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ABSTRACT: An experimental study was conducted to investigate the effects of
fuel location and distribution on full-scale underventilated compartment fires in
an ISO 9705 room. Heptane fuel was burned in three different fuel distributions:
single centered burner (SCB), single rear burner (SRB), and two distributed
burner (TDB). It was experimentally observed that variations in fuel placement
did not significantly affect the global steady state underventilated fire
characteristics such as fuel mass loss rate, heat release rate, combustion
efficiency, global equivalence ratio, and global CO emission outside the
compartment for these simple distributions. Supplemental numerical simula-
tions reveal that the local characteristics of thermal and chemical environments
depend on the fuel placement between the front and rear region inside the
compartment. At the front region, the local fire characteristics were nearly the
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same regardless of fuel placement. Changes in fuel location and distribution
resulted in changes in temperature, total heat flux, CO2, and CO volume fraction
at the rear region. Burner placement led to changes in the mixture fraction, flow
dynamics, and variations in CO production in the back of the compartment.

KEY WORDS: compartment fire, underventilated fire, fuel distribution,
ISO 9705 room, heptane.

INTRODUCTION

FIRE BEHAVIOR, INCLUDING chemical kinetics, heat transfer, fluid
dynamics, turbulence, and material properties, is one of the most
complex phenomena considered in combustion science [1]. In particular,
compartment fires can occur with a variety of configurations [2], fuel
types [3], fuel distributions [4], and ventilation conditions [5]. The
current study is part of a larger project aimed at better understanding
underventilated compartment fire dynamics to facilitate model devel-
opment [6,7]. This article presents findings related to the effects of fuel
location and distribution on the global structure of full-scale under-
ventilated compartment fires.

Most research has been focused on a fire generated in a geometrically
centered burner inside a compartment [8–10]. However, it is not well
understood how the location and distribution of the available fuel
materials may affect the fire growth, toxic product generation, and time
to flashover as well as the internal flow dynamics and thermal
environment within a compartment. Tran [11] carried out experiments
of bench-scale and full-scale compartment fires with different burner
locations to validate and develop a wall fire model in overventilated fire
conditions. He found that there were significant changes in heat release
rate (HRR) and time to flashover when the burner was located at either
the centerline of the rear wall or the rear corner. Snegirev et al. [12]
changed the distance between the burner and doorway to investigate the
dimensionless flame-projection delay time versus the fuel flow rate for
the establishment of external combustion in underventilated compart-
ment fires. Bertin et al. [13] also studied the wall fire behavior in an
underventilated room using a vertical porous flat burner located at the
rear wall. Lattimer et al. [14] studied the flame spread and HRR of a fire
located in a corner with a combustible lining. These studies indicate that
when the fuel location changes, the HRR significantly changes for an
overventilated fire and time to flashover changes. There have been few
studies however, of the effects of fuel location and distribution on
detailed fire dynamics and structure including the spatial distributions
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of temperature and combustion products in an underventilated
compartment fire.

Recently, Thomas et al. [4] investigated the effects of fuel quantity and
location on ethanol pool fires in an ISO 9705 room. In this study, a fuel
package consisting of two or three burners was placed inside the door
(front), in the center of the room (center), or adjacent to the back wall
(back). They found that the variation of fuel location resulted in
significant changes in time histories of HRR and temperature as well as
their maximum values. For maximum HRRs, the ranking of the
maximum HRR with the change in fuel location was observed to be
HRRfront4HRRback4HRRcenter. This was thought to be due to difference
in the combined effects of radiation feedback from the compartment walls
and enhanced mixing with oxygen due to changes in fuel location.
Considering that they used a full doorway, 0.8 m wide� 2.0 m high, a
maximum fuel amount of 40 L, and a total burner surface corresponding
to 1.0 m2, it can be estimated that the experiments were conducted in the
overventilated fire regime [6]. In the field of fire safety engineering, it has
been observed that underventilated fires may yield as much as 10 times
more toxicants, such as CO, compared to overventilated fires [15,16].
There has been little detailed information regarding the change in the
thermal and chemical environment in underventilated compartment fires
as fuel is placed at different locations within a room.

This article focuses on three underventilated compartment fires
burning heptane in a recent experimental study conducted at the
National Institute of Standards and Technology (NIST) to investigate
the effects of fuel location and distribution on fire phenomena in full-
scale compartment fires [6]. Global parameters such as HRR, combus-
tion efficiency, and global equivalence ratio [17,18] were measured and
local distributions of temperature, heat flux, and product concentrations
including CO are considered in detail. The experimental measurements
are supplemented with numerical simulations to enhance the under-
standing of fire dynamics induced by the change in fuel location and
distribution for underventilated fire conditions. The fire dynamics
simulator (FDS, version 5.1.6, SVN 1710) [19] utilizing Large Eddy
Simulation was employed in this study.

DESCRIPTION OF EXPERIMENTS

Figure 1 presents the full scale enclosure based on a standard ISO
9705 room, which is 2.4 m wide� 3.6 m deep� 2.4 m high. A doorway
of 0.2 m wide� 2.0 m high (1/4 doorway width compared to a full ISO
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9705 doorway width of 0.8 m) centered at the bottom of the front wall
was used to force the room to reach underventilated conditions with a
smaller fire size. The uncertainty of the enclosure was measured
as �0.02 m. The floor of the enclosure was raised 0.35 m above the
ground to facilitate instrumentation. The support structure of the
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Figure 1. Schematic diagram of the ISO 9705 room for three fire tests of (a) single
centered burner, (b) single rear burner, and (c) two distributed burners.
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enclosure was built using 0.89 mm (20 gauge) steel, structural studding,
and 0.89 mm sheet steel. The floor of the structure was constructed of
4.8 mm thick steel sheet metal. The compartment walls, floor, and
ceiling were covered with two layers of 25 mm (50 mm total) thick,
128 kg/m3, high temperature ceramic fiber blanket.

Temperature and species concentrations including O2, CO, CO2, and
total hydrocarbons were continuously measured at the front and rear
positions of the upper layer in the compartment. Type-R thermocouples
with a bead diameter of 0.5 mm� 0.125 mm were installed to measure the
temperatures of the upper layer. Oxygen was measured using para-
magnetic analyzers (Servomex1, 4100), carbon monoxide, and carbon
dioxide were measured using nondispersive infrared analyzers (Siemens,
Ultramat 6E). Total hydrocarbons were measured using two flame
ionization detectors (Baseline-Mocon, 8800 H). A gas chromatograph was
also used intermittently during some of the tests at the front and rear
sampling locations to provide additional gas species information and to
ensure reliability of gas species measurements. The measurements of all
gas species are reported on a wet basis in this article. Two liquid cooled
probes were used to sample gas inside the compartment at the front and
rear locations. Detailed locations are indicated in Figure 1. The sampling
probes, 3 m in length, were constructed of three concentric stainless steel
(type 304) tubes. Water was forced through the inner shell and returned
through the outer shell. The inner diameter of the sample probe was
4.0 mm. This design allowed the cooling fluid to condition the entire
length of the probe. The relatively cool probe temperature assured that
chemical reactions were frozen in the sampling lines. To measure the
vertical thermal profiles within a compartment, two arrays of 11 type-K
thermocouples with a bead diameter of 1.0� 0.25 mm were utilized.
Thermocouples were placed at 0.03, 0.30, 0.60, 0.90, 1.05, 1.20, 1.35, 1.50,
1.80, 2.10, and 2.38 m above the floor. In addition, six total heat flux
gauges, 6.4 mm diameter Schmidt-Boelter type, water cooled gauges were
installed on the ceiling and floor as listed in Table 1. A full description of
the experimental apparatus and additional instrumentation including
total expanded uncertainty for each measurement is given in NIST
Technical Note 1603 [6].

HRR measurements were conducted using the 6 m� 6 m calorimeter at
the NIST Large Fire Research Laboratory (LFRL) [20]. The HRR

1Certain commercial entities, equipment, or materials may be identified in this document
in order to describe an experimental procedure or concept adequately. Such identification
is not intended to imply recommendation or endorsement by the National Institute of
Standards and Technology, nor is it intended to imply that the entities, materials, or
equipment are necessarily the best available for the purpose.
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measurements were based on the oxygen consumption calorimetry
principle with the assumption that a known amount of heat is released
for each gram of oxygen consumed by a fire. The measurements of exhaust
flow velocity and species volume fractions (O2, CO2, and CO) were con-
ducted to determine the HRR based on the formulation derived by Parker
[21]. The total expanded relative uncertainty of the HRR measurements
reported was �14% based on a propagation of uncertainty analysis.

This study examined three heptane fires. Different fuel locations and
distributions were examined: a single centered burner (SCB), a single
rear burner (SRB) and two distributed burners (TDB) as shown in
Figure 1. Pan burner(s) were used and total burner surface area was
fixed at 0.5 m2. The pan burners had no forced feeding mechanism; the
fuel was placed in the pan and allowed to burn freely. In the cases of SCB
and SRB, a single burner size of 0.707 m� 0.707 m (0.5 m2) with a 10 cm
lip was positioned in the geometric center of the floor (SCB) and along
the centerline of the room next to the rear wall (SRB). Two 0.25 m2

burners were placed at the center and rear locations in the TDB case.
The total volume of fuel was fixed at 30 L (�20 kg) for all cases. The fuel
mass loss rate was measured using a load cell mounted underneath the
burner with a measurement accuracy of �0.001 kg. A summary of the
experimental conditions is listed in Table 2.

DESCRIPTION OF NUMERICAL SIMULATIONS

To provide insight into the fire characteristics including details of the
flow field for the underventilated compartment fires, numerical
simulations were performed using FDS (ver. 5.1.6, SVN 1710). This
article should not be considered a validation study. A detailed
description of FDS and its validation is given in [19]. FDS numerically
solves a form of the Navier-Stokes equations for low-speed, thermally-
driven flow with an emphasis on smoke and heat transport from fires.

Table 1. Locations of total heat flux gauges.

Location x (m) y (m) z (m)

Ceiling Front 1.20 (�0.02 m) 0.90 (�0.02 m) 2.33 (�0.02 m)
Center 1.20 (�0.02 m) 1.78 (�0.02 m) 2.33 (�0.02 m)
Rear 1.20 (�0.02 m) 2.66 (�0.02 m) 2.33 (�0.02 m)

Floor Front 1.20 (�0.02 m) 0.90 (�0.02 m) 0.00 (�0.02 m)
Rear 1.20 (�0.02 m) 2.66 (�0.02 m) 0.00 (�0.02 m)
Outside 1.20 (�0.02 m) �0.20 (�0.02 m) 0.00 (�0.02 m)
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These equations are discretized in space using second order central
difference and in time using an explicit, second order, predictor-
corrector scheme. Radiative heat transfer is considered by solving the
finite-volume-based radiation transport equations [22]. Large eddy
simulation is utilized and the original Smagorinsky eddy viscosity
model is used as the sub-grid scale turbulence model. Other than
specifying physical properties and dimensions, fuel properties, mass loss
rates, and soot loading all default FDS options were used. A customized
post processing algorithm was utilized on the FDS output files to
produce the averaged steady state results presented here.

The sub-grid scale combustion model in the previous FDS version
used only a single mixture fraction variable which is defined as the mass
fraction of the gas mixture that originates in the fuel stream. FDS
(version 5), decomposes mixture fraction into three components to
account for local flame extinction and the production/destruction of CO.
Floyd et al. [23,24] reported on model validation for reduced scale
enclosure experiments. They illustrated the accuracy of the CO model, in
which some discrepancies between experiments and model still exist. In
particular, when the fire became more underventilated, under-predic-
tion of CO was observed. Detailed analysis using FDS is of value and is
used here to help understand compartment fire phenomena.

The computational domain was extended beyond the outside of the
compartment in order to take into account air entrainment through
the doorway and burning outside the compartment in underventilated
conditions. The computational domain was set with dimensions of

Table 2. Summary of experimental conditions and global parameters.

Single centered
burner (SCB)

Single rear
burner (SRB)

Two distributed
burners (TDB)

Burner size (m2) 0.50 (�0.015) 0.50 (�0.015) 2�0.25 (�0.008)
Fuel mass (kg) 20 (�0.1) 20 (�0.1) 2�10 (�0.1)
Duration (s) 600 600 600
Pseudo-steady state period (s) 200�500 200�500 200�500
Ideal heat release rate (kW) 1830 (�110) 1750 (�105) 1660 (�100)
Measured heat release Rate (kW) 1480 (�207) 1420 (�200) 1330 (�187)
Combustion efficiency (%) 81 (�12.3) 81 (�12.4) 80 (�12.3)
Fuel mass loss rate (kg/s) 0.041 (�0.001) 0.039 (�0.001) 0.037 (�0.001)
Air mass flow rate into door (kg/s)* 0.288 0.288 0.297
Global equivalence ratio 2.16 (�0.008) 2.06 (�0.007) 1.89 (�0.006)
Global CO emission (ppm)** 134 (�16.0) 120 (�14.4) 130 (�15.9)

*Air mass flow rates into doorway were calculated using the numerical results.
**Global CO emission was measured at exhaust stack.

Effects of Fuel Location and Distribution on Compartment Fires 27

 at Univ of Illinois at Chicago Library on February 16, 2011jfs.sagepub.comDownloaded from 

http://jfs.sagepub.com/


2.40 m (x)� 6.96 m (y)� 4.47 m (z) as shown in Figure 2. Nonuniform
grid and multi-domains were used to reduce the total grid numbers.
Approximately 600,000 total grid cells were used and the average grid
size ( ��) was approximately 0.05 m. Note that an additional grid set of
��¼ 0.015 m was inserted near the doorway to resolve the large gradients
there. Detailed numerical validation for these underventilated compart-
ment fires (corresponding to the SCB case in the current study)
including the grid sensitivity results can be found in a previous study
[25]. The measured fuel mass loss rates were used as the model input of
the fire source. The soot yield, which represents the fraction of fuel
mass converted into smoke particulate, was prescribed using a value
of 0.015 to approximate the soot generation in heptane fires [26]. The
heat transfer boundary condition on the walls was prescribed using the
temperature-dependent properties of the ceramic fiber blanket [27].
Open boundary conditions were imposed at the external boundaries and
the wall boundary conditions were used at the walls, ceiling and floor.

696cm

240m

447 cm

Figure 2. Computational domain for FDS simulation of fire dynamics in the ISO 9705
room.
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RESULTS AND DISCUSSION

Experimental Results: Global Fire Characteristics

Figure 3 shows images of the compartment fire after ignition for three
cases with different fuel locations and distributions. Images are
presented at 50 s and 150 s after ignition. At 150 s, it is obvious that
most of the burning occurred outside of the enclosure. Comparing the
images of the fire at 50 s and 150 s, the SRB case has burning outside the

t=50 s

SCB

Front side

of burner 

50 s

SRB

50 s

TDB

150 s 150 s
(a) (b)

(c)
150 s

Figure 3. Temporal images of compartment fire at 50 s and 150 s after ignition for
three cases with different fuel locations and distributions (doorway width is 0.2 m).
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door earlier in the fire development than the other cases. This can be
explained, in part, by the SRB case having the fuel located the furthest
from the vent. When the burner was placed adjacent to the rear wall of
the enclosure, the area through which air may be entrained was reduced
and the overall fuel-air mixing rate decreased [28]. The restriction of air
entrainment to the fire plume led to an increase in flame length, due to
excess volatilized fuel. Consequently, the fire became underventilated
earlier than the centered burner case (i.e., the SCB case). For the TDB
case, smaller burners were placed at the center and rear of the
compartment. The absence of external burning early was attributed to
the locally decreased oxygen demand due to the distributed fuel as
compared to the other cases allowing for more air to be entrained with
the fuel. Even though the time to burning outside the room was different
with the change in fuel placement, it was difficult to find distinct
differences in flame shape once the fire was established in steady state,
for example at t4150 s. In addition, it is interesting to note that a higher
radiant intensity was observed near the front side of the burner in the
cases of SCB and TDB. This phenomenon can be explained by the
previous numerical study [25] that, in the case of SCB, the flame was
only attached on the front side of the burner due to insufficient oxygen
near the burner in the underventilated condition. High intensity
radiation was not observed near the burner in the SRB case at 150 s.
There are two possible explanations. First, the flame surface corre-
sponding to a location of stoichiometric mixture fraction may not have
occurred at the burner, but at other places inside the compartment
because the burner was placed far from the vent. Thus, there was no
high intensity radiation near the burner because there was little or no
burning in the rear of the room. The second possibility is that, if the
flame surface was attached on the front side of the rear burner, it may be
difficult to distinguish the radiation originating from the burner to the
radiation coming from the flame established near the doorway. This will
be discussed in more detail in the ‘Numerical Results’ section.

Underventilated burning is controlled by oxygen transport. Changing
the fuel distribution in the compartment may have led to changes in fuel
volatilization rate and the chemical and thermal environment within a
compartment. Figure 4 presents a comparison of fuel mass measured
using a load cell mounted underneath the burner for the three cases
with different fuel locations and distributions. For the TDB case, the
fuel mass at the centered and rear burners was individually measured
and the total value was plotted as the Total_TDB. Prior to the fire
becoming underventilated (before 50 s), the fuel mass loss rates for all
cases were about 0.02 kg/s. After the fire becomes underventilated, the
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fuel mass loss rates were about 0.04 kg/s. That is, the fuel mass loss rates
in the underventilated fire were approximately twice that observed in
the overventilated fire. This is attributed to the higher HRR in the
underventilated condition. This result does not mean that larger
amounts of fuel were consumed within the underventilated compart-
ment compared to the overventilated compartment. In fact, most
volatilized fuels cannot oxidize inside the compartment due to restricted
air entrainment. In the TDB case, the fuel in the rear burner was
volatilized more rapidly than in the center burner and the rear burner
was experimentally observed to become empty before to the center
burner (based on mass loss measurements, and visible observation).
This can be explained by the combined effects of the radiative feedback
from the adjacent enclosure walls and enhanced convective heat transfer
on the burner surface. When the burner is placed near an enclosure
wall, it has been shown that radiative feedback to burner surface can
increase [4]. In addition, the different flow direction above the burner
surface may lead to significant changes in convective heat transfer
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Figure 4. Comparison of fuel mass as a function of time for three cases with different
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rear burner in the TDB case is also plotted).
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(which will be illustrated in Figure 10). Therefore, the SRB case shows
the fastest fuel volatilization while the SCB shows the slowest
volatilization in the underventilated fire for the cases considered here.
However, the differences in the global fuel mass loss rate for each case
are not large.

Figure 5 shows a comparison of the HRRs for three cases with different
fuel locations and distributions. In the pseudo-steady period, the average
HRRs were nearly the same regardless of fuel location and distribution,
which was to be expected since an identical quantity of fuel with identical
burner area was used in all cases. However, the transient behavior of
HRR shows some differences among the three cases. After ignition, each
HRR rapidly increased for approximately 50 s, then oscillated slightly
before becoming steady. This variation of HRR for a short period is
related to the onset of underventilated conditions evidenced by flame
extension outside the compartment. The SRB case showed the fastest
onset of external burning while the TDB case showed the slowest onset of
external burning, as seen in Figure 3. During the underventilated period,
the HRR in the SCB case was initially smaller than the other cases and
gradually increased to a maximum value near the end of the experiment.
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Figure 5. Comparison of heat release rates for three cases with different fuel
locations and distributions.
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On the other hand, the cases of SRB and TDB initially peaked in HRR and
then proceeded to gradually decrease before dropping off rapidly after the
fire burned out. From this figure, it can be seen that the change in fuel
location and distribution brought about the change in transient behavior,
including the onset of underventilated burning.

To confirm the variations in global fire characteristics as fuel was
placed at different locations within a compartment, the HRR, combus-
tion efficiency2, global equivalence ratio, and global CO emission outside
the compartment are summarized in Table 2. The values in parentheses
indicate the total expanded uncertainty for each measurement.
The combustion efficiency was defined as the ratio of the measured
HRR to the ideal HRR. The ideal HRR was calculated using
measured fuel mass loss rate and the heat of combustion for heptane
fuel (44.6 MJ/kg) [29]. The global equivalence ratio [30] was evaluated as
�g ¼ ðrs=YO2,aÞ � ð _mf = _maÞ, where rs is the stoichiometric oxygen-
to-heptane mass ratio, rs� 3.52; YO2,a the oxygen mass fraction in
ambient air, YO2,a � 0.233; _mf fuel mass loss rate; _ma the air mass flow
rate into the doorway from the ambient. Unfortunately, measurements
of entrained air mass flow rate were not conducted for these
experiments. Instead, the air mass flow rate into the doorway was
calculated using predicted temperature and velocity from numerical
simulations. The predicted average _ma is nearly the same regardless of
fuel location and distribution, 0.288 kg/s, 0.288 kg/s and 0.297 kg/s for
SCB, SRB, and TDB, respectively. For reference, the inflow of air
estimated by _ma � 0:52Ao

ffiffiffiffiffi

ho

p
, where Ao and ho are the area and height

of the doorway opening [28], is _ma¼ 0.294 kg/s for the compartment
configuration used in the current study. This value is very close to the
numerically calculated value and shows that the air mass flow rate is
reasonable. These results imply that the overall steady state burning
characteristics are similar inside the compartment for each fire since the
fuel mass loss rate is nearly the same, as illustrated in Figure 4.
Although the averaged ideal and measured HRRs show some differences
during the pseudo-steady period for each case, the combustion efficiency
is nearly the same at 80% regardless of the fuel placement. The global
equivalence ratio has a similar value for each case, 2.16, 2.06, and 1.89
for the SCB, SRB, and TDB, respectively. In addition, the global CO
emission measured at the exhaust hood also has a similar value for each

2The combustion efficiency, as discussed here, is based on the measured fuel loss rate and
the globally measured HRR rate of burning both inside and outside of the compartment.
We are not able to separate the contribution of internal and external burning to the HRR
measurement with our current equipment.
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case, within 10%. Based on these observations, variations in fuel
location and distribution do not play an important role in the global
characteristics of underventilated compartment fires, for example, fuel
mass loss rate, HRR, combustion efficiency, global equivalence ratio, and
global CO emission outside the compartment. Therefore, the distributed
fuel underventilated fire behavior is different than the distributed fuel
overventilated fire behavior which is accompanied by the significant
changes in global fire characteristics with fuel location varied [4].

Experimental Results: Local Characteristics of Thermal
and Chemical Environments

Although the overall characteristics of underventilated fires were not
significantly affected by changes in fuel location and distribution, the
local thermal and chemical environments may change inside the
compartment. Thus, the local distributions of temperature, total heat
flux, and gas species are discussed in this section.

Figure 6 shows a comparison of averaged steady state temperatures
measured at the front and rear thermocouple array locations as a function
of the height above the floor. The front and rear thermocouple arrays
were at y¼ 0.72 m and y¼ 2.88 m on the centerline of x¼ 1.20 m. In this
figure, the vertical profile of temperature at the front location is the same
within the uncertainty of the measurement, regardless of fuel location
and distribution except for the minor difference at z¼ 0.025 m, which
indicates that the thermal environments of the three cases were nearly
identical. The low temperatures, 2508C to 4008C, are located near the
floor since there is air entrainment in this region. At the rear location,
high temperatures (48008C) are measured at all locations. The high
temperatures near the floor indicate that products of high temperature
exist in this region. The SRB and TDB cases show a similar rear vertical
temperature profile, while the SCB case differed significantly. Conse-
quently, the fuel placement had a greater influence on the temperature
profile in the rear of the enclosure than in the front of the enclosure.

The temperature variations between SCB, SRB, and TDB were also
observed in the average temperatures measured at the front and rear
sampling probe locations (Table 3). A process of time average was conducted
during the pseudo-steady period. The values in parentheses indicate the
total expanded uncertainty for each measurement. At the front sampling
location, a maximum difference in temperature of 608C between the SRB
and the TDB case is observed, while the cases of SCB and SRB show the
maximum difference of 1108C at the rear sampling location. The cause is
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not clear since the temperature distribution is complexly related to the
three-dimensional flame and flow structures inside the compartment.

Figure 7 presents a comparison of total heat fluxes as a function of
time at the front and rear floors. This comparison of total heat flux
measurements for each case shows the variations in thermal environ-
ment with time inside the compartment. After ignition, each total heat
flux rapidly increases to an initial peak at approximately 50 s, then the
signal drops slightly and continues to slowly increase throughout the
experiment. The reduction in heat flux after the initial peak indicates
the onset of underventilated burning and exhibits qualitative simila-
rities to the HRR transient behavior shown in Figure 5. Near the end of
the experiment (�500 s), the total heat fluxes sharply increase up to the
maximum values for all cases because of the decrease in global
equivalence ratio due to decreased fuel concentration and increased
oxygen concentration inside the compartment, resulting in brief well-
ventilated fire behavior. At the front location (between the doorway and
the centered burner), the total heat flux gradually increased in the
pseudo-steady period and all cases showed similar transient behavior. At
the rear location (between the centered burner and the rear burner or
the rear wall), the change in fuel placement led to significant variation
in the transient total heat flux. The SRB case shows a gradual increase
in the total heat flux as time increased, while the SCB and TDB cases,
which had the centered burner, have nearly constant total heat flux
values in the pseudo-steady period. The different transient behaviors of
each case may be explained by a flame location and existence/
nonexistence of the center burner. Considering that the fuel mass loss

Table 3. Experimental data of averaged temperatures and species
volume fractions.

At the front sampling probe location

SCB SRB TDB

T (8C) 1070 (�64) 1090 (�65) 1030 (�62)
xO2

(�103) 0.284 (�0.0340) 0.220 (�0.0264) 0.758 (�0.0910)
xCO2

0.078 (�0.0094) 0.074 (�0.0088) 0.087 (�0.0104)
xCO 0.041 (�0.0049) 0.045 (�0.0054) 0.034 (�0.0041)

At the rear sampling probe location

SCB SRB TDB

T (8C) 1130 (�68) 1240 (�74) 1140 (�68)
xO2

(�103) 0.448 (�0.0537) 4.232 (�0.5078) 4.845 (�0.5815)
xCO2

0.069 (�0.0082) 0.094 (�0.0113) 0.093 (�0.0111)
xCO 0.050 (�0.0060) 0.022 (�0.0026) 0.024 (�0.0029)
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rate and the entrained air mass flow rate were similar for all cases, as
identified in Figure 3 and Table 2, the flame location near the floor was
nearly identical regardless of fuel location and distribution. Numerical
results (discussed in later) also indicate that the flame is attached on the
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Figure 7. Comparison of total heat fluxes as a function of time at the front and rear
floor: (a) at front floor, (b) at rear floor.
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front side of the center burner in the case of SCB and TDB, and also
positioned at nearly the same location (y� 1.6 m) in the SRB case. So,
the total heat flux gauges in all cases were nominally located at the same
distance from the flame surface. In the cases of SCB and TDB, a
radiative heat originating from the flame surface was absorbed by the
liquid fuel resulting in heating and vaporization. Consequently, the total
heat flux at the rear location was nearly the same value throughout the
experiment. However in the case of SRB, the total heat flux gradually
increased, similar to the transient behavior observed at the front
location. Based on the thermocouple array data presented in Figure 6, it
can be concluded that the thermal environment in the front of the
enclosure was quite similar for each case. This led to similar heat flux
values measured for each case. On the other hand, the change in location
and distribution of the burner(s) brought about a significant change in
thermal environment in the rear of the enclosure.

To examine the effect of fuel location and distribution on the chemical
environment inside the compartment, Figure 8 presents a comparison of
CO2 volume fraction at the front and rear sampling probe locations.
Although the O2 concentration is not presented in this article, the O2

volume fraction was nearly zero in the pseudo-steady period due to the
underventilated conditions in all cases. The CO2 volume fraction at the
front sample location (Figure 8(a)) increased initially and then gradually
decreased with time for each case. Even though the difference in CO2

volume fraction in each case increased with time, the difference among
three cases is not large. A larger difference in CO2 volume fraction was
observed at the rear sampling probe location (Figure 8(b)). While the SRB
and TDB cases showed nearly constant CO2 volume fractions in the
pseudo-steady period, the CO2 volume fraction in the SCB case decreased
significantly with time compared to the other cases. This result indicates
that the amount of incomplete combustion gradually increased with time,
especially in the rear of the enclosure for the SCB case.

Figure 9 compares the measured CO volume fraction at the front and
rear sampling locations within the enclosure. At the front sampling
location (Figure 9(a)), CO concentration gradually increased with time
for each case. The transient CO behavior for each case shows the
opposite trend to the CO2 behavior, as expected. At the front sampling
location, the difference in CO volume fraction among the cases was not
large and was similar to that of CO2. On the other hand, at the rear
sampling location (Figure 9(b)), CO increased significantly in the SCB
case with time, while the SRB and TDB cases showed steady CO
concentration throughout the period of steady burning. Figures 8 and 9
indicate that the variation in fuel placement played a more important
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Figure 8. Comparison of CO2 volume fractions at the front and rear sampling probe
locations: (a) at front sampling location, (b) at rear sampling location.
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role in the change in chemical environment in the rear of the
compartment than in the front. This was also observed in the average
species volume fraction (Table 3). The O2 volume fraction was very small
in both the front and rear locations. The maximum differences in CO2

and CO volume fractions between the front and rear sampling locations
were 0.013 and 0.026, respectively. That is, the change in fuel location
and distribution was accompanied by larger changes in CO and CO2

volume fraction at the rear sampling location than at the front location.
It is difficult to explain the cause of these differences with the data
measured at only two local sampling locations. In a previous study [25],
it was observed that product sampling at local positions in the upper
layer cannot represent the fire characteristics in underventilated
conditions. In particular, the CO in the underventilated compartment
fire was directly related to the three-dimensional flow structure and the
O2 distribution. Therefore, the details of CO with the change in fuel
placement will be discussed in the context of three-dimensional fire
behaviors based on numerical simulations.

Numerical Results: Multi-dimensional Fire Behavior

Numerical validation of the SCB case was conducted previously [25]
and compared with experimentally measured temperature, heat flux, O2,
CO2, CO, and total hydrocarbon volume fractions. The current
numerical approach provides a semi-qualitative comparison to experi-
mental results observed in the underventilated compartment fire. In
this section, the examination of multi-dimensional fire behavior focuses
on understanding the variation in the thermal and chemical environ-
ments including flow dynamics as the fuel location and distribution
changed within the compartment.

Figure 10 presents the HRRPUV (Heat Release Rate Per Unit Volume)
color contours, velocity vectors, and flow streamlines on the y–z plane at
x¼ 1.2 m for each of the three cases. The plots represent time-averaged
results over a period of 300 s during pseudo-steady state burning, as listed
in Table 2. The HRRPUV contours ranged from 100 to 2,000 kW/m3. A
mean flame surface line at a stoichiometric mixture fraction value (Zst) of
0.0622 for a heptane fire [31,32] is also plotted. To help understand the
flow field, the y-velocity (V) of zero is also shown with a blue line. In the
SCB case, the flame is only attached on the front side of the centered
burner and most burning occurs outside the compartment. The internal
flow can be classified into two patterns. On the basis of the zero velocity
line, the flow exhausted toward the doorway in the front region, while the
flow circulated along the ceiling, down the back wall and across the floor.
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This indicates that a portion of products formed near the doorway
circulated counterclockwise inside the compartment. This flow pattern
may have accelerated a fast fuel volatilization by enhanced convective
heat transfer. For the SRB and TDB cases, the distribution of HRRPUV is
very similar to that in the SCB case and the location that the flame
surface meets the floor is nearly the same (y� 1.6 m) regardless of the fuel
distribution. This supports the idea that there are minimal differences in
the different cases during steady underventilated burning. The flame
location as well as the HRRPUV distribution in the front of the
compartment is consistent with the experimental results that
the variation in the fuel placement does not play an important role in
the thermal and chemical environment in the front of the compartment.
Despite the lack of a strong relationship between fuel placement and the
conditions in the front region of the compartment, the center of rotation
inside the compartment is positioned at different locations depending on
the fuel placement. The change in the location of the center of rotation
indicates differences in the rear flow field. Changes in the rear flow field
may result in changes in the thermal and chemical environment as well,
as shown in Figures 6–9. The existence of a rear burner in the SRB and
TDB cases may also cause a significant change in the distribution of
volatilized fuel compared to the SCB case.

Figure 11 shows the mean distributions of temperature on the y–z plane
at x¼ 1.2 m. In all cases, the highest temperature was near the front floor
of the compartment because of the oxygen supply from the doorway
supporting a flame there. The temperature inside the compartment
gradually decreased along the path of the rotating flow. Two possible
hypotheses for this effect were discussed previously including lower flame
temperatures in fuel-rich fires and an endothermic reaction of
CO2-dissociation [25]. The distributions of predicted temperature are very
similar regardless of the fuel placement inside the compartment except
for minor differences near the burner due to fuel volatilization. This helps
explain the experimentally observed differences at the rear location
discussed above (Figure 6). Partially premixed burning and thermal
decomposition of volatilized fuel may be occurring as well. However the
current chemical submodel in FDS is unable to capture that detail.

Figure 12 illustrates the three-dimensional distributions of mean
mixture fraction and flow streamlines. The distribution of mixture
fraction was expressed with three iso-contours, that is, 0.250 (Z1),
0.120 (Z2), 0.0622 (Zst). The flow streamlines started at three points
(x¼ 1.15 m, 1.20 m and 1.25 m) near the bottom of the doorway for all
cases. The three-dimensional behavior of the flow is obvious from these
streamlines. The blue dots on the streamline have a constant spacing in
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time at an interval of 0.5 s. That is, a greater streamline length between
two dots indicates that a fluid velocity is higher than that in other
regions having a smaller streamline length between two dots. In this
figure, the mean flame surface (Zst¼ 0.0622) is distributed at nearly the
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same location regardless of fuel distribution, similar to what is shown in
Figure 10. For the iso-contour of Z1¼ 0.250 corresponding to a high
fuel concentration, the distribution of the iso-mixture fraction signifi-
cantly changed based on the location of the fuel inside the compartment.
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Figure 12. Three-dimensional distributions of mean mixture fraction and flow
streamlines inside the compartment.
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In the SCB case, the Z1 surface was distributed in the range of
1.8 m5y53.0 m, and in the ranges of 2.1 m5y53.6 m and
1.8 m5y53.6 m for the SRB and TDB cases, respectively. For the iso-
contour of Z2¼ 0.120, the fuel concentration near the side wall of the
compartment is higher than that near the center region. The SCB and
TDB cases show a similar mixture fraction distribution, while the SRB
case yields a different distribution. Specifically, in the SRB case, a higher
fuel concentration was located in the front region compared to the SCB
and TDB cases. This phenomenon can be explained by the relative shift
of the rotating core toward the rear of the compartment in the SRB case,
as shown in Figure 10. That is, in the SRB case, more volatilized fuel
was transported to the front because of the higher magnitude of velocity
in the rear of the compartment when compared to the SCB and TDB
cases. This result can be also confirmed by the three-dimensional flow
streamlines. The SCB and TDB cases have an identical flow structure,
while the case of SRB shows a different flow pattern inside the
compartment. As a result, it can be concluded that cases with a center
burner have different flow patterns than cases without a center burner,
with consequent differences in thermal and chemical environments
including the distribution of volatilized fuel within the room.

Figure 13 presents the predicted three-dimensional distributions of CO
volume fraction inside the compartment for each case. Five CO volume
fraction iso-contour levels are plotted between XCO¼ 0.035 and
XCO¼ 0.055. For the SCB case, the CO volume fraction is greatest in
three regions inside the compartment; a region between the front side of the
burner and the doorway, near the front (y� 1.2 m) of the side walls and near
the rear (y� 2.4 m) of the side walls. The CO near the side walls can be
attributed to the flame surface and flow streamlines in Figure 12. When the
products generated near the front of the side wall rose toward the ceiling,
the CO volume fraction at y� 1.2 m gradually increased due to an
increasingly rich fuel-air mixture. Next, when the rising products circulated
in the range of 1.8 m� y� 3.0 m, the maximum CO volume fraction was
located in the center region (y� 2.4 m) of the circulation due to the
penetration of the excess remaining O2 and long residence time under the
high temperature conditions. This is a possible explanation of why the CO
volume fraction was higher and the CO2 volume fraction is lower at the rear
sampling probe location than at the front location, as presented in Figures 8
and 9 and Table 3. The TDB case shows a qualitatively similar CO
distribution to the SCB case. In particular, the location of CO volume
fraction at the rear circulating region (y� 2.4 m) and the three-dimensional
flow field, (Figure 12), were very similar between the SCB and TDB cases.
The quantitative difference in CO concentration can be attributed to the
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Figure 13. Three-dimensional distributions of mean CO volume fraction inside the
compartment.
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equivalence ratio difference at the rear circulation region. In the SCB case
the fuel concentration is higher in the center region than that in the TDB
because all fuel is volatilized at the centered burner as shown in Figure 12.
On the other hand, the SRB case yields very different CO distribution
compared to the other cases. It is important to note that there is no
additional CO at the rear circulating region (y� 2.4 m) in the SRB case. The
region of maximum CO is concentrated near the front region between the
flame and the doorway. From Figure 13, it is obvious that the distribution of
fuel in the compartment has an effect on CO concentration. Specifically, the
existence/nonexistence of a centered burner leads to a significant difference
in the CO at the rear region inside the compartment. It can be also inferred
that in the underventilated fire condition, the distance between the fuel and
the doorway played a significant role in determining flow dynamics, and the
thermal and chemical environment inside the compartment.

CONCLUSIONS

Experiments were conducted to investigate the effects of fuel
distribution on underventilated compartment fires including the global
burning characteristics, the thermal and chemical environment, and
flow dynamics when fuel location and distribution are changed in the
full-scale ISO 9705 room. Detailed comparisons of global parameters,
temperature, heat flux, and species concentrations including multi-
dimensional fire behavior as a function of fuel placement are presented.

From the experimental results, it was observed that varying the fuel
location and distribution does not play an important role in changing the
global characteristics of an underventilated fire such as the fuel mass
loss rate, HRR, combustion efficiency, global equivalence ratio, and
global CO emission outside the compartment. These results are different
than what has been observed in overventilated fires [4].

The local thermal and chemical environments were different depending
on the fuel location. At the front of the compartment, the thermal and
chemical environments are nearly the same regardless of fuel location and
distribution. However, variation in fuel placement resulted in significant
changes in temperature, total heat flux, CO2, and CO distributions at the
rear of the compartment. The detailed causes of these phenomena were
discussed in terms of the calculated multi-dimensional fire behavior using
the numerical simulation. The location of the flame stoichiometric surface
was nearly the same for all cases in the front region. In the rear region, it
was observed that the change in fuel placement results in a significant
change in the flow field. These results are consistent with the
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experimental results that the thermal and chemical environments in the
rear region change as the fuel placement changed inside the compartment.

The existence-nonexistence of a centered burner brings about a
change in the mixture fraction distribution as well as the flow dynamics.
A significant difference in CO at the rear region occurs when the fuel is
placed at different locations within the compartment. It can be also
inferred from these results that the distance between the fuel and the
vent plays a significant role in determining flow dynamics, and the
thermal and chemical environment within the compartment.
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