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Abstract

This report documents the design and performance of a second-generation phi meter used
in multi-scale experimental applications. A constructed second-generation phi meter is im-
plemented in bench and 2/5" scale experiments to demonstrate the instrument’s ability to
conduct global and local equivalence ratio measurements and gas species concentrations of
combustion products (i.e., carbon dioxide, water vapor, and oxygen) without knowledge of
the sampled fuel composition. Bench-scale experiments evaluated the second-generation
phi meter’s functionality by introducing known fuel-air ratios into the instrument and ver-
ifying measurements via the carbon to hydrogen ratio and mass balance. The bench-scale
experiments selected methane, propane, and propene as the fuels of interest. The 2/5" scale
experiments implemented two second-generation phi meters in a series of 25 kW methane
backdraft experiments. Backdraft experiments provided an ideal setting to test the phi me-
ter’s performance by subjecting the instrument to a transient heterogeneous gas mixture.
The phi meters’ sampling location was positioned such that the extracted gas samples fed
into the instrument were unknown. Global and local equivalence ratio measurements made
in the 2/5™ scale compartment were compared to independent gas analyzer and gas chro-
matograph measurements. In the bench-scale experiments, the global equivalence ratio,
water vapor concentration, and carbon to hydrogen ratio measurements are in fair agree-
ment with their expected values. Real-time global and local equivalence ratio and carbon
to hydrogen ratio measurements obtained during a backdraft experiment were observed to
increase as the fuel concentration within the 2/5™ scale compartment increased. Real-time
global and local equivalence ratios were verified by the independent instrumentation.

Key words

Global equivalence ratio; Gas extraction sampling; Local equivalence ratio; Phi meter.



¥812'NL 1SIN/8209°01/610°10p//:sd)y :wouy 8bieyd jo sau) s|gejieAe si uoneolignd siy|

5

Table of Contents

Introduction
1.1 The Global and Local Equivalence Ratio

A Second-Generation Phi Meter Design and Operation

Experimental Setup
3.1 Bench-scale Experiments
3.2 Backdraft Experiments

Results and Discussion
4.1 Bench-scale Experiments
4.2 Backdraft Experiments

Conclusion

References

A
B

T a

Photos of constructed second-generation phi meter

Uncertainty Analysis of Second-Generation Phi Meter Measurements

B.1 Global Equivalence Ratio

B.2 Water Vapor Flow in the Reactor’s Exhaust
B.3 Carbon to Hydrogen Ratio

B.4 Mass Balance

B.5 Local Equivalence Ratio

Derivation of Local Equivalence Ratio Measurement via Phi Meter

DNl W —

8

11
11
16

19
20
22

28
28
29
29
29
30

31

Uncertainty Analysis of Additional Gas Species Concentration Measurements 32



¥812'NL" LSIN/8Z09 01 /610"10p//:sdy :wouy a61eyo jo 981y ojgejieAe si uonedljgnd siyL

List of Tables

Table B.1 List of uncertainties for selected phi meter components.
Table D.1 List of uncertainties for gas analyzer components.

28
32



¥812'NL 1SIN/8209°01/610°10p//:sd)y :wouy 8bieyd jo sau) s|gejieAe si uoneolignd siy|

Fig.
Fig.

Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

Fig.
Fig.

[N

B~ W

10
11
12
13
A.l
A2
A3

A4

A5
A6

List of Figures

Schematic of the second-generation phi meter

Comparison of soot filters positioned at the inlet and outlet of the phi
meter’s reactor when subjected to 80 mg/m>+ 5 mg/m? for 1 min
Experimental setup for bench-scale experiments

Schematic of gas sampling techniques in backdraft experiments
Time-averaged global equivalence ratio measurements compared to ex-
pected values

Time-averaged volumetric flow of water vapor measurements compared
to expected values

Time-averaged carbon to hydrogen ratio measurements calculated across
a range of global equivalence ratios

Time-averaged ratios of mass flow measurements calculated across a range
of global equivalence ratios

Real-time global equivalence ratio measurements from the upper and mid-
dle section of the compartment during a backdraft experiment

Real-time local equivalence ratio measurements from the upper and mid-
dle section of the compartment during a backdraft experiment

Real-time carbon to hydrogen measurements from the upper and middle
section of the compartment during a backdraft experiment
Time-Averaged global equivalence ratio measurements from the upper
and middle section of the compartment during a backdraft experiment
Time-Averaged local equivalence ratio measurements from the upper and
middle section of the compartment during a backdraft experiment

Front and side view photograph of the second-generation phi meter.
Photograph of the internal components in the second-generation phi meter.
Photograph of internal furnace components in the second-generation phi
meter’s inlet and reactor configuration

Side view photograph of components in the second-generation phi meter’s
outlet.

Photograph of HTMFC components

Rear view photograph of the second-generation phi meter

3

12

13

14

15

16

17

18

18

19

22

24

25

26
27



¥812'NL 1SIN/8209°01/610°10p//:sd)y :wouy 8bieyd jo sau) s|gejieAe si uoneolignd siy|

1. Introduction

Ventilation (i.e., the availability of oxygen, O,) is an essential component to understanding
fire dynamics within an enclosure. Limited oxygen within an enclosure can significantly
affect the risk enclosure fires pose, particularly with the generation of carbon monoxide.
Ventilation within an enclosure can be estimated from the equivalence ratio defined as the
mass ratio of fuel to entrapped air within a control volume normalized by the stoichiometric
ratio of the fuel.

Several techniques have been used to measure the equivalence ratio from combustion
processes. Applications of molecular spectroscopy, such as laser-induced fluorescence
(LIF) and laser-induced breakdown spectroscopy (LIBS), are shown to measure the equiv-
alence ratio using non-extractive techniques [1-5] and require extensive corrections to ad-
dress low signal to noise ratios. Using an extractive sampling approach, gas chromotog-
raphy with mass selectivity detectors can provide a time-averaged equivalence ratio [6-9].
For real-time applications, a phi meter, initially proposed by Babrauskas et al. [10], has
been utilized for several applications [11-17] to make in-situ global equivalence ratio mea-
surements. In previous works, the global equivalence ratio has been observed to correlate
with species production rates and yields [18-22] which aid in assessing the risk of an en-
closure fire.

The purpose of this report is to demonstrate the design and performance of a second-
generation phi meter capable of conducting real-time simultaneous global and local equiva-
lence ratio measurements without knowledge of the sampled fuel composition. The second-
generation phi meter improves upon its predecessor’s design by its novel ability to conduct
global and local equivalence ratio measurements simultaneously with combustion product
concentrations which provide additional insight into the extracted gas sample composi-
tion. The second-generation phi meter was implemented in a series of bench-scale and
2/5% scale combustion experiments of which time-averaged and real-time equivalence ra-
tio measurements were made, respectively. In both series, the second-generation phi meter
was subjected to a wide range of heterogeneous gas mixtures, of which the equivalence
ratio measurements illustrate the robust functionality of the instrument.

1.1 The Global and Local Equivalence Ratio

The global equivalence ratio, in comparison to the local equivalence ratio, can have signif-
icant utility in understanding the ventilation within an enclosure. The global equivalence
ratio, @g, is defined from the mass flow ratio of combusted and uncombusted air and fuel
within a control volume. The local equivalence ratio, ¢, is defined from the mass flow of
uncombusted air and fuel within a control volume.

A clear distinction between @g and ¢ can be made when considering a gas sample
extracted from a fire plume entrapped in an enclosure. Initially, in the presence of an
ignition source, a flammable and presumably well-mixed fuel and air mixture combusts
inside the compartment generating carbon dioxide, CO,, water vapor, H,O, and excess
fuel or air depending on whether the combusted gas mixture was fuel-rich or fuel-lean,
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respectively. Assuming under-ventilated fire, the reaction of a fuel-rich mixture is shown
below, where a and 7 (x + % — 5) are the molar flow rates of fuel and air, respectively.
Note that the molar flow rate of air is defined as the product of a molar flow coefficient, 1,
and a stoichiometric coefficient (x + § — %), where x, y, and z are the number of carbon,
hydrogen, and oxygen atoms in the parent fuel. The molar flow rate of air is defined as
such to simplify the equivalence ratio definitions since the stoichiometric coefficient will
cancel out in Eqgs. 8 and 9.
z

4 CxH,O,Ng + 7 (x + % —2) (024374 N2 +0.0445 Ar) —

(a—1) CxHyO,Ng +7 x CO, + 17 %H20+

: y z, na : y z
(3.74 0 (x+1—§)+7) N, + (0.0445 (x+3 - 5)) At (1)

Since the reaction assumes an initial rich mixture, 17 (x + % — %) can be defined as com-
busted air. Also note that this reaction assumes that all carbon and hydrogen are converted
to CO, and H,O. In reality, the combustion products would also consist of intermediate
species, such as carbon monoxide, CO, hydrogen, H,, and soot. This reaction also neglects
all other air components, including water vapor.

After the initial combustion in the compartment, the hot gas mixture can react with
uncombusted air, €(x + % — %), eventually accumulating into a gas mixture of air, CO,, and

H,0, as shown in Eq. 2.

(a—17) CxHyO,Ng + & (x + LXL = §> (05 +3.74 Ny +0.0445 Ar)
1K
+17XC02+ﬁXH20+ 3.7417(X—|—X—E)+n— N,
2 4 2"
. y_E
+(o.o445n(x+;L 2)) Ar —
b0, +¢COr+dHyO+¢ Ny +f Ar (2)
where
¢ =ax 3)
d:%ay @)
(s X_E
o . o,
e:3.74(n+s)(x+%—§)+5(n+(a—n)) (6)
f = 0.0445 (1) +é‘)(x+%— g) %
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If a portion of combustion products from Eq. 2 are extracted, the local equivalence ratio
is defined by the uncombusted fuel and air of the extracted sample at the location within
the compartment it was extracted.

A7

E

The global equivalence ratio is defined by the combusted and uncombusted fuel and air of
the same extracted gas sample at the same location within the compartment.

a

¢G:é+n

€))

2. A Second-Generation Phi Meter Design and Operation

Figure 1 presents a schematic of a second-generation phi meter. Photos of the constructed
second-generation phi meter are provided in Appendix A. During operation, gas samples
are extracted into the phi meter via vacuum pump positioned at the end of the instrument’s
sampling line. Upon extraction, gas samples are fed into the phi meter’s reactor enclosed in
a high-temperature tubular furnace. The phi meter’s reactor includes quartz tubing packed
with a combustion catalyst, heated to approximately 900 °C. In this work, platinum-coated
silica beads (Sigma-Aldrich/Millipore Sigma 520691!) were selected based on their high
performance in previous phi meter designs [23].

Excess oxygen is introduced to the extracted gas sample at the inlet of the phi meter
via an inner tube within the quartz tubing. The addition of oxygen to the incoming gas
mixture, combined with the presence of a high-temperature combustion catalyst, allows for
lean combustion with a reactor exhaust exclusively comprised of O,, CO,, H,0O, N,, and
Ar. Upon exiting the reactor, the exhaust flow is fed through a high-temperature mass flow
controller (Alicat MCRW-5SLPM-D-HT/5M). The global equivalence ratio, ¢g, can be
calculated by the phi meter’s O, and CO, volume fraction, Xo, A and Xco, A, and the mass
flow meter volumetric flow, Viqrv, measurements in the equation below, where X0, Ent 18
the volume fraction of oxygen in the air (approx. 20.95%) and Vo, gx is the volumetric
flows of the excess oxygen, respectively.

1—X, Vi
b =1+ ( 0, Ent ) ( 0,.Ex _on’A) (10)

X027Ent( 1 —Xo,A— XCOZ,A) VMFM

A full dry basis derivation of Eq. 10 is documented in Ref. [10].

Compared to the previous phi meter designs, the second-generation phi meter includes a
high-temperature mass flow controller (HTMFC) that regulates the total mass flow moving
through the reactor. The HTMFC is heated using a 24 VDC heating element maintained

! Certain commercial products are identified in this report to specify adequately the equipment used. Such
identification 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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Fig. 1. Schematic of the second-generation phi meter.

at approximately 90 °C. The elevated temperature of the HTMFC prevents water vapor in
the reactor’s exhaust from condensing, thus allowing the controller to account for the vapor
mass in the sample line.

The utility of including the HTMFC is its ability to measure the total reactor exhaust
flow, including water vapor. Assuming that the thermoelectric cooler, condensate reservoir,
and supplemental drying unit are removing all water vapor from the reactor’s exhaust, the
portion of water vapor in the exhaust flow from the reactor, Vi1,0, can be measured from the
difference between the volumetric flow readings at the HTMFC, Viyrmrc, and mass flow
meter, VMEM.

Vi,o = Virrmee — VM (11)

In instances where stoichiometric ratios of combusted fuels are preserved, the accuracy
of the experimental design can be verified using the carbon to hydrogen ratio. The carbon
to hydrogen ratio is calculated from the CO, and H,O volume fractions, Xco, and Xy,0,
determined at the HTMFC. This calculation is represented in Eq. 12, shown below:

C . Wc XXCO2

== (12)
H WH yXHzO

Here x and y are the number of carbon and hydrogen atoms in CO, and H,O, respectively.
The molecular weights of carbon and hydrogen are represented as W¢ and Wy.

During operation, the furnace temperature was maintained at 900 °C 4 10 °C while the
HTMEFC and excess oxygen flow were set to 2.0 SLPM and 1.2 SLPM, respectively. These

4
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conditions were determined in a qualitative study that examined the phi meter’s ability to
combust high concentrations of soot at varying temperatures and residence times. Using
a soot generator, a smoke plume with a soot concentration of 80 mg/m? + 5 mg/m? was
directly fed into a constructed second-generation phi meter for 1 min. Initially, a partic-
ulate filter was placed at the inlet of the phi meter to establish a baseline for comparison.
The experiment was then repeated with a new particulate filter positioned at the furnace
outlet with the same concentration of soot feeding into the phi meter while the furnace
temperature and residence were held constant. Furnace temperatures varied between 800
and 900 °C. Residence times were controlled by modifying the HTMFC and excess oxygen
flows, which ranged from 1.0 SLPM and 2.0 SLPM for the HTMFC flow and 0.4 SLPM
and 1.2 SLPM for the excess oxygen flow. The uncertainty of the HTMFC and oxygen
flow was observed to be 2.0 % of the flow setting.

Figure 2 provides a comparison between the soot filter placed at the inlet of the phi
meter and the downstream soot filters, all which were obtained at a constant furnace tem-
perature and residence times. The soot deposition on the downstream filter decreases as
the residence time and furnace temperature increases. The lowest soot deposition was ob-
served when the HTMFC and excess oxygen flows were set to 1 SLPM and 0.4 SLPM,
respectively, at a furnace temperature of 900 °C £ 10 °C. Although the higher residence
time was observed to reduce soot in the exhaust via combustion, the higher flow condi-
tions were selected to ensure a gas sample that would provide a significant measurement
in downstream gas an analyzers. For all measurements reported here, the particulate filter
positioned downstream from the reactor was periodically monitored. No soot deposition
was observed, suggesting adequate operating conditions.

3. Experimental Setup

The second-generation phi meter was implemented in two series of experiments. A bench-
scale experimental series was initially conducted to demonstrate the second-generation phi
meters design capabilities in a controlled environment. After the bench-scale experiments,
two second-generation phi meters were constructed and implemented in a series of back-
draft experiments that utilized a 2/5" scale compartment.

3.1 Bench-scale Experiments

The second-generation phi meter was subjected to predetermined fuel-air ratios spanning
from fuel-rich to fuel-lean. The experimental setup for the bench-scale experiments is
shown in Fig. 3. Incoming gas mixtures comprised of fuel and air were controlled via
the phi meter inlet flow. The inlet to the phi meter was partitioned such that fuel flow
was maintained by an external mass flow controller mixed with ambient air that was then
sampled into the phi meter. The incoming airflow was measured by an additional mass
flow meter. The fuel-air ratio of the incoming mixture was determined from controlled fuel
flow and measured airflow. Incoming airflow was determined by the difference between



¥812'NL LSIN/8209 01 /610 10p//:sdny :wioly a61eys Jo 931y sjgejieAe s uonesijgnd siy |

Residence Time =2

2.0 SLPM Set, | 1.0 SLPM Set, Filter at inlet
1.2SLPM O, | 0.4 SLPM O,

< Temperature

-

:
)

& ) |
: ./1 \ .
°C

Fig. 2. Comparison of 47 mm soot filters positioned at the exhaust (left) and inlet (right) of the phi
meter’s reactor subjected to a gas stream with a soot concentration of 80 mg/m3+ 5 mg/m? for
approximately 1 min.

the total mass flow set by the high-temperature mass flow controller and the mass flow of
the fuel. Methane, propane, and propene were selected as the fuels of interest.

A mass balance evaluation was applied to provide a more in-depth verification method.
The total mass flow present at the inlet of the phi meter, r;,, which includes the mass
of incoming fuel, ritgye, air, raj and excess oxygen, nio, gx, 1S compared to the total
mass flow at the high-temperature mass flow controller, myTmec, comprised of the mass
of remaining oxygen, 110, HTMFC>» carbon dioxide, HiCO, HTMFC, Water vapor, #y,0 HTMFC»
and nitrogen, riN, HTMEC. Assuming no mass losses between the flow units, the mass flow
of nitrogen is determined from the difference between the total mass flow measured at the
mass flow meter, ringr, and the mass flow of O, and CO,. The mass flow of O, and CO,
is calculated from the gas analyzer O, and CO, mass fraction measurements, Yo, and Yco,,
and the total mass flow meter reading.
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Fig. 3. Experimental setup for bench-scale experiments

Tin = MHTMFC (13)

Tigyel + MAjr + 10, Ex = 110, HTMFC + H1C0O, HTMFC + HIH,0 HTMFC + #iN, HTMFC ~ (14)
where

N, HTMFC = MIMFM — 110, HTMFC — M1CO, HTMFC (15)

All measurements were collected and monitored by a data acquisition system (DAQ).
Data samples were recorded at 1 Hz for 1 minute. All experimental conditions were re-
peated at least twice. An extensive uncertainty analysis of all phi meter measurements is
provided in Appendix B?. The uncertainty of time-averaged measurements is estimated us-
ing the law of propagation of uncertainty which combines the Type A and B evaluation of
standard uncertainty. The Type B evaluation of uncertainty is the dominant error for most
time-averaged measurements acquired in the bench-top experiments.

ZUnless otherwise stated, the uncertainty of the measurements reported in this work are expressed with a
coverage factor of 2, assuming a 95% confidence level.

7
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3.2 Backdraft Experiments

Backdraft experiments incorporated a 2/5™ scale compartment capable of various configu-
rations (i.e., doorway size, igniter location, spark delay time). Backdraft experiments were
initiated when a small box burner, fed fuel via mass flow controller, was ignited using a
propane wand. Backdraft gas species measurements reported here were obtained from a
controlled methane fire size of 25.0 kW + 1.0 kW using the box burner. Initially, the fire
burned while the compartment doorway remained open for 60 s. After the front doorway
was closed, methane gas continued to be fed to the box burner until a predetermined fuel-
off time was achieved. The doorway remained closed 30 s after the predetermined fuel-off
time, upon which after the doorway opened and a potential backdraft could occur. An
extensive description of the backdraft experiments is provided in Ref. [24].

During the backdraft experiment, gas samples were collected in the upper and middle
layers of the compartment, which were approximately 0.9 m £ 0.05 m and 0.5 m £ 0.05 m
from the compartment floor, respectively. Extracted gas samples were portioned into a phi
meter, gas analyzer, and grab sample container at both locations. A schematic of the exper-
imental setup in regards to gas extraction is shown in Figure 4. The gas analyzer included
two non-dispersive infrared sensors and a paramagnetic sensor to provide real-time CO,,
CO, and O, concentration measurements, respectively. The grab sample container was used
to collect well-mixed gas samples that would be analyzed via a gas chromatograph/mass
spectrometer (GC/MS) system to estimate time-averaged gas species concentrations [9].
Grab samples were extracted for a 1 min period 70 sec prior to the door opening. To pre-
serve the gas analyzer’s integrity, a chiller was positioned upstream of its inlet, indicating
that all gas species concentration measurements are obtained on a dry basis. Sample lines
feeding into the phi meter and grab sample container were heated (approx. 90 °C £ 5 °C)
using heating tape for measurements to account for water vapor in the extracted sample.

The gas species concentration measurements obtained from the gas analyzer and GC/MS
analysis were used to verify the equivalence ratio measurements made in the phi meter. For
gas analyzer and GC/MS measurements, the global equivalence ratio was calculated from
the equation below:

Y X(cH,0,) (X +3 = %)] +0.5 Xco + Xco,

- 16
b Xo, + Xco, +0.5Xco +0.5Xu,0 (16)

In equivalence ratio calculations determined via GC/MS measurements, the concentration
of fuel is a collective sum of the parent fuel and other hydrocarbons (e.g., hydrogen, ethane,
ethylene, acetylene, benzene), if detected. For equivalence ratio calculation made from the
gas analyzer, fuel was exclusively assumed to be the parent fuel and was estimated from
measurements via stoichiometric ratios.

Local equivalence ratios were calculated from a combination of phi meter and gas ana-
lyzer O, measurements. The gas analyzer provided additional oxygen concentration mea-
surements at the inlet of the phi meter which allows for the local equivalence ratio to be



"A[oAnoadsal ‘anjq pue pal Aq pajedIpur
JIe SQUI] PI[00d PUE PAJLIH SIUAWLIdXI JJeIPOBq JO SOLIdS © ul pAjuswa(duwr sanbruyod) Surjdures ses snorrea oy} Jo onewayds *p *Si

2[0S 0] UMEIP 10N

(I
(I
(I

‘w

[GALE

aaam |
= d .ﬂ AOAIISIA

Izieu seo)

? |

ws0
] wOT
ajdwmes qeas
A10AIISDI EEE —
uaslxQ === |
o
W) ——
- W L

(I
(I
(I

BEIEL LR

=

o (]

L

Iazieue seo)

—e——

ajdmes qeas

This publication is available free of charge from: https://doi.org/10.6028/NIST.TN.2184



¥812'NL LSIN/8209 01 /610 10p//:sdny :wioly a61eys Jo 931y sjgejieAe s uonesijgnd siy |

calculated using the equation below:

o =1+ <XN2,In) ( Vex _XOQ,A> 17

Xo,n/) \VNoMEM XN, A

Here, Xo, 1n and XN, 1n represent the O, and N, concentrations measurements in gas sample
at the inlet of the phi-meter’s, respectively, estimated from the gas analyzer. The concen-
tration and volumetric flow rate of N, in the phi meter’s reactor dried exhaust, XN, Ao and
VN, Mem Were estimated from Eq. 15. A full derivation of Eq. 17 is provided in Appendix C.

Using gas species measurements made by the gas analyzer and GC/MS analysis, the
local equivalence ratio was calculated using Eq. 18.

)

LX(cm,0,) (x+3—
Xo,

IN

oL = (18)
Phi meter and gas analyzer data samples were recorded at 1 Hz throughout the experiment
using separate DAQ. Grab samples were extracted for a 1 min period before the doorway
opening. The real-time measurements’ uncertainty was estimated from the Type B eval-
uation of uncertainty defined by the instrumentation error. Time-averaged measurement
uncertainties were estimated using the law of propagation of uncertainty which combines
the Type A and B evaluation of uncertainty. A full description of the uncertainty in the
measurements made by the phi meter and additional instruments used for gas analysis is
provided in Appendix B and D.

10
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4. Results and Discussion

This section presents the global and local equivalence ratio measurements obtained in the
bench-scale and the 2/5™ scale compartment experiments. Water vapor measurements are
provided from the bench-scale experiments. Verification from independent measurement
schemes are provided in both series of experiments.

4.1 Bench-scale Experiments

Figure 5 shows the comparison between global equivalence ratio measurements determined
from Eq. 10 and the predetermined fuel-air mixtures at the inlet. The dotted line represents
the equivalency between the calculated and measured values. Since the composition of
the sampled flow is consistent, the local and global equivalence ratios are equivalent. The
measured time-averaged ¢g for all fuel and fuel-air ratios are shown to agree with the
monitored incoming gas mixtures. The consistency between the phi meter measurements
and the estimated incoming equivalence ratio suggests that the incoming fuel completely
combusts within the reactor under the given configuration (i.e., high-temperature mass flow
controller and furnace temperature settings). The indication that all incoming fuel is com-
busted within the phi meter permits the calculation of water vapor flow from half the prod-
uct of the number of hydrogen atoms in the incoming fuel, y, and the volumetric flow of
the fuel, Viyel, as represented below:

ViL,0 HTMFC = %)VFuel (19)

The comparison between the measured time-averaged water vapor flow, VHZO,HTMFC,
and predicted value calculated from Eq. 11 and 19, respectively, is presented in Fig 6.
The water vapor flow measurements determined from the flow readings are observed to
match the calculated water vapor flows within the experimental uncertainty, indicated by
the dotted line where the calculated and measured values are equivalent. In propane cases,
a discrepancy between the calculated and measured flow appears to increase when water
vapor concentration is greater than 15 % of the reactor’s exhaust. The deviation between
the calculated and measured water vapor flows at high concentrations may attribute to the
inadequate performance of the thermoelectric cooler or supplemental drying unit. An in-
crease in the flow’s residence time in the thermoelectric cooler and supplemental dryer or
a decrease in the thermoelectric coolers operating temperature may reduce the discrepancy
between the measured and calculated values.

The estimated carbon to hydrogen ratio from the parent fuel, indicated by the dotted
line, and the calculated time-averaged carbon to hydrogen ratio, C/H, determined from the
CO, and H,0 measurements are plotted as a function of the measured time-averaged ¢g
and shown in Fig. 7. For all measurements, the experimental uncertainty of the calculated
C/_H is within parent fuels’ carbon to hydrogen ratio. In several instances, the theoretical
and calculated values are nearly matching, verifying the accuracy of the CO, and H,O con-
centration measurements. The agreement between the theoretical and measured carbon to

11
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Fig. 5. Time-averaged global equivalence ratio measurements determined via Eq. 10 as a function
of the global equivalence ratio estimated from predetermined fuel-air mixtures. The dotted line
represents the equivalency between the calculated and measured values. The uncertainty of the
time-averaged global equivalence ratio is estimated from the combined Type A and B evaluation of
standard uncertainty. A full description of the measurements’ uncertainty is provided in

Appendix B.1.

hydrogen ratio demonstrates the enhanced phi meter’s potential for investigating combus-
tion processes by measuring the C/H ratio without any knowledge of the parent fuel.
Figure 8 shows the ratio between the time-averaged total mass flow calculated at the
high-temperature mass flow controller, mytmEc, and measured time-averaged mass flow
rate at the inlet of the phi meter, 7;,, as a function of the measured time-averaged global
equivalence ratio, ¢g. The dotted line represents unity. For each measurement, unity falls
within the experimental uncertainty of each mass ratio. In some cases, the calculated mass
ratios are near unity, which indicates minimal mass loss within the sample line. The agree-
ment between masses for varying equivalence ratios and fuels further supports the validity
of the O,, CO,, H,0, and N, concentration measurements and the design of the phi meter.
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Fig. 6. Time-averaged volumetric flow of water vapor via Eq. 11 as a function of the anticipated
volumetric flow of water vapor estimated from Eq. 19. The dotted line represents the equivalency
between the calculated and measured values. The uncertainty of the time-averaged water vapor
flows, both measured and calculated, are estimated from the combined Type A and B evaluation of
standard uncertainty. A full description of the measurements’ uncertainty is provided in

Appendix B.2.
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Fig. 7. Time-averaged carbon to hydrogen ratio calculated from the CO, and H,O species
measurements compared to the theoretical values (dotted lines) as a function of the measured
global equivalence ratio. The uncertainty of the time-averaged carbon to hydrogen and global
equivalence ratios are estimated from the combined Type A and B evaluation of standard
uncertainty. A full description of the carbon to hydrogen and global equivalence ratio
measurements’ uncertainty are provided in Appendix B.3 and B.1, respectively.
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Fig. 8. The time-averaged ratio of the mass flow rate at the high temperature mass flow controller
to the inlet of the phi meter calculated via Eqs.13-15 as a function of the measured global
equivalence ratio. The dotted line represents the equivalency between the calculated and measured
values. The uncertainty of the time-averaged mass and global equivalence ratios are estimated
from the combined Type A and B evaluation of standard uncertainty. A full description of the mass
and global equivalence ratio measurements’ uncertainty are provided in Appendix B.4 and B.1,
respectively.
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4.2 Backdraft Experiments

Figures 9 and 10 show the real-time global and local equivalence ratio measurements, re-
spectively, obtained from the phi meters and gas analyzers at approximately 0.5 m and
0.9 m from the compartment floor during a backdraft experiment. In this experiment, a
25.0 kW methane fire burned in the 2/5" scale compartment for 360 sec, of which the com-
partment door was opened for the initial 60 sec. The sparker was positioned 51 cm &= 1 cm
from the compartment floor (mid-spark position) and set to a O-sec spark delay from when
the doorway opened at 390 sec. A backdraft event was observed upon opening the doorway
30 s after the fuel flow was shut off at 360 sec.

8 ' ‘ ‘ 8 : :
——Gas Analyzer
——Phi meter

6 6

S g4
2 21
0 s i ‘ ‘ 0¥ ‘ ‘ e wa ] e EERa P
0 200 400 600 0 200 400 600
Time (s) Time (s)

Fig. 9. Real-time global equivalence ratio measurements at approximately 0.9 m (left) and 0.5 m
(right) from the compartment floor during a 25.0 kW methane fire with a fuel-off time of 360 sec
and a compartment configuration of a window opening, mid-spark position, O-sec spark delay from
when the doorway opened at 390 sec [24]. The uncertainty of the real-time global equivalence
ratios measured is estimated via the law of propagation of uncertainty. A full description of the
global equivalence ratio measurements’ uncertainty is provided in Appendix B.1.

The global equivalence ratios measured in the upper and middle layers of the compart-
ment follow a similar trend but are not equal, suggesting non-uniform gas mixture lon-
gitudinally within the compartment. When the compartment is closed and fuel continues
to burn (& is constant), ventilation becomes increasingly limited (€ + 1 — 0) causing an
increase in the global equivalence ratio. At approximately 390 sec, the global equivalence
ratio rapidly decreases, corresponding to doorway opening and the ventalation within the
compartment to increase. The global ratio estimations made from the gas analyzers are
observed to agree with the phi meter measurements. The consensus between the two inde-
pendent measurements validates the functionality of the second-generation phi meter in an
applicable setting.

Similar to the global equivalence ratio measurements, the local equivalence ratio mea-
surements obtained in the upper and middle layer of the compartment follow a similar
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Fig. 10. Real-time local equivalence ratio measurements at approximately 0.9 m (left) and 0.5 m
(right) from the compartment floor during a 25.0 kW methane fire with a fuel-off time of 360 sec
and a compartment configuration of a window opening, mid-spark position, O-sec spark delay from
when the doorway opened at 390 sec [24]. The uncertainty of the real-time local equivalence ratios
measured is estimated via the law of propagation of uncertainty. A full description of the local
equivalence ratio measurements’ uncertainty is provided in Appendix B.5.

trend but are not equivalent. The real-time local equivalence ratio measurements in the
upper layer are observed to be higher compared to the middle compartment section, indi-
cating a richer unburned fuel concentration in the upper layer of the compartment. Local
equivalence ratio measurements estimated from the gas analyzer validates the phi meter
measurements since both data sets agree. In comparison to the real-time global equiva-
lence ratio measurements, local equivalence ratio measurements are always higher beyond
and and lower before stoichiometric conditions. From Egs. 8 and 9, the global and local
equivalence ratio measurements are equivalent at stoichiometric conditions which is shown
in Figs. 9 and 10.

Figure 11 provides the real-time carbon to hydrogen ratios estimated in the upper and
middle layer of the compartment. The estimations made from the phi meter are shown to
gradually approach the carbon to hydrogen ratio of the parent fuel as more fuel is fed into
the compartment. The discrepancy between the carbon to hydrogen ratio of the real-time
phi meter estimations and the parent fuel suggests a heterogeneous gas mixture exist within
the compartment which becomes more homogeneous over time.

The time-averaged global and local equivalence ratio measurements estimated from
the phi meter were compared to their respective counterparts determined from the GC/MS
analysis for all backdraft experiments. Figures 12 and 13 shows the global and local equiv-
alence ratio measurements, respectively, taken at the upper and middle layers of the com-
partment for all backdraft experiments. The series of experiments varied by fuel-off time,
which ranged from 360 s to 450 s.

In Figs. 12 and 13, unity is represented by a dotted line. For most experiments, the phi
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Fig. 11. Real-time carbon to hydrogen estimations at approximately 0.9 m (left) and 0.5 m (right)
from the compartment floor during a 25.0 kW methane fire with a fuel-off time of 360 sec and a
compartment configuration of a window opening, mid-spark position, 0-sec spark delay from when
the doorway opened at 390 sec [24]. The dotted line represents the parent fuel’s theoretical carbon
to hydrogen ratio of methane (0.25). The uncertainty of the real-time local equivalence ratios
measured is estimated via the law of propagation of uncertainty. A full description of the
measurements’ uncertainty is provided in Appendix B.5.
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Fig. 12. Time-averaged global equivalence ratio measurements from the upper (left) and middle
(right) section of the compartment for a series of 25.0 kW methane fires with fuel-off times

ranging from 360 to 450 s. The dotted line represents the equivalency between the phi meter and
GC/MS values. A full description of the phi meter and GC/MS measurements’ uncertainty are
provided in Appendix B.1 and D, respectively.

meter and GC/MS time-averaged global and local equivalence ratios are equivalent within
experimental uncertainty. As shown in Fig. 13, a small portion of the local equivalence
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Fig. 13. Time-averaged local equivalence ratio measurements from the upper (left) and middle
(right) section of the compartment for a series of 25.0 kW methane fires with fuel-off times
ranging from 360 to 450 s. The dotted line represents the equivalency between the phi meter and
GC/MS values. A full description of the phi meter and GC/MS measurements’ uncertainty are
provided in Appendix B.5 and D, respectively.

ratio measurements are askew from unity, which is most likely attributed to an irregular
grab sample used in the GC/MS analysis.

5. Conclusion

This report documents the capabilities of a second-generation phi meter. In summary, real-
time and time-averaged global and local equivalence ratios, water vapor flows, and carbon
to hydrogen ratios are measured in a series of bench-scale and 2/5™ scale compartment ex-
periments. Measurements are verified through secondary measurement techniques, which
are in fair agreement with the calculated values within experimental uncertainty. The en-
hanced phi meter’s capability to measure the global and local equivalence ratio simulta-
neously with O,, CO,, and H,O has significant potential for investigating ventilation in
combustion processes.
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A. Photos of constructed second-generation phi meter
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Fig. A.1. Front and side view photograph of the second-generation phi meter.
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Fig. A.4. Side view photograph of components in the second-generation phi meter’s outlet.
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Particulate
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Fig. A.5. Photograph of the components used to heat and mitigate potential particulate
contamination of the high-temperature mass flow controller. The ports for the O, supply and
excess line are also shown.
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Fig. A.6. Rear view photograph of the second-generation phi meter. The supplemental drying unit
(SDU) requires N, input to produce an internal counterflow on the outer side of the incorporated
Nafion tube that aids in drying the sample input.
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B. Uncertainty Analysis of Second-Generation Phi Meter Measurements

B.1 Global Equivalence Ratio

As shown in in Eq. 10, real-time measurements of the global equivalence ratio, ¢g, is
determined from a combination of the volumetric flow reading of the dried exhaust stream,
Vmem, the O, and CO, concentrations within the dried exhaust stream, Xo,.a and Xco, A,
and the volumetric flow of excess oxygen introduced in the phi meter’s reactor, Vo, gx. The
uncertainty of the global equivalence ratio is estimated using the law of propagation of
uncertainty:

2 2 2 2
Upg = ( 8¢G uVMFM) + ( A Uxo A) + ( i Uxco > + ( 'a‘PG W )
IVMEM Xo,A 0Xco, A O* Vo, Ex 2™
(B.1)

The volume fraction of oxygen in the air, Xo, gny, i included in Eq. 10 and is assumed to be
constant, and therefore does not affect the global equivalence ratio uncertainty. A coverage
factor of 2 is applied to the combined uncertainty to produce a 95 % confidence interval.

The uncertainty of the concentration and flow measurements in Eq. B.1 are defined
as the Type B evaluation of standard uncertainty, determined from the instrument error
provided by the manufacturer. Table B.1 provides a summary of instruments incorporated
into the phi meter that are used to determine ¢g.

Table B.1. List of uncertainties for selected phi meter components.

Components Manufacturer Rel. Uncertainty (%)
High-Temperature Mass Flow Controller Alicat Scientific, Inc. 0.2
Oxygen Mass Flow Controller Brooks Instrument 2.0
Mass Flow Meter Alicat Scientific, Inc. 0.2
Paramagnetic O, Sensor Servomex Group Ltd. 0.5
NDIR CO, Sensor Servomex Group Ltd. 4.0

A time-averaged global equivalence ratio is calculated when the phi meter’s extracted
gas sample is assumed to be a homogeneous mixture. The uncertainty of time-averaged
global equivalence ratio measurements is estimated from a combination of the Type A and
B evaluations of standard uncertainty. The Type A evaluation of standard uncertainty is
defined as the standard deviation of the measurements taken over the averaging period, sg;.
The Type B evaluation of standard uncertainty is determined using Eq. B.1, as previously
described. The combined uncertainty is calculated via quadrature:

- 1,2 2
Uj, = u¢G+s¢G (B.2)
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B.2 Water Vapor Flow in the Reactor’s Exhaust

The portion of water vapor in the phi meter reactor’s exhaust flow is determined from the
difference between the flow measurements at the high-temperature mass flow controller
and mass flow meter. The uncertainty of the volumetric flow of water vapor is estimated
using the law of propagation of uncertainty:

IVit,0 2 (Va0 2
Wy,o = \/( aVOz,IIﬂt Wirvee |+ @ Winem (B.3)

The uncertainty of the real-time high-temperature mass flow controller and mass flow meter
measurements is estimated for the Type B evaluation of standard uncertainty defined in
Table B.1.

The time-averaged volumetric flow of water vapor is calculated from a combination
of the Type A and B evaluations of standard uncertainty, assuming a homogeneous steady
mixture. The Type A evaluation of standard uncertainty is defined as the standard deviation
of the measurements taken over the averaging period, SVhty0° The Type B evaluation of

standard uncertainty is determined using Eq. B.3. The combined uncertainty is calculated
via quadrature:

= Jut +52 (B.4)

us; = - .
VH,0 Vibo  VHyo

B.3 Carbon to Hydrogen Ratio

The carbon to hydrogen ratio is calculated using Eq. 12 that incorporates the volume frac-
tion of CO, and H,O in the phi meter reactor’s exhaust.

Wc [(d(C/H > (9(C/H 2
MC/H — < ( / ) MXCO + M MXH 0 (BS)
Wy 8XCO2 2 aXHzO 2
The uncertainty of the CO, and H,O measurements is described in Appendix B.1 and B.2,
respectively.

B.4 Mass Balance

The uncertainty of time-averaged total mass flow rate estimated in the bench-scale experi-
ments is determined from the law of propagation of uncertainty.

Uiy = 2\ D U (B.6)

The uncertainty of an individual species’ time-averaged mass flow rate is determined from
the combined Type A and B evaluation of standard uncertainty. The Type A and B evalua-
tion of standard uncertainty is defined as the standard deviation of averaged measurements
and the reported bias in the instrumentation, respectively. Time-averaged mass flow rates
are calculated from steady-state measurements, indicating that the dominant contributor to
the uncertainty of the total mass flow rate is the Type B evaluation of standard uncertainty.
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B.5 Local Equivalence Ratio

Real-time measurements of the local equivalence ratio are calculated via Eq. 17, which
incorporates O, and N, concentrations measurements in the phi-meter’s extracted gas sam-
ple, Xo, 1 and XN, 1n, and dried reactor’s exhaust, Xo, o and XN, a , and the volumetric flow
rate measurements of the excess oxygen introduced at the inlet of the phi meter’s reactor
and nitrogen in dried reactor’s exhaust, Vex and VNZ,MFM,respectively. The uncertainty of
the local equivalence ratio is estimated from the law of propagation of uncertainty:

o d XNz,In Nz tn XOQ,In *op In d Vex e

1
8¢L 2 8¢L 2 8¢L 212
+ (aVNZ,MFM uVNz.MFM> + <8X027A ”on,A> + (aXN_27A uXNz,A> (B.7)

The uncertainty of the oxygen concentration measurements and volumetric flow rate are
estimated from the Type B evaluation of standard uncertainty, reported in B.1. Indirect
N, flow rate and concentration uncertainties are calculated via the law of propagation of
uncertainty.
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C. Derivation of Local Equivalence Ratio Measurement via Phi Meter

An extracted sample introduced into the phi meter may consist of various quantities of
uncombusted fuel and oxygen, intermediate species, combustion products and inert gases.
When sampled into a phi meter, an excess molar flow of oxygen, A, is introduced to an
extracted gas sample, creating a lean combustion that consumes all uncombusted fuel.

4 CxHyO,Ng +b COs +¢ HyO +d (02 +3.74 Ny +0.0445 Ar) +¢ CO+fHy + A Oy —

BCO,+CH,O+D O, +EN,+FAr (C.1)
where
B=ax+b+eé (C.2)
1 .
Czi(ay)+é+f (C.3)
. 1 . . . . .
D:E(az+2b+é+2d+é+2A—2B—C) (C.4)

Through a combination of Egs. C.2-C.4, Eq. C.4 can be reconfigured and simplified to:
DfA o 23(x+%—.§)+é+f
d 2d

Recognizing that the ratio on the right hand side of Eq. C.5 is defined as 1 — ¢, from Eq. 18,
Eq. C.5 can be rearranged to:

(C.5)

¢L:1+¥ (C.6)

In the context of the phi meter, D is the portion of oxygen in the total molar flow at the
outlet of the phi meter, and d is the molar flow of oxygen in the extracted sample at the
inlet of the phi meter. Therefore, Eq. C.6 can be refined based on exiting measurements in
the gas sampling setup of the backdraft experiment:

(X0,.Ex * Vin) — (X0,.4 - VMEM)
(XOZ,In : Vm)

where Vi, is the total number of moles at the inlet. Assuming that N, acts as an inert gas

as it passes through the phi meter’s reactor, Vi, and Xo, 1o can be redefined on a nitrogen

o =1+ (C.7)

basis. )
Vi — (XNLA + Vex ) (C.8)
" XN, n - VMEM '
and ]
% _ Xo,1n VN, MFM (C.9)
02,111 XNan "/in .
Through a combination of Eq. C.8 and C.9, Eq. C.7 can be reconfigured to be:
X V. X
¢L:1+( Nz,In> ( ex . 02,A> (ClO)
X0,/ \VN;MRM XN, A
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D. Uncertainty Analysis of Additional Gas Species Concentration Measurements

Global and local equivalence ratio measurements are calculated from gas species measure-
ments made from the gas analyzer and GC/MS analysis using Egs. 16 and 18. Equivalence
ratios uncertainties are estimated via the the law of propagation of uncertainty.

a 2
Uy = \/Z ( &(ﬁgu)() (D.1)

2
Uy = \/Z <g—§“ Uy, ) D.2)

The uncertainty of individual gas species concentration measurements is estimated from
the Type B evaluation of standard uncertainty defined by the bias in the instrumentation.
For direct gas analyzer measurements, the uncertainty attributed to the instrument is pro-
vided in Table D.1. Uncertainties of gas species concentration estimated from gas analyzer
measurements (i.e., fuel, N,, and H,O) are calculated via the law of propagation of un-
certainty. The uncertainties of gas species concentrations measurements obtained from
GC/MS analysis are calculated using the methods described in Ref. [6].

and

Table D.1. List of uncertainties for gas analyzer components.

Components Manufacturer Rel. Uncertainty (%)
Paramagnetic O, Sensor California Analytical Instruments, Inc. 2.0
NDIR CO, Sensor California Analytical Instruments, Inc. 4.0
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