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A B S T R A C T

The present study seeks to measure suppression effects in a canonical experimental configuration, featuring the
exposure of a buoyant, turbulent, methane or propane-fueled diffusion flame to a co-flowing oxidizer diluted with
nitrogen gas. Species-based calorimetry measurements, using either oxygen-consumption (OC) or carbon-dioxide-
generation (CDG) based methods, are derived and applied to this configuration. Traditional OC models, which
cannot account for oxidizer-dilution, are found to significantly overpredict total heat release rate in the present
configuration, while traditional CDG models coincidentally give accurate results. Only the present calorimetry
formulation, with full accommodation for oxidizer dilution, provides accurate results for both methods. In both
methane and propane flames, global combustion efficiency is found to remain close to unity over a wide range of
oxidizer dilution, decreasing abruptly only at the onset of global extinction. Similar trends are noted in the net
combustion yields of oxygen, carbon-dioxide, and water-vapor. Net yields of carbon-monoxide remain close to
zero for both fuels, but increase slightly near the extinction limit. These measurements reveal that despite visible
suppression effects in all of the present flames, until the extinction limit is reached, nearly all of the fuel continues
to react and combustion products are produced in stoichiometric proportions.
1. Introduction

In the field of fire safety, rate of heat release is often regarded as the
most important parameter available to characterize a fire hazard [1].
This parameter can be useful and often essential in deriving various other
fire properties including size, rate of growth/spread, material flamma-
bility, toxic species yields, suppression effectiveness, and combustion
efficiency. Despite this importance, heat release rate can be difficult and
costly to measure accurately, with a limited set of feasible measurement
techniques available. Of the available techniques, species-based calo-
rimetry is widely recognized as the most appropriate. By such methods,
heat-release information is derived from the rates of consumption or
production of the major chemical species involved in the combus-
tion reaction.

The importance and empirical basis for species-based calorimetry has
been well established in the literature. Notable review works have
summarized the seminal and developmental studies leading to the
establishment of these techniques [2,3]. Species-based calorimetry has
been successfully applied in numerous studies ranging from small bench-
scale applications [4–10], to large full-scale experiments [11–17]. These
methods also form the basis of several national and international testing
ruary 2017; Accepted 22 June 2017
standards for the determination of material flammability [18–21]. As in
the present study, previous works have also explored the application of
calorimetry measurements to characterize the combustion efficiency of
suppressed fires [22–26]. Other studies have devoted to the character-
ization of the principal sources of uncertainty in the predominant calo-
rimetry formulations [27–31].

While species-based calorimetry methods have been widely adopted
by the fire testing and research communities and successfully employed
in numerous studies, most of these implementations utilize simplified
formulations that rely on specific and often unstated assumptions. In
particular, most existing formulations apply only to simple systems
where the primary mass exchanges to/from the combustion region are
limited to the supply of fuel, entrainment of ambient air, and exhaust of
combustion products. Certainly, this scenario adequately describes most
fires, for which existing formulations have been shown to apply very
well. However, for more complex systems with additional mass ex-
changes, such as those involving suppression agents or sprays, the
existing formulations may not be applicable. The present study, which
involves a co-flowing oxidizer with variable oxygen concentration, is a
prime example of such a system.

Despite the wide body of existing literature, there is a limited
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availability of general guidelines to direct the design and implementation
of calorimetry measurements in complex applications. As a result, it can
be difficult to confidently extend the existing formulations to novel ap-
plications that may oppose their simplifying assumptions. One recent
study has attempted to establish a modified calorimetry formulation and
testing protocol applicable to a unique configuration with oxidizer
dilution [32]. Though it provides some progress, the methodology
advocated in that work lacks generality and requires unnecessary as-
sumptions and limitations to the testing procedure. Clearly, additional
guidance is needed to support the development of more generalized
calorimetry formulations.

The present work seeks to fill this need by providing a comprehensive
description of the physical principles underlying species-based calorim-
etry, developing from these principles a general framework for the design
of calorimetry measurement systems, and demonstrating the successful
implementation of such a system, within a configuration comprising
complex mass exchanges that are incompatible with existing
formulations.

In the present configuration [33], a buoyant, turbulent diffusion
flame is suppressed via diluted oxidizer stream. Species-based calorim-
etry techniques are developed and utilized within this configuration to
assess flame-suppression response in both species yields and combustion
efficiency across a range of conditions from complete combustion
through total extinguishment. In addition to providing a basis for the
development of the present calorimetry formulation, these measure-
ments are useful in the pursuit of an improved understanding of sup-
pression performance in realistic fire hazards.

2. Calculation

2.1. Combustion treatment

The foundation for species-based calorimetry is the thermodynamic
concept that the heat released by a chemical reaction is directly related to
the mass-rates of consumption and production of the major chemical
species involved. In any species-based calorimetry application, it is
necessary to first assume the combustion chemistry. The major species
included in the assumed reaction determine which species must be
considered in the enthalpy balance for the reaction, tracked in the mass
conservation analysis that follows, and eventually measured in the
calorimetry system.

Considering the combustion of a simple organic fuel in air, a global
single-step reaction perspective gives

CxHyOz þ νO2 O2 þ νN2 N2→νH2O H2Oþ νCO2 CO2 þ νCO COþ νCðsÞ CðsÞ

þ νN2 N2;

(1)

where νk are the molar reaction coefficients for each species, k, involved
in the reaction. In this mechanism, an arbitrary fuel compound (CxHyOz)
and oxygen (O2) are consumed to produce primarily water-vapor (H2O)
and carbon-dioxide (CO2), while carbon-monoxide (CO) and soot (CðsÞ)
are included as potential products of incomplete combustion. Nitrogen
(N2), along with any other inert species that may be present, is assumed
to be globally unaffected by the reaction.

Detailed reaction kinetics are neglected in Eq. (1) via Hess's law,
whereby the total enthalpy change over the course of a chemical reaction
is independent of the reaction pathway. By the first law of thermody-
namics, the enthalpy of reaction may then be equated to the heat of re-
action, as long as the reaction occurs at constant pressure. The global
perspective adopted in Eq. (1) is appropriate, so long as the primary
species in the assumed mechanism indeed represent the major species
present at the initial and final states of the reaction. Here, the initial state
refers to an initially non-reacting fuel-oxidizer mixture and the final state
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The mechanism in Eq. (1) should apply to most fire applications. For
special applications in which there may be complex fuel chemistry,
involvement of other reactive compounds, or any other factor leading to
the net consumption or production of additional species in considerable
quantities (H2, OH, NOx, NH3, HCl, etc.), those species should be
included in Eq. (1) and in the analysis that follows.

A significant advantage of species-based calorimetry is the well-
reported observation that the heat released per-unit-mass of O2

consumed in combustion reactions is approximately constant across wide
variations in fuel chemistry [34–37]. As a result, species-based calorim-
etry may be applied with reasonable accuracy to characterize the com-
bustion of unknown fuel compounds. Similar observations have been
reported regarding the heat released per-unit-mass of CO2 produced,
leading to the establishment of two separate but similar methodologies.
The former is referred to as oxygen-consumption (OC) calorimetry, and
the latter as carbon-dioxide-generation (CDG) calorimetry.

While OC and CDG methods may have certain advantages and dis-
advantages in specific applications, their underlying formulations are
similar. Based on the combustion chemistry assumed in Eq. (1), formu-
lations for each method are given as

_QOC ¼ �ΔhO2 _ωO2 þ ðΔhO2 � ΔhO2 ; COÞ
�
_ωCO

MO2

2MCO

�
þ
�
ΔhO2

� ΔhO2 ; CðsÞ

� 
_ωCðsÞ

MO2

MCðsÞ

!
; (2a)

_QCDG ¼ ΔhCO2 _ωCO2 þ ðΔhCO2 � ΔhCO2 ; COÞ
�
_ωCO

MCO2

MCO

�
þ
�
ΔhCO2

� ΔhCO2 ; CðsÞ

� 
_ωCðsÞ

MCO2

MCðsÞ

!
;

(2b)

where _Q is the combustion heat release rate, _ωk is the mass reaction rate
of species k, Mk is the molar mass of species k, and Δhk is the mass-
specific enthalpy of reaction for species k.

In particular, ΔhO2 and ΔhCO2 are the enthalpies of reaction for the
assumed combustion mechanism (Eq. (1)) for complete combustion to
CO2 and H2O (νCO; νCðsÞ ¼ 0), respectively per-unit-mass of O2 consumed
and CO2 generated. Of the remaining terms, ΔhO2 ; CO (ΔhCO2 ; CO) is the
enthalpy of reaction for the oxidation of CO, given by the reaction COþ
0:5 O2→CO2, per-unit-mass of O2 (CO2), and ΔhO2 ; CðsÞ (ΔhCO2 ; CðsÞ ) is the
enthalpy of reaction for the oxidation of soot, assumed to consist of pure
graphitic carbon and given by the reaction CðsÞþ O2→CO2, per-unit-mass
of O2 (CO2).

If the fuel chemistry is known, ΔhO2 and ΔhCO2 may be determined
using Hess's law and a stoichiometrically balanced form of Eq. (1) (with
νCO; νCðsÞ ¼ 0), with reference standard enthalpies of formation for the

applicable product and reactant species (Δh
∘
f ;k). This provides the most

accurate (fuel-specific) determination of the enthalpy parameters, but
requires prior knowledge of the fuel chemistry and its standard enthalpy
of formation (Δh

∘
f ;CxHyOz

). For applications where the required fuel

properties are known, general expressions for determination of ΔhO2 and
ΔhCO2 as a function of fuel properties are provided in Table 1.

For applications where fuel properties are unknown, ΔhO2 and ΔhCO2

may be approximated using average reference values, also provided in
Table 1. These reference values represent the mean and standard devi-
ation statistics for a collection of fuel-specific values determined by
applying the general expressions in Table 1 to a list of roughly 150 hy-
drocarbon compounds comprising alkanes, alkenes, alkynes, arenes, al-
cohols, aldehydes, ketones, and esters (see Tables 3–4.12 and 3–4.13 in
Ref. [37] for the list of compounds). These reference values should only
be used when fuel properties are unknown, but still expected to be well
represented by this group of compounds. As shown, the standard



Table 1
Expressions and reference values (MJ/kg) for enthalpy parameters in Eq. (2), including
fuel-specific values for CH4 and C3H8.

Parameter Expression (per Eq. (1)) Reference CH4 C3H8

ΔhO2
y
2 Δh

∘
f ;H2O

þx Δh
∘
f ;CO2

�Δh
∘
f ;CxHy Oz

ðxþy
4�z

2Þ MO2

12:9±0:24 12.54 12.77

ΔhCO2
y
2 Δh

∘
f ;H2O

þx Δh
∘
f ;CO2

�Δh
∘
f ;CxHy Oz

x MCO2

13:4±1:1 18.23 15.48

ΔhO2 ; CO 2 ðΔh∘f ;CO2 �Δh
∘
f ;COÞ

MO2

17.69 – –

ΔhO2 ; CðsÞ Δh
∘
f ;CO2

�Δh
∘
f ;CðsÞ

MO2

12.30 – –

ΔhCO2 ; CO Δh
∘
f ;CO2

�Δh
∘
f ;CO

MCO2

6.43 – –

ΔhCO2 ; CðsÞ Δh
∘
f ;CO2

�Δh
∘
f ;CðsÞ

MCO2

8.94 – –

Fig. 1. Control volume for a simple open combustion system comprising a fuel source ( _mf )
beneath an exhaust collection system ( _me) with ambient air entrainment ( _ma), co-flowing

oxidizer ( _mox), and chemical reaction source ( _ωk). All of _mf , _ma, _mox , and _ωk are assumed
totally captured within _me.
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deviation in the reference value for ΔhO2 is notably less than that for
ΔhCO2 , so that the OC formulation may typically be expected to give more
accurate results for applications with unknown fuel composition (pro-
vided _ωO2 and _ωCO2 are both measured with similar accuracy).

Experiments in the present study are conducted using pure methane
(CH4) and propane (C3H8) fuels. Since the properties for these fuels are
known, fuel-specific values for ΔhO2 and ΔhCO2 are used, as provided in
Table 1. Note that Table 1 also includes general expressions and reference
values for ΔhO2 ; CO, ΔhO2 ; CðsÞ , ΔhCO2 ; CO, and ΔhCO2 ; CðsÞ . These four pa-
rameters are unaffected by fuel chemistry andmay therefore be treated as
configuration-independent constants.

The expressions in Eq. (2) primarily comprise the product of a mass
reaction rate and an enthalpy of reaction for the appropriate reacting
species (O2 for OC and CO2 for CDG), with additional terms included to
account for incomplete combustion to CO and CðsÞ. Here, production of
CO or CðsÞ (instead of CO2) yields a net decrease in the combustion heat
release, due to the resulting reductions in O2 consumption and CO2

generation, as well as the smaller (less negative) enthalpies of formation
for CO and CðsÞ products compared to CO2.

It is important to note that the expressions in Eq. (2) uniquely apply to
the combustion chemistry assumed in Eq. (1), and that for applications
where other species are consumed or produced in considerable quanti-
ties, Eqs. (1) and (2) must both be reformulated to reflect the applicable
reaction chemistry.

2.2. Mass conservation analysis

Once the combustion mechanism and applicable enthalpy parameters
are determined, the primary duty of a calorimetry measurement system is
then the accurate evaluation of the species reaction rates ( _ωk) in Eq. (2),
which may be derived via mass conservation analysis. A model control
volume is depicted in Fig. 1 for a simple open combustion system
comprising a fuel source ( _mf ) placed beneath an exhaust collection sys-
tem ( _me) with ambient air entrainment ( _ma). For the configuration of
interest in the present study, an additional mass source is included rep-
resenting a co-flowing oxidizer around the fuel source ( _mox). Systems
lacking this source may simply ignore associated terms in the expressions
that follow. More complex systems may also be considered, where
additional or alternative mass exchanges must then be added to the
control volume and the expressions that follow. It is essential that the
assumed control volume completely characterize all unique compositions
of mass exchanged across its boundaries.

Conservation of total mass within the control volume gives

0 ¼
X
j

_mj þ dm
dt

; (3)

where _mj is the mass flow rate of stream j across the boundary of the
control volume,m is the total mass contained in the control volume, and t
is time. The dm=dt term in Eq. (3) accounts for the accumulation or
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reduction of mass within the control volume due to unsteady flow at the
boundaries. This term is typically important only for very large systems
where the flow-through time of the control volume is significantly
greater than the measurement timescales of interest. Recent studies have
explored calorimetry measurements in applications where such dm=dt
effects are important, with limited success [11,16,17].

For the present configuration and including a steady-state assumption
where dm=dt effects are neglected, Eq. (3) simplifies to

_me ¼ _mf þ _ma þ _mox; (4)

where it is additionally assumed that there be no loss of mass from the
system except through the exhaust flow. As most system designs include
measurement instrumentation in the exhaust stream, this limitation en-
sures that all products of combustion are collected and measured.
Alternative configurations are possible, but may considerably complicate
measurement requirements.

Conservation of species mass in the control volume gives

_ωk ¼
X
j

_mj
k þ

dmk

dt
; (5)

where _ωk is the mass reaction rate of species k, _mj
k is the mass flow rate of

species kwithin flow stream j, andmk is the mass of species k contained in
the control volume. As before, a steady-state assumption applied to the
present configuration simplifies Eq. (5) to

_ωk ¼ _me
k � _mf

k � _ma
k � _mox

k : (6)

It is typically appropriate to further simplify Eq. (6) through as-
sumptions that limit the constituent species in each stream. For example,
the fuel stream usually consists of pure fuel and products of incomplete
combustion are usually negligible in the ambient. Still, some applications
may feature complex or diluted fuel mixtures or significant ambient
vitiation. In general, all species that may be present in each stream should
be considered.

Species mass flow rates within each streammay be expressed in terms
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of the stream composition via

_mj
k ¼ Xj

k _mj Mk

Mj
; (7)

where Xj
k is the mole fraction of species kwithin stream j,Mk is the molar

mass of species k, and Mj is the mixed molar mass of stream j, which can
also be expressed in terms of the stream composition as

Mj ¼
X
k

�
Xj
k Mk

�
; (8)

provided thatX
k

Xj
k ¼ 1; (9)

must also be satisfied.
By application of Eq. (4), the mass flow rate of one stream may be

directly obtained provided the others are known. Typically, _ma is difficult
or impossible to measure, and all _mj except _ma should therefore be
measured. Alternatively, assuming non-reactivity of N2 ( _ωN2 ¼ 0), Eq. (6)
may be re-written as

_ma
N2

¼ _me
N2

� _mf
N2

� _mox
N2
; (10)

and inserted into an inverted form of Eq. (7), written as

_ma ¼ _ma
N2

Xa
N2

Ma

MN2

: (11)

When available, Eqs. (10) and (11) typically provide a more accurate
determination of _ma, than direct use of Eq. (4), with the stipulation that
_mj
N2

must be measured or estimated for all N2-containing flow streams

(which usually also requires measurement of all _mj except _ma). This
measurement requirement may be burdensome for complex configura-
tions, but the advantage provided by this complexity is that _ma is
determined dynamically, responding to any measured changes in both
the composition and flow rate of each stream. Formulations similar to
Eqs. (10) and (11) may also be derived for applications where other inert
species may be present.

A similar simplification is noted in Eq. (9), where Xj
k for one of the

constituent species in each flow stream, considered as the background
species, may be obtained provided the others are known. In the exhaust
and ambient, N2 is typically the most appropriate species to omit mea-
surement, and thus all species except N2 should be measured for these
streams. Selected background species for any additional flow streams
may vary depending on their composition.

An additional mass conservation statement may also be applied to the
combustion reaction, givingX
k

_ωk ¼ 0; (12)

which states that there can be no net change in mass within the control
volume due to chemical reaction. This equation may be used as a simple
check on mass conservation to verify that all _ωk indeed sum to zero, but is
perhaps more useful as a means of obtaining _ωk for one species provided
all others are known. Though useful, this calculation is more difficult to
implement than the preceding simplifications, requiring an iterative
procedure where the composition of the unmeasured species must first be
estimated in order to determine _ωk for the others. For this reason, Eq.
(12) is not used in the present analysis.
2.3. Measurement considerations

Eqs. (3)–(12) provide the necessary framework for any calorimetry
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measurement system, where the desired species reaction rates, _ωk, as
appear in Eq. (2), may be determined from measurements of the com-

positions (Xj
k) and total mass flow rates ( _mj) of the applicable mass ex-

changes in the system. Additional considerations for the measurement of
these quantities are discussed as follows.

In a typical calorimetry system, composition instrumentation is
installed in the exhaust stream using an extractive sampling system
leading to various species analyzers. For most analyzers, the flow sample
must be conditioned via filtration to remove soot and other particulates
and a combination of cold-traps and desiccation to remove H2O. Note
that Drierite™, which is the most appropriate desiccant for H2O removal
in calorimetry applications, is known to also interact with CO2 and can
impede CO2 measurement response in samples with transient CO2 con-
tent [38,39]. The amount of Drierite™ used for sample conditioning
should be minimized to alleviate such effects.

The removal of any species from the sample presents additional
challenge because the analyzer-measured sample composition sans the
removed species does not accurately represent the true stream compo-
sition. Analyzer composition measurements must then be corrected to
account for sample conditioning via

Xj
k ¼ Xj

k;A

 
1�

X
k; rmv

Xj
k

!
; (13)

where Xj
k;A is the analyzer-measured mole fraction of species k in the

stream j sample. The summation in Eq. (13) is performed over any species
k that is removed from the sample during conditioning (usually only H2O

removal is necessary), where Xj
k for any such species must be directly

measured via either in situ sensors or extractive analyzers installed up-
stream of the applicable sample conditioning.

Mass flow rates may bemeasured by numerous techniques, the proper
choice of which depends on the applicable flow characteristics. For high-
flow, low-pressure conditions, as typically encountered in calorimetry
exhaust systems, differential-pressure methods are preferred, where a
differential-pressure sensing device is placed in the applicable flow
stream and the flow rate is determined as

_mj ¼ Cj
f A

j

�
2 ΔPj Pj Mj

R Tj

�1=2

; (14)

where Aj is the cross-sectional area of the flow stream, ΔPj is the sensor-
measured differential pressure, Pj is the static pressure of the flow, Tj is
the temperature of the flow,Mj is the molar mass of the flowmixture, R is

the ideal gas constant, and Cj
f is a flow coefficient characterizing the

velocity profile across the cross-section of the stream. All of these
quantities are evaluated at the location of the probe.

Note that Eq. (14) relies on Bernoulli's principle to relate the
measured differential pressure to the flow velocity, hence compressibility
effects are neglected. The flow velocity is related to the mass flow rate via
the flow density, which is estimated from the stream composition,
pressure, and temperature via the ideal gas law. As a result, condensed-
phase contributions to the exhaust mass, such as soot and other partic-
ulates or condensed forms of H2O are neglected.

The flow coefficient, Cj
f , may be determined by calibrating the

differential-pressure sensor to a condition with known flow rate. A
suitable procedure may include adding an accurately measured flow of
some species into the applicable flow stream, while accurately measuring
the downstream concentration of that species (after mixing) using an
available species analyzer. The total flow rate may then be obtained by
relating the known species flow rate to the background flow rate required
to yield the measured concentration. Differential-pressure sensors with a
known and constant flow coefficient are also available and require no
calibration.

A number of previous works have advocated the treatment of Cj
f as a
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calibration factor applicable to the entire calorimetry model, whereby Cj
f

is determined by placing a calibration burner with known heat release

rate into themeasurement system. The value of Cj
f is then fixed so that the

model returns the correct heat release rate. This type of calibration
procedure should be avoided because it combines any and all extraneous
factors affecting the measurement into a single factor that has no physical
relationship to many of the effects that may be included (such as unin-
tentional loss of combustion products). Such effects may vary for
measuring conditions different from the calibration test, potentially
resulting in significant unidentifiable errors in the measurements. For

these reasons, it is highly recommended that Cj
f be determined via in-

dependent flow calibration (as described in the preceding paragraph)
and not using a calibration burner.

2.4. Model sensitivity

An analysis examining the relative sensitivity of the present calo-
rimetry formulation to its principal input quantities is summarized in
Table 2. Model sensitivity is evaluated in terms of a sensitivity factor, S,
defined as

S _Q ¼ Δ _Q = _Q
Δϕ = ϕ

; (15)

where Δϕ is an arbitrary change in any input quantity ϕ, and Δ _Q is the
resulting change in the model output _Q. For S _Q ¼ 1, a 10% relative

variation in ϕ yields a 10% relative variation in _Q. Note that the S values
provided in Table 2 are unique to the specific measured conditions cited
in Table 2 and may vary significantly for other conditions. As shown,
maximum S for the OC formulation are significantly greater than those
for the CDG formulation for the cited measured condition. This is pri-
marily due to the fact that Xa

O2
≫Xa

CO2
relative to the change in Xe

k for each
species that occurs due to combustion. For the measured condition cited
in Table 2, _QOC≈ _QCDG≈50 kW.

While the S values in Table 2 cannot be generalized quantitatively,
they may be qualitatively interpreted to indicate the relative sensitivity
of the formulation to certain input quantities compared to others. As
expected, the OC formulation is most sensitive to the applicable O2 mole

fractions in the control volume (Xj
O2
), the exhaust flow rate ( _me), and

ΔhO2 . Similarly, the CDG formulation is most sensitive to the exhaust CO2

mole fraction (Xe
CO2

), _me, and ΔhCO2 . These quantities should be priori-
tized for accurate measurement in applications where highly accurate
determinations of _Q are desired.
Table 2
Sensitivity analysis of the present calorimetry formulation; sensitivity factors, S _Q , define
the ratio of change in the output _Q to an arbitrary change in each input quantity.

Parameter Value S _QOC
S _QCDG

_me 0.850 kg/s 1.04 1.00
Xe
O2

0.197 mol/mol � 60:7 0.05
Xe
CO2

0.002 mol/mol � 0:16 1.23
Xe
H2O 0.037 mol/mol � 0:03 � 0:03

Xe
CO 0.000 mol/mol <0:01 <0:01

_mox 0.085 kg/s � 0:04 <0:01
Xox
O2

0.205 mol/mol 6.05 � 0:03

Xa
O2

0.205 mol/mol 55.9 � 0:06
Xa
CO2

0.000 mol/mol 0.03 � 0:23
Xa
H2O 0.016 mol/mol <0:01 <0:01

ΔhO2 12.54 MJ/kg 1.00 –

ΔhCO2 18.23 MJ/kg – 1.00
ΔhO2 ; CO 17.69 MJ/kg <0:01 <0:01
ΔhCO2 ; CO 6.43 MJ/kg <0:01 <0:01
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2.5. Summary

The principal tenants of the present calorimetry framework are
described in the following.

(1) Assume some form of the global combustion chemistry, as in Eq.
(1).

(2) Determine the enthalpy parameters to be used in Eq. (2), using
either balanced stoichiometric calculations or average reference
values.

(3) Develop a control volume based mass conservation analysis that
considers all of the relevant mass exchanges in the applicable
configuration and from that analysis, derive configuration-specific
forms of Eqs. (3) and (5), analogous to those in Eqs. (4) and (6).

(4) With considerations for Eqs. (7)–(14), determine the appropriate
instrumentation necessary to close the system of Eqs. (3)–(14),
including any necessary modifications for specific applications.

The solution procedure for the present calorimetry model is depicted
as a block diagram in Fig. 2. The procedure requires first the determi-
nation of the compositions of all applicable flow streams using an
appropriate configuration of species analyzers. This includes measuring

Xj
k for any species removed during sample conditioning, measuring Xj

k;A

for all remaining species, correcting all Xj
k;A via Eq. (13), obtaining Xj

k for
the selected background species in each stream via Eq. (9), and deter-
mining each Mj via Eq. (8). Next, _mj for all applicable flow streams
(typically with the exception of _ma) are either directly measured or are

determined via Eq. (14). Using the now available Mj, _mj, and Xj
k, avail-

able _mj
k are obtained via Eq. (7). Typically unavailable for direct mea-

surement, _ma is obtained via Eqs. (10) and (11) using all _mj
N2
. Next, all _ma

k

Fig. 2. Block diagram depicting the solution procedure for the present calorim-
etry framework.
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are determined via Eq. (7). With all _mj
k now available, the desired _ωk are

determined via Eq. (6). Finally, _Q is obtained via Eq. (2) using the
appropriately determined Δhk.

General assumptions necessary for any species-based calorimetry
application follow.

(1) The assumed global reaction chemistry comprises all major spe-
cies present in considerable quantities before and after the
reaction.

(2) The reaction occurs at constant pressure.
(3) The control volume completely characterizes all unique compo-

sitions of mass exchanged across its boundaries.
(4) The reaction occurs entirely within the control volume.

Optional simplifying assumptions applied to the present model also
include the following. Omission of these assumptions may be possible,
but could considerably complicate the analysis. Further simplifications
are available, but would require additional assumptions.

(5) The global reaction chemistry follows that given in Eq. (1).
(6) Nitrogen is conserved and unaffected by the reaction.
(7) Soot consists of pure graphitic carbon.
(8) All flow streams crossing the boundaries of the control volume are

quasi-steady, and therefore mass accumulation and reduction
within the control volume is neglected.

(9) No mass is lost from the system (except that exiting through the
monitored exhaust stream).

(10) All flow compositions are well-mixed at the locations in which
they are measured.

(11) The derivation of Eq. (14) neglects compressibility effects and
assumes ideal gas behavior, also neglecting the mass contributions
of any condensed-phase species to the mixed stream density.

The calorimetry framework presented in the preceding sections has
been derived to be as generally applicable as possible within the limi-
tations of the previously listed assumptions. As necessary, some features
of the formulation are specifically applicable to the configuration of in-
terest in this study, consisting of a suppressed open flame configuration
with a co-flowing oxidizer stream diluted with inert gas. Fig. 1 and Eqs.
(4), (6) and (10) reflect this specific configuration. The preceding
framework may be readily extended to other configurations by
substituting Fig. 1 for a control volume applicable to the configuration of
interest and from that control volume developing appropriate forms of
Eqs. (4), (6) and (10). The remaining expressions and solution procedures
may then be followed as described in Fig. 2.

The present calorimetry framework provides notable advancements
over traditional formulations presented in previous works
[22,31,40–46]. In particular, most traditional formulations have sought
to coalesce and simplify their solutions as much as possible to yield what
comes close to a single algebraic expression for heat release rate as a
function of directly measured quantities. These simplifications are ach-
ieved through convoluted algebraic manipulations requiring the defini-
tion of additional model parameters in an oxygen-depletion factor,
defined as the fraction of incoming air that is fully depleted of its oxygen,
and an expansion coefficient, defined as the ratio of the number of moles
in the fraction of air fully depleted of its oxygen to the number of moles of
combustion products. These quantities are undesirable due to their
ambiguous physical significance, limited applicability to specific con-
figurations, and because they have no legitimate relationship to the
calculation of the heat release rate, as evidenced by their feasible omis-
sion from the present framework. In particular, the expansion coefficient
is relevant only when conservation statements are written as a mole basis
instead of a mass basis and may be accurately defined only for cases
where the fuel chemistry is known.

While simplified formulations may be more convenient for hand
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calculations, they suffer the ambiguity of being far-removed from the
mass conservation analysis that led to their derivation. As a result, these
formulations are not easily adaptable to conditions that deviate from
those for which they were originally derived. Further, the conditions for
which these formulations were originally derived are also not easily
inferred from their final formulations.

Using similar simplification methods, it would be possible to derive
from the present model an explicit expression for _Q as a function of
directly measured quantities; however, this would not be prudent as such
an expression would be unintelligibly complex while offering question-
able benefit. Rather, the simple expressions presented in Eqs. (3)–(14)
need only be performed in the proper sequence as shown in Fig. 2,
providing an easily programmable solution procedure adaptable to any
data analysis or spreadsheet program. Most importantly, these simple
expressions are directly relatable to their underlying physical principles
and to the configuration for which they were derived, offering trans-
parency to the model formulation and the underlying assumptions. The
present formulation is also readily adaptable to alternative configura-
tions that may require mass conservation analyses of greater or lesser
complexity.

3. Experiment

The present experimental facility is described in Ref. [33] and illus-
trated in Fig. 3. This facility features a 5-cm-wide by 50-cm-long fuel port
Fig. 3. (a) Diagram of experimental facility. (b) Plan-view of fuel/oxidizer port surface.



Fig. 4. Comparison of _QOC versus Xox
O2

among varying calorimetry formulations for an
anchored methane flame. Selected models include (1) the present formulation with
measured _mox , (2) the present formulation with _mox ¼ 0, and (3) a traditional OC
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centrally located within a 50-cm-wide by 75-cm-long co-flowing oxidizer
port. Surrounding the fuel port is a thin 5-cm-wide strip of ceramic
fiberboard, which promotes transition to fully turbulent flow conditions
at the flame base (see Fig. 3b). A methane flow of 1:00±0:02 g/s or a
propane flow of 1:08±0:02 g/s, measured via mass flow controller, yields
flames with unsuppressed total heat release of roughly 50 kW. The co-
flowing oxidizer flows at a fixed rate of 85±7 g/s, including a variable
flow of gaseous nitrogen to provide controlled flame suppression via
reduction in the O2 mole fraction of the oxidizer (Xox

O2
).

As noted in previous works, weakened flames in co-flow may lift and
detach from the fuel port prior to extinction [33,47–49]. To prevent
liftoff extinction events and permit the study of substantially weakened
flames, an O2 anchor is optionally applied along the fuel port to
strengthen the flame base (see Fig. 3b). A constant flow of O2 at
0:080±0:0008 g/s provides less than 2.0% of the stoichiometric O2

requirement for either fuel and has been shown to sufficiently prevent
liftoff extinction [33]. Present experiments including this O2 flow are
referred to as ‘anchored’, while those without are referred to as ‘non-
anchored’, with all other testing conditions being the same between the
two cases.

The experimental apparatus (Fig. 3a) is centrally positioned roughly
1.1 m beneath a 2 m by 2 m fire-products collection hood connected to an
exhaust evacuation system. A 60-cm-tall fiberglass curtain hangs from
the perimeter of the hood to ensure total capture of all combustion
products into the exhaust system. Preliminary experiments lacking this
curtain were found to suffer significant loss of combustion products,
leading to underestimation of calorimetry-derived heat release rates in
excess of 20%. The necessity for inclusion of this curtain in the present
configuration stresses the importance of assumption (9) in the preceding
calorimetry model.

Within the exhaust system, measurement sensors are contained
within a 3-m-long straight section of 0.28 m inner-diameter round duct.
All sensors are located roughly 5.2 m (18.5 diameters) downstream of the
collection hood, such that sufficiently fully-developed and well-mixed
flow conditions may be assumed.

A Veris Verabar V100 averaging pitot-tube (Cj
f ¼ 0:7530) connected

to a Setra Model 264 differential-pressure transducer is used to measure
the exhaust flow rate with an uncertainty of ±1%. Adjacent to the pitot-
tube, an exposed-junction K-type thermocouple probe measures the
exhaust temperature with an uncertainty of ±2 K and response time of
roughly 3 s.

A Michell Instruments PCMini52 relative humidity sensor is used to
measure the exhaust H2O content in situ with an uncertainty of ±1% RH
and response time of roughly 10 s. The measured relative humidity is
related to absolute humidity via a thermodynamic state equation for the
saturation pressure of H2O as a function of temperature [50].

A sampling probe collects a portion of the exhaust flow for extractive
composition measurements. The sampling probe consists of a 4.5 mm
inner-diameter stainless-steel tube with 1.5 mm perforations spaced
1.27 cm uniformly along its length, running the full diameter of the
exhaust duct. A vacuum pump draws the exhaust sample from both ends
of the probe, through a length of 3.2 mm inner-diameter tubing toward
the species analysis instrumentation. The sample passes through a 2-μm
particulate filter, a section of Drierite™ desiccant, and an additional 2-
μm filter prior to analysis.

Extractive composition measurements include O2 content via a
Rosemount Model 755 paramagnetic analyzer and CO2 and CO content
via a Siemens ULTRAMAT 23 non-dispersive infrared analyzer. Mea-
surement uncertainties are ±1250 ppm O2, ±1000 ppm CO2, and ±100
ppm CO, with a response time of roughly 5 s for both analyzers. No soot
data are measured in the present study, and associated terms in Eq. (2)
are therefore neglected. The exhaust sampling system is additionally
used to measure the ambient composition, assumed to remain constant at
initial condition measured prior to each experiment.

In the oxidizer, Xox
O2

is measured using a Servomex 540E paramagnetic
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analyzer via a sampling probe located in the oxidizer port, with mea-
surement uncertainty of ±1250 ppm O2 and response time of roughly 5 s.
The remaining oxidizer composition is determined by assuming a uni-
form mixture of ambient air with pure N2. Measurements of Xox

O2
are then

directly related to the mole fractions of H2O, CO2, and CO in the oxidizer
based on the measured composition of those species in the ambient.

The oxidizer flow rate is measured using a United Sensor pitot-static
probe (Cj

f ¼ 0:8972) with uncertainty of ±8%, calibrated by flowing
known amounts of N2 through the oxidizer while measuring resultant
changes in Xox

O2
. As in the exhaust stream, an exposed-junction K-type

thermocouple probe measures the oxidizer temperature with an uncer-
tainty of ±2 K and response time of roughly 3 s. For anchored experi-
ments, the O2 flow introduced by the anchor is directly included as an
additional term in Eqs. (4) and (6) of the calorimetry model.

Prior to each experiment, all species analyzers are calibrated against
reference mixtures with known composition to ensure measurement ac-
curacy and minimize effects of calibration drift. Measurement response
delays, due to differences in flow transport time to the various in-
struments, are also compensated to provide synchronous data collection
across all measurements. Uncertainties in all calorimetry-derived quan-
tities are estimated using a Monte-Carlo error propagation analysis [51].

4. Results and discussion

4.1. Model performance

The principal difference between the present calorimetry formulation
and those provided in previous works is a consideration for complexmass
exchanges such as the present configuration's diluted oxidizer. To explore
this distinction, total heat release rates ( _Q), derived using input data
measured in the present configuration and using both present and
traditional models, are plotted versus the O2 mole fraction of the
oxidizer, Xox

O2
, in Fig. 4 for OC and Fig. 5 for CDG based methods. Model

variants include (1) the present formulation; (2) the present formulation,
but with the oxidizer mass flow rate, _mox ¼ 0 within the model so as to
artificially remove the influence of the diluted oxidizer; and (3) a tradi-
tional formulation for either OC [41] or CDG [43] based methods.

As shown in Fig. 4, _Q for all three OC models converge only at
ambient Xox

O2
, with models (2) and (3) remaining in close agreement for

all Xox
O2
. This agreement verifies that the present formulation converges

with the traditional formulation when the diluted oxidizer is neglected.
Notably, models (2) and (3) significantly overpredict _Q, with deviations
between these models and the reference model (1) increasing linearly
formulation [41].



Fig. 5. Comparison of _QCDG versus Xox
O2

among varying calorimetry formulations for an
anchored methane flame. Selected models include (1) the present formulation with
measured _mox , (2) the present formulation with _mox ¼ 0, and (3) a traditional CDG
formulation [43].
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with declining Xox
O2
. This trend is due to the sensitivity of the OC formu-

lation to the O2 content of the oxidizer, which directly impacts the O2

mass balance central to OC calorimetry. In particular, as Xox
O2

is reduced,
the O2 deficit in the exhaust due to dilution of the oxidizer begins to
dominate that due to O2 consumption in the flame. As models (2) and (3)
cannot account for oxidizer dilution, they incorrectly attribute the entire
exhaust O2 deficit to the combustion reaction, resulting in vastly over-
predicted _Q.

The linear deviation of models (2) and (3) away from model (1) is
explained by the roughly linear dependence of _mox

O2
on Xox

O2
. Since the total

oxidizer mass flow rate ( _mox) remains constant, _mox
O2

decreases linearly
with the declining O2 mass fraction of the oxidizer (Yox

O2
), and therefore

also decreases quasi-linearly with declining Xox
O2

(non-linearity in the
relationship between Yox

O2
and Xox

O2
is negligible over the range of Xox

O2

shown in Fig. 4).
Contrary to the noted discrepancies in the OC formulations, _Q for all

three CDG models converge for all Xox
O2

(see Fig. 5). This agreement is due
to the relative insensitivity of the CDG formulation to dilution in the
oxidizer, where the CO2 content of the oxidizer is nearly negligible and
does not deviate significantly from that in the ambient. As a result, var-
iations in Xox

O2
do not significantly impact the CO2 mass balance of the

system, and surplus CO2 in the exhaust is consistently dominated by that
generated in the flame. Hence, models (2) and (3) maintain accurate
predictions for _Q, despite neglecting the diluted oxidizer.

While the preceding comparisons may suggest superiority of the CDG
over the OC formulation, it must be noted that such a conclusion is
configuration dependent. If, for example, oxidizer dilution in the present
configuration were accomplished via CO2 instead of N2 addition, the
CDG formulation would expectedly be significantly more sensitive to
dilution of the oxidizer. For such a scenario, the traditional CDG
formulation would not be expected to yield accurate results.

The model comparisons in Fig. 4 emphasize the importance of a
comprehensive control volume analysis in the derivation of any calo-
rimetry formulation, where the undue omission of applicable mass ex-
changes may significantly affect the accuracy of the model. However,
comparisons in Fig. 5 highlight that for complex systems, not all appli-
cable mass exchanges need significantly influence both the OC and CDG
formulations. Careful consideration of the species mass balances in a
given calorimetry application may provide a useful means to determine a
priori which formulation should be preferred and whether any omission
of measurements may be acceptable.
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4.2. Suppression measurements

OC and CDG calorimetry-derived _Q (see Eq. (2)) are plotted versus
Xox
O2

in Fig. 6. Individual plots present data for the non-anchored methane
(Fig. 6a), anchored methane (Fig. 6b), non-anchored propane (Fig. 6c),
and anchored propane (Fig. 6d) flames. Also included in each plot are the
corresponding combustion efficiency data, defined as

ηcomb ¼
_Q

_mf Δhf
; (16)

where _mf is the measured input mass flow of fuel and Δhf is the enthalpy
of combustion per-unit-mass of fuel.

As shown in Fig. 6, _QOC≈ _QCDG for all Xox
O2

and for all four flames,
indicating good agreement between the two methods, as should be ex-
pected with the present model. Also shown, uncertainties in _QOC and
_QCDG are initially comparable (±1:5 kW) near ambient Xox

O2
, but deviate

with declining Xox
O2
. Uncertainty in _QOC gradually increases, eventually

and significantly exceeding that in _QCDG (±11 kWmax for _QOC vs. ±2 kW
max for _QCDG). This trend is principally due to the heightened sensitivity
of _QOC to uncertainties in the oxidizer composition and flow rate
(see Table 2).

Also shown in Fig. 6, ηcomb≈1 for all four flames over a wide range of
reduced Xox

O2
. For the non-anchored flames (Fig. 6a and c), ηcomb tapers

only slightly, lowering to a value of roughly 0.8 for both fuels immedi-
ately before global extinction. For these flames, extinction occurs as
detachment of the flame from the fuel port and subsequent liftoff. The
value of Xox

O2
at extinction is denoted the limiting oxygen index (LOI,

shown as a vertical dotted line in each figure), with presently measured
LOI for the non-anchored flames (LOIna) of 0:152±0:002 for methane and
0:139±0:002 for propane, values in agreement with prior measure-
ments [33].

For the anchored flames (Fig. 6b and d), and for Xox
O2

> LOIna, _Q and
ηcomb are equivalent to those measured for the respective non-anchored
flames for each fuel. For Xox

O2
< LOIna, the O2 anchor extends the domain

of flammability, where _Q and ηcomb reduce gradually with declining Xox
O2

until global extinction. For the anchored flames, extinction occurs as
increasingly intermittent quenching of the main flame until only a small
pilot flame remains in the immediate vicinity of the anchor, extin-
guishing shortly thereafter. Presently measured LOI for the anchored
flames (LOIa) are 0:122±0:002 for methane and 0:125±0:002 for pro-
pane. A further discussion of these extinction limits and comparison with
similar limits measured in other configurations has been provided in
previous work [33].

From the measured species mass reaction rates ( _ωk, see Eq. (6)), net
combustion yields are defined as

yk ¼ _ωk

_mf
: (17)

Measured yk for O2, CO2, H2O, and CO are plotted versus Xox
O2

in Fig. 7. As
before, individual plots present data for the non-anchored methane
(Fig. 7a), anchored methane (Fig. 7b), non-anchored propane (Fig. 7c),
and anchored propane (Fig. 7d) flames. Included in each plot are the
stoichiometric yields for each species (shown as horizontal dashed lines),
defined as

yk;st ¼ νk;st
Mk

Mf
; (18)

whereMk is the molar mass of species k,Mf is the molar mass of the fuel,
and νk;st is the stoichiometric molar reaction coefficient for species k in
the balanced combustion mechanism (see Eq. (1)).

As shown in Fig. 7, yk≈yk;st for all species and for all four flames over a
wide range of reduced Xox

O2
. As expected, trends in yO2 and yCO2 closely



Fig. 6. OC and CDG calorimetry-derived heat release rate ( _Q) and combustion efficiency (ηcomb) plotted versus Xox
O2

for various flames.
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match those noted for the _QOC and _QCDG measurements (see Fig. 6).
Trends in yH2O resemble those for yO2 and yCO2 , though with significantly
greater measurement uncertainty. Uncertainty in yH2O is principally
attributed to the relative inaccuracy of the H2O sensor, as compared to
the highly accurate analyzers used for the other species. Despite the
relatively high uncertainty, measured yH2O reasonably match yH2O;st for
the present flames. As has been reported in previous works
[22,28,31,44], the OC and CDG calorimetry formulations are relatively
insensitive to uncertainty in the H2O measurements, therefore the noted
uncertainty in yH2O does not significantly affect the other calorimetry-
derived quantities.

For all four flames, measured yCO≈0. For the non-anchored flames
(Fig. 7a and c), a small but nearly negligible increase in yCO is noted at the
moment of global extinction. A more notable and prolonged increase in
yCO is measured for the anchored flames (Fig. 7b and d), where yCO >0
only for Xox

O2
< LOIna, increasing with declining Xox

O2
until reaching maxima

of yCO;max ¼ 0:045 at Xox
O2

¼ 0:132 for methane and yCO;max ¼ 0:022 at
Xox
O2

¼ 0:128 for propane. With further reduction in Xox
O2
, yCO for either

fuel diminishes as extinction effects begin to dominate any incomplete
combustion.

Related to the sensitivity of the calorimetry formulation, the contri-
bution of CO production to the total _Q remains minor even at the peak
yCO shown in Fig. 7b. For the OC formulation in Eq. (2a), the contribution
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of _ωCO to the total _QOC is less than 0.26%, whereas for the CDG formu-
lation in Eq. (2b), the contribution of _ωCO to the total _QCDG is less than
2.63%. Here, the CDG formulation is more sensitive to _ωCO than the OC
formulation because the difference ΔhCO2� ΔhCO2 ; CO in Eq. (2b) is typi-
cally much larger in magnitude than the difference ΔhO2� ΔhO2 ; CO in Eq.
(2a) (see values in Table 1). Though other potential combustion species
such as H, H2, and OH are not considered in this study, these species are
expected to have considerably lower yields than CO [52], with negligible
effect on the determination of _Q.

Based on experimental observations of the anchored flames, it is
suspected that the regime of increasing yCO and decreasing yCO2

measured just before global extinction indicates the presence of spatially
separated regions in the flame zone where some portion of the injected
fuel reacts to completion, forming primarily CO2 and H2O, while other
portions of the injected fuel fail to ignite and pass unreacted into the
exhaust. The increasing yCO trend suggests that there are some interme-
diate regions between these two extremes where incomplete combustion
occurs, though the relatively small magnitude of yCO compared to yCO2

indicates that these effects are not significant and that complete com-
bustion and extinction occur in a somewhat binary fashion in the present
flames. As a result, any observed reduction in global ηcomb in the present
configuration more likely indicates spatially localized flame extinction
rather than globally inefficient combustion. This behavior is consistent
with expectations from laminar flamelet extinction and percolation



Fig. 7. Net combustion yields (yk) for O2, CO2, H2O, and CO plotted versus Xox
O2

for various flames.
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theories [53,54], though it should be noted that detailed investigations of
these phenomena in buoyant, turbulent fires have not yet
been performed.

Previous experimental work in the present configuration has
demonstrated that the flames of interest in this study do experience
significant variations in visible flame structure and radiative emissions
with declining Xox

O2
[33]. Notably, both methane and propane flames

exhibit a significant reduction in luminous emissions combined with a
transition in flame color from yellow to blue as Xox

O2
is reduced (see Figs. 5

and 6 in Ref. [33]). Simultaneously, those flames exhibit a roughly linear
decline in radiative loss fraction (χrad) with decreasing Xox

O2
(see Figs. 9

and 10 in Ref. [33]).
Despite these other suppression effects, the present data conclude that

for all of the present flames and for Xox
O2

> LOIna, nearly all of the fuel
continues to react to completion and combustion products are produced
in stoichiometric proportions. These results agree with speculations re-
ported in previous studies [55–57], for which locally measured species
concentrations suggested the persistence of complete combustion until
the extinction limit, but validating combustion efficiency measurements
were not provided. The present results establish a definitive confirmation
of these behaviors.

To further investigate the significance of these results, the presently
measured ηcomb are compared against the previously measured χrad data,
which are included in Fig. 8, reproduced from Figs. 9 and 10 in Ref. [33]
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(the reader is referred to Ref. [33] for a description of the χrad mea-
surement). Considering the measured trends in these two quantities
(ηcomb remain constant near unity and χrad decline linearly with reducing
Xox
O2
), it is apparent that when combined, both trends should occur with a

concomitant increase in the convective fraction of the total heat
release, χconv.

A measured estimate of χconv is plotted in Fig. 8, defined as

χconv ¼
_me cep ðTe � TaÞ

_mf Δhf
; (19)

where _me is the mass flow rate, Te the temperature, and cep the heat ca-
pacity of the combustion exhaust gases, with other terms as previously
defined. Here, cep is estimated as the corresponding value for ambient air,
evaluated at temperature Te. Also included in Fig. 8 is the sum,

χsum ¼ χconv þ χrad: (20)

As shown in Fig. 8, measured χconv increase quasi-linearly with
declining Xox

O2
for all four flames, due primarily to associated increases in

Te. The increasing trend in χconv is nearly perfectly offset by the
decreasing trend in χrad, so that χsum closely matches ηcomb. The χsum trend
slightly, but consistently under-predicts the ηcomb trend, attributed to heat
losses that are not accounted for in the χconv and χrad measurements. Such



Fig. 8. Comparison of ηcomb (calorimetry derived), χrad (thermally derived), and χconv (thermally derived) plotted versus Xox
O2

for various flames.
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losses likely include conduction losses at the flame base to the burner or
additional losses to the walls of the exhaust system. In comparing the
offset between ηcomb and χsum, these losses are suggested to be small and
unaffected by declining Xox

O2
, though such agreement is likely configura-

tion dependent.
The agreement between the present ηcomb and χsum measurements

offers two additional conclusions. First, χsum, which is based entirely on
thermal measurements, provides an independent validation of the
species-based calorimetry principles used to evaluate ηcomb, where the
calorimetry-derived heat release rate is determined using mass-
conservation analyses and species measurements only and includes no
actual thermal measurements.

Second, because of the complexity required for species-based calo-
rimetry measurements, the present results suggest that coupled mea-
surements of χrad and χconv may provide an attractive and inexpensive
alternative method for global heat release rate measurements, particu-
larly for cases where qualitative trends are desired and a systematic offset
in quantitative result due to heat losses may be acceptable. For sup-
pression studies in particular, qualitative ηcomb trends inferred from χconv
and χrad measurements may potentially be calibrated to yield quantita-
tive results, provided ηcomb at an unsuppressed condition is known and
any offset due to heat losses may be assumed to be independent of sup-
pression effects.

Summarizing the present experimental results, it is expected that the
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primary effect of the diluted oxidizer is to reduce the flame temperature,
where the increasing presence of inert N2 in the reacting mixture dissi-
pates the heat released by combustion. Because radiative flame emissions
scale with temperature to the fourth power, χrad is most sensitive to this
effect and reduces quasi-linearly with declining Xox

O2
. Despite the reducing

flame temperature, ηcomb has been found to remain close to unity until the
extinction limit is reached, suggesting a constant rate of heat release into
the reacting mixture. With less of that heat lost to radiation, a greater
fraction is convected away from the flame into the plume, resulting in
increased plume and exhaust temperatures. This behavior is consistent
with laminar extinction theory and the existence of a cutoff temperature
above which combustion is primarily stable and proceeds to completion,
but below which combustion cannot occur.

5. Conclusion

A general formulation for species-based calorimetry measurements
using either oxygen-consumption (OC) or carbon-dioxide-generation
(CDG) based methods has been presented. While not as convenient as
the simplified models offered in previous works, the present formulation
is directly relatable to the physical principles from which it is derived,
offering transparency to its derivation and underlying assumptions. This
formulation may also be more easily adapted to complex applications
opposing the simplifying assumptions in traditional models. The present
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study features the application of this formulation to a canonical config-
uration featuring buoyant, turbulent, methane or propane-fueled diffu-
sion flames, suppressed via diluted co-flowing oxidizer.

Traditional OC-based models, which cannot account for oxidizer
dilution, are found to significantly overpredict total heat release rate in
the present configuration. By comparison, traditional CDG-based models
are found to give accurate results, but only because the CO2 mass balance
in the present configuration is not significantly influenced by N2 dilution
of the oxidizer. For an alternate scenario in which the oxidizer is diluted
with excess CO2 instead of N2, agreement would not be expected. Only
the present formulation, with full accommodation for oxidizer dilution,
provides accurate prediction of total heat release rate via both OC and
CDG methods.

As emphasized by the present model comparisons, the undue omis-
sion of applicable mass exchanges in the derivation of any calorimetry
formulation may significantly affect model accuracy. Careful consider-
ation of the species mass balances in a given application may provide a
useful means to determine a priori whether OC or CDG formulations
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should be preferred.
In both methane and propane flames, combustion efficiency is found

to remain close to unity over a wide range of oxidizer dilution, decreasing
rapidly only at the onset of global extinction. Similar trends are noted in
the net combustion yields of O2, CO2, and H2O. Net yields of CO remain
close to zero for both fuels, but increase slightly near the extinction limit.
Despite other suppression effects noted in these flames, until the
extinction limit is reached, nearly all fuel continues to react and com-
bustion products are produced in stoichiometric proportions.
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Nomenclature

Symbols
A area (m2)
cp heat capacity (J/kg/K)
Cf flow coefficient (�)
LOI limiting oxygen index (mol/mol)
m mass (kg)
_m mass flow rate (kg/s)
M molar mass (kg/mol)
P static pressure (Pa)
_Q heat release rate (W)
R ideal gas constant (J/mol/K)
S sensitivity factor (�)
t time (s)
T temperature (K)
X mole fraction (mol/mol)
y net combustion yield (kg/kg)
Δh mass-specific enthalpy of reaction (J/kg)
Δh

∘
f mole-specific standard enthalpy of formation (J/mol)

ΔP differential pressure (Pa)
ηcomb combustion efficiency (�)
ν molar reaction coefficient (mol/mol)
ϕ model input quantity (�)
χrad radiative loss fraction (�)
χconv convective loss fraction (�)
χsum total loss fraction (�)
_ω mass reaction rate (kg/s)

Subscripts
a anchored
A analyzer measured
CDG carbon dioxide generation
f fuel species
k indexing variable (species)
max maximum
na non-anchored
OC oxygen consumption
rmv removed
st stoichiometric

Superscripts
a ambient entrainment
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e exhaust stream
f fuel stream
j indexing variable (flow stream)
ox oxidizer stream
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