries occur only at the upper
and the lower extremes.

B The inside and outside of the protected enclosure have a standard temperature

and pressure.

For all species, diffusivity is assumed to be the same.

Thermal effects are ignored.

The initial state of the agent in the protected room is a homogeneous mixture.

A schematic diagram of the theoretical model for hold time is shown in Figure 1.

APUL

C=cair=o

Pair

T Cmix - Initial concentration of air-agent mixture [%]
Cqir ¢ Air concentration [%]

Pmix - Agent-air mixture’s density [kg/m?]

Pair : Air density [kg/m3]
Hppax Ay: Enclosure floor area [m?]
H; : Theleading edge of the interface [m]

H; LY H 4 : Maximum enclosure height [m]

an : Neutral plane height [m]

APy : Pressure difference at the upper part of the enclosure [Pa]

VVVVVVV v H Y . .. APy, : Pressure difference at the lower part of the enclosure [Pa]
APy

Figure 1. Schematic diagram of hydrostatic pressure profile of the sharp model.

Figure 1 shows a schematic diagram of the sharp model where the agent-air mixture
inside the enclosure and the air outside do not mix. The existing theoretical equations for
the hold time of the CEA were derived from the sharp model. In the sharp model, because
there is no agent-air mixture flowing in, 711,y ;,, is zero. Therefore, the mass of the agent-air
mixture inside the enclosure can be expressed as Equation (1).

mmix - mmix,in - mmix, out — _mmix, out (_mmix, in — 0) (1)

Equation (1) can be transformed into a form in which the height of the interface formed

by the agent-air mixture and air decreases per unit time. This is expressed as Equation (2).
o0H;  V,

o A f

@

where
Mmix = pmifoHi Mimix,out = PmixVo
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Equation (2) shows that the descending velocity of the leading edge of the interface H;,
which is the boundary between the agent-air mixture and air, is ultimately determined by

the outflow volumetric flow V, discharged from the enclosure. Therefore, the time it takes

for H; to descend to the required protected height H,, for which the hold time is determined
is called the hold time, and H), is usually set as the point of maximum combustibles or 75%
of the maximum height of the enclosure [11,18]. The theoretical equation for the outflow

volumetric flow V, is expressed in the form of a power law function as in Equation (3).

Vo = ki AP" 3)

As shown in Equation (3), V, can be determined from the pressure difference inside
and outside the enclosure. The pressure difference inside and outside the enclosure can be
seen in Equations (4) and (5).

APrp = (Omix — Pair)anp 4)

APyp = (pmix - pair)g(Hi - Hﬂp) )

where g is the acceleration due to gravity.
The pressure difference inside and outside the enclosure can be predicted through
the analysis of the height of the neutral plane an, and an can be predicted through

the conservation of mass within the enclosure (o, V, = pairVi). However, the existing
theoretical model was derived by assuming that the inflow and outflow volume flows

are the same (V, = V;). The outflow volumetric flow V, and hold time #;, are calculated
through the same volume flow as follows:

n

n . J— . : .
V, = AyCyCy <2AP LL) = AyCyCy ( 2 > (Oomix ptllr)gHzl ©)
Pmix Pmix 1+(M><ﬂ>g
Pmix Ai
V| (ksHmax + k)" = (ksHe + kg)' ™" | |
th - Hmax (1 — n)kZPkS (pmzx > pmr) (7)
— v (kSHmax + k4)lin — (kB(Hmax — He) + k4)17n A ‘
T = Hyax (1 — n)k2(l — F)k3 (szx < ptllr) 8)
where
ky = kl(%)”, ks = 28l0mix = Pairl 2| Py

o+ e (1) ot o (152)

Through the EIT, the leakage exponent n, leakage constant k1, bias pressure Py, and
lower leakage fraction F are measured or estimated, and the hold time t; can be predicted
by calculating ky, k3, and k, using these values [8,9]. The hold time of the wide and thick model,
which considers diffusion as well as advection, is predicted by modifying the equation
above. The wide and thick model evaluates the effect on diffusion by changing the specified
height H,. That is, by setting the value of H, to be larger than in the sharp model, a shorter
hold time is predicted. The specified height H, for each model is as follows [7-9,11,12].

H,s4i = Hp 9)

Co
He,wdz‘ = Hmux - (Hmux - Hp) <27Z;z> (10)
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He,tdi = He,tdi (wmameax > He,wdi) (11)
Cini 1
He,tdi = Hp — wWHyax (:1:( - 2> (a)mumeax < He,wdi) (12)
t
where
_ AH /Hpax
Ac/ Crix

In Equations (9)—(12) above, it can be seen that the wide and thick models considering
diffusion are calculated by setting only the specified height H, differently in the sharp model.
In other words, it can be seen that the prediction for hold time is greatly affected by the
accuracy of the theoretical equation of the sharp model, which only considers advection.

2.2. Consideration of the Theoretical Models
In the previous section, the existing theoretical model was derived under the as-
sumption that the inflow and outflow volumetric flow rates of the enclosure are the same.

However, the interpretation of the neutral plane height H np in terms of hydrodynamics is
derived in terms of mass flow [12,23,24]. Therefore, the theoretical model derived from the
point of view of the volume flow needs to be reinterpreted from the point of view of the
mass flow. The inflow and outflow mass flow through the leakage area can be expressed as:

Mo = Pmixvo (13)

mi = Pair Vl (14)

If the outflow and inflow mass flows are the same (111, = m;), the hydrostatic pressure
difference at the top of the enclosure can be expressed as Equation (15).

1-n 1
Oair \ " [(Ao\"
APy = | — — ) AP 15

ut (pmix) (Ai) H ( )

where A; and A, are the summed orifice areas of all upper and lower leakages, respectively.

The sum of the pressure difference between the top and bottom of the enclosure is the
same as Equation (16), and by substituting Equation (15) into Equation (16), APy} can be
expressed as Equation (17).

APLL + APy = (Omix — Pair)§Hi (16)

AP = (Pmix - Puir)gHi (17)

1-n 1
Pair T Ao 7
1+ () " (%)
Therefore, the modified outflow volumetric flow V,;, analyzed from the point of view
of the mass flow can be derived as Equation (18).
n
Vmo = AUCdCu ( 2 ) (pmix — pair)gHi (18)

1-n
Pmix

1
Lair \ T (Ao
1 + (pmix> (Ai)

When comparing Equations (6) and (18), the difference between V0 and Vmg is the
presence or absence of a power of (1 — n)/nin p,j; / pix of the denominator of the equation,

and Vmo / VO can be expressed as Equation (19).

2n—1

M = (p“”) ! (19)
Vo Pmix
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In Equation (19), if the leakage exponent # is 0.5, it can be seen that Vmo and Vo are
the same value. However, if n changes, Vmo / Vo is calculated as shown in Figure 2.

1.0 q

0.9+

Vma/Vo
o
==}
1

0.7 4

06 ¥ T T T T T d T v 1
05 06 0.7 0.8 0.9 10

Leakage exponent n

Figure 2. Schematic diagram of Vmo/ Vo change with change of leakage exponent n. A lighter shade
indicates that the density of the agent-air mixture increases.

In Figure 2, it can be seen that the value of Vmo/ V, decreases as the leakage exponent

n increases. In other words, when 7 increases to more than 0.5, Vmo has a value that
becomes smaller than V,. Therefore, because the hold time is inversely proportional to
outflow volumetric flow, it can be predicted that the modified hold time ¢,,;, will increase
compared to the existing hold time t;,. The theoretical equations for t,,;, are identical to
Equations (4) and (5) from the existing model. Only the values of the simplifying constants
ks and ky4 are different, and these values can be defined as follows:

ks = _ 2g|pmix ?,fulﬂ _ (20)
pmix | 1+ (57)* (15)1/71_

" _ 2|Pb?;|n 1/n] (21)
pmix_1+(p%)n (%) |

Therefore, the difference between the existing and modified hold time will eventually
show a difference according to the calculation of the simplifying constants k;;3 and k4.
Also, it is expected that the difference in the predicted hold time will become larger as
the leakage exponent n increases and the density of agent-air mixture increases. This was
validated through experimentation.

2.3. Validation Method

The modified outflow volumetric flow Vmo can be validated through two methods.

First, it can be verified by comparing the theoretical hold time predicted through V,, with
the hold time observed in the test enclosure. This can be verified directly by measuring the
concentration of the agent-air mixture observed at a specific height. The second method is to
compare the predicted value and the measured value of outflow volumetric flow. However,
it is difficult to measure outflow volumetric flow directly in a test enclosure. Therefore,
in this study, the outflow volumetric flow was calculated using the agent concentration

data observed at a specific height and compared with the existing model’s V, and the

modified model’s V. The prediction of outflow volumetric flow according to the agent
concentration can be confirmed through a theoretical model for the hold time of the CEA.
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H max

The theoretical model for the prediction of hold time is expressed in one dimension through
zone model analysis, as shown in Figure 3.

P = Pair

P = Pair

P = Pair

Cair

Cair

P = Pair

Cair
Cmix t Cair
2

Cmix t Cair
2

Cmix

Cmix

(a) (c)

Figure 3. Schematic diagram of agent concentration distribution inside enclosure (p,,;y > p4ir): (a) Initial concentration

distribution interpreted as a homogeneous mixture after agent discharge. Agent concentration distribution from (b) the

sharp model, (c) the wide model, and (d) the thick model. (b—d) show the agent concentration distribution when t = f;,.

Figure 3a shows a schematic diagram of the initial agent concentration distribution
inside the enclosure. All theoretical models for the hold time of the CEA start from the
initial condition, as shown in Figure 3a. The air outside the enclosure and the agent-air
mixture inside the enclosure are formed with a boundary of Hy,4y. The z-direction driving
force is formed inside the enclosure by the outflow volumetric flow from the enclosure,
and the incoming air descends downward. This is the descending interface theory.

Figure 3b—d shows the concentration distribution inside the enclosure at a specific
time t = t;, for each model. The difference in the concentration distribution of each model
is the difference in interpretation of diffusion. The sharp model, which does not consider
species diffusion, has zero thickness of the interface between the agent-air mixture and
air. Therefore, the concentration distribution inside the enclosure is only c,,;, and c,;,, and
the hold time is interpreted optimistically. The wide model interprets species diffusion as
a function of height ¢ = f(H). Here, it is assumed that species diffusion can form from
the ceiling to the floor of the enclosure. Therefore, the interface thickness can be widely
distributed, and the hold time is interpreted conservatively.

The thick model is a combination of the sharp model and the wide model. This model also
interprets species diffusion as a function of height ¢ = f(H). However, it can be interpreted
that the interface thickness does not grow beyond a certain thickness, so it is assumed that
the interface thickness descends after a certain time while maintaining the same value,
and the hold time has a value between that of the sharp model and that of the wide model.
However, the interpretation of advection for these three models is the same.

According to the diffusion theory of fluids, if there are two fluids, as shown in Figure 3a,
they diffuse up and down around the center of concentration, (c,,ix + Cgir) /2 [25,26]. If there is
also advection, the interface formed by diffusion around the axis of (cyix + C,ir) /2 moves in
the direction in which the advection is formed [27,28]. This is also confirmed in Figure 3b—d.
For the wide model, in Figure 3¢, the descent by advection of the inflow air is expressed
as a value of (cix + C4ir) /2. This is the same height as the interface of the sharp model in
Figure 3b, which does not consider species diffusion.

This can also be verified in Equation (10). In Equation (10), if ¢y, = 0.5¢y,;y, then
H, wqi = H,sq; (in this equation, it is interpreted as c,;, = 0). That is, ¢y = 0.5¢,;, only
expresses the descent by advection without diffusion. This is the same for the thick model in
Figure 3d. Based on this theory, if the time and height at which the concentration inside the
enclosure becomes (¢yix + C,ir) /2 can be measured, the outflow volumetric flow can be
predicted through Equation (2). Therefore, in this study, the outflow volumetric flow was
measured through this method, and the modified model was validated by comparing the
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value with the existing outflow volumetric flow Vvo and the modified outflow volumetric
flow V0.

3. Experimental Study

All tests conducted in this study were performed under the same environmental
conditions in a self-manufactured test enclosure. A schematic diagram of the test enclosure
can be seen in Figure 4.

..... < Discharge Nozzle

A .
A
¢ 0.2[m]

Gas Sampling Probe
Differential
2m Pressure Gauge
v u

A
A

CEA 2m

Figure 4. Schematic diagram of test enclosure used in the experiment.

The dimensions of the test enclosure were 2 m x 2 m x 2 m. At the top and bottom
of the test enclosure, there were 16 circular leakage holes, each with a diameter of 0.01
m. The leakage holes were 0.05 m away from the ceiling and floor boundaries. The size
of the outflow volumetric flow was controlled by blocking or eliminating leakage holes
using vacuum plugs. The differential pressure inside and outside the test enclosure was
measured using a differential pressure gauge.

The test enclosure was installed in a place that is about 30 times larger than the
enclosure’s volume that minimizes the change in pressure outside the enclosure due to the
agent-air mixture discharged from the enclosure. It also minimizes the change in pressure
inside the enclosure due to external wind [11,12,14]. There is no HVAC system installed in
the test enclosure. Therefore, when calculating the hold time, the influence of bias pressure
was not considered.

In order to apply the same assumptions of the existing theoretical model, thermal
effects were not considered. The thermal effects are discussed elsewhere [10,12,16,22,29].
After the CEA was discharged into the test enclosure, all leakage areas were kept closed for
at least 10 min to stabilize the flow of the agent-air mixture inside the enclosure and bring
the temperature difference inside and outside the enclosure to within 1 K. To establish
the same initial conditions for replicates, the test enclosure was always purged with
compressed air after one experiment was completed [12]. The CEA concentrations were
calculated based on the oxygen concentration of the agent-air mixture. Concentrations
were simultaneously measured at 7 points in 0.2 m intervals from 0.6 m to 1.8 m on the floor
boundary. The concentration-measuring devices’ linearity was secured through calibration.

The leakage exponent n and leakage characteristics k were measured using the fan
pressurization method, and an evaluation was performed for a total of 4 conditions, as
shown in Table 1. The upper and lower leakage holes were evaluated in equal numbers to
set the lower leakage fraction F to 0.5. In this study, the change in lower leakage fraction F
was not evaluated. The agents used in the experiment were IG-01 and HFC-125, and a total
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Specified Height H,[m]

0.0

of 5 experiments were repeated for each agent. The initial conditions of the test enclosure
are shown in Table 2.

Table 1. Measured leakage exponent and leakage characteristics.

Open Leakage Exponentn  Leakage Characteristics k s
Holes ©) (/s/Pa") 1
4 0.526 1.275 0.992
8 0.767 1.705 0.997
12 0.609 2.354 0.999
16 0.834 3.025 0.999
Table 2. Initial conditions of test enclosure.
Discharge Concentration (Vol %) Mixture Density (kg/m?)
IG-01 38% 1.40
HFC-125 8.5% 1.63

4. Results

The hold time of the CEA was predicted through a theoretical equation that was
interpreted as a function of the height of the enclosure. The theoretical model was based
on the leakage characteristics measured through an EIT and the outflow volumetric flow
calculated through the leakage exponent, to predict the hold time according to the height.
In a previous section, the leakage exponent and leakage characteristics were evaluated
according to the number of leakage holes (Table 1). These values can be used to predict the

existing outflow volumetric flow Vvo and the modified outflow volumetric flow Vmo. The
outflow volumetric flow at different enclosure heights predicted by Equations (6) and (18)
is shown in Figure 5.

—— 4 Holes (n=0.526) = = 8 Holes (n=0.767) =====: 12 Holes (n=0.609) = - = 16 Holes (n=0.834) wemm ;= we—m 1V
R4 204 71155 W~ L
7 7
/ ,'.'::' 7 7
164 //_ s R
17 R
11 i L5
P
— 12 //'A:;. ./A/'/
S R
= Rava
=3 o
$ 084 v
T e
w
0.4
T T T T T 1 0.0 T T T T T 1
00 1.0x10°  20x10°  30x10°  4.0x10°  5.0x10°  6.0x10° 00 20x10°  40x10°  60x10°  8.0x10°  1.0x10°  1.2x10°
Outflow Volumetric Flow [m?/s] Outflow Volumetric Flow [m?/s]
(a) (D)

Figure 5. Outflow volumetric flow at different enclosure heights according to the number of leakage holes predicted by the
existing and proposed theoretical equations: (a) IG-01; (b) HFC-125.

Different values of leakage exponent n were evaluated according to the number of
leakage holes. The leakage exponent n was at its largest when there were 16 leakage holes
and at its smallest when there were 4 leakage holes. Therefore, the outflow volumetric
flows Vo and V, calculated by Equations (6) and (18) can be expressed as in Figure 5.

The predicted outflow volumetric flow becomes smaller as the specified height H,

decreases. This is a result of the neutral plane H np decreasing as time passes and the
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Concentration [-]

pressure difference APy inside and outside the enclosure becomes smaller. This predicts
the same result for both Vo, and Vmo..

The difference between V, and V,, increases as leakage exponent n increases. When
the number of leakage holes is 4, the difference between Vvo and Vmo is the smallest
because # is the smallest as 0.526. When the number of leakage holes is 16, n is the largest
value (0.834), and at this time, the difference between Vo and Ve is also the largest. This
difference is more pronounced for HFC-125 than IG-01. This happens because the agent-air
mixture’s density p,,;,, of HFC-125 is larger than that of IG-01. Therefore, it is decided that
this difference will be larger in the HFC series, which has a larger p,,;, than the IG series.

As mentioned in the previous section, it is difficult to directly experimentally measure
the outflow volumetric flow of the test enclosure. Therefore, outflow volumetric flow was
estimated by measuring the height and time at which the concentration of the agent-air
mixture inside the enclosure became (c;,;y + ¢, ) /2. The concentration distribution inside
the enclosure according to the enclosure height is shown in Figure 6.

8 e ].O6m w—]4m

1.2m

1.0m 0.8m 0.6m

0 200

Concentration [-]

400 600

400 600 800 1000

600 800 1000
Time [s] Time [s] lime [s] lime [s]
() (d)
10
\
N
\
92 L \ S
! 1 — o0 N — =
0 200 400 600 800 1000 0 200 200 600 500 000 0 200 400 600 500 1000 600 500 1000
Time [s] Time [s] Time [s] Time [s]
(e) (17} ® (h)

Figure 6. Concentration change according to time and enclosure height for each condition. Lighter shade indicates a decrease
in the height, at which point the concentration was measured (¢, = 1, ¢u = 0): (a) IG-01, 4 holes; (b) IG-01, 8 holes;
(c) IG-01, 12 holes; (d) IG-01, 16 holes; (e) HFC-125, 4 holes; (f) HFC-125, 8 holes; (g) HFC-125, 12 holes; and (h) HFC-125,

16 holes.

Figure 6 shows the concentration data for each height measured through the exper-
iment. At this time, the concentration data were values converted based on the oxygen
concentration measured inside the enclosure. Figure 6a—d shows the concentration value of
IG-01, and Figure 6e-h shows the concentration value of HFC-125. From these values, it can
be observed that the higher the measured height is, the faster the concentration decreases.
This confirms that air is coming in from the upper leakage area and is descending to
the bottom.

As the number of leakage holes increases, the decrease in concentration becomes faster,
and it can be seen that the decrease in concentration of HFC-125 with a large density of
agent-air mixture is faster. This result is consistent with existing studies. The predicted
outflow volumetric flow at different heights based on these experimental results can be seen
in Figure 7. This figure shows the outflow volumetric flow value for each height predicted
based on the concentration data for each height measured in Figure 6. These values show
the same trend as the theoretical outflow volumetric flow shown in Figure 5. The outflow
volumetric flow increases as the number of leakage holes increases and decreases gradually
as the neutral plane H np decreases. HFC-125, with a high density of agent-air mixture, has
a larger outflow volumetric flow value than IG-01.
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Figure 7. Outflow volumetric flow at different enclosure heights according to the number of leakage holes predicted by the
existing and proposed theoretical equations: (a) IG-01; (b) HFC-125.

Figure 8 shows a comparison between the theoretical hold time predicted by Voo
and Vmo and the hold time observed in the enclosure. The theoretical hold times f,,
and t,,;, predicted by Vyo and Vmo in Figure 8 have the same trends as the results of the
outflow volumetric flow in Figure 5. The smaller the leakage exponent 7 is, the smaller
the difference is between the existing t,, and the modified ¢,,;. The larger the leakage
exponent  is, the larger the difference is between t,;, and t,,;,. Also, this result is more
pronounced in the HFC series with large p,i,. The hold time observed in the test enclosure
was larger than the theoretically predicted hold time values. These results were measured
equally for both IG and HFC series, and the same was applied to the change in the number
of leakage holes.

The validation of the proposed theory is summarized in Figures 9 and 10 and Table 3.
Figures 9 and 10 show a comparison of experimentally observed and theoretically predicted
results in a test enclosure. These figures demonstrate how well the theoretically predicted
values can represent the experimentally observed values. The fact that the observed values
are close to the dotted line means that the theoretically predicted values are highly accurate.
A quantitative comparison of the observed and predicted values is shown in Table 3.
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Figure 8. Change of hold time according to enclosure height for each condition. The theoretical hold time was predicted

based on the wide model. The threshold concentration ¢y, at which the hold time was determined was set to 85% of the initial
concentration c;y. (¢, = 0.85¢,,ix): (a) IG-01, 4 holes; (b) IG-01, 8 holes; (c) IG-01, 12 holes; (d) IG-01, 16 holes; (e) HFC-125,
4 holes; (f) HFC-125, 8 holes; (g) HFC-125, 12 holes; and (h) HFC-125, 16 holes.
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Figure 9. Comparison of theoretical and observed outflow volumetric flow (¢, = 0.5¢,i): (a) IG-01,
Voo vs. Vy; (b) IG-01, Vo vs. Vy; (¢) HFC-125, Vo, vs. V; and (d) HFC-125, V vs. V.
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Figure 10. Comparison of theoretical and observed hold time (cy, = 0.85¢,y): (a) IG-01, t,, vs. ty,;
(b) IG-01, tyy, vs. ty,; (¢) HFC-125, t,), vs. ty; and (d) HFC-125, t,,, vs. t},.



Appl. Sci. 2021, 11, 10312 13 0f 15
Table 3. Summary of theoretically predicted and experimentally observed results.

Open Leakage Vol Vo VAN tplton tpltn A

Holes Exponent (Mean/StDev) (%) (Mean/StDev) (Mean/StDev) (%)
4 0.526 0.924/0.041 0.3% 1.113/0.031 1.109/0.031 —0.4%
IG 8 0.767 0.890/0.024 3.5% 1.172/0.028 1.127/0.027 —4.5%
01 12 0.609 0.937/0.039 1.5% 1.130/0.033 1.112/0.032 —1.8%
16 0.834 0.891/0.047 4.5% 1.143/0.034 1.089/0.033 —5.5%
4 0.526 0.968/0.017 0.7% 1.10/0.035 1.094/0.035 —0.7%
HFC 8 0.767 0.905/0.017 6.9% 1.18/0.034 1.098/0.032 —8.4%
125 12 0.609 0.949/0.015 2.8% 1.13/0.035 1.097/0.034 —3.2%
16 0.834 0.888/0.015 8.6% 1.21/0.036 1.105/0.033 —10.7%

In Figure 9, it can be seen that the outflow volumetric flow measured in the test
enclosure is located below the dotted line as a whole. This means that the measurements
are lower than the theoretically predicted values. These results become more pronounced as
the number of leakage holes increases. It can be seen that the modified outflow volumetric

flow Vmo expresses the measured outflow volumetric flow Vo better than the existing
outflow volumetric flow VUO. This can be confirmed quantitatively in Table 3. In Table 3, it
is shown that the value of VO / Vmo is closer to 1 compared to VO / Vw. The closer to 1 it is,

the better it represents the measured outflow volumetric flow V.
The same results are shown for both IG-01 and HFC-125. In particular, the larger

the leakage exponent  is, the better Vmo can express Vo than Vw. For n = 0.526, the

difference between Vw and Vmo is not significant for both IG-01 and HFC-125. However,
when n = 0.834, IG-01 shows an improvement of approximately 4.5%, and HFC-125 shows
an improvement of approximately 8.6%. In other words, the larger the agent-air mixture’s

density p,x is, the greater the improvement effect of V, is.

In Figure 10, it can be seen that the hold time observed in the test enclosure is located
above the dotted line. This means that the observed hold time is longer than the predicted
hold time because the hold time is inversely proportional to the outflow volumetric flow.
Therefore, the results for hold time are similar to those for outflow volumetric flow.

The modified hold time t,,, represents the observed hold time t; better than the
previous hold time t,,. Also, the larger the leakage exponent # is and the larger p,,y is, the
greater the improvement effect is by t,,;,. For n = 0.526, the difference between t,;, and
tnn is not significant (—0.4% and —0.7% for IG-01 and HFC-125, respectively). However,
when n = 0.834, IG-01 shows improvement of approximately —5.5%, and HFC-125 shows
improvement of approximately —10.7%. The comparison of these quantitative results
shows that the modified theoretical equation more accurately reflects the volume outflow
and hold time than the previous model’s theoretical equation. In particular, the larger the
leakage exponent 7 is and the larger the density of the agent-air mixture is, the larger the
effect becomes.

5. Conclusions

In this study, a theoretical equation for predicting the hold time of the CEA was
proposed by modifying it from the viewpoint of advection. Conventionally, when the
leakage exponent n is applied as 0.5, there is no difference in the hold time predicted by the
existing and modified theoretical models. However, if variable n is applied, the difference
in hold time predicted by the existing and modified theoretical equations increases as n
increases. This shows a bigger difference as p,;x becomes bigger. Validation of the modified
theoretical equation was done through direct comparison with the outflow volumetric flow

V, and hold time t, observed in the test enclosure.

The outflow volumetric flow Vo observed in the test enclosure showed more similar
results to the outflow volumetric flow V,;, predicted by the modified equation than the
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outflow volumetric flow Vi, predicted by the existing theoretical equation. For the case

of leakage exponent n = 0.834, compared to the observed Vo, the existing model’s Vw
showed an error of approximately 11% for both IG-01 and HFC-125. However, the modified

model’s V,,, showed an error of approximately 6% for IG-01 and approximately 3% for
HFC-125. This result shows an improvement effect of approximately 4.5% for IG-01 and
approximately 8.6% for HFC-125.

The hold time also showed similar results to the outflow volumetric flow. For the
case of leakage exponent n = 0.834, compared to the observed t;, the existing model’s
t,, showed approximately 11.4% and 21% errors for IG-01 and HFC-125, respectively.
However, the modified model’s t,,;, showed an error of approximately 8.9% for IG-01 and
approximately 10.5% for HFC-125. This shows an improvement effect of approximately
5.5% for IG-01 and approximately 10.7% for HFC-125.

These results show that differences in hold time can occur depending on the interpreta-
tion of advection. It was also verified that the modified theoretical equation can predict the
hold time more accurately than the existing theoretical equation. Therefore, it was decided
that the modified theoretical equation could be more useful in fire-safety engineering.
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