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Abstract

Chung’s equation-IX and Chung’s equation-XII were utilized to predict the fire risk and evaluate fire risk ratings for five
types of wood: white ash, hard maple, willow, fraxinus mandschurica, and sagent cherrys. The combustion tests were con-
ducted using a cone calorimeter test method by ISO 5660-1 standards. The fire risk and fire risk rating (FRR) were compared
with fire risk index-IX (FRI-IX) and fire risk index-XII (FRI-XII). The results yielded a fire performance index-XI (FPI-XI)
ranging from 0.44 to 1.05 and a fire growth index-XI (FGI-XI) ranging from 0.89 to 3.11. Also, the fire risk index-XII
(FRI-XII), indicated fire risk rating, exhibited an increasing order of sagent cherry (0.85): Grade A = PMMA (1): Grade
A = white ash (1.22): Grade A = hard maple (1.53): Grade A < willow (4.00): Grade C < faxinus mandschurica (7.07):
Grade D. Additionally, the fire risk index-IX (FRI-IX) was PMMA (1): Grade A = hard maple (2.28): Grade A = sagent
cherry (3.24): Grade A < white ash (5.73): Grade B < fraxinus mandschurica (10.29): Grade C < willow (48.30): Grade G.
In general, the willow and fraxinus mandschurica showed the highest fire risk. In conclusion, although the expression of
the index is different as shown based on the criteria of FRI-IX and FRI-XII, predictions based on fire risk assessment of
combustible materials showed a similar tendency.

Keywords: Prediction of fire risk, Chung’s equation-IX, Chung’s equation-XII, Fire risk rating (FRR)
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als have been utilized. Combustion characteristic tests are based on the
cone calorimeter test method, one of the test methods[6]. The basis of
this test is that approximately 13.1 x 10° kJ of energy is generated
when 1 kg of oxygen is consumed when an organic polymer material
is combusted[7].

Additionally, the smoke measurements test were based on the
Beer-Bouguer-Lambert experiment, in which the intensity of light pass-
ing through a certain space decreases exponentially with distance[8].
When a combustible object burns, it produces combustible gases, and
some of the soot is released as smoke in the flame combustion area
through the incomplete combustion process[8]. In addition, all combus-
tible materials have different heat release rates depending on their
chemical composition[9,10].

Combustion characteristics include ignition time, the yield of smoke
produced, smoke production rate, combustion gas, non-exposed area,
and heat release rate[11-13]. However, these characteristic values are
limited as a single value changes with instantaneous time, and many
shortcomings in explaining the fire risk and prediction of the target ob-
ject through precise and quantitative evaluation of heat and smoke
generation.

To improve these shortcomings, previous studies have reported
Chung's equations 1, 2, 3[14] and Chung's equation-V, Chung's equa-
tion-VI as models to predict and evaluate smoke hazards[15]. In addi-
tion, Chung's equation-II, Chung's equation-III, and Chung's equa-
tion-IV were established and published to extend the fire risk assess-
ment that considers both heat and smoke[16]. In conclusion, the high
value of Chung's equation-IV is explained as the increased fire
risk[16]. This is for predicting and evaluating fire risk and fire safety.

In addition, carbon monoxide and carbon dioxide generated while a
fire are very lethal, so there is a great need to evaluate them. To this
end, previous studies reported the fire risk index-IX (FRI-IX) accord-
ing to Chung’s equations-VII, Chung’s equations-VIII, and Chung’s
equation-IX. Then, the fire risk rating (FRR) was assigned based on
the calculated fire risk index-IX (FRI-IX)[17]. This method was the
fire risk assessment method for evaluating the fire safety grade.
However, since the extended fire progression stage is also important
according to the combustion progress of the combustible materials, an-
other method was proposed considering this.

That is, combustion resistance time (CRT) was used instead of time
to ignition (TTI), which is one of the important factors of combustion,
and accumulated smoke generation time (ASGT) was used instead of
time to first peak smoke production rate (TSPRig peak). To this end, the
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fire performance index-X (FPI-X) and fire growth index-X (FGI-X) ac-
cording to Chung‘s equations-X, and the fire performance index-XI
(FPI-XI) and fire growth index-XI (FGI-XI) according to Chung’s
equations-XI were established. Based on this, the fire risk index-XII
(FRI-XII) was finally reported according to Chung‘s equation-XII[18].

Therefore, in this study, the fire risk rating (FRR) was assigned to
comprehensively predict and evaluate the fire risk index-XII (FRI-XII).
And it was compared with the fire risk rating (FRR) according to the
fire risk index-IX (FRI-IX) previously reported in a previous study[20].
The test specimens were selected from five types of wood commonly
used in general construction and interior materials: white ash, hard ma-
ple, willow, fraxinus mandschurica, and sagent cherry.

2. Materials and methods

2.1. Preparation of test materials

The test wood was purchased from MH Technologies and farmers,
selected five species of hard maple, willow, fraxinus mandschurica,
and sagent cherry, and used as test material without any special
processing.

The wood test specimens have in the wood, it has a higher carbon-
ization rate than other materials, although this varies depending on the
species. The thickness of the test specimens was prepared as 10 mm,
and polymethyl metacrlate (PMMA) was purchased from Fire Testing
Technology Ltd. and tested.

2.2. Moisture content measurement

The wood specimens were dried in a drying oven at a temperature
of 105 °C for 4 h until there was no change in the weight of the
specimens. The water content (WC) was calculated using Equation

(D[19].

WII Wi
WC (%) = —— > 100 1)
d

W,, is the weight of the wood specimen for which the moisture content
is to be calculated (g), and Wy is the absolute dry weight (g) after dry-
ing the specimens. Table 1 shows data on the moisture content and
bulk density of wood from previous studies[20].

2.3. Combustion characteristics test of building materials
The combustion test standard was ISO 5660-1, and a Dual cone cal-

Table 1. Moisture Content and Bulk Density of Each Specimen and PMMA

Materials Scientific name Classification Moisture content (%) Bulk density (kg/m’)
White ash (WA) Fraxinus americana Hard wood 8.6 632.93
Hard maple (HM) Acer nigrum Hard wood 9.1 643.70
Willow (WL) Salix babylonica Hard wood 8.8 352.33
Fraxinus mandschurica (FM) Fraxinus chinensis Hard wood 9.0 552.63
Sagent cherry (SC) Prunus sargentii Hard wood 8.5 612.38
PMMA - - - 1180.0
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orimeter from Fire Testing Technology Ltd. in the UK was used. The
combustion test was conducted at an external radiant heat flux of 50
KW/m?,
were prepared with a material thickness of 10 mm (H) and a size of

100 mm (W) x 100 mm (+%) (L).

is replicating the actual fire condition[7]. The test specimens

2.4. Prediction of fire risk index and evaluation of fire risk grade
by Chung’s equation-IX and Cgung’s equation-XII

The equations of Chung’s equation-IX[17] and Chung’s equa-

tion-XII[18] applied to predict and evaluate the fire risk of combustible

materials are presented as follows.

2.4.1. Definition of fire performance index-VII (FPI-VII) and fire

performance index-VIII (FPI-VIII)

FPI-VII is as shown in equation (2). FPI-VII is expressed as whose
numerator is TTI (s) and whose denominator is three important factors,
SPRpeac (m?/s), PHRR (kW/m?), and COPpean (2/s) / COPrean (€/5),
multiplied and divided.

In addition, FPI-VIII was applied by referring to the fire risk assess-
ment for all materials and the selected reference material (PMMA).
Formula (3), which is FPI-VIII for calculating the dimensionless index,
is defined as FPI-VII divided by FPI-VIIjpnma).

It can be predicted that the fire safety increases as the FPI-VIII
increases.

2.4.2. Definition of fire growth index-VII (FGI-X) and fire growth

index-VIII (FGI-VIII)

FGI-VII is expressed in equation (4). FGI-VII is the product of the
ratio of three important factors: SPRyes (m?*s), PHRR (kW/m?), and
COPrnean (g/5) / CO2Pean (g/s), divided by Time to SPRpcak.

Also, the equation FGI-VIII was defined by referring to the selected
reference material (PMMA). FGI-VIII is expressed as FGI-VII divided
by FGI-VIIpama;. It is as follows: Equation (5), which is an expression
of a dimensionless index for calculating FGI-VIIL

The values of this equation are dimensionless indices, and the first
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peak smoke production rate (SPRig peak) and the first peak heat release
rate (HRRg pea) Were selected due to their importance in the early
stage of fire. It can be predicted that the fire risk increases as the
FGI-VIII increases.

2.4.3. Definition of fire risk index-IX (FRI-IX) and fire risk rating
(FRR)

Fire risk index-IX (FRI-IX) is expressed as FGI-VIII as the numer-
ator divided by FPI-VIII[17]. That is, as the FRI-IX value increases,
the fire risk increases, and conversely, the fire safety decreases.

This equation can be used to predict risk and assign fire risk ratings
by calculating the fire risk index. FRI-IX is given in equation (6).

FGI— VIl

PR X = oy

(©)

In addition, in order to predict and handle fire risk, the fire risk
grade criteria according to the fire risk index-IX (FRI-IX) are pre-
sented in Table 2. That is, for values exceeding 0 to 30 of the calcu-
lated fire risk index-IX (FRI-IX), the combustion characteristics of
combustible materials were classified into 7 grades at 5-unit intervals.

Table 2. Criteria for Fire Risk Rating of Calculated Fire Risk Index-IX

FRI-IX Fire risk rating Fire safety

5 or less A Very high
More than 5 up to 10 B High
More than 10 up to 15 C Medium 1
More than 15 up to 20 D Medium 2
More than 20 up to 25 E Low 1
More than 25 up to 30 F Low 2

Over 30 G Very low
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2.4.4. Definition of fire performance index-X (FPI-X) and fire

performance index-XI (FPI-XI)

FPI-X is as in equation (7). FPI-X is expressed as the combustion
resistance time (CRT) (s) which replaced TTI (s) of FPI-VII, multi-
plied by the ratio of three important factors: SPRye (m%s), PHRR
(kW/mz), and COPpean (g/8) / CO2Ppean (g/s). CRT means the accumu-
lated combustion time between the point of the first maximum heat re-
lease rate (HRRy peax) and the point of the second maximum heat re-
lease rate (HRR2ng peak) during combustion of the combustion materials.
Thermoplastic (liquid) materials have different combustion processes
and forms after combustion from carbonized or solid materials, and on-
ly the first maximum heat release rate (HRR g peak) is obtained during
combustion. Therefore, in order to minimize their differences, the com-
bustion time between HRR |y peax and TTI was selected and applied as
the closest factor. In addition, equation FPI-XI was used on the basis
of the reference material PMMA. FPI-XI is presented in equation (8).

The formula FPI-XI is defined as FPI-X with CRT (s) replacing TTI
(s) of FPI-VIIL divided by FPI-X(pmma) as the denominator. The larger
FPI-XI means higher fire safety.

2.4.5. Definition of fire growth index-X (FGI-X) and fire growth

index-XI (FGI-XI)

FGI-X is as in equation (9). The equation FGI-X is expressed as the
value obtained by multiplying the three important factors of SPRpeax
(mz/s), PHRR (kW/mz), and COPpean (g/s) / CO2Pean (g/s), and divid-
ing it by ASGT (s). ASGT (s) refers to the accumulated smoke gen-
eration time (ASGT) that replaced the Time to SPRpc. (s) of FGI-VIL
ASGT (s) means the time interval between the positions of TSRR g peak
and TSRRynq peak for the combustion materials. In particular, since the
combustion pattern of non-carbonized materials is different from that
of solid or carbonized materials, the interval between the TTI and
TSPR I peak positions, which are the closest combustion characteristics,
was applied as ASGT. In addition, equation FGI-XI was defined based
on PMMA. FGI-XI is as shown in equation (10).

FGI-XI is expressed as the value of FGI-X divided by FGI-Xipmmaj,
with ASGT (s) replacing Time to SPRyck (s) of FGI-VIIL. Therefore,

ASGT (s)

]PAIAIA

it is explained that as the dimensionless index of FGI-XI increases, the
fire risk increases, and conversely, the fire safety decreases.

2.4.6. Definition of fire risk index-XII (FRI-XII) and fire risk rating
(FRR)
FRI-XII is the formula for another method corresponding to the
equation FRI-IX[18] established by a previous study.
FRI-XII is presented in equation (11).

FGI— X1
FRI=XIT= 52— (1D

The FRI-XII formula is defined as the value obtained by dividing
FGI-XI by FPI-XI. That is, as the FRI-XII value increases, the fire risk
increases, and conversely, as the FRI-XII value decreases, the fire safe-
ty increases. Accordingly, the fire risk were comprehensively predicted
and evaluated, and the fire risk grade was assigned.

In addition, in order to finally predict and evaluate the fire risk, the
FRR could be assigned based on the value of FRI-XII according to the
criteria in Table 3. This classified the fire safety of the combustion tar-
get into 7 grades by dividing the values of FRI-XII from 0 to 12 or

higher in intervals of 2 units.

Table 3. Criteria for Fire Risk Rating of Calculated Fire Risk
Index-XII[21]

FRI-XII Fire risk rating Fire safety
less than 2 A Very high
2 to less than 4 B High
4 to less than 6 C Medium 1
6 to less than 8 D Medium 2
8 to less than 10 E Low 1
10 to less than 12 F Low 2
12 or more G Very low

Appl. Chem. Eng., Vol. 35, No. 5, 2024
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3. Results and discussion

In this study, the fire risk of combustible materials was predicted
and evaluated, and a fire risk grade was assigned. PMMA was used
as a reference material, referring to data from a previous study[22],
and important factors related to combustion properties are presented in
Table 2. Using these results, the fire performance index-X (FPI-X) and
fire growth index-X (FGI-X) were derived, and the fire risk rating
(FRR) for the comprehensive fire risk index-XII (FRI-XII) was as-
signed based on the fire performance index-XI (FPI-XI) and fire
growth index-XI (FGI-XI).

FRI-XII is a dimensionless index that predicts comprehensive fire
risk. The time to ignition (TTI), heat release rate (HRR), smoke pro-
duction rate (SPR), and average CO / CO, production rate ratio for
each test specimen in Table 4 were based on previously reported da-
ta[20].

3.1. Thermal characteristics of the test specimen

The ignition time for a fire target is a very important property in
determining the combustibility of building materials, and the later the
ignition time, the more flammability is suppressed. When combustible
materials are burned, the type, moisture content, heat penetration, ther-
mal characteristics, and density of the material affect the gas toxicity,
smoke generation, and energy release rate.

Table 4 refers to the combustion characteristics of test specimens
obtained from previous studies[20], except the CRT and ASGT. The
ignition times were 8 s for willow, 15 s for fraxinus mandschurica, 17
s for white ash, 19 s for hard maple, and 19 s for sagent cherry.
Willow showed the fastest ignition time. Hard maple and sagent cherry

showed the longest ignition times. This is understood to be because

their volume densities are relatively high at 643.70 kg/m® and 612.38
kg/m®, respectively, compared to other species. The ignition time of
wood is proportional to the constant depending on the presence or ab-
sence of heat loss on the wood surface, volume density, thermal con-
ductivity, specific heat of fuel, and the square of the ignition temper-
ature, and inversely proportional to the square of the heat flux applied
to the test piece[23]. Therefore, it is predicted that the ignition time
will be delayed as the volume density increases.

The peak heat release rate is the most important fire characteristic
and is an expression of fire intensity[24-26]. As the heat release rate
increases, more target materials are ignited and burned, thereby ex-
panding the fire scale. On the other hand, if the heat release rate is
low, nearby target materials may not be ignited and may be limited to
the ignition area. Combustible materials with low heat release rates in
the event of a fire can be expected to have the effect of slowing down
the spread of fire[27]. The peak heat release rate (HRRex) for a test
specimen is expressed as the size of the maximum amount of heat re-
leased per surface area of the test specimen[28,29]. This is the point
at which the test specimen is burned the most, so flaming combustion
with a high heat release rate expands the fire scale.

Figure 1 shows the heat release rate curve by the test. It was found
by research that the wood specimens produced carbonized materials
had two maximum heat release rate values. The first peak of the heat
release rate curve, HRR g peak, OCcurs when volatile pyrolysis gases are
generated after a heating period by an external flame igniter. The gen-
erated heat causes continuous pyrolysis of the wood specimen, releas-
ing more volatile substances. In addition, the decrease in HRR |y peak is
due to the formation of an insulating char layer that makes heat trans-
fer difficult and delays the pyrolysis process. In addition, the second
peak of the heat release rate curve, HRR3nq peak, appears because more

Table 4. Combustion Characteristics of Test Specimens at an External Radiant Heat Flux of 50 kKW/m’

Materials “TTI (s) °CRT (s) “HRI;SI%,;;eO((\S);//mZ) dHRiindﬁﬁe(lg)wmz) ES[()I?;‘S’;%I(

White ash (WA) 17 260 265.80 / 40 392.60 / 300 0.0248
Hard maple (HM) 19 260 233.69 / 40 423.43 / 300 0.0235
Willow (WL) 8 180 215.06 / 25 320.14 / 205 0.0226
Fraxinus mandschurica (FM) 15 215 241.03 / 35 444.60 / 250 0.0257
Sagent cherry (SC) 19 240 214.40 / 40 344.64 / 280 0.0216
PMMA 17 368 1110.56 / 385 - 0.0516

Materials fTSPRlsteak (s)  ®ASGT (s) hSPiz‘:H’I;’; ((rsr)lz/s) 'COPmean (g/5) ICOPrmean (g/5)
White ash (WA) 50 265 0.0702 / 315 0.0021 0.0511
Hard maple (HM) 105 195 0.0738 / 300 0.0025 0.0523
Willow (WL) 20 190 0.0588 / 210 0.0021 0.0300
Fraxinus mandschurica (FM) 90 165 0.0887 / 255 0.0033 0.0446
Sagent cherry (SC) 50 260 0.0648 / 310 0.0023 0.0493
PMMA 385 368 - 0.0007 0.1243

*Time to ignition; ®combution resistance time; “1st - peak heat release rate; 9nd | peak heat release rate; °Ist peak smoke production rate; ftime to Ist - peak smoke
production rate; ®accumulated smoke generation time; "nd | peak smoke production rate; 'mean carbon monoxide production rate; ‘mean carbon dioxide production rate

3sst ®l 35 H A 5 =, 2024
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Figure 1. Heat release rate of the test specimen under an external
radiant heat flux of 50 kW/m’[20].

volatile substances can be easily released from the specimen due to
combustion and carbonization cracking of the specimen[30].

This is formed because a lot of heat is released simultaneously as
heat is accumulated due to the back effect of the insulation layer on
the back of the specimen[31]. Afterwards, as the volatile substances
decrease, the flaming combustion ends and the heat release rate returns
to a stable baseline. HRRyq peak is recognized as a measure of fire
growth under extreme combustion conditions.

Table 3 and Figure 1 show the combustion characteristics and heat
release rate curves of wood. The HRR gy ek characteristics of wood in-
creased in the order of sagent cherry 214.40 kW/m? willow 215.06
kW/m?, hard maple 233.69 kW/m?, fraxinus mandschurica 241.03
kW/m?, and white ash 265.80 kW/m?. Among them, white ash showed
the highest value, 1.2 times higher than that of sagent cherry.
HRRynq peak increased to 320.14 kW/m® for willow, 344.64 KW/m’® for
sagent cherry, 392.60 kW/m® for white ash, 423.43 kW/m?® for hard
maple, and 444.60 kW/m’ for fraxinus mandschurica. HRRyng peac Was
highest in the fraxinus mandschurica, which was 1.4 times higher than
that of the willow.

In the HRR g peax area, white ash was the highest and sagent cherry
was the lowest. In addition, the time to reach the maximum heat re-
lease rate (HRR¢ peak) at the initial stage of the fire was delayed by
25 s for willow, 35 s for fraxinus mandschurica, and 40 s for white
ash, hard maple, and sagent cherry, respectively. Therefore, willow is
considered to have the greatest thermal hazard from fire compared to
other species. This is because the amount of combustible gas generated
decreases as the mass of the materials is depleted. In addition, the rea-
son why the HRR ¢ peax value of willow is low is that, as shown in
Table 3, although the moisture content is similar to that of other spe-
cies, the volume density is lower, which increases the combustion
speed and makes it vulnerable to fire.

3.2. Characteristics of smoke generation rate

The causes of death in the fire are known as incomplete combustion
of carbon, thermal decomposition of cellulose, carbon monoxide gen-
eration through nitrogen oxides, and hydrogen-based chemical generation.

Smoke production rate (m?s)

Time (s)

Figure 2. Smoke production rate of the specimen at an external heat
flux of 50 kKW/m’[20].

Damage from smoke and toxic gases in fires is much more fatal to hu-
man life than damage from heat. Smoke in a fire hinders people's es-
cape and evacuation, increases the probability of suffocation, and
makes it difficult to visibility secure of people. Smoke generation is
affected by the combustible material and the surrounding environment.

As shown in Table 3 and Figure 2, SPRiy pec shows that it reaches
the maximum value rapidly in a short period of time. During this peri-
od, smoke is composed of volatile wood extracts, aerosol, and water
vapor generated from gas and decomposed hemicellulose. SPRg peak
was difficult to distinguish between each species and it was similar
with 0.0216 m%/s to 0.0248 m%/s. However, in the case of willow, since
its own bulk density is low, the time it takes to reach SPRig peax is the
fastest at 20 s, so it can be predicted that the smoke hazard is high
in the early stage. Due to the low own bulk density, the time to reach
the SPR was the fastest at 20 s, so it can be predicted that the smoke
risk is high initially.

As mentioned above, SPRjng peak Was 0.0588 m?/s to 0.0887 m?/s for
all tests. The values were not large and their characteristics and tenden-
cies were similar. In particular, willow was expected to show the great-
est toxicity because it took the fastest time to reach SPRjng peak at 210
s. In other words, although it is difficult to distinguish the difference
in moisture content, it shows that the time to reach the maximum
smoke generation speed is fast because the volume density is reduced
and the generated charcoal is not hard.

The char produced on the test piece by the combustion process re-
duces the thermal penetration during fire, and increases the thermal re-
sistance between the wood surface exposed to heat and the pyrolysis
of wood front. This prevents the contact between the volatile sub-
stances released from the combustion materials and oxygen. Therefore,
the maximum smoke production rate is reduced or the time until the
maximum smoke production rate is reached is delayed.

3.3. Characteristics of combustion gases

Generally, the combustion phenomenon and toxic gases of fire are
qualitatively and quantitatively greatly affected by the composition of
materials, moisture, temperature, and oxygen concentration. The repre-
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Figure 3. CO production rate (g/s) of the specimen under an external
radiant heat flux of 50 kW/m?[20].

sentative toxic gas generated during the combustion process of com-
bustible materials is known as be carbon monoxide (CO). It is the
most important incomplete combustion product of volatile substances
generated between wood and flame. It is understood that the pro-
duction of CO gas increases together as the heat release rate of volatile
substances increases.

The COPpean of the five test specimens shown in Table 3 and Figure
3 was 0.0021 to 0.0033 gfs. This was 3 to 4.7 times higher than that
of the reference material PMMA (0.0007 g/s). Indicated that wood is
a material that burns more incompletely than PMMA. Among them,
the COPpean Of the fraxinus mandschurica was measured to be rela-
tively high at 0.0033 g/s. This is understood to be due to the increase
in CO generation due to thermal oxidation of charcoal generated after
the fire is extinguished, compared to other specimens, in which the
COPpean of wood is increased.

As shown in Table 3 and Figure 4, CO2Pyean was 0.0300 to 0.0523
g/s for all specimens. This was 2.4 to 4.1 times lower than the
CO,Ppean (0.1243 gfs) of the reference material PMMA. All specimens
generated CO, in the heat release rate area during combustion rather
than after combustion, which means that complete combustion occurred
in the flame combustion area.

As shown in Fugure 3 and 4, the CO and CO, generation rates
showed various forms such as the first, second, and third maximum
values for each specimen as combustion progressed over time.
Therefore, it is difficult to interpret their characteristics by focusing on
a specific maximum value. Thus, the average value for the entire com-
bustion time was taken.

The COPpean / CO2Ppean 1atio of the wood specimens for the average
CO and CO, generation rates in Table 3 was 0.0411 to 0.0740, which
was 7.3 to 13.2 times higher than that of PMMA. This suggests that
wood has a relatively higher CO toxicity than PMMA due to in-
complete combustion.

3.4. Comprehensive fire risk and fire risk grade assessment
The peak value of the heat release rate (HRR) and the time to igni-
tion indicate the fire hazard characteristics of combustible materi-
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Figure 4. CO, production rate (g/s) of the specimen under an external
radiant heat flux of 50 kW/m2[20].

als[16], and the smoke hazard is also explained in the same con-
text[15]. Therefore, in a previous study, the fire performance index-II
(FPI-II) was established by combining the three important combustion
factors: time to ignition, maximum smoke production rate, and max-
imum heat release rate, and the fire hazard of combustible materials
was predicted[16]. However, since it is very reasonable to include the
generation of lethal CO and CO, gases generated during a fire in the
developed model formula and to evaluate it, the FPI-VII was estab-
lished and applied by linking four important factors that considered the
average produced rate CO and CO, ratios[17].

In a previous study, TTI used as a combustion characteristic was re-
ported by establishing the equation FPI-X as in equation (2) using
CRT which is a substitute for TTI in another way[18]. CRT has de-
fined the combustion resistance time as the time interval between the
positions of the first heat release rate HRR g peak and the second heat
release rate HRRjng peak While the combustibles are burning. In general,
combustible materials show different differences in combustion rates
depending on their composition and combustion conditions. In addition,
non-carbonized (liquid) materials have a different combustion form
compared to carbonized or thermosetting materials, and only
HRR 4 peax 15 obtained when burning. Therefore, for non-carbonized
materials, the interval time between the positions of TTI and the
HRR g peax, Which is the closest element defined in a previous study,
was used as the combustion resistance time (CRT)[18].

Table 5 presents the fire performance index-X (FPI-X) of the test
specimens. FPI-X is composed of a combination of CRT, heat, smoke,
and the average production rate ratio of carbon monoxide and carbon
dioxide. The fire safety by FPI-X increased in the order of fraxinus
mandschurica (469.03 s%kW) < willow (529.06 s%kW) < white ash
(959.68 s*/kW) < hard maple (990.46 s*kW) < PMMA (1036.65
s/kW) < sagent cherry (1109.73 s%kW). Therefore, it is understood
that faxinus mandsurica and willow have a high fire risk. This is un-
derstood to be due to the relatively low bulk density and fast time to
ignition of faxinus mandsurica and willow.

In addition, the formula FPI-XI has been established and reported in
order to make the fire risk of all combustible materials into a di-
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Table 5. Fire Perfomance Index-XI (FPI-XI) of Specimens at 50 KW/m® External Radiant Heat Flux

Materials CRT (s)  HRRiy peax (KW/m?) SPRgt pear (M7/5) COPprean / CO2Pmean FPI-X (s/kW) FPI-XI
White ash (WA) 260 265.80 / 40 0.0248 0.0411 959.68 0.91
Hard maple (HM) 260 233.69 / 40 0.0235 0.0478 990.46 0.94
Willow (WL) 180 215.06 / 25 0.0226 0.0700 529.06 0.50
Fraxinus mandschurica (FM) 215 241.03 / 35 0.0257 0.0740 469.03 0.44
Sagent cherry (SC) 240 214.40 / 40 0.0216 0.0467 1109.73 1.05
PMMA 368 1110.56 / 385 0.0516 0.0056 1056.65 1
Table 6. Fire Growth Index-XI (FGI-XI) of Wood Specimens at 50 KW/m® External Radiant Heat Flux
Materials HRR ¢ peac (KW/m?) SPRg peax (m’/s) ASGT (s) COPean / CO2Prean FGI-X (kW/s?)  FGI-XI
White ash (WA) 265.80 / 40 0.0248 265 0.0411 0.0010 1.11
Hard maple (HM) 233.69 / 40 0.0235 195 0.0478 0.0013 1.44
Willow (WL) 215.06 / 25 0.0226 190 0.0700 0.0018 2.00
Fraxinus mandschurica (FM) 241.03 / 35 0.0257 165 0.0740 0.0028 3.11
Sagent cherry (SC) 214.40 / 40 0.0216 260 0.0467 0.0008 0.89
PMMA 1110.56 / 385 0.0516 385 0.0056 0.0009 1

mensionless index[18]. FPI-XI is expressed as FPI-X as a numerator
divided by FPI-Xpmmaj. Since this formula is an important factor in
the early stage of fire, the first smoke production rate SPRis peax and
the first heat release rate HRRis peax values were selected. Here, the
maximum safety value assuming an actual fire was considered. It is
understood that as the fire spread increases, the fire risk increases and
the fire safety decreases, and the smoke safety also decreases. This
means that the lower the FPI-XI value, the lower the fire safety.

In addition, in a previous study, the fire growth index-II (FGI-II)
was reported in relation to three types of SPRy (m%/s), PHRR
(kW/m?), and time to reach maximum smoke generation velocity [Time
to SPRycak, TSPRigt peak (8)] to predict and evaluate the fire hazard of
combustible materials[16]. However, since the necessity of evaluating
the generation of lethal CO and CO, is very high, equation FGI-VII
was reported in relation to four important factors considering the aver-
age generation velocity ratios of CO and CO,[17]. This equation was
distinguished from the previous study and selected four types of
SPRyesx (m/s), PHRR (kW/m?), TSPRyea (S), and COPean / CO2Pimean
to predict the fire hazard in order to increase quantitativeness and
precision.

However, in a previous study, instead of the first total smoke pro-
duction rate, TSPRiy peac Of the combustible material, the ASGT sub-
stituted above was newly established as the FGI-X formula as in equa-
tion (4)[18]. ASGT is defined as the time interval between the position
where the combustible material reaches the first total smoke production
rate, TSPRig peak and the second total smoke generation rate,
TSPRoug peak 18 reached. In particular, since the combustion form of
non-carbonized materials is different from that of carbonized or solid
(thermosetting) materials, the interval between the TTI and the
TSPR g peak position was named and applied as ASGT as the closest
element.

The fire risk by the FGI-X value in Table 6 increased in the order

of sagent cherry (0.0008 kW/s?) < PMMA (0.0009 kW/s?) < white ash
(0.0010 kW/s?) < hard maple (0.0013 kW/s?) < willow (0.0018 kW/s?)
< fraxinus mandschurica (0.0028 kW/s?). Among them, fraxinus man-
dsurica had the highest value. According to the data shown, it is under-
stood that SPRig pea, PHRR, and COPpean / CO2Pmean are relatively
high among the test specimens except PMMA. Therefore, it is under-
stood that the materials with the highest fire risk are fraxinus man-
dsurica and willow, which are due to their low bulk density and fast
time to ignition as mentioned above.

FGI-XI, shown in Table 6, increased in the order of sagent cherry
(0.89) < PMMA (1) < white ash (1.11) < hard maple (1.44) < willow
(2.00) < fraxinus mandschurica (3.11). The FGI-X and FGI-XI were
observed to have the same tendency. As a result, the higher the value
of FGI-XI, the higher the fire risk and lower the fire safety of combus-
tible materials. FGI-XI is a value calculated using data obtained from
combustion tests, and is a dimensionless index that comprehensively
evaluates the fire safety of combustible materials.

Table 7 shows the FPI-VIII and FGI-VIII investigated in previous
studies for reference. That is, the value of FPI-VIII increased in the
order of willow (0.44) < faxinus mandschurica (0.62) < PMMA (1) <
white ash (1.18) < hard maple (1.37) < sagent cherry (1.66). In addi-
tion, FGI-VIII increased in the order of PMMA (1) < hard maple
(3.13) < sagent cherry (5.38) < fraxinus mandschurica (6.38) < white
ash (6.75) << willow (21.25). Therefore, The correlation between
FPI-VIII and FGI-VIII is the same.

By equation (11), the fire risk index-XII (FRI-XII) is expressed as
FGI-XI divided by FPI-XI, which indicates that the fire safety de-
creases as the fire spreads. In other words, a larger value of FRI-XII
indicates a higher fire risk, and conversely, a smaller value indicates
a lower fire risk. By predicting and evaluating the fire risk, the fire
risk grade can be assigned and a comprehensive judgment can be
made.

Appl. Chem. Eng., Vol. 35, No. 5, 2024
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Table 7. Fire Performance Index-VIII (FPI-VIII) and Fire Growth Index-VIII (FGI-VIII) of the Test Specimens at 50 kW/m® External Radiant Heat

Flux([20]

Materials FPI-VII (s”/kW) FPI-VIII FGI-VII (kW/s?) FGI-VIII

White ash (WA) 62.75 1.18 0.0054 6.75

Hard maple (HM) 72.38 1.37 0.0025 3.13

Willow (WL) 23.51 0.44 0.0170 21.25

Fraxinus mandschurica (FM) 32.72 0.62 0.0051 6.38

Sagent cherry (SC) 87.84 1.66 0.0043 5.38

PMMA 52.97 1 0.0008 1

Table 8. Comparison of Each Fire Risk Ranking (FRR) by Fire Risk Index-IX (FRI-IX) and Fire Risk Index-XII (FRI-XII) of The Test Specimens

at The External Radiant Heat Flux of 50 kW/m’

Materials FPI-VIIL FGI-VIII FRI-IX FRR by FRI-IX FPI-XI FGI-XI FRI-XII  FRR by FRI-XII
White ash (WA) 1.18 6.75 5.72 B 091 1.11 1.22 A
Hard maple (HM) 1.37 3.13 2.28 A 0.94 1.44 1.53 A
Willow (WL) 0.44 21.25 48.30 G 0.50 2.00 4.00 C
Fraxinus mandschurica (FM) 0.62 6.38 10.29 C 0.44 3.11 7.07 D
Sagent cherry (SC) 1.66 5.38 3.24 A 1.05 0.89 0.85 A
PMMA 1 1 1 A 1 1 1 A

In addition, the final evaluation index that can be used to predict and
evaluate fire risk was obtained by FRI-XII as shown in Table 8.

As shown in Table 8, FRI-XII according to the criteria in Table 3
increased in the following order: sagent cherry tree (0.85): Grade A =
PMMA (1): Grade A = white ash (1.22): Grade A = hard maple
(1.53): Grade A < Willow (4.00): Grade C < fraxinus mandschurica
(7.07): Grade D.

Also, regarding the FRR criteria proposed in a previous study on
FRI-IX in Table 2[17], FRI-IX shown in Table 8 was in the following
order: PMMA (1): Grade A = hard maple (2.28): Grade A = sagent
cherry (3.24): Grade A < white ash (5.72): Grade B < fraxinus man-
dschurica (10.29): Grade C << Willow (48.30): Grade G. That is, as
shown based on the respective criteria for the results of FRI-IX and
FRI-XII, the expression of the index was different, but the fire risk rat-
ing (FRR) was similar.

Therefore, as examined above, the fire hazard of willow and ash
trees was commonly presented as the highest. In conclusion, as shown
based on the criteria of FRI-IX and FRI-XII, although the expression
of the index is different, the prediction by fire hazard assessment of
combustible materials presented a similar tendency.

4. Conclusions

Chung’s equation-IX and Chung’s equation-XII were applied to pre-
dict and evaluate the fire risk of combustible materials and to assign
fire risk grades to five types of wood. The combustion characteristics
test was conducted using the cone calorimeter test method according
to the ISO 5660-1 standard. Finally, to perform fire risk prediction and
evaluation, the fire risk rating (FRR) were compared by the fire risk
index-IX (FRI-IX) and fire risk index-XII (FRI-XII).

3sst ®l 35 H A 5 =, 2024

1) The fire safety by FPI-X increased in the order of fraxinus man-
dshurica (469.03 s%/kW) < willow (529.06 s*kW) < white ash (959.68
s¥kW) < hard maple (990.46 s¥kW) < PMMA (1036.65 s*kW) <
sagent cherry (1109.73 s*kW).

2) The fire risk by FGI-X value increased in the order of sagent
cherry (0.0008 kW/s?) < PMMA (0.0009 kW/s?) < white ash (0.0010
kW/s?) < hard maple (0.0013 kW/s?) < willow (0.0018 kW/s?) < frax-
inus mandschurica (0.0028 kW/s%). This result showed a tendency for
the values of FGI-X and FGI-XI to be consistent.

3) The Fire risk Index-XII (FRI-XII) increased in the following or-
der: sagent cherry (0.85): Grade A = PMMA (1): Grade A = white
ash (1.22): Grade A = hard maple (1.53): Grade A < willow (4.00):
Grade C < fraxinus mandschurica (7.07): Grade D.

4) The ire risk index-IX (FRI-IX) was in the following order:
PMMA (1): Grade A = hard Maple (2.28): Grade A = sagent cherry
(3.24): Grade A < white Ash (5.73): Grade B < fraxinus mandschurica
(10.29): Grade C < Willow (48.30): Grade G.

5) In general, the willow and fraxinus mandschurica showed the
highest fire risk. In conclusion, as shown based on the criteria of
FRI-IX and FRI-XII, although the expression of the index is different,
the prediction by fire risk assessment of combustible materials showed

a similar tendency.

Acknowledgement

This work is supported by the Korea Agency for Infrastructure
Technology Advancement (KAIA) grant funded by the Ministry of
Land, Infrastructure and Transport (Grant RS-2022-00156237).



10.

11.

12.

13.

14.

15.

16.

Chung's equation-IX %! Chung's equation-XII°ll 28t &4 552 spAA 2 AP A5

References

. J. Buzek and E. Gyodri, Regulation (EU) No 305/2011 of the eu-
ropean parliament and of the council of 9 March 2011, Laying
down harmonised conditions for the marketing of construction
products and repealing council directive 89/106/EEC text with
EEA relevance, OJEU, 5-43 (2011).

. V. Babrauskas, Effective measurement techniques for heat, smoke
and toxic fire gases, Fire Saf.,, 17, 13-26 (1991).

. V. Babrauskas and S. J. Grayson, Heat Release in Fires, 210-217,
Elsevier, London, UK (1992).

. CBUF Report, Fire Safety of Upholstered Furniture - The Final
Report on the CBUF Research Programme, B. Sundstrom, ed.,
EUR 16477 EN, European commission, measurements and testing
report, Contract No0.3478/1/0/196/11-BCR-DK(30),
Communications, London, UK (1995).

. M. M. Hirschler, Analysis of and potential correlations between

Interscience

fire tests for electrical cables, and how to use This information for
fire hazard assessment, Fire Technol., 33, 291-315 (1997).

. M. lJanssens, Fundamental Thermophysical Characteristics of
Wood and Their Role in Enclosure Fire Growth, Doctoral’s
Thesis, University of Gent, Belgium (1991).

. ISO 5660-1, Reaction-to-fire tests-heat release, smoke production
and mass loss rate-part 1: heat release rate (cone calorimeter meth-
od) and smoke production rate (dynamic measurement), Genever,
Switzerland (2015).

. M. A. Delichatsios, Smoke yields from turbulent buoyant jet
flames, Fire Saf., 20, 299-311 (1993).

. H. C. Tran, Experimental data on wood materials. In: V.

Babrauskas and S. J. Grayson (eds.), Heat Release in Fires, 299-

311, Elsevier Applied Science, New York, USA (1992).

M. Spearpoint and J. Quintiere, Predicting the piloted ignition of

wood in the cone calorimeter using an integral model-effect of

species, grain orientation and heat flux, Fire Saf., 36, 391-415

(2001).

M. Delichatsios, B. Paroz, and A. Bhargava, Flammability proper-

ties for charring materials, Fire Saf. 38, 219-228 (2003).

B. Tawiah, B. Yu, R. K. K. Yuen, Y. Hu, R. Wei, J. H. Xin, and

B. Fei, Highly efficient flame retardant and smoke suppression

mechanism of boron modified graphene oxide/poly(lactic acid)

nanocomposites, Carbon, 150, 8-20 (2019).

L. Yan, Z. Xu and N. Deng, Effects of polyethylene glycol borate

on the flame retardancy and smoke suppression properties of trans-

parent fire-retardant coatings applied on wood substrates, Prog.

Org. Coat., 135, 123-134 (2019).

Y. J. Chung and E. Jin, Smoke generation by burning test of cy-

press plates treated with boron compounds, Appl. Chem. Eng., 29,

670-676 (2018).

Y. J. Chung and E. Jin, Risk assessment of smoke generated dur-

ing combustion for some wood, Appl. Chem. Eng., 33, 373-380

(2022).

Y. J. Chung and E. Jin, Rating evaluation of fire risk for combus-

tible materials in case of fire, Appl. Chem. Eng., 32, 75-82 (2021).

17.

18.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

3L

467

Y. J. Chung and E. Jin, Rating of fire risk of combustible materi-
als by the new Chung’s Equation-IX, Appl. Chem. Eng., 34,
144-152 (2023).

Y. J. Chung and E. Jin, Fire risk index and grade evaluation of
combustible materials by the new Chung’s Equation-XII, Appl.
Chem. Eng., 34, 388-396 (2023).

. W. T. Simpson, Drying and control of moisture content and di-

mensional changes. In: Wood Handbook Wood as an Engineering
Material, Forest Products Laboratory U.S.D.A, Forest Service,
Madison, Wisconsin, USA, 1-12 (1999).

Y. J. Chung and E. Jin, Evaluation of fire risk rating of building
materials by Chung’s Equation-IX, Fire Sci. Eng., 37, 1-11 (2023).
Y. J. Chung and E. Jin, Assessment of the fire risk index and fire
risk rating for five wood species according to Chung’s Equation-
XII, Fire Sci. Eng., 37, 116-125 (2023).

Y. J. Chung and E. Jin, Assessment and prediction of fire risk
grades of wood species in different storage environments, Fire Sci.
Eng., 36, 83-92 (2022).

J. G. Quintire, Cengage learning, Principles of Fire Behavior,
Delmar Publishers, New York, USA (1998).

J. D. Dehaan, Kirk’s Fire Investigation, 5" ed., 84-112, Pearson,
London, England (2002).

M. M. Hirschler, Use of heat release rate to predict whether in-
dividual furnishings would cause self propagating fires, Fire Saf.,
32, 273-296 (1999).

M. M. Hirschler, Heat release testing of consumer products, J.
ASTM Int., 6, 1-25 (2009).

F. M. Pearce, Y. P. Khanna, and D. Raucher, Thermal analysis in
polymer flammability, Thermal Characterization of Polymeric
Materials, Academic Press, New York, USA (1981).

V. Babrauskas, Development of the cone calorimeter - A bench-
scale, heat release rate apparatus based on oxygen consumption,
Fire Mater., 8, 81-95 (1984).

Y. J. Chung, Comparison of combustion properties of native wood
species used for fire pots in korea, J. Ind. Eng. Chem., 16, 15-19
(2010).

B. Schartel and T. R. Hull, Development of fire-retarded materials
—Interpretation of cone calorimeter data, Fire Mater., 31, 327-354
(2007).

M. Spearpoint and J. Quintiere, Predicting the piloted Ignition of
wood in the cone calorimeter using an integral model-effect of
species, grain orientation and heat flux, Fire Saf. J., 36, 391-415
(2001).

Authors
JiSun You; Ph.D., Researcher, Fire Research Center, Korea Institute

of Civil Engineering and Building Technology, Hwaseong 18544,
Korea; youjisun@kict.re.kr

Yeong-Jin Chung; Ph.D., The Chairman of the Board, The National

Safety Environment Institute (NSEI), 05836, Korea;
Professor Emeritus, School of Fire and Disaster Prevention,
Kangwon National University, Samcheok-city 25949, Korea; yjchung
(@kangwon.ac.kr

Seoul

Appl. Chem. Eng., Vol. 35, No. 5, 2024



