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Abstract: A series of time-averaged temperature, velocity, and gas species measurements are made
along the centerline of propane fires established on a 37 cm diameter gas burner situated in a qui-
escent environment. Fires with heat release rates of 20 kW and 34 kW are selected for study to
complement previous measurements of total heat flux emitted to the surroundings in these fires.
Gas samples are extracted at various heights above the burner centerline and analyzed using a Gas
Chromatograph with mass selectivity and thermal conductivity detectors. Soot mass fractions are
gravimetrically measured. Major gas species, including propane, oxygen, carbon dioxide, water,
carbon monoxide, hydrogen, nitrogen, argon, and soot, are detected and quantified. Intermediate
gas species are observed to achieve peak concentrations a few cm above the fuel surface, whereas
carbon dioxide and water peak further downstream. The chemical and physical structures of the fires
are compared by considering the profiles of measured gas species volume fractions, soot mass frac-
tions, temperature and velocity profiles. Plotting the temperature and velocity profiles as a function
of z* collapse the experimental data and provide insight into the structure of these medium-scale
propane pool fires.
Keywords: Gas pool fires, Gas species measurements, Propane flame structure

1. Introduction

Computation fluid dynamics fire models are an important component to performance based design
in fire protection engineering. A requirement of their acceptance and prominent usage are verifying
and validating the developed models, the latter of which involves comparison with experimental
measurements. This objective of this work is to provide measurements for validation in fire model
validation.

Pool fires are a convenient test bed for model validation due to their flat, horizontal, and isother-
mal fuel surface which provides a well-defined boundary-condition for modeling. A zone of partic-
ular interest is the fuel-rich core between the flame and pool surface, where gas species can absorb
energy that would otherwise have been transferred to the fuel surface. Therefore, gas species
concentrations, temperature, and velocity measurements are of interest. However, few studies in
literature have reported local chemical species measurements within the flame [1–14].

The purpose of this study is to characterize the spatial distribution of the temperature, veloc-
ity, and principal chemical species in medium-scale propane pool fires steadily burning in a well
ventilated, quiescent environment. Propane is selected as the fuel of interest, burned at different
fire sizes. A series of fire experiments are conducted using a 37 cm effective diameter pool burner.
Gaseous species, soot, temperature, and velocity measurement are made at various locations with
the centerline of the propane fires. The measurement techniques applied in this study are justified
based on previous work in fire literature [3, 15].

1

mailto:ryan.falkenstein-smith@nist.gov


Sub Topic: Fire Research

2. Methods/Experimental

2.1 Pool Burner Setup

All experiments are conducted under a canopy hood surrounded by four 2.5±0.1 m x 2.5±0.1 m
wire-mesh screen (nominally 5 mesh/cm), which reduces the impact of room ventilation. All
measurements are made once the mass rate of the fire reaches steady-state, achieved approximately
2 min after ignition. The propane fires are burned using a round 37 cm effective diameter, porous
metal burner. The gas burner is maintained at a constant temperature by circulating cooled water
(approximately 20 °C± 5 °C. Fuel to the gas burner is controlled via a Brooks mass flow controller,
Model 58631 located outside the enclosure. Description of previous pool fires experiments are
found in Refs. [2, 7, 16–19]

The mean flame height is estimated from 3600 frames of high-resolution video of the steady-
state propane pool fires using MATLAB’s Image Processing Toolbox. The flame height of a single
frame is defined by the distance between the pool surface and observed flame tip. All measure-
ments are repeated, then averaged to provide the mean flame height.

2.2 Temperature Measurements

Time-averaged temperature measurements are made at varying positions along the centerline pro-
files of the pool fires. An S-type (Pt, 10% Rh/Pt), bare-wire, thermocouple (OMEGA P10R-001)
with a 50 µm wire diameter and a bead diameter approximately 150 µm is used. Temperature mea-
surements are sampled at nominally 250 Hz for 2 min, or approximately 300 pulsing cycles [8].
Optical microscope observations show that the thermocouple bead is spherical.

To account for the unsteady flow field, thermocouple temperature measurements are corrected
for heat losses and thermal inertia following Shaddix [20], in which conduction losses are assumed
to be small and the compensation for thermal inertia is calculated from the Nusselt number via
the Ranz-Marshall model [21]. The temperature-dependent gas properties for the Reynolds and
Prandtl numbers are taken as those of air from Ref. [22]. The temperature-dependent emissivity
and thermophysical properties of platinum are taken from Refs. [23, 24]. A detailed description of
the measurement and its uncertainty is described in Refs. [25].

2.3 Velocity Measurements

Time-averaged velocity measurements are made using a bi-directional probe positioned about
the burner’s centerline. A full description of the measurement and its uncertainty is provided
in Ref. [26]. The instantaneous gas velocity is determined from the pressure difference between
the front and rear of the probe. The differential pressure is measured with multiple pressure trans-
ducers, with varying instrument response times, sampling between 250 to 500 Hz for a period of
2 min. Temperature-dependent gas properties are taken as those of air and are calculated using tem-
perature measurements made approximately 5 mm below the probe. Temperature measurements
are made using the same method described in Section 2.2.

1 Certain commercial products are identified in this report to specify adequately the equipment used. Such identifica-
tion does not imply a recommendation by the National Institute of Standards and Technology, nor does it imply that
this equipment is the best available for the purpose.
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2.4 Volume Fraction of Gas Species Measurements

Time-averaged gas species volume fraction, X̄i, measurements are made using an Agilent 5977E
Series Gas Chromatograph with thermal conductivity and mass selectivity detectors (GC/MSD).
Gas samples are extracted using a thermal quenching probe composed of concentric, stainless-steel
tubes with an outer annular coolant flow and inner extracted sample flow. The quenching probe’s
temperate is maintained by a heated water reservoir (approximately 90 °C) which feeds into and
out of the probe for the duration of the experiment. Directly behind the quenching probe is a
heated sampling line, heated to approximately 140 °C to prevent water from condensing within
the line. The heated sampling line also includes a soot filter, used to provide time-average soot
measurements, and a nominal 150 ml mixing chamber, that ensures the sample is well-mixed and
is an accurate representation of the local volume of interest.

The gas sampling flow rate is controlled via a mass flow controller located between the GC/MSD
and vacuum pump. During the gas sampling procedure, the volumetric flow is approximately
200 mL/min and recorded at 2 Hz. Gas sampling time is dependent on the probe location within
the fire, with the sampling period varying from 12 to 25 min. All gas species measurements at
a given location are repeated at least twice. The mean mass fraction, Ȳi, of a given species i is
calculated from the measured volume fraction using the following expression:

Ȳi =
X̄i Wi

∑ X̄i Wi
(1)

where Wi is the molecular weight of a given species. A detailed description of the gas species
measurement and its uncertainty is documented in several other works [8].

2.5 Soot Mass Fraction Measurements

Soot mass fraction, Ys, is measured using a well established gravimetric technique. Soot is filtered
out from the extracted gas sample directly behind the thermal quenching probe. Before sampling,
a desiccated 47 mm polytetrafluoroethylene (PTFE) filter is weighed and placed into a stainless
steel particulate filter holder (PALL 2220). After sampling, the PTFE filter is removed and dried
in a desiccator for 48 h then weighed. After most experiments, soot deposits are observed on
the inner walls of the quenching probe and are extracted using desiccated gun cleaning patches
(Hoppe’s 9 1203S). At least two patches are used to collect soot on the inside of the probe. Soot
collection on the inside of the probe concludes once an applied patch is observed to have no soot.
Similar to PTFE filters, patches are weighed immediately before and 48 h after extraction. The
soot mass fraction is determined from the mass of the soot collected from the PTFE filter and gun
cleaning patches, ms, the ratio of the downstream temperature measured at the mass flow controller
and time-averaged temperature measurements described in Section 2.2, and the total mass of gas
sampled, mtot.

Ys =
ms

mtot
(2)

The total mass of gas sampled is the product of the average volumetric flow rate measured by
the mass flow controller, V̇ , the density of the sample gas injected into the GC/ms, ρgas, the gas
sampling time, ∆t.

mt = V̇ ρgas ∆t
T∞

Tg
(3)
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Table 1: List of measurements and thermochemical properties of propane burning in a well-
ventilated round 37 cm diameter pool fire burning in a quiescent environment.

Fuel ṁ Q̇ Q̇∗ D∗ Lf ∆Hc [27]
- (g/s) (kW) (m) (cm) (kJ/g)

Propane 0.74± 0.01 34.4 ± 0.6 0.37± 0.01 0.25± 0.01 50.0± 16.0 46.34

Propane 0.45± 0.01 20.7 ± 0.6 0.22± 0.01 0.20± 0.01 38.3± 14.6 46.34

A description of the soot mass fraction measurement and uncertainty is provided in greater
detail in Ref. [8].

2.6 Uncertainty Analysis

An extensive uncertainty analysis of all measurements is provided in Refs. [8, 25, 26]. Measure-
ment uncertainties are estimated using the law of propagation of uncertainty which combines the
Type A and B evaluation of uncertainty. For most measurements, the Type A evaluation of un-
certainty is the dominant error. Unless otherwise stated, the uncertainty of the measurements are
expressed assuming a 95% confidence level.

3. Results and Discussion

3.1 Flame Observations

The measured time-averaged burning rates and calculated heat release rates are provided in Table 1.
The heat release rate, Q̇, is estimated from the product of the mass burning rate, ṁ, and the heat of
combustion, ∆Hc, of the fuel. The measured mean flame heights, Lf, are observed to match with
Heskestad’s correlation, shown in Eq. 4, to within the measured uncertainty.

Lf

D
= 3.7(Q̇∗)2/5−1.02 ; Q̇∗ =

Q̇
cpρ∞T∞

√
gD5/2 (4)

Here, D is the diameter of the pool fire (30 cm), g is the acceleration of gravity, and cp and ρ∞ are
the specific heat and the density of air at room temperature, T∞.

3.2 Comparison of Fire Structure

To compare the propane pool fires of different sizes, the temperature, velocity, and gas species
measurements are plotted as a function of the normalized vertical spatial coordinate, z∗:

z∗ =
z

D∗
; D∗ =

(
Q̇

cpρ∞T∞

√
g

) 2
5

(5)

Here, z is the vertical spatial coordinate, Q̇ is the heat release rate, g is the acceleration of gravity,
and cp and ρ∞ are the specific heat and the density of air at room temperature, T∞.

Figure 1 displays the time-averaged gas temperature measurements of the 20 kW and 34 kW
propane fires as a function of z∗. The time-averaged temperatures of the 20 kW and 34 kW propane
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fires are observed to peak within the flame (z∗ < 1.32 [28]) at an approximate z∗ of 0.56 and 0.98,
respectively. The maximum time-averaged temperature for each pool fire is close to 1325 K.
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Figure 1: Mean and root mean square (RMS) centerline gas temperature profiles of propane pool
fires during their pulsing cycles as a function of z∗.

Time-averaged velocity measurements are presented as a function of z∗ in Fig. 2. The velocity
of the both propane fires are shown to increase within the flame, then achieve a consistent value
(approx. 3.4 m/s) in the intermittent section of the fire (1.32 < z∗ < 3.3 [28]). When plotted as a
function of z∗, the velocity profiles of both propane fires are shown to collapse, suggesting that the
flow field within the different size fires evolve in a similar manner.
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Figure 2: Mean and root mean square (RMS) centerline velocity profiles of and propane pool fires
during their pulsing cycles as a function of z∗.

The time-averaged gas volume fraction of major gas species and the mass fraction of soot for
the 20 kW and 34 kW propane fires are shown in Figure 3, plotted as a function of z∗. Plots for
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individual species, including uncertainties, are reported in Ref. [8]. Major species detected in the
GC/MSD include combustion reactants (propane, C3H8, and oxygen, O2), combustion products
(carbon dioxide, CO2, and water, H2O), combustion intermediates (carbon monoxide, CO, and
hydrogen, H2), and inert gases (nitrogen, N2 and argon, Ar). Trace concentrations of other species
are also observed such as methane, ethane, ethylene, acetylene, propene, soot, and benzene.

For both fires, the fuel concentrations are shown to decline as the distance from the fuel surface
increases, contrary to oxygen which increases. The intermittent species are observed to peak closer
to the fuel surface compared to carbon dioxide and hydrogen. In comparison to the 20 kW propane
fire, the 34 kW propane fire is shown to have a higher peak soot mass fraction by approximately a
factor of 2.

The carbon to hydrogen ratio is calculated, using Eq. 6, at each measurement location as a way
to verify the accuracy of the experimental gas species concentrations measurements.

C
H

=
∑xi X̄i

∑yi X̄i
(6)

Here the summation over all measured gas species, and xi and yi are the numbers of carbon and
hydrogen atoms in the molecule, respectively. For the case of propane, the theoretical carbon
to hydrogen ratio is 0.375 and the ratio for each fuel is shown in Fig. 4. As seen in Fig. 4, the
theoretical carbon-to-hydrogen ratio for propane, represented by the dotted line, is in agreement
with the gaseous species measurements with the experimental uncertainty. The conservation of
the carbon to hydrogen ratio at each position for each fuel validates the experimental setup and
indicates that the loss of condensable or semi-volatile species during extraction is minimal.

3.3 Carbon Balance

Carbon containing species measured within the propane fires were primarily partitioned into car-
bon dioxide, carbon monoxide, methane, and soot. Figure 5 displays the mass ratio of carbon
monoxide to soot as function of z∗ for both propane fires. The general trend of each fuel shows
that the ratio of carbon monoxide to soot decreases as the distance from the fuel surface increases.
As observed, when plotted as a function of z∗, the mass ratio of carbon monoxide to soot measured
from each propane fire of different size tends to collapse, suggesting that carbon is partitioned
similarly within propane fires of different size. Köylü et al. [29] reported that the mass-based ratio
of CO to soot generation factors in the overfire (i.e., the fuel-lean exhaust stream) region of non-
premixed hydrocarbon flames for a range of strongly sooting fuels was 0.34 ± 0.09. It is observed
that the ratio of CO to soot tends to Köylü’s value at locations higher within fires’ plume. Similar
results have been previously documented. It should be noted however, that the measurements made
here are primarily within the flame envelope, whereas Köylü’s are in the overfire region [29].

4. Conclusions

This study characterizes the structure of two medium-scale propane pool fires steadily burning in
a quiescent environment. Temperature, velocity, and gas species concentrations for a 20 kW and
34 kW propane fire are reported. The temperature and velocity profiles collapse when plotted as
a function of z∗. The calculated carbon-to-hydrogen ratio is shown to be in agreement with the
theoretical value at each location. As the fire heat release rate is increased, the time-averaged peak
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Figure 3: Centerline volume and soot mass fraction profiles of a 20 kW propane (J) and 34 kW
propane (5) pool fires as a function of z∗. Note, in some cases the presented uncertainty is smaller
than the plot markers.
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Figure 4: Carbon to hydrogen ratio calculated from all measured gas species compared to the
theoretical values as a function of z∗.
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Figure 5: Carbon monoxide to soot ratio as a function of z∗. Note, in some cases the presented
uncertainty is smaller than the plot markers.

concentrations on the fire centerline of soot, CO, and H2 in the fire increase. For a factor of 1.7
increase in the fuel flow, the peak soot centerline concentrations go up by a factor of 2. Robust
chemistry sub-models are needed that can address these non-linear finite rate chemistry effects.
Future work will apply the same technique to different size propane fires to see if observed trends
are consistent. This technique will also be applied to non-centerline positions and pool fires of
different fuels to further expand the repository of datasets that will help guide the development and
validation of CFD fire models.
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