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Abstract: Catalytic combustion of ethyl acetate (EAc) and benzene (Bz) over chromium
exchanged ZSM-5 (Si/A1=240) is reported. An 11 mm i.d. fixed-bed catalytic reactor,
operated at temperatures between 100 °C and 500 °C, and under excess oxygen
condition, was used for the catalytic activity measurement. Apparent order of reaction
and apparent activation energy were determined by operating the reactor differentially at
a gas hourly space velocity (GHSV) of 78,900 h' and feed concentrations between 3,500
ppm to 17,700 ppm and 3,700 to 12,400 ppm for ethyl acetate and benzene, respectively.
Ethyl acetate was more reactive than benzene due to highly reactive carbonyl group in
the molecule. The combustion process satisfactorily fitted pseudo first-order kinetics
with respect to organic concentration and a zero-order dependence on the oxygen
concentration. The presence of water vapor (9,000 ppm) in the feed stream was found to
weaken the reactivity of these organics which could also be demonstrated with increases
in the activation energy from 23.1 kJ/mole to 37.6 kl/mole for ethyl acetate and from
27.6 kJ/mole to 46.1 kJ/mole for benzene. Water vapor was found to play a positive role
in the formation of carbon dioxide yield in ethyl acetate combustion. Deactivation of
catalyst by water appeared to be only temporary and the activity reverted back to its
original value once the source of water vapor was removed.

Keywords: VOCs, Cr-ZSM-3, ethyl acetate, benzene, humidity, kinetics.

1. INTRODUCTION

Volatile organic compounds (VOCs) are an important class of air pollutants emitted from many
industrial processes [1]. For the abatement of VOC emission, catalytic combustion is considered to
be an effective way due to its high removal efficiency and low energy requirement [2,3]. There are
numerous catalyst systems intensively investigated for this particular application, among which,
7SM-5 zeolite based catalysts stand out owing to its special pore characteristics and high
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hydrothermal stability [4,5]. For the active metal component, Chmn‘!ium provides several
advantages over conventionally used noble metals by being low cost but is highly active for the

combustion process [6].

In the present work, the combustion of benzene and ethyl acetate are comparatively studied.
Benzene, the simplest aromatic compound is widely used as a solvent and is a starting material for
many industrial chemicals. However, it is also known to be carcinogenic and need to be removed
from the industrial air emission [2]. Meanwhile, ethyl acetate is among the common solvent found
in many industries such as paint and coating industries. Despite very low toxicity, its high volume
emission can contribute to the occurrence of ground level ozone which is detrimental to health,
foliage and many construction materials [7]. Differences in the chemical nature of these two VOCs
could provide meaningful conclusion if the behavior of the combustion process were compared,

Some reports have been published regarding the kinetics behavior of zeolite-based catalytic
system for treating VOC [2,5]. However, the effect of water vapor as co-feed receives little
attention despite being demonstrated to bring about significant and mostly negative effect on the
combustion process [2,7]. The effect is attributed to competitive adsorption between VOC and
water molecules and the magnitude of the effect may vary depending on the nature of organic
molecules [8]. Unfortunately, reports on the effect of water molecule on the kinetic behavior are

quite scarce.

The development of a suitable kinetic model to represent the combustion of VOC is a rather
complex and challenging task as specific catalyst-VOC system could have different kinetic
models. It is more complicated when water presents as a co-feed [5]. Therefore, this work is
expected to complement the current knowledge regarding the kinetic behavior of the catalytic
system. Here, the process was demonstrated using ethyl acetate and benzene as VOC model
compounds without and with interference of water vapor in the feed stream. Chromium was
selected to be jon-exchanged into ZSM-5 as it was found to be the most active transition metal to
materialize VOC combustion [1,4,9). This result could provide valuable information on a simple
but robust model to represent catalytic combustion of VOCs for the purpose of designing a
catalytic system to treat VOC-containing air stream.

2. EXPERIMENTATION

2.1 Catalyst Preparation and Characterization

Chromium exchanged ZSM-5 (Si/Al=240) was prepared in two steps. In the first step,
ammonium exchange of the zeolite was performed in 2.25 M of NH,CI solution at 60°C for 6 h.
The metal exchange step was carried out in an acidified (to pH 4) 28.85 mM of aqueous Cr(NO;),
solution (concentration targeted at 3 % metal loading) for 6 h, followed by vacuum filtration,
drying and calcinations at 500 °C for 6 h. Before used in the reactor, the catalyst was palletized,
crushed and sieved to particle sizes between 0.25-0.30 um. The catalysts samples were then
characterized for surface characteristics usj ng Autosorb-1 surface analyzer and for the final metal
loading using Shimadzu AA-650 atomic absorption spectroscopy (AAS).

2.2 Catalyst Performance Study

The catalytic activity test was performed in an 11 mm i.d. quartz reactor charging with required
amounts of zeolite catalysts (Figure 1). A VOC-laden air stream was generated by bubbling
nitrogen gas through a saturator containing desired organic liquids and another nitrogen flow was
used to bubble water in order to introduce water vapor into the resultant gas stream. The total flow
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rate was fixed at 250 mI/min by a feed of high purity air to give corresponding gas hourly space
velocity (GHSV) of 32,000 h' except for the kinetic study in which the GHSV was maintained at
78,900 h' to operate the reactor in differential mode. Details of the experimental conditions are
given in Table 1. All of the experiments were conducted under oxygen-rich condition to ensure the
reaction was not oxygen-limiting. The inlet and outlet gases were analyzed using an off-line
Shimadzu GC-8A gas chromatography equipped with a MS 5A and Porapak Q packed columns.

Mixing chamber
Pressure
gauge

Catalyst
bed

Tubular

furnace
GC  : Gas chromatograph

TP : Temperature probe
ISE] : Valve 1—

‘[_h, : Mass flow controller

Micro
reactor

Fig. 1: Experimental set up for the catalyst activity measurement.

Table 1 : Catalytic reactor experimental conditions for ethyl acetate (EAc) and benzene (Bz)

conversions.
Reactor Type GHSV ~ Wy Space Feed O; (%) 0y/VOC ratio
Time (s)
(™) (2) EAc Bz EAc Bz

Integral 32,000 0.20 0.113 12.5-19.6  12.5-19.1  11.1-98.0 15.4-95.5

Differential ~ 78,900  0.08 0.046 12.5-19.6  12.5-19.1  11.1-98.0  15.4-95.5

2.3 General Calculations

The VOC removal efficiency, the CO; yield and the reaction rate of the reactor were calculated
as below:
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where, C,, and C,,, are feed and outlet concentrations (ppm for conversion calculation and mol/ml
for reaction rate calculation), respectively, F, is molar flow rate of component x, N is number of
carbon atom in one VOC molecule, (—.,.) is the reaction rate of ethyl acetate or benzene (mol/s-
Ze.) and O/W is the space velocity (weight hourly in ml/s-g.,)

The dependence of the rate of ethyl acetate and benzene combustion on the feed organic
concentration and oxygen content was tested using the following simple power-law rate equation.

= r\'oc = kc\'ncmc()r ! (4}

where, k is the reaction constant, and m and n are reaction orders. Effect of feed oxygen content on
the reaction rate was studied by fixed the organic concentration at 2,000 ppm and varying the
oxygen content by changing air/nitrogen ratio. Apparent orders of reaction were obtained by
plotting In(=r...) vs In(C,,) at different temperatures and the apparent activation energy (Eapp)
was caleulated as the multiplication product of the slope of the In k vs (1/T) plot and the gas
constant ().

3. RESULTS AND DISCUSSION

3.1 Characteristics of the Catalyst

Table 2 summarizes the characteristics of chromium-exchanged ZSM-5 with its parent zeolite
as reference. The data are presented as the mean values of three measurements and their respective
standard deviation (mean * standard deviation). For both materials, the surface area was
predominantly contributed by micropores which constituted about 80 % of the total surface area
calculated using the Brunneur-Emmett-Teller isotherm (Sger). The ratio between the amount of
micropore to mesopore areas was found to be 4.5. Metal exchange process was found to cause
about 10 % drop in the Sggr. Corresponding reduction in micropore area (significant at 95 %
confidence level) was also detected while the effect on mesopore area was minimal. This reduction
could be due to the introduction of larger Cr'* cation in place of smaller Na* cation that cost the
zeolite some of its micropore area. In addition, partial structural damage and particle
agglomeration due to heat treatment used during metal exchange process might be among other
causes for the loss of surface area in Cr-ZSM-5 [10].
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Table 2 : Characteristic of Cr-exchanged ZSM-5 as compared to its parent H-form.

Catalyst Seer Metal Loading Pore area
(%)
(m%/g) Micro (m’/g)  Meso(m*/g)  Micro/Meso
H-ZSM-5 393+2 - 3212 T2+£2 4.5
Cr-ZSM-5 353+3 0.66 +0.04 282+ 1 713 4.0

3.2 Effect of Feed Organic Concentration

Figure 2 depicts the conversion and corresponding carbon dioxide yield in the combustion of
ethyl acetate and benzene at different feed organic concentrations. It is obvious that ethyl acetate
was much more reactive compared to benzene while at the same time, showed better yield towards
the production of carbon dioxide as the ultimate oxidation product. It is also worth noting the
common trend that, as the feed concentration increased, the conversion and carbon dioxide yield

diminished.

Ethyl acetate was more reactive as its molecule had an oxygen-containing group which was a
well-known electron-withdrawing group. This made adjacent C-O and C-H bonds more
susceptible to breakage. The oxygen atom also had lone pair electrons that could easily interact
with vacant p-orbital of chromium ion in Cr-ZSM-5 to form active intermediates, leading to the
breakage of the molecule [9]. Meanwhile, benzene was less reactive due to occurrence of
resonance effect in its ring. Consequently, higher energy was required to cause the extraction of
protons which would initiate its combustion. This translated as higher stability of this organic
compound towards catalytic combustion.

Low carbon dioxide yield at higher organic reactant concentration was attributed to higher
carbon molar flow rate being fed into the reactor. Consequently, some of the products of
incomplete combustion would leave the reactor unreacted. In ethyl acetate conversion, acetic acid
was identified as the main product of incomplete combustion while for benzene, it was mainly in
the form of carbon monoxide.
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Fig. 2: Profile of ethyl acetate (EAc) and benzene (Bz) conversion (a) and carbon dioxide yield
(b) at different feed concentrations (GHSV=32,000 h™").

3.3 Effect of Water Vapor in the Feed

The presence of water vapor as co-feed was found to negatively affect the conversion of ethyl
acetate and benzene as shown in Fig. 3(a). The effect of water vapor was also temperature-
dependent as the reduction in conversion decreased with an increase in reaction temperature. One
important observation shown in Figure 3(b) is while carbon dioxide yield for benzene combustion
was weakened by water vapor, the latter strongly boasted the carbon dioxide formation in the case
of ethyl acetate combustion. The magnitude of the effect was also found to increase with an
increase in the reaction temperature,

In competitive adsorption of VOC and water, the force of adsorption plays dominant role [7].
Physical adsorption involves interactions of sorbate molecules (VOC and water) with the sorbent
(Cr-ZSM-5) which can be accounted for van der Waals forces and electrostatic forces [5]. The
magnitude of the forces depends on the polar nature of the sorbate and the sorbent [11]. On polar
surfaces, such as cation-exchanged zeolites, electrostatic forces dominated over van der Waals
forces. Since water molecule is a polar molecule, the adsorption was favored to consequently cause
blockage of cationic sites or salvation of nucleophile, hence, slowed the oxidation of the organic
M Water molecules also had cluster-forming ability around active sites, thereby, creating diffusion
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block for VOC molecules [12]. At higher temperatures, this localization might be prevented and
consequently the deactivation effect by water molecules diminished accordingly as observed in
Fig. 3(a).
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Fig. 3: Profile of ethyl acetate (EAc) and benzene (Bz) conversion (a) and carbon dioxide yield
(b) for dry and humid (9,000) feed stream (GHSV=32,000 h', Cu0e=2,000 ppm).

Despite physical blocking of the adsorption of VOC molecules on cationic sites in Cr-ZSM-5,
chemically, water molecules might promote the reaction as in the case of ethyl acetate combustion.
While water and benzene molecules being absorbed side-by-side, water molecules as electron-rich
species might disturb the electronic cloud in ethyl acetate molecules to result in the increase in its
reactivity [5]. Consequently, the yield towards carbon dioxide was improved while the fraction of
ethyl acetate decomposed decreased as shown in Fig. 3(b).

An experiment was conducted to study the reversibility of water poisoning on the catalytic
combustion of ethyl acetate and benzene. Upon the inclusion of 9,000 ppm of water vapor as co-
feed, the conversions were found to plunge about 30 % for ethyl acctate and 15 % for benzene
(Fig. 4). When the source of water vapor was removed at the end of the second hour on stream, the
activity of the catalyst was found to immediately revert back to its original value. This observation
suggested only reversible physical interactions involved between water molecule and catalytically
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actj ionic sj - . o,

|o|1we Cationic sites. However, at more extreme conditions of high temperature and humidity and

d EC time on stream, the possibility of chemical modification of the zeolite catalyst leading to its
Factivation could not be ruled out [9].
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Fig. 4.: Rever_sibilir)-' study on the cl'flcct of water vapor on ethyl acetate (EAc) and benzene (Bz)
conversions (GHSV=32,000 h"', reaction temperature=400 °C, Cvoc=2,000 ppm).
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Fig. 5: Dependence of rate of ethyl acetate (EAc) (a) and benzene (Bz) (b) combustion with
partial pressure of oxygen in the feed (GHSV=78,900 h!, Cyoc=2,000 ppm).

Table 3: Apparent order of reaction (n,,,), frequency factor (A) and activation energy (E,,)

for dry and humid feeds.

VOC Dry Humid (9,000 ppm water)

Ny A(s™) E,pp (kJ/mal) N As™) Eqpp (kJ/mol)
Ethyl acetate  0.98 6.39x10° 23.1 .19 7.38x10° 37.6
—F—B;;;:. 0.94 2.52x10° 27.6 .10 3.20x10° 46.1

The reaction apparent activation energies (£,,,) were calculated from the Arrhcniu_s plot (F:ig.
6) by assuming first-order reaction with respect to organics feed concentration (or m=1 in Equation
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4) and a zero-order with respect to oxygen concentration (or n=0 in !Equation 4). In other words,
linear relationship between (-r,o.) and C,, is expected at constant partial pressure of oxygen.and (-
Fve) is independent of Co; at constant Cyoe. As shown in Table 3, the E,p, for ethyl acetate is 23.1
kJ/mol while for benzene the value stood at 27.6 klJ/mol. When the catalyst was reversibly
deactivated by water molecules, the E,,, increased to 37.6 kJ/mol and 46.1 kJ/mol, respectively.
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Fig. 6: Arrhenius plot for ethyl acetate (EAc) and benzene (Bz) conversions for dry and humid
(9.000 ppm water vapor) feed (GHSV=78,900 h™").

4. CONCLUSION

Ethyl acetate was significantly more reactive compared to benzene and it is attributed to the
presence of highly reactive carbonyl group in ethyl acetate while resonance effect stabilized the
benzene molecules. The conversion and the carbon dioxide yield were found to decrease with an
increase in reactant concentration. Catalytic combustion of these two organics was demonstrated to
approach a pseudo first-order and zero-order kinetics with respect to the feed organics and oxygen
concentrations, respectively. Water vapor (9,000 ppm) in the feed stream could retard the
combustion of these organics which could also be demonstrated with increases in the activation
energy from 23.1 kJ/mol to 37.6 kl/mol for ethyl acetate and, from 27.6 kJ/mol to 46.2 kJ/mol for
benzene. However, water vapor was found to play a positive role in the formation of carbon
dioxide in ethyl acetate combustion. Deactivation of the catalyst by water appeared to be only
temporary and the activity reverted back to its original value once the source of water vapor was
removed.
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A STUDY OF COMPARTMENT FIRE UNDER FORCED
VENTILATION: EXPERIMENTAL AND COMPUTATIONAL
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Abstract: This paper discusses on the dynamic behavior of the flame and smoke inside a
compartment fire. The compartment can be referred to a room, road tunnel, duct,
compartment or a building. A series of small scales experiments were carried on four
rectangular ducts that have the same height (250 mm) but different widths (125 mm, 250
mm, 500 mm and 1000 mm). Fire simulations on the same compartments were
performed to investigate the effectiveness of Computational Fluid Dynamics (CFD) in
predicting fire phenomenon. CFD was found capable to predict fire phenomenon such as
flame shape, flame height and flame tilt angle similar to the experiment.

Kepwords: Smoke flow, fire plume, compartment fire, buoyancy
1. INTRODUCTION

Fire is an extremely complex phenomenon with various hazards to human, properties and
environment. It embraces nearly all the effect found in subsonic chemically reacting flow. Fluid
dynamics, combustion, kinetic, radiation and in many cases multi-phase flow effects are linked
together to provide the extreme complex physical and chemical phenomenon. It is this complexity
that delayed the development of fire research as a science until approximately the 1950s. Due to
this complexity, attempts have been made in the mathematical modeling to study, understand and
foremost to visualize the basic phenomenon of fire from first principles via solution of the basic
conservation equations,

In a typical compartment fire, once the flames have reached the ceiling, they can no longer
travel upwards and must therefore travel horizontally. Since they are very hot and therefore light
gases, they travel under the ceiling and this situation can elongate as much as 5 — 10 times of an
open fire [1]. This elongation arises because the mixing of the air into the flame under the ceiling
is by a much slower process than the flame travels vertically. Therefore, in order to entrain enough
air to burn all the volatile fuel, the horizontal flame has to be much longer. This phenomenon is
shown in Fig. lato lc.
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The behavior of a fire in a compartment has been studied by a number of researchers [2-5].
Apart from the dynamic behavior of the fire, the study on the movement of the combustion
products such as the smoke has equal importance. This is because smoke is one of the major
factors that cause injuries and deaths.

The main objective of this work is to study the dynamic behavior of compartment fire.

Parameters such as flame height and flame tilt angles for various fire sizes and ventilation
velocities will be investigated by using both experimental and CFD modeling.

Upstream Downstream

Fire Seat

Fig. 1a: Illustration of a compartment fire without ventilation.

Backlavering Downstream

Smoke Flow

Ventilation
Flow

Fire Seat
Fig. 1b: Ilustration of a compartment fire with low ventilation.

Downstream

Ventilation
Flow at Tle
Critical Ventilation Rate

Fire Seat

Fig. lc: llustration of a compartment fire with critical ventilation.
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2. EXPERIMENTAL WORK

The schematic front view and the cross-section of the compartment are shown in Fig. 2.
The majority of the model, including the base, was constructed from Perspex (PMMA) of
thickness 6.25 mm. To prevent heat damage, the section closet to and downstream of the
fire was made from 18 SWG (1.25 mm thick) stainless steel. Additionally, the section
closet to the fire was cooled throughout the tests by a water spray. The entire
compartment, of approximately 15 m length, was mounted on a series of brackets, which
in turn were attached to wall-mounted frames. The height of each compartment was 250
mm and the width varying from 125 mm to 1000 mm.

~ Propane gas was used as a fuel, metered through a rotameter. This was introduced via a
106 mm diameter porous bed burner with its top surface set flush with the compartment
floor. The propane flow rate was varied between 1 and 20 litres per minute, producing
fires of 1.4 to 28 kW. These fire sizes correspond to fires of approximately 2.5 to 50 MW
in a compartment of diameter around 5 m when the scaling procedure was applied. All
products of combustion were exhausted to atmosphere at the downstream end of the

compartment.

The ventilation air supply to the compartment was channelled in through a 101.6 mm
steel pipe fitted with an orifice plate of throat diameter 71.8 mm, constructed in
accordance with BS 1042. The flow was driven by a compressed air. The detailed
structure of the air supply system can be found in reference [6]. The orifice plate provides
a useful method of determining the total volumetric flow of air. K-type thermocouples
were used to measure the temperatures inside the compartment.
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section of 3.0 m length. The longitudina] computations] domain was divided into three
segments. Segment 1 was the upstream section of 5.0 m length. Segment 2 was the bumer
section of 0.1 m length and segment 3 was the downstream section of 3.0 m length. The
first plane of the longitudinal domain was set to be the inlet of the ventilation flow and the
last plame was set as the output of the smoke flow to the exhaust. The wall of the
compartment was set to be a solid containing 1 cell. A non-uniform grid distribution was
made to avoid a very large number of computational cells, while maintaining a sufficient
degree of accuracy in the solution. The longitudinal and vertical grids were set at 102 and
28 cells, respectively. The half cross-sectional cells varying from 8, 14, 28 and 38,
dependent on compartment widths. The total cells are, 22 848, 39 984, 79 968 and 10 8528
for the Compartments A. B, C and D, respectively. Grid sensitivity tests have been carried
out and the results showed that the grid distributions for the compartments were sufficient.

Figures 3 and 4 show the longitudinal grid distribution for the compartments and the
cross-sectional grids for each compartment.

4. RESULTS AND DISCUSSION
(A) EXPERIMENTAL

4.1 Behavior of the Flame

McCafirey [12] proposed fire plume theory by studying a fire plume above a 30 cm square
porous burner. A free fire plume consists of three distinct regimes. The three regimes are:

o Near fire, above the bumer, where there is persistent flame and accelerating flow of
burning gas

o A region in which there is intermittent flaming and a near-constant flow velocity
(intermittent zone)

o The buoyant plume, which is characterised by decreasing velocity and temperature
with height.

Figure 5 shows a photograph of a fire in one of the compartment at 15.0 kW. There are two
distinguished regions that can be observed; the flame and the buoyant smoke flow. With the
presence of longitudinal ventilation flow, the fire plume deflects at certain angle from the vertical,
The fire plume still consists of three distinguished regions, similar finding from McCaffrey [12].
The present work considered that the temperature in the persistence flame regime is greater than
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500 °C. The temperature in the intermittent regime is between 250 °C to 500 °C. The buoyant
plume is considered to have temperature less than 250 °C.
T o — .
Segment | Segment 2 Segment 3
Fig. 3: Longitudinal grid distribution.
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Fig. 4: Cross-sectional grid distribution.
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Fig. 5: Photograph of a fire in along compartment.

4.2 Flame Height

Unlike in an open fire, it was observed that the flame heights inside the compartment depend on
the interaction between the fire plume with the compartment geometry and the ventilation flow.
An attempt was made to illustrate the flame height with two main parameters; the fire sizes and
ventilation velocity. Since the exact regimes associated with the fire plume were difficult to
determine, both temperature values of 250 °C and 350 °C were selected to justify the boundaries
for the intermittent regimes, while the boundary for the persistent regime remains at 500 °C.

Figure 6 depicts the measured temperature contour in compartment B at three fire sizes (3.0kW,
7.5 kW and 15.0kW). It can be observed that as fire size increases, the fire inside the compartment
also grows in size. The maximum temperature recorded at 3.0 kW, 7.5 kW and 15.0 kW were in
the order of 586 °C, 679 °C and 746 °C, respectively. The results show that for a small fire (3.0
kW), both intermittent regimes indicated by 250 °C and 350 °C is approximately at 125 mm above
the compartment floor. Whilst, the persistent regimes in the three compartments lay low. However
at 7.50 kW fire, the intermittent regimes indicated by the 250 °C contours have definitely reached
the ceiling, while the intermittent regimes indicated by 350 °C have nearly reached the ceiling for
all compartments. The persistent flames in the three compartments are approximately at 125 mm
above the compartment floor. Finally at 15.0 kW fire, both intermittent regimes have already
reached the ceiling, while the persistent flame have not yet reached the ceiling.

4.3 Flame Angle (o)

The measured flame tilt angles from the vertical for three fire sizes at least at two ventilation
velocities are shown in Table 1. The tilt angle for 3.0 kW fire at the critical ventilation velocity
(0.48 m/s) was 70°. When the fire size was increased to 7.50 kW, the tilt angle at the critical
ventilation velocity (0.56 m/s) further increased to 73°. Finally at 15.0 kW, the tilt angle further
increased to 76°. A similar pattern occurred in both compartments A and D. In general, it was
found that the deflection angles of the fire plumes in all compartments were greater that 45 °.
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4.5 Flame Height and Flame Width

Based on the new temperature boundary for each regime as being defined in the
previous section, the flame height in each compartment was measured. The results
showed that for a small fire (3.0 kW), the intermittent flame was approximately one third
of the height of the compartment. For medium size fire (7.50 kW), the intermittent flame
was approximately three quarter of the height of the compartment. Finally at higher fire
size (15.0 kW), the intermittent flame already reached the compartment ceiling.

The CFD results also showed that the persistent flame never reached the ceiling at
critical condition even at higher fire size as shown in Fig. 7 for 15.0 kW fire. The
persistent flame (>1500 K) only elongated further downstream. The variations of the flame
heights predicted by CFD were almost similar to the experimental results, previously
discussed in Section (A).

4.6 Flame Angle (o)

The measured tilt angles of the plume are shown in Table 2. Similar to the experimental
results, CFD predicted the increase of fire plume tilt angles with the fire sizes. In addition,
CFD also predicted that the fire plume tilt angle decreases with the increase of
compartment aspect ratio.

It can be observed in Table 2 that the plume in compartment A has the highest
deflection angle from the vertical. In contrast, the plume in compartment D has the
smallest deflection angle from the vertical. The deflection angles vary from 75° to 56° in
compartment A to compartment D at 3.0 kW. The deflection angles at 15.0 kW fire vary
from 87° to 60°. The overall comparison shows that at specific compartment and fire size,
the predicted plume tilts angle was slightly lesser than the experimental resullts,

Table 2: Predicted fire plume tilt angles.

Fire Compartment A Compartment B Compartment D
Size

(kW) Measured Predicted Measured Predicted Measured Predicted
3.0 75° 75° 70° 65° 60° 56°

15.0 79° 87° 73° 65° 70° 60°
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Fig. 7a: Temperature distribution in compartment B for 3.0 kW fire.
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Fig. 7b: Temperature distribution in compartment B for 7.50 kW fire.




[IUM Engineering Journal, Vol. 7, No. 2, 2006 Abu Bakar and Wu

Fi0801

TO IGO0
19BE-D)
192€+03
LEGERD 3
150808
LT4ED )
1E68ED)
1826+03
130803
[ETCEEY
14480}
[EYT
LITEwD
L1
1208+03
148403
LOSELDL
107803
| saoee0z
| P008-02
HAVERDT
TIVELDT
TivEeoz
639807

. seoe.02
ES L5
4TeR.a
4182+02

y ISEE40T
] TIEERDZ

S Tempemure (K) Flue 4.52
Lmax = 2.103E+03 Lmin = 2.980E+02 Fluent Ine.

Fig. 7¢: Temperature distribution in compartment B for 15.0 kW fire.

5. CONCLUSION

The dynamic fire in four compartments has been studied by performing both experimental and
Computational Fluid Dynamic modeling. The results show that the distribution of the fire plume
inside the compartment depends greatly on the interaction between the fire with the ventilation
flow and compartment walls.

The compartment walls also gave significant effect on the distribution of the fire plume. When
the compartment is narrow, the flame has to elon gate further downstream for the air entrainment
due to the limited spaces at both sides of the fire. In contrast, when the compartment is wide, there
are greater tendencies for entrainment from both sides due to more spaces available. Therefore, it
would be expected that the local acceleration near the fire seat is greater when the compartment is
wide. As a result, the fire would have less deflection angle from the vertical.

Computational Fluid Dynamics was able to predict the behavior of compartment fires similar to
the experimental works. The utility of CFD will be the driving force to study fire phenomenon
since this technique consume less time and enables us to model fire in a complex geometry.
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NOMENCLATURE
k the turbulence energy m’s?
£ the rate of viscous dissipation of turbulence energy m%™
i the turbulence effective viscosity kgm™'s™
C constant
C, constant
C, constant
Cs, constant
Oy constant
O, constant
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