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Abstract

The National Fire Research Laboratory is a unique large-fire research facility; able to
characterize the response of full-scale building systems to realistic mechanical loading and
fire. The facility maintains an infrastructure of measurements necessary for accurately
characterizing the heat release rate of fires, a key parameter in predicting fire hazard. This
measurement infrastructure includes four oxygen consumption calorimeters to measure the
heat released during fire experiments, and a fuel consumption calorimetry system (natural gas
burners and flow control) to generate precise amounts of heat release. Both systems have a
heat release rate capacity of 20 MW, twice the capacity of the previous facility. A rigorous
evaluation of the processes for the measurements by oxygen consumption calorimetry and fuel
consumption calorimetry has resulted in significant improvements in measurement uncertainty
when compared to previous versions of the facility. Measurement agreement between the two
independent systems has been demonstrated and provides evidence that NFRL’s system of heat
release rate measurements for large-scale fire research are the most accurate and highly
characterized of their kind. The methodology, hardware, and performance of the large-fire
calorimeters and natural gas flow system are described here to provide technical guidance on
achieving accurate heat release measurements to laboratories with the mission of accurate
large-scale fire testing.
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Measurements.
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1. Introduction

The National Institute of Standards and Technology (NIST) has maintained operation of its
large-fire facility in Gaithersburg, MD since 1975. In 2015, the facility was expanded in size
and capability to enable research on the response of full-scale structural systems to realistic
fire and mechanical loads. The newly expanded facility, the National Fire Research Laboratory
(NFRL), is one of the most unique fire research facilities in the world.

The primary objective of the NFRL is to safely conduct real-scale fire and structural-fire
experiments with the goals of 1) enabling fire model validation studies 2) enabling advances
in codes and standards for materials and structures in fire conditions, and 3) supporting
building and fire safety investigations and post disaster and failure studies. To meet the
technical needs of the NFRL, new measurement methods are developed while existing methods
are continually improved. These measurement methods are used to provide reference data for
comparison against numerical predictions for component-scale, small-scale, and full-scale
assemblies. The newly developed and improved methods also provide motivation and
guidance to advance the state-of-the-art for large-fire research and testing.

The NFRL has developed an infrastructure of physical measurements necessary to conduct
research to characterize the behavior of structures in a fire. The measurements are supported
with the well-quantified estimates of uncertainty. This infrastructure includes measurements
of temperature, heat transfer, gas volume fraction, gas flux, strain, force, displacement,
high-definition video, and heat release. All are integrated with high-throughput data
acquisition tools to record and view the live measurement results.

Experiments in the NFRL are designed to provide the key technical information and data
necessary to advance performance-based design of structures exposed to realistic fire
conditions. The facility consists of 3000 m? (32 300 ft?) of laboratory space, containing a
strong floor/strong wall combination to support and load structural components. This allows
structures ranging in size from small components to large systems, such as buildings up to two
stories in height, to be tested under simultaneous mechanical loading and fire exposure. The
NFRL maintains four large-fire calorimeters to measure the heat release rate of fires ranging
from 0.02 MW to 20 MW. In addition, it maintains an emissions control system (ECS) to treat
smoke particulates and combustion gases to comply with local environmental requirements.
Therefore, building systems can be tested while exposed to growing fires, using natural gas,
liquid hydrocarbons, wood cribs, or actual building contents as fuel. The rate of heat release
is the primary parameter defining the fire load and the primary measurement capability of the
NFRL. This document will describe the methodology, hardware, and performance of NFRL’s
measurement of heat release rate as conducted with its four large-fire calorimeters and natural
gas flow system.

1.1. Heat Release Rate

Heat release rate is defined as the enthalpy change per unit time as a result of the conversion
of the chemical energy of a fuel to heat in a combustion process. Most commonly the fuel is
carbon-based; and the combustion process is one of oxidation, usually by the oxygen in air.
Heat release rate is typically reported in kilowatts (kW) or megawatts (MW). Its importance
follows from the fact that it is a key predictor of the hazard of a fire, directly controlling the



rate at which heat and toxic gases build up in a compartment or are buoyantly driven into more
remote spaces. [1] It is, in effect, the most pertinent measure of the size of a fire. [2]

Understanding the heat release rate potential of an object or an assembly of objects is essential
to estimate the hazard such an object or arrangement could pose if ignited. Fire safety
standards and codes of such hazards are based on this understanding. Although substantial
progress is being made, the present state of fire growth models is such that the prediction of
heat release rate for common room contents such as chairs or beds cannot be fully
characterized. Thus, measurements of heat release rate on real objects are still essential. The
measured results may be used as input for hazard calculation models such as the Consolidated
Model of Fire Growth and Smoke Transport (CFAST) [3] and the Fire Dynamics Simulator
(FDS) [4] or for the evaluation of product performance. In either case, accurate heat release
rate measurements are essential to meaningful results.

For a simple object made from a pure substance with a known constant heat of combustion the
measurement of heat release rate requires only a mass loss rate measurement on the object
since the former is proportional to the latter. Mass loss (fuel consumption) is useful if the
“object” is a well-defined gas or liquid supplied at a known rate. This is the basis for the
confirmation of more general heat release rate calorimeters, where the calorimeter output can
be compared with the heat release from a precisely measured flow of a fuel whose heat of
combustion is accurately known. In practice the heat of combustion of a complex object is
rarely tabulated and in any case is variable for charring materials. Thus, reliance on mass loss
to quantify heat release is unreliable for real objects.

Early measurements of heat release rate for real objects focused on the heat output as
represented by the temperature of the product gases. An array of thermocouples was positioned
in a duct which captured all the gases to measure their average gas temperature [ASTM 1321
(LIFT test); ASTM 906 (OSU calorimeter)]. This approach assumes the flow is adiabatic, a
simplifying ideal case. However, the heat emitted from the fire as radiation can be 35 % or
more of the total chemical heat release rate. [5] More sophisticated variants of this thermal
approach, based on measuring the fuel gas flow rate required to maintain a constant product
stream temperature, have the same limitation. [6]

Huggett first suggested a very different approach, now termed oxygen consumption
calorimetry. [7] He followed up on the much earlier finding that the amount of heat evolved
from most organic materials per unit mass of oxygen consumed in their complete combustion
is nearly constant. For example, the heat evolved for butyl alcohol is:

C,HoOH + 60, + 6(3.76)N, — 4C0O, + 5H,0 + 6(3.76)Ny;

(AcHe,u,0m)0, = —12.79 MJ/kg! 1)

Thus, the oxygen deficit (relative to ambient air) due to combustion is a measure of the heat
released by the burning material.

 All heat of combustion values reported here are ideal net heating values, also known as lower heating values (LHV); therefore, the water
produced by the combustion reaction is in vapor form.



For a wide variety of molecules from pure hydrocarbons, to partially oxygenated species, to
partially halogenated species, and a wide variety of polymers and natural materials such as
wood and coal, the heat release per unit mass of oxygen falls within a narrow range. Huggett
showed that, for most common materials or generic combustibles (GC) containing atoms of
carbon (C), hydrogen (H), oxygen (O), and nitrogen (N), the average heat release per unit mass
of oxygen is 13.1 MJ/kg with a standard deviation of 0.35 MJ/Kg.

Fire calorimeter methods based on oxygen consumption were developed at NIST in the 1970s
and 1980s. The first practical measurement device resulting from this research was known as
the Cone Calorimeter. [8] The Cone Calorimeter is used to study material flammability for
specimens smaller than 100 cm? and producing heat release up to 10 kW. The Cone
Calorimeter has been commercialized, standardized, and widely adopted as a research,
development, and standard testing methodology. At the same time a full-scale open
calorimeter was developed for furniture-sized items. The ‘Furniture Calorimeter’ was used to
study fires up to 1 MW in size. [9] These early calorimeters used primitive computer data
collection systems and were labor intensive to operate. Inthe early 2000s NIST added a 3 MW
and 10 MW calorimeter, made significant upgrades to the data acquisition, computer control,
and measurement hardware, and added an improved emissions control system. [10]

Around the same time, other laboratories began expanding their capabilities to study
large-scale fires. Factory Mutual Global built a facility with a 20 MW calorimeter based on
the measurement principle of carbon dioxide and carbon monoxide production. [11] The
Bureau of Alcohol, Tobacco and Firearms (ATF) built a facility able to accommodate fires up
to 14 MW. [12] Both Underwriters Laboratories, Inc. (UL) and the Korea Institute of Civil
Engineering and Building Technology (KICT) constructed facilities capable of handling
10 MW fires. [13, 14] ATF, UL, and KICT all implemented the measurement principle of
oxygen consumption calorimetry in their facilities, with ATF and KICT adopting many of the
measurement strategies and procedures from NIST guidance. [15]



2. Calorimetry Measurement Models

The primary measurement capability of the NFRL is the measure of heat release by 1) the
principle of oxygen consumption calorimetry and 2) the principle of fuel consumption
calorimetry (consumption of natural gas). The following text describes the model used to infer
heat release from a system of measurements that comprise NFRL’s four oxygen consumption
calorimeters for large-fire measurements. The simplifying assumptions that allow for practical
utilization of the model are also described. Since the NFRL has the capability to precisely
generate prescribed amounts of chemically released heat utilizing a natural gas delivery and
burner system. The model used to infer heat release from fuel consumption calorimetry,
specifically the consumption of natural gas, is also described.

2.1.  Oxygen Consumption Calorimetry

Sensenig built the first working apparatus based on oxygen consumption (OC) calorimetry.
[16] Heat release rate, Qoc, Was inferred from the measured oxygen (O2) deficit in the flow of
a hood that captured the fire plume as shown in the following equation:

Qoc = (AcHrye))o, Ve X8, 0 (2)
where
X8 - XOZ
0 =—2—-= 3
e ®3)

with Xg, being the oxygen volume fraction in the ambient air, X, the oxygen volume fraction
in the duct after the captured smoke plume (and any excess air) is well-mixed, V, is the
measured volume flow in the exhaust duct, and (AHg,e)o, is the heat of combustion per unit
volume of oxygen consumed (e.g., MJ/m®). This simplified equation is approximate since it
neglects other gases that are present such as water vapor and carbon dioxide. The equation
does convey, however, the role of the primary variables: exhaust duct flow and oxygen
depletion.

Equation (2) may be rewritten on a mass basis as follows:

Qoc = (AcHgue))o, (MY, — Mho,) (4)

Where (AcHpgyep)o, is the heat of combustion per unit mass of oxygen, mg, is the mass flow
of oxygen in the duct prior to the fire test, and m, is the mass flow of oxygen in the duct
during the fire test.

For an open system only the exhaust flow, which includes the flow of incoming air and
combustion products, is measured. It is necessary to relate the measured exhaust flow to the
incoming air flow. Therefore, it is useful to define the oxygen depletion factor, ¢, as the
fraction of incoming air that is depleted of its oxygen.
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In relating the mass flow of air into the system to the mass flow in the duct, the assumption is
employed that nitrogen is not involved in the combustion process and therefore the nitrogen
flow is constant. Nitrogen analysis is not performed so its volume fraction is replaced using
the assumption that only nitrogen (Nz), oxygen (O2), carbon dioxide (COz), carbon monoxide
(CO) and water (H20) are present. This substitution is most accurate if all the other gas species
are measured. Accurate water analysis is difficult, so it is typically approximated based on the
humidity of the incoming air. Using the substitution for nitrogen, ¢ is expressed in terms of
the measured volume fractions of the gas species.

X8, (1~ Xco,— Xco)— Xo, (1= X&o,)
(1-Xo,- Xco,~ Xco)X§,

b = (6)

Itis apparent in Eq. (1) that the combustion process of hydrocarbon fuels can result in a greater
number of moles of products than reactants. Parker[17] defines a chemical expansion factor
as follows:

a=1+ X5, (B—-1) (7)

where f is the ratio of the moles of combustion products to the moles of oxygen consumed. In
the case of hydrocarbon fuels the average value of a is 1.10.

The number of moles in the fraction of air depleted of its oxygen is replaced by an equal or
greater number of moles of combustion products (second term of the equation below).
Therefore, the mass flow of air into the system, m;., may be related to the measured mass
flow of exhaust gas, ., by the following relation:

Me _ Mair (1 _ TMair

M—e N Majr (1 ¢) + Majr d)a (8)
Assuming the molecular weight of the exhaust gas is approximately equal to the molecular
weight of the incoming air (Me = Mair), the mass flow of the incoming oxygen is expressed as:

Mg
c0 o 0
mp, = mairXOZ,inc M

7 M
2 — Me Xo . 02 (9)
air 1+ ¢ (a-1) Ozinc Majr

Paramagnetic oxygen analyzers require the water to be removed from the sampled gas,
therefore a correction must be made to the ambient oxygen volume fraction measurement.

X82,inc = (1 - XI(')Izo) XOOZ (10)

Using Eqg. (5), (9), and (10), Eq. (4) may be rewritten as follows with ¢, as described in Eq.
(6), representing the case where Oz, CO., and CO are measured while H2O is removed from
the sampled gas:

e Mo,

Qoc = (AcHpye))o, ¢ T o@D (1- X§,0) X8, 7>

air

(11)



Incomplete combustion, especially CO formation, often occurs in fires and CO formation
yields only about half as much heat per unit mass of O> consumed as does CO> formation.
Huggett points out that even if the CO concentration is 10 % of the CO> concentration, the
effect on the net heat released per mass O consumed is small. However, flame retardants
frequently boost CO formation, and oxygen-starved burning, as in flashover conditions, does
so as well. Often CO formation may exceed 10 % of CO; formation. In general, it is
recommended to measure CO and correct the heat release rate for its formation as shown in
the following equation:

QOC = [(ACHfuel)Oz ¢ — ((ACHCO)OZ — (ACHfuel)Oz 1-¢ Xﬂ]

2 Xo,

e Mo

where

(AcHgyue1)0, = heat of combustion (LHV) of hydrocarbon fuel per unit mass oxygen,
MJ/kg

(AcHco)o, = heat of combustion of carbon monoxide per unit mass oxygen, MJ/kg
¢ = oxygen depletion factor

m, = mass flow rate in exhaust duct, kg/s

« = combustion products expansion factor

M; = molecular weight of gas i, kg/kmole

X; = volume fraction of exhaust gas i, L/L

X = volume fraction of ambient gas i, L/L

The algebraic complexity of Eq. (12), compared to Eq. (2) or (4), arises from a more thorough
treatment of the mass balances (and elemental balances) on the species between the fire, where
they are generated, and the instruments where they are measured. Parker [17] and Parker and
Janssens [18] discuss the details of the heat release rate calculation based on the extent to which
the duct gas flow is characterized, i.e., whether one measures only O or also includes CO, CO»
and water. The NIST calorimeter system measures O», CO and COz; a correction is made for
ambient humidity as an estimate of the water concentration in the incoming air. The heat
release rate is not corrected for the soot yield?. Details concerning the input measurement
quantities for Eq. (12) are discussed in later sections.

2 A first order thermodynamic analysis indicates that for highly sooting toluene flames the effect on the heat of combustion is less than the
uncertainty in the heat of combustion per kg O, for an unknown fuel.



It is important to realize that the oxygen deficit in the duct flow, even in large fires, is typically
small. This is a consequence of the need to prevent overheating of the exhaust duct and to
allow completion of the combustion reactions before the fire plume enters the duct. Thus the
best one can do with regard to capturing the plume is draw it and no other diluting air into the
duct inlet at the top of the hood. [19] However, fire plumes are already quite diluted at the
flame tips [20] and, as a result, one can expect an oxygen reduction only from 21 % by volume
to about 19 %. Rarely is it possible to capture the plume in this manner, so additional plume
dilution is the norm. An implication of this is that the oxygen meter needs to have high
resolution if the inferred heat release rate is to be precise. Hence, the oxygen volume fraction
and exhaust duct flow are the two measurements in need of greatest attention.

2.2.  Fuel Consumption Calorimetry
The heat release measurement for a pure substance with a known constant heat of combustion,

A.Hg,e, and known combustion efficiency, nger, requires only a measurement of the rate of
consumption of the substance by the fire, therefore the rate of mass 10ss, M.

QFC = Mpyel AcHpel Niuel (13)

Fuel consumption (FC) for solids or finite amounts of liquids may be determined by
continuously monitoring the decrease in mass during the burning period. For a continuous
supply of gas or liquid, consumption is determined by monitoring the flow of fuel to the
burning process. The supply rate may be on a volume basis, as is the case for ideal gases, and
hence the formulation for heat release becomes

Qrc = Viwel AcHI Ngyel (14)

Where A HLY, | is now the volumetric heat of combustion of the ideal gas at specified conditions
and Vg, is the volume flow of the gas at the same conditions. This fuel consumption
formulation is utilized to measure heat release at NFRL’s natural gas burners. Details
concerning the fuel consumption calorimetry measurement, Eq. (14), are discussed in later
sections.



3. Description of Physical Systems

Several major systems in the NFRL make it possible to measure characterizing details of fires,
generate prescribed fires, and safely remove the products of the fire from the facility. These
systems, shown in Figure 1, are the oxygen consumption calorimetry, fuel (natural gas)
consumption calorimetry, and exhaust and emissions control systems. In addition, there is the
large physical space and mechanical systems that make it possible to safely conduct large-scale
fire experiments within the facility. The following sections will describe the oxygen
consumption and fuel consumption calorimetry systems in greater detail, as these independent
yet complementary systems are essential components of NFRL’s capability to quantitatively
characterize a fire — uncontrolled or prescribed.
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Figure 1 Conceptual schematic of NFRL's oxygen consumption calorimetry and fuel
consumption measurement systems.



3.1.  Oxygen Consumption Calorimetry

3.1.1. Exhaust Hoods and Ducts

The NFRL utilizes large canopy exhaust hoods to capture the fire effluents for quantification
of the heat release as a function of time. The insulated steel hoods are suspended above the
test floor and serviced by large exhaust ducts that transport the combustion products to an
emissions control system (ECS) for conditioning before release into the atmosphere. The
facility has 4 canopy hoods, each denoted by its fire capacity: 0.5 MW, 3 MW, 10 MW, and
20 MW. Each hood is equipped with side skirts to improve smoke capture. The height above
the test floor with side skirts (and without side skirts) is listed in Table 2. Retractable side
skirts (ZetexPlus Fabric) are installed on the 20 MW hood and can be deployed at variable
heights. The side skirts are constructed from a silica-based cloth rated up to 1089 K
(1500 deg F). The 0.5 MW hood is supported by legs resting on the test floor. A plan view
of the NFRL lab space is shown in the Figure 2. Three large rollup doors separate the two high
bay fire testing areas. The high bay lab containing the 20 MW hood is 1750 m? in area and
25 000 m® in volume. This space was designed to withstand a continuous 20 MW fire for up
to four hours. The high bay space containing the 3 smaller hoods is 700 m? in area and
6100 m2 in volume. The outline of each of the four calorimetry hoods is shown in red and the
fresh air intake vents are outlined in green. These vents supply the make-up air from outside
the laboratory needed to operate the hoods at full capacity. There are eight independently
controlled intake vents that are used for the 20 MW hood. The top of these vent openings is
located 9.26 m above the floor. There are five independent vents used to supply fresh air for
the 0.5 MW, 3 MW, and 10 MW hoods. The vents can be used to balance and minimize cross
air currents in the lab.
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Figure 2 Plan view scale drawing of NFRL. Outlines of calorimetry hoods are shown in red
and fresh air intake vents are shown in green.

Table 1 Details of the NFRL exhaust system.

Canopy Hood Duct I.D.at  Flow Capacity, Fire Capacity,

Dimensions, m x m Measurement kg/s (m3/min) MW
Section, m

3.1x3.2 0.483 4.1 (190) 0.5

6.1x6.1 1.975 27.5 (1275) 3.0

8.4x12.4 1.975 54.9 (2550) 10

13.8 x 154 2.424 110 (5100) 20
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The 3 MW and 10 MW hoods share an exhaust duct with inside diameter (ID) of 1.975 m. The
20 MW hood is serviced by a 2.424 m ID duct, while a 0.483 m ID duct (which feeds into the
1.975 m duct) services the 0.5 MW hood. Both large ducts, 1.975 m and 2.424 m, run along
the roof of the facility and transport the combustion products from the fire to the ECS, Figure
4. The ducts are wrapped with 0.152 m (6 in) of mineral wool fiber insulation between the
roof exit and the ECS. Upstream of the ECS, measurements of gas volume fraction,
temperature, and velocity are made at instrumentation stations to determine heat release. The
layout of the roof ducts was designed to provide more than 10 diameters of straight run to
create a well-developed flow field at the instrument measurement stations.

Flow is pulled through the exhaust system by induced draft fans near the end of the system,
therefore the operating pressure in the ducts is slightly below atmospheric. The system has a
volume flow capacity of approximately 5100 m*/min (at standard conditions) or a mass flow
capacity of approximately 110 kg/s. The exhaust flow capacity at each hood sets the limits on
maximum fire capacity for each hood as shown in Table 1. Maximum fire size for the NFRL
is 20 MW.

Table 2 Calorimeter hood dimensions and reference distances as described by Figure 3.

Dimension, m 0.5 MW 3MW 10 MW 20 MW
H1, Skirt Height 1.802 3.056 4.931 6.435
H2, Hood Height 2.327 4514 6.385 12.462
H3, Inlet Height 4,134 5.964 8.710 15.340
DIN, Inlet Diameter 0.477 1.510 1.955 2.428
LEW, Length East West 3.085 6.127 12.365 15.373
LNS, Length North South 3.244 6.145 8.422 13.834
XN, Distance to North Wall 5.100 2.146 1.042 2.334
XS, Distance to South Wall 7.397 7.405 9.832 4.760
XE, Distance to East Wall 4515 9.909 16.246  34.004
XW, Distance to West Wall 28.596 20.040 7.453 14.676

11
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Figure 3 Schematic of hood dimensions as listed in Table 2.

12



Measurement
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Figure 4 NFRL exhaust ducts and emissions control system (ECS).
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3.1.2. Exhaust Flow Measurement
Mass flow through the exhaust ducts is determined using pressure-based flow instrumentation
and temperature measurements, and computed as:

2
T Degf

Me = Pe Vesr 2 (15)

Where the effective velocity, V¢, of the exhaust flow is determined using an averaging pitot
probe equipped with a pair of Type K thermocouples. Temperature measurements from the
thermocouples are used to infer the average density of the exhaust gas, p., assuming an ideal
gas. The effective inner diameter of the duct, D, is computed from a series of chord
measurements made inside each exhaust duct.

3.1.2.1. Average Flow Velocity — Averaging Pitot

The flow sensors used in the exhaust ducts are a tee-shaped averaging pitot style probe
(Rosemont 485 Annubar)®. The probes are made of 316 stainless steel and have a width of
2.6924 cm. Three probe lengths are used to match the inner diameter of the exhaust ducts,
0.483m, 1.975 m and 2.424 m. Two averaging pitot probes (A and B) are installed in the
1.975 m duct and the 2.424 m duct. The two probes are installed 45° relative to horizontal and
with an orientation off-set of 90° relative to each probe as shown in Figure 5. The separation
distance for the two-probe installation is at least 1 duct diameter. A single averaging pitot
probe (A) and thermocouple pair are installed vertically in the 0.483 m duct.

Flow across the averaging pitot induces a differential pressure, AP, integrated along the length
of the device; hence the name averaging pitot. This differential pressure is measured with a
high-precision capacitance manometer (MKS 220D Baratron) and used to compute the average
flow velocity, V, ;, at the device i (i = A or B).

2AP;

Ve,i = Ka,i (16)

el

The flow coefficient, K, for the probe was determined using the following equation from the
manufacturer’s reference guide. [21]
(1-C3 B)

= Fea-a 40

The probe blockage factor, B, is defined as the ratio of the probe face area to the area of the
duct cross section. The constants C; =-1.4920 and C, = 1.4179 are based on the probe width.
Blockage factors and the resulting flow coefficients for the 3 probes are listed in Table 3. The

3 Certain commercial entities, equipment, or materials may be identified in this document in order to describe an
experimental procedure or concept adequately. Such identification is not intended to imply recommendation or
endorsement by the National Institute of Standards and Technology, nor is it intended to imply that the entities,

materials, or equipment are necessarily the best available for the purpose.
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manufacturer quotes an expanded uncertainty of 0.75 % for the flow coefficients when the
Reynolds number (Re) for the flow over the probe is greater than 12 500.

Averaging Pitot By

Averaging Pitot A

Gas Sampling Tube

ermocouple Pair

Figure 5 Installation of two averaging pitot probes and the gas sample tube in NFRL's
1.975 m exhaust duct. Photograph view is looking upstream.

Table 3 Characterizing details for the averaging pitot probes. Expanded uncertainties are
reported for a 95 % confidence interval with a coverage factor k = 2.0.

Probe Length, m B Ka Minimum Re Hood
0.48 0.0707 0.6055 + 0.0045 12 500 0.5 MW=
3 MW
1.97 0.0174 0.6271 + 0.0047 12 500 10 MW
2.42 0.0141 0.6283 +£0.0047 12 500 20 MW

*Averaging pitot A only; all other hoods utilize two averaging pitot probes, A and B.

A gas expansion factor can be used to account for local density changes in the fluid around the
probe. A thermal expansion factor can be used to account for the change in cross sectional
duct area as the duct material expands with increased temperature. The gas expansion factor
was determined to be 0.997 and 0.999 for duct geometry and normal operating flow condition.
The thermal expansion factor was estimated to range from 1.000 (cold flow) to 1.005 at 200 °C.
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The manufacturer provided flow coefficient, Eq. (17), is for a fully-developed turbulent pipe
flow, therefore a flow that is symmetrical in all directions across the pipe. Any asymmetry in
the flow due to upstream disturbances will introduce error in the flow measurement. If
asymmetry exists, an in-line calibration of the probe is recommended to correct the flow
measurement. More than 10 diameters of straight run exist upstream of each flow
measurement location to allow for well-developed flow at the measurement station. Flow
conditioning, such as screens, straightening tubes, or disturbance plates, has not been
implemented. The two averaging pitot probes (A and B), installed as shown in Figure 5, did
not measure the same gas velocity for some flow cases. Whenever the ratio of the velocity,
Ve,a/Ve B, deviates from unity, asymmetric flow is suspected. Therefore in-line calibrations of
the probes were conducted. The correction factor, Cs, for the flow velocity was determined
from the in-line calibration and applied to compute the effective velocity for the measurement
station.

Veer = Ct (Ve,A + Ve,B)/2 (18)
Table 4 Flow correction factors for the effective flow measurement by the averaging pitot

probes. Expanded uncertainties are reported for a 95 % confidence interval with a coverage
factor k = 2.0.

Hood / Path Flow Correction

Factor, Cs
0.5 MW* 1.033 £0.029
3 MW 1.028 + 0.029
10 MW 1.055 + 0.034
20 MW 1.042 + 0.032

*Averaging pitot A only; all other hoods/paths
utilize two averaging pitot probes, A and B.

Flow correction factors for each exhaust hood (or flow path) are listed in Table 4 along with
estimates of expanded uncertainty.* To determine the correction factors, in-line calibrations
were performed using the tracer gas dilution method (TGDM), as described by ASTM
Standard E20229-99. [22] The tracer gas dilution method is a volumetric, or whole field,
method for measuring flow. When compared to the averaging pitot probes, it is a completely
independent measurement technique and insensitive to non-ideal flow characteristics such as
flow asymmetry. The technique, as applied in the NFRL, and the analysis to estimate the
uncertainty of the measurement are described in detail in reference [23].

4 Unless otherwise stated, all uncertainty values are reported as expanded uncertainty, for a 95% confidence interval with a coverage factor
k=20
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Differential Pressure

High-precision capacitance manometers (MKS 220D Baratron) are used to measure the
differential pressure due to flow at each averaging pitot probe. The instruments have a range
of 0Pato1333.2Pa (0torrto 10torr) and the instrument voltage, Vap, is converted to
differential pressure using the following relation.

AP; = Cyp, 133.32 (Vpp, — VI (19)

The nominal scaling factor for the devices is 133.32 Pa/Volt. However, to improve the
accuracy of the measurement, the devices are periodically calibrated, against an in-house
working standard for pressure. This calibration correction, C,p ;, is applied and the relative
expanded uncertainty of the differential pressure measurement is estimated to be 0.006. Prior
to each experiment a hydraulic zero is applied to each transducer. Therefore, the transducers
are isolated from any flow or buoyancy-induced pressure differential and a zero-offset voltage,
Vap, °, is determined.

3.1.2.2. Gas Density
Gas density at each averaging pitot probe (i = A or B) is derived as follows:
Pam Me
Pei = —mh— (20)

R Te,L'

Each probe is equipped with two bare-bead thermocouples, type K, to provide measured
estimates of gas temperature in the exhaust duct, Tea= (Tear+ Tea2)/2 and
Tes = (Tepr + Tep2)/2.  The relative expanded uncertainty for the gas temperature
measurement is estimated to be 0.010. This estimate includes the relative standard uncertainty
for the bead temperature as stated by the manufacturer, 0.0038, and the relative standard error
from the contribution of radiative heat transfer with the surroundings, 0.0035. The error
contribution from radiative heat transfer was estimated as the rectangular distribution of 6
thermocouple measurements at 6 locations in the exhaust duct, and with two different bead
sizes. Both were combined in quadrature.

The ambient pressure, Pamb, inside the facility is measured with a digital barometer (Vaisala
PTB220) with an expanded uncertainty of 103 Pa. The molecular weight, Me, of the exhaust
gas is assumed to be equal to that of the dry ambient air, 28.97 £ 0.10 kg/kmole. The exhaust
ducts are designed to pull a large amount of air, significantly more air than required for
complete combustion. Therefore, this assumption is applied, since the combustion products of
the fire are only a small contribution to the total mass of the exhaust gases.

3.1.2.3. Effective Duct Diameter

Accurate determination of the diameter of each exhaust duct is required for exhaust mass flow
measurements and ultimately calorimetry. Measurements of chord length were conducted at
the locations of the averaging pitot probes and at various inclinations to generate an accurate
profile of the duct geometry. Using a laser distance meter (Leica DISTO D8) and a digital
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inclinometer, radial points were projected and marked on the inside surface of the exhaust
ducts at increments of 22.5°, Figure 6.

Averaging Averaging
Pitot Pitot
Location Location

C1 C1,0.0°

C2,22.5°
C8, 157.5°

C7, 135.0° 3, 45.0°

C6, 112.5° C4, 67.5°
C5, 90.0°
Figure 6 Locations of chord measurements inside the exhaust ducts as seen looking upstream
and into the flow.

The cross-sectional area of the duct is determined based on its effective diameter, Des, for flow
analysis (hydraulic diameter). It is defined as the diameter of a circle with the same cross-
sectional area as the nearly circular duct. The effective diameter is determined as the average
length of the measured chords at the two planes containing the averaging pitot probes.
Effective duct diameters along with their expanded uncertainty estimates are listed in Table 5.
The uncertainty estimates account for the standard error of the mean and the most conservative
of instrument accuracy or instrument resolution. The variation of chord lengths about the
rotational positions is shown in the Appendix, Figure 29 and Figure 30. The results show that
the large ducts are not perfect circles.
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Table 5 Effective diameter of NFRL's exhaust ducts. Expanded uncertainties are reported for
a 95 % confidence interval with a coverage factor k = 2.0.

No. Chord
Hood / Path Measurements D¢ M
0.5 MW 4 0.483 + 0.004
3 MW, 10 MW 16 1.975 + 0.005
20 MW 16 2.424 +0.009

3.1.3. Gas Sampling and Conditioning

The gas sample conditioning system is shown below, in Figure 7. Each of the exhaust ducts
contains a perforated tube to extract a spatially-integrated gas sample for analysis. The sample
tube for the two larger ducts consists of a 12.7 mm (OD) stainless steel tube mounted
horizontally across the inside of the duct with 3.2 mm diameter holes facing downstream of
the flow and spaced every 5 cm. The small 0.483 duct used for the 0.5 MW calorimeter contains
a single 9.5 mm (OD) sample tube with 3.2 mm diameter holes spaced every 2.5 cm. A 9.5
mm (OD) stainless steel tube is used to transfer approximately 40 L/min of exhaust gas from
the duct to the gas analyzers located in the instrumentation room. The sample transfer tube
lengths for the three different duct sample locations are 34.5 m for the 0.5 MW calorimeter,
29.5 m for the 3 MW and 10 MW calorimeter, and 34.0 m for the 20 MW calorimeter. The
heated duct sample pump and metering valve, located in the instrumentation room (R110 in
Figure 2), are used to control the sample flow rate. High pressure air (690 kPa) is used to purge
the gas sample tubes for 30 seconds each test day. All gas sampling pumps, valves and
conditioning equipment are digitally controlled to allow remote computer operation from
different locations in the lab.

The dry sample pump is used to draw a 5 L/min sample stream from the 40 L/min exhaust gas
stream. That sample steam is conditioned to remove particles and water before entering the
gas analyzers. High efficiency particle filters and multistage dryers, consisting of two Nafion
membrane tube dryers (PermaPure MiniGASS MG-1228W and PermaPure PD-200T-72SS)
and a small desiccant tube indicator (Drierite 26930), were used to condition the sample to a
dryness of less than 100 pL/L (100 ppmv) of water or less than -45 °C dew point temperature.
This drying system has several advantages over traditional ice traps and desiccant tubes. The
membrane style dryers can run continuously with no loss in drying efficiency when there is a
continuous supply of dry purge air. The NFRL has an in-house compressor that supplies dry
air at 690 kPa (100 psig). The house air uses a refrigerant dryer and oil filter. A regenerative
desiccant dryer lowers the purge air dew point to — 73 °C for use by both membrane tube
dryers. The membrane dryers have smaller volume than other water traps and they do not
remove other organic gases that may be of interest. The initial cost of these dryers is greater,
but the operational and long-term maintenance costs are negligible. Figure 8 provides a
photograph of the gas conditioning rack and the gas analysis rack.
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The sample flow rate to the gas analyzers is regulated using a precision electronic mass flow
controller. Several balancing valves and rotameters are used to set the flow to each of the three
gas analyzers. The analyzers for CO, and CO require approximately 1.0 L/min of gas flow
each and the O analyzer requires approximately 0.2 L/min. The remaining flow is vented to
the atmosphere.

. ) Mass Flow
Gas Analysers Dew Foint Desiceant Controller 5.0 SLPM
Transrnitter Indicator Tube
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Sample Gag  — Valve
Line Inlet Metering
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Figure 7 Schematic of exhaust gas sample flow control and conditioning systems.
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3.1.4. Gas Analysis

3.1.4.1. Oxygen Analyzer

Oxygen volume fraction, Xo,, is measured using a paramagnetic oxygen transmitter
(Servomex OxyExact 2223) paired with an optional control unit (Servomex 2210), Figure 8.
The oxygen transmitter is equipped with internal pressure compensation. The voltage response
of the oxygen transmitter, Vo,, is converted to oxygen volume fraction using the following
equation:

span
— O2 __y7zero
XOZ - Vggan_vgzero (VOZ 0, (21)
The amount of oxygen consumed by the fire or the change of the oxygen volume fraction from
ambient, AXq,, is computed as:

span

AXo, = ymmyzers (Vo, = V3,) (22)

02

where superscripts indicate values when the instrument is measuring the “span” gas, the “zero”
gas, or ambient air, “0”. Two-point calibrations are performed prior to each test using high-
accuracy calibration gases to span and zero the instrument. The span gas has a nominal oxygen
volume fraction of 0.210 00 £ 0.000 21 with a balance of nitrogen, while ultra-high-purity
nitrogen (0.999 99) is used for the zero gas. Manufacturer specifications for the instrument
state that it has a repeatability of £ 0.000 20 over the range of 0 % to 21 % O,. However, for
the sampling and data acquisition (DAQ) configuration implemented (See Appendix, Section
7.2), arepeatability of + 0.000 005 was achieved using a stable gas source. The response time

of the analyzer is less than 7 s.

3.1.4.2. Carbon Dioxide Analyzer
Carbon dioxide volume fraction, X¢q,, is measured using a nondispersive infrared (NDIR)

analyzer (Seimens Ultramat 6E), Figure 8. The voltage response of the NDIR analyzer, Vco,,
is converted to CO> volume fraction using the following equation:

span

— €Oz Zero
Xco, = yspan_,zere (Voo, —Veo, ) (23)
COy 2

The amount of CO> produced by the fire or the net CO2 volume fraction, AXco,, is computed
as:

__ Xco, 0
AXco, = W(Vco2 — V¢o,) (24)
Two-point calibrations are performed prior to each test using high-accuracy calibration gases
to span and zero the instrument. The span gas has a nominal CO, concentration of
0.010 000 = 0.000 025 and nominal CO concentration of 0.001 000 = 0.000 002, with a

balance of nitrogen. Ultra-high-purity nitrogen (0.999 99) is used for the zero gas.
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Manufacturer specifications for the instrument state that it has a repeatability of less than 1.0 %
of the selected measurement range. For the sampling and DAQ configuration described in this
report, a repeatability of 0.000 001 was achieved when using a stable gas source. Response
time of the instrument can vary from 0.5 s to 100 s, depending on the analyzer’s electronic
time constant and length of the sample cell. For the configuration described here the response
time is estimated to be less than 12 s.

3.1.4.3. Carbon Monoxide Analyzer

Carbon monoxide volume fraction, X.o, and carbon dioxide volume fraction are measured
simultaneously using the same NDIR analyzer, Figure 8. The voltage response of the NDIR
analyzer, V¢, is converted to CO volume fraction using the following equation:

xSpan

= sspan—pzer0 (Vco — Vo) (25)
Cco CO

Xco

Two-point calibrations for CO and CO; are performed simultaneously using the high-accuracy
calibration gases described previously for the CO; analyzer. Repeatability and response time
estimates are also similar.

3.1.4.4. Water Analyzers

The water content in the exhaust gas sample stream is determined at several locations using
thin film capacitive detectors. Water in the ambient air is measured at fixed location inside the
lab (\Vaisala Model HMT 331). The water content in the gas sample line (labeled H20 in Figure
7) is measured inside a heated enclosure on the clean side of a particle filter housing and
upstream of the main sample pump (Vaisala Model HMT 337). The manufacturer stated
accuracy of these two devices is 1 % in the range of 0 % RH to 90 % RH and 1.7 % in the
range of 90 % RH to 100 % RH and the 90 % response time is 20 s. The dry gas sample water
content (labeled DPT in Figure 7) is measured after the multi-stage drying process at a location
upstream of the gas analyzers (Vaisala Dewpoint Transmitter Model DRYCAP DMT242 ).
This thin film polymer sensor measures dew point in the range from — 60 °C to 60 °C with an
accuracy of 2 °C and 90 % response time of 10 s.

The water volume fraction in ambient air is used directly in the heat release rate formulation
(Eg. (12)). The water measured in the sample line is not directly used to calculate heat release
rate but instead used to verify adequate drying efficiency. The observed water removal
efficiency of this system is better than 99.5 %. For example, if the volume fraction of water in
the sample line is 1.5 % then the water concentration at the gas analyzers would be less than
75 pL/L (75 ppmv). The dry gas dew point temperature is continuously monitored, and a
warning indication is given if the volume fraction increases above 200 puL/L (200 ppmv).

3.2.  Fuel Consumption Calorimetry (Natural Gas)

Natural gas, supplied by the local utility company, is often used in the NFRL as a fuel to
simulate real fires. The NFRL has multiple burners that are used to provide prescribed heat
output for a fire test or to confirm the accuracy of the oxygen consumption calorimetry system.
The heat output of the burners is computed using the following equation:
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: VNGbe A H& e
g = Vrcne b (26)
NG

Where VNG’bC is the volume flow rate of the natural gas computed at the same base conditions

(bc) as the ideal net heating value A H.%, and the compressibility factor, Zyg, and 7y is the
combustion efficiency. For the natural gas burners described in the following sections, CO
could not be detected in the exhaust stream, hence complete carbon conversion is assumed.
The combustion efficiency is 1.0000 + 0.0030. [24] The uncertainty of this value was
estimated using the detection limits of the CO analyzer.

3.2.1. Natural Gas Burners

NFRL has two reference (confirmation) burners that are used to verify the calorimetry
measurement. It also has other burners designed to meet specific project needs by generating
prescribed fire conditions. These burners are typically sand, gravel, or line and box style
burners. The reference burners are tube burners - a 1.5 m tube burner for fires up to 8 MW,
shown in Figure 9, and a 2 m tube burner for fires up to 20 MW, shown in Figure 10. Both
burners have two pilot tubes controlled by a computer activated relay and electric solenoid
valve. The 8 MW burner has 4 main tube banks and the 20 MW burner has 5 main tube banks.
The main tube banks are opened and closed using solenoid valves. The burners are equipped
with a spark ignition system near each pilot tube, as shown in Figure 11. An
ultraviolet/infrared (UV/IR) flame detector is used to prevent accidental release of flammable
gas. If the burner flame is not detected a safety shutoff valve is activated.

Figure 9 Natural gas tube burner for reference fires up to 8 MW.
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The tube burners are designed to provide optimal air entrainment for highly efficient
combustion. The main burner tubes for each burner are 33 mm in diameter and perforated with
3 mm diameter holes facing upward and spaced every 25 mm. The 8 MW burner has 11 main
1.5 m long tubes spaced at 11 cm and the tube bed is 95 cm above the lab floor. The outer
frame of the 8 MW burner is 1.15 m by 1.6 m. The 20 MW burner has 20 main 2 m long tubes
spaced at 11.5 cm and the tube bed is 1.25 m above the lab floor. The outer frame of the 20 MW
burner is 2.5 m by 2.2 m. Operation, control, and monitoring of the burners are executed from
NFRL’s DAQ and Control system.

Figu 10 Natural gas tube burner for referce fires up to 20 MW.
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Figure 11 Close view of burner tubes and spark ignitor.

3.2.2. Natural Gas Flow Measurement and Flow Control

A high-precision gas control and measurement system is used to supply the natural gas burners.
The fuel delivery system was designed to provide fuel gas flow for fires ranging from 50 kW
up to 20 MW. A schematic of the fuel delivery system is shown in Figure 12. The main gas
line to the building is sized to provide a flow of natural gas capable of generating a sustained
20 MW fire while also supplying the 4 duct burners (pre-heaters) used by the emission control
system. As the natural gas supply enters the building, it is regulated from 345 kPa (50 psig)
above atmospheric pressure down to 138 kPa (20 psig) above atmospheric pressure. The
regulator is designed with a safety shutoff that activates with a sudden pressure drop from a
large gas leak. Two natural gas flow trains supply the reference burners - a 10.2 cm (4 in) gas
line supplies the 8 MW burner at a pressure of 103 kPa (15 psig) above atmospheric pressure,
and a 12.7 cm (5 in) gas line supplies the 20 MW burner at a pressure of 138 kPa (20 psig)
above atmospheric pressure.

Control of the flow of natural gas to each burner is performed using a pneumatic actuated
v-notch ball valve for each train (8 MW burner: TrimTeck Optimux OpVEE CL150 2, 20 MW
burner: TrimTeck Optimux OpVEE CL150 3). Both control valves have a turndown ratio of
200:1 and a 63 % response time of 1 second. This fast response time is needed to characterize
the calorimeter response time and to allow simulation of fast-growing fires. The valve position
feedback measurement accuracy is 1 %. The setup position repeatability is better than 3 %.
The valve is positioned using a computer controlled analog output signal from NFRL’s DAQ
and Control system. Measurement of the volume flow of natural gas is performed by a positive
displacement flow meter (8 MW burner: Instromet IRM-A 15M-125, 20 MW burner: Elster-
Instromet IRM-3 DUO-38M), equipped with a frequency pulse counter (Pepper & Fuchs KD2-
UFC-Ex1.D), two thermistor temperature probes, and two pressure transducers. The
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temperature and pressure probes are located at the inlet and outlet of the gas flow meter to
characterize the condition of the gas as it passes through the meter. Volume flow at the gas
meter is derived from measurements of pulse frequency, fng, gas pressure, Pyg, and gas
temperature, Tyg, and adjusted to base conditions using the following equation:

. __ fng Png TnNGbe
m PnNGgbec TNG

Where K, is the calibrated frequency factor for the flow meter. The volume flow measurement
has an expanded uncertainty of 0.19 %. [25] Figure 13 shows a photograph of the portion of
the system that supplies the 20 MW burner.
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Figure 12 Schematic of NFRL's system for characterizing and controlling the supply of
natural gas to the burners.
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3.2.3. Natural Gas Analysis

Whenever a fire is generated with natural gas as the primary fuel, the composition of the natural
gas is determined using on-line chromatography. Natural gas is continuously sampled from
the main supply line as it enters the building and sent to a gas chromatograph (INFICON Fusion
micro gas chromatograph) for analysis, Figure 14. The gas chromatograph (GC) is equipped
with two columns specifically designed for natural gas analysis and a micro Thermal
Conductivity Detector (UTCD). It provides gas composition measurements, X;, every 5 min,
delivering on-line results. Energy content (Ideal Net Heating Value), molecular weight, gas
compressibility, and molecular carbon fraction of natural gas are all computed from the
composition measurements following the procedures described in GPA 2172 and ASTM
D3588 - 98. [26, 27] Computations are for base conditions of Pnc = 101.325 kPa (14.696 psia)
and The = 288.7 K (60 F) as defined by ASTM D3588 -98. The physical properties of natural
gas are taken from GPA 2145-09 for the same base conditions. [28]
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Figure 14 M cro gas chromatograph for on-line analysis of NFRL's natural gas supply.

The ideal net heating value, A Hi%., of the natural gas sample is defined as the summation of
the product of the volume fraction, X;, and the ideal net heating value of each pure component
i in the mixture, A H4.

AcHyG = TiLi X AcH!¢ (28)
The net heating value, or lower heating value (LHV), is used when all the water remains in the
ideal gas state. This is the assumed case for the high temperature combustion gases in the

NFRL exhaust ducts. The ideal gross heating value, or higher heating value (HHV), is used
when all the water formed by the reaction condenses to liquid.

Similarly, the molecular weight, My, carbon fraction, X¢ ng, and summation factor, /8
for the natural gas sample are computed using the following equations:

Myg = Zliv=1XiMi (29)

NG’

Xeng = i Xine,; (30)

VB = Zii Xiv/Ba (31)
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If complete combustion is assumed, all carbon atoms are converted to carbon dioxide. With
this assumption, the carbon fraction can be used to predict how much carbon dioxide is
generated by the natural gas fire. The summation factor is used to compute the compressibility
factor, Z, which subsequently is used to correct gas quantities computed under ideal gas
conditions to real gas conditions. The compressibility factor is a complicated function of
pressure, temperature and virial coefficients for each pure component in the gas mixture. NIST
REFPROP [29] is often used to perform this rigorous computation however ASTM D 3588
provides an approximation which achieves better than 99.96 % agreement with REFPROP and
requires less computational effort.

Zne(T,P) =1 - P(ZX, Xi\/Bi)? (32)

The summation factor for each component, ‘/'Biibc' is provided in GPA 2145-09. This factor
is sensitive to temperature and can be corrected for real temperature conditions.

VBi = |22 (33)

T C
VBii oy =V Biiy, Tr:al (34)

Using the corrected summation factor, the compressibility factor at real conditions can be
computed.

ZNG(TreaIJPreal) =1- Preal(zyzlxi lgii )2 (35)

real

T C
ZNG(Treal' Preal) =1 — Preal ﬁ (Zivzlxi\/ lgiibc)z (36)
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Table 6

Example computation of natural gas properties.

Component X; A HM M; nc; Bii X;AHY XM, Xinci X/ Bii
Norm MJ/m3  kg/kmol 1/psia ~ MIm®  kg/kmol 1/psia

Methane 00661 33883 160425 1 00116 32733 15498 09661 00112
Ethane 00278 60311 30069 2 00238 1679 08369 005566  0.0007
Propane 000147 86251 44096 3 00347 0127 006473 000440  0.0001
i-Butane 0000077 111792 58122 4 00441 0009 000446 000031  0.0000
n-Butane 0000129 112179 58122 4 00470 0014 000748 0.00051  0.0000
i-Pentane 00000128 137.821 72149 5 00576 0002 000092 0.000063  0.0000
n-Pentane  0.0000041 138.003 72149 5 00606 0001 000029 0.000020  0.0000
I(—Igé(f)nes 000072 177.055 93189 6.7 00864 0128 006714 0004827  0.0001
Nitrogen 0002583 0000 28013 0 00044 0000 0.07236 0.0  0.0000
Carbon 000112 0000 440010 1 00195 0000 004920 0001118  0.0000
Dioxide

Summation 34.69 1660  1.0330 0.0121
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4. Performance

4.1. Measurement Uncertainty

Estimates of measurement uncertainty were evaluated using the approximate methods
described in the ISO GUM. [30] Measurement processes that were based on input
measurements, xi, were modeled as an output quantity, y:

y = y(x1,X2,X3, o, Xy) (37)

In the case that all input quantities, x;, are uncorrelated, the relative combined standard
uncertainty is given by

uc(¥) ux))?
= \/Z’i\'ﬂ (s: . ) (38)
Where u(xi) is the standard uncertainty for each input, and s; is the associated dimensionless
sensitivity coefficient given by

=
= oy (39)

Equation (38) provides the propagation of uncertainty from each instrument and input
parameter into the measurement model, Eq. (37). The results of the uncertainty propagation
were also verified using a Monte Carlo Analysis as performed by the NIST Uncertainty
Machine (https://uncertainty.nist.gov/). [31]

The uncertainty analysis also included an evaluation of the precision of the integrated system
as a whole. This was performed by providing each calorimeter with a steady fire input using
the natural gas burners and acquiring enough data to compute statistics of the measured heat
release, specifically the standard deviation, oy, Or repeatability of the measurement system.
The repeatability of the measurement system was included in the analysis to estimate the
combined standard uncertainty. Steady state experiments were conducted over the full range
of operating conditions to characterize the system’s repeatability.

For this analysis, the relative expanded uncertainty for a single point in time is given as:

w — kuC(y) (40)
y y

Where k = 2.0, is the coverage factor for the 95 % confidence interval.

4.1.1. Oxygen Consumption Calorimetry

The measurement uncertainty for NFRL’s system of oxygen consumption calorimeters ranges
from 4 % to 13 % as shown in Figure 15. The uncertainty depends on which calorimeter is
utilized as well as the fuel source for the fire. Burning a fuel like natural gas will result in
lower uncertainty estimates for calorimetry measurements because the constant for heat release
per unit mass of oxygen is known with great accuracy for natural gas. Heat release
measurements in the larger calorimeters will result in higher uncertainty estimates due to the
lower precision for the larger systems. There is enough overlap of the measurement ranges of
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https://uncertainty.nist.gov/

calorimeters to allow some flexibility in choosing a calorimeter for a specific fire study and
optimized performance. The previous uncertainty estimate for the 3 MW calorimeter,
conducted in 2003, was 11 % for natural gas fires. [32] Current estimates are on the order of
4 %; demonstrating better than a factor of 2.5 reduction in measurement uncertainty for the
3 MW calorimeter. These improvements were achieved through more accurate span gas
mixtures for the oxygen measurement, better accuracy in the duct diameter measurement,
better flow measurement devices, and in-situ calibrations of the flow.
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Figure 15 Estimated measurement uncertainty for NFRL’s oxygen consumption calorimeters
with respect to fuel source: natural gas (NG) or generic combustibles (GC). Expanded
uncertainties are reported.

Estimates of measurement uncertainty are almost constant over the operating range of the
0.5 MW and 3 MW calorimeters. However, the 10 MW and 20 MW calorimeters have a
greater range of measurement uncertainty. Figure 15 is intended as a resource for users of
NFRL’s calorimeters to assign uncertainty values to their heat release rate measurements.
Table 7 is a summary of the figure, listing average uncertainty and the range of uncertainty for
each calorimeter. It is intended as a resource for those users not requiring the detail of Figure
15.
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Table 7 Summary of measurement uncertainty for NFRL's oxygen consumption calorimeters.
Expanded uncertainties are reported.

Natural Gas Fire
(Generic Combustibles Fire)

Calorimeter Range Average

U/Qoc U/Qoc
N
SOMW (s t000m)  (0066)
MW (Coa000 (0067
DMW o0t (00%)

The uncertainty analysis utilizes the formulation of the oxygen consumption calorimetry
measurement, Eq. (12), as the measurement model, y. The analysis includes the instrument
voltage responses, V;, for some of the component measurements such as gas volume fraction:
Xo,» Xco,» Xco, etc. Since some of these component measurements share a span gas, reducing
the equations to voltage responses reduces the correlation introduced through the shared span
gas and the possible double counting of uncertainty. [33] An uncertainty budget for a natural
gas fire at the 3 MW calorimeter, Table 8, demonstrates the accounting of component
uncertainty estimates and their contribution to the combined standard uncertainty.
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Table 8 Uncertainty budget for the measurement of heat release rate by oxygen consumption
for a natural gas fire in the 3 MW calorimeter.

%

Measurement / Parameter, Xi Value u(xi)/Xi S\ Contribution
(AcHpwe)o, (MI/kg) 12.540 0.0016 1.00 0.7
(AcHeo)o, (MI/kg) 17.690 0.000 57 -0.00 0.0
a(-) 1.105 0.043 -0.06 15
Mo, (kg/kmol) 32.000 0.000 1.00 0.0
My (kg/kmol) 28.970 0.000 35 -1.00 0.0
1he (Kg/s) 13.49 0.015 1.00 57.7
Xoo™ (LIL) 0.212 59 0.000 52 1.25 0.1
Vor ™ (volts) 4.19228  0.000 024 -1.25 0.0
VEer (volts) 0.008 86 0.014 0.00 0.0
Vo, (volts) 3.94290  0.000025  -23.48 0.1
Vs, (volts) 413007  0.000 024 24.73 0.1
Xco, (LIL) 0.010 223 0.0012 -0.13 0.0
Vo (volts) 1.703 99 0.000 11 0.12 0.0
VEE™r (volts) -0.001 835 -0.051 0.00 0.0
Veo, (volts) 0.953 44 0.000 20 -0.13 0.0
Véo, (volts) 0.067 40 0.0028 0.01 0.0
Xoo™ (L) 0.001 002 5 0.0010 0.00 0.0
V2o (volts) 1.625 00 0.000 31 0.00 0.0
VES™ (volts) -0.013 07 -0.031 0.00 0.0
Veo (volts) -0.012 60 -0.040 0.00 0.0
X3,0 (LL) 0.018 44 0.010 -0.02 0.0
Osys - 0.012 1.00 39.8
Qoc (MW) 1.928 uc/Qoc = 0.0197

U/Qoc =0.039
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In the case of a fire from a well characterized fuel like natural gas, most of the uncertainty in
the heat release measurement can be attributed to the repeatability of the system, oy, and the
mass flow measurement of the exhaust gas, m,.. Figure 16 demonstrates this for the case of
natural gas fires measured at the 10 MW calorimeter. For this case, measurement repeatability
contributes 52 % to 87 % to the uncertainty, while mass flow contributes 13 % to 45 %.
Measurement repeatability improves for larger fires and larger exhaust flows, and therefore its
contribution to uncertainty decreases for these conditions. The significant contribution from
the mass flow measurement confirms the importance of achieving accurate exhaust flow
measurements for large-scale calorimetry. For the case of fires generated by generic
combustibles such as building components and furniture, the uncertainty of the heat of
combustion value, (AcHgc)o,, is much greater and so is its contribution. The parameter
becomes significant, contributing 24 % to 53 % to the uncertainty as shown in Figure 17.
Measurement repeatability and exhaust mass flow continue to be significant contributors for
the case of generic combustibles.
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Figure 16 Component measurement uncertainty contribution for the case of a natural gas

(NG) fire in the 10 MW calorimeter. Component measurements contributing less than 0.5 %
are not shown.
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Figure 17 Component measurement uncertainty contribution for the case of a generic
combustibles (GC) fire in the 10 MW calorimeter. Component measurements contributing
less than 0.5 % are not shown.

The standard deviation of a measurement for a steady input is a measure of the precision of an
instrument. The greater the standard deviation the lower the precision or repeatability. Table
9 lists the relative standard deviation for each calorimeter. In general, precision decreases as
the size and capacity of the calorimeter increases. However, within the operating range of a
specific calorimeter, there is greater precision for larger fires. This is seen in Figure 16 and
Figure 17, where there is less contribution from measurement repeatability for the largest fire.
It is also apparent in Figure 15 for the 10 MW and 20 MW calorimeters, where the uncertainty
decreases as fire size increases.

Table 9 Average estimates of measurement repeatability for NFRL's calorimeters.

Repeatability

Calorimeter Gsys/ro
0.5 MW 0.024
3.0 MW 0.014
10 MW 0.029
20 MW 0.037
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As stated previously, the mass flow measurement of the exhaust gas also contributes
significantly to the measurement uncertainty of the heat release rate measurement. Further
examination of the uncertainty budget for the measurement of mass flow, Table 10, shows that
the flow correction factor, Cr, and the effective diameter of the duct, D.s, are significant
contributors to its combined uncertainty. Considerable care and attention were devoted to the
accurate determination of both parameters.

Table 10 Uncertainty budget for the measurement of exhaust mass flow at the 3 MW
Calorimeter.

Measurement / Parameter, Value u(xi)/x; . %
xi (Units) ik ' Contribution
Ce (-) 1.028 0.014 1.0 88.3
K, () 0.6271 0.0038 1.0 6.2
Degr (M) 1.9753 0.0013 2.0 2.8
R (J/kmol K) 8314.47 0.0000 -0.5 0.0
M,;, (kg /kmol) 28.97 0.0035 0.5 1.3
Pamp (Pa) 100762  0.000 51 0.5 0.0
AP, (Pa) 27.162 0.0030 0.25 0.3
APg (Pa) 25.442 0.0030 0.25 0.2
Tea1 (K) 396.8 0.0051 -0.13 0.2
Te.az (K) 396.6 0.0051 -0.13 0.2
Te g1 (K) 395.4 0.0051 -0.12 0.2
Te,B2 (K) 395.3 0.0051 -0.12 0.2
e (Kg/s) 13.49 u./me =0.015

4.1.2. Fuel Consumption Calorimetry (Natural Gas)

The measurement uncertainty for heat release measured at NFRL’s system of natural gas
burners is presented in Figure 18. For the two large burners, 8 MW and 20 MW, the expanded
uncertainty estimate is essentially constant at 1.46 %. The small box burner, 0.5 MW, operates
at the low end of the range of the natural gas flow meter and therefore has lower precision.
The range of expanded uncertainty for this burner is 1.4 % to 1.8 %. There is significant
overlap of the operating range of the 8 MW and 20 MW burners. Either burner can be utilized
with similar performance.
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Figure 18 Estimated measurement uncertainty for heat release by fuel consumption for
NFRL’s natural gas burners. Expanded uncertainties are reported.

The uncertainty analysis utilizes the formulation of heat release based on fuel consumption,
Eqg. (26), as the measurement model, y. The analysis utilizes a model equation reduced to the
independent component measurements to eliminate correlation among inputs. An uncertainty
budget for heat release from the 8 MW burner, Table 11, demonstrates the accounting of
component uncertainty estimates and their contribution to the combined standard uncertainty.
Major contributors to uncertainty are measurements of heat of combustion of the natural gas
and flow meter pulse frequency. Significant effort has been applied to accurately measure
natural gas flow and the heat content of the natural gas supply. The flow meter has been
calibrated against a NIST primary flow standard and on-line analysis of the chemical content
of natural gas has been implemented. Additional improvements such as increasing the pulse
counting resolution has resulted in a high precision system for measuring heat release based
on natural gas consumption.
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Table 11 Uncertainty budget for the measurement of heat release rate by fuel consumption

at the 8 MW natural gas burner.

%
Measurement / Parameter, X; Value u(xi)/xi Si Contribution
K, () 508.00 0.000 70 -1.0 0.9
fne (H2) 15.070 0.0018 1.0 6.0
Py (Pa) 202 547 0.0016 1.0 4.9
Pngoe (Pa) 101 325 0.0000 -1.0 0.0
Tne (K) 304.33 0.0017 -1.0 5.5
Tnepe (K) 288.7 0.0000 1.0 0.0
A HIE (MIIm3) 34.69 0.0064 1.0 77.8
\/ENG (1/psia) 0.012 020 0.0069 0.01 0.0
NG 1.0000 0.0015 1.0 4.3
Osys - 0.000 53 1.0 05
QFC (MW) 1.959 uc/QFc =0.0073

U/Qgc = 0.0145

4.2. Measurement Confirmation

NFRL’s natural gas consumption system provides an accurate and precise source of chemical
heat release as input into the facility’s oxygen consumption calorimeters. Most important, the
gas burners allow for a comparison of two independent measurements of heat release; one
based on the principle of fuel consumption calorimetry, the other based on the principle of
oxygen consumption calorimetry. This comparison is used for mutual confirmation of both
measurements and not as a “calibration” of the oxygen consumption calorimetry. Procedural
calibrations of instruments and the reduction of measurement bias through a detailed
characterization of the system have eliminated the need for calibrating the system as a whole.

[33]
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Figure 19 Confiration burn at the 20 MW Calorimeter using the 20 MW natural gas burner.

Prior to a series of fire experiments at one of NFRL’s calorimeters, it is routine procedure to
perform an experiment using a natural gas burner to generate the full range of heat release
anticipated for the test series, Figure 19. This experiment, referred to as a “confirmation burn,”
exercises all components of the calorimetry measurement and provides confirmation that the
system is operating within its performance tolerances. The results of these confirmation
measurements provide data to monitor the performance of the calorimetry measurement and
establish quality controls to maintain performance levels. Figure 20 and Figure 21 are
examples of “confirmation burns” for each of the calorimeters. These time history traces are
used to confirm that the two independent measurements of heat release — fuel consumption and
oxygen consumption calorimetry, agree within the estimated uncertainty limits. The traces
also provide confirmation that proper delay times have been applied in the heat release
computation by oxygen consumption.
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Figure 20 Time history traces of calorimetry confirmation experiments at the 0.5 MW and
3 MW calorimeters. The natural gas reference burners were used to generate the prescribed
fires. Uncertainty bars represent expanded uncertainties.
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Figure 21 Time history traces of calorimetry confirmation experiments at the 10 MW and
20 MW calorimeters. The natural gas reference burners were used to generate the prescribed
fires. Uncertainty bars represent expanded uncertainties.
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To conduct a detailed characterization of the performance of the calorimetry system,
confirmation burns were conducted over the routine operating range of each calorimeter. This
range of conditions also accounts for the various exhaust flow settings that are used to
accommodate specific fire sizes and experiment requirements. Statistics were generated for
the periods of steady burning to compare mean values of heat release. The ratio of the means
for heat release measured by oxygen consumption (OC) and fuel consumption (FC) are plotted
in Figure 22 and Figure 23. Ideally this ratio should be equal to 1.0, but if it falls within the
uncertainty limits of the mean of the oxygen consumption calorimetry measurement the
calorimeter is performing as anticipated. The relative expanded uncertainty for the mean
calorimetry measurement by oxygen consumption is plotted as the dashed lines. The standard

error of the mean, Gsys/\/ﬁ (with N = 180), replaces the repeatability in the uncertainty budget
for the heat release rate measurement, Table 8.

The 0.5 MW, 3 MW, and 10 MW calorimeters perform as anticipated over the full range of
routine operating conditions. The 3 MW and 10 MW calorimeters perform slightly better
when the exhaust flow is above 50 % of full-scale (FS). There are mixed results for the largest
calorimeter, 20 MW. Exhaust flow may have a more significant effect on the performance of
the 20 MW calorimeter, as shown in Figure 23 where the performance is consistently better
for fires less than 10 MW and an exhaust flow of 50 % of full-scale. For the case of 100 %
exhaust flow, the results are not as consistent. Since this is one of a few large-scale
calorimeters in the world, more data is necessary to fully understand the role of each parameter
on the performance of this size calorimeter.
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Figure 22 Comparison of mean values of independent heat release measurements for routine
operating conditions at the 0.5 MW and 3 MW calorimeters. Symbols represent exhaust flow
conditions, % of full-scale (FS). Dashed lines represent relative expanded uncertainty of the
mean calorimetry measurement by oxygen consumption.
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4.3.  Measurement Examples

The previous sections provide evidence of NFRL’s capability to measure heat release for large-
scale fires with quantitative estimates of measurement uncertainty. Two cases of fires from
solid materials are also presented to further demonstrate the performance of NFRL’s oxygen
consumption calorimeters. The first case, Figure 24, is for a fully furnished apartment with
structural members made from panels of cross laminated timber (CLT). [34] This is a case
that fully exercises the facility’s ability to accurately measure heat release from configurations
of generic combustibles typical of residential buildings. The presence of large amounts of
wood results in the generation of larger amounts of carbon monoxide compared to the natural
gas fires. Uncertainty estimates were computed for this case involving increased carbon
monoxide production and were unchanged from those estimates based on the natural gas fires
(Figure 15), with approximately 9.0 % expanded uncertainty.
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Figure 24 Time trace of heat release rate measured at the 20 MW calorimeter for a
fully-furnished apartment with exposed cross laminated timber structural members.
Uncertainty bar represent expanded uncertainties.

For the second case, vertical panels of plexiglass or poly methyl methacrylate (PMMA) were
burned in the 3 MW calorimeter, Figure 25. The panels were weighed prior to the experiment
and were totally consumed by the fire. Total heat release for the burn was computed by
integrating the trace in Figure 26. Using this value and the heat of combustion for PMMA,
total mass of fuel consumed by fire (mass loss) was computed and agreed with the mass of the
panels determined during weighing. This example highlights the accuracy of the calorimeter
when burning other than gaseous fuels.
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Figure 25 Opposing vertical panels of PMMA, burning at the 3 MW calorimeter. The heat
release rate at the time of the photograph was 1.85 MW
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Figure 26 Time trace of heat release rate measured at the 3.0 MW calorimeter for vertically-
oriented PMMA panels. Uncertainty bars represent expanded uncertainties.
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4.4. Measurement Delays and Alignment

The total delay time from the fire to the gas analyzers is composed of several components
including the flow transport time from the test floor to the measurement locations in the exhaust
ducts. The flow transport time is typically 2 s to 10 s and is affected by the exhaust flow, fire
size, and height of the hood. The transport time for gases to travel from the sample tube to the
duct sample pump is 3 s to 5 s depending on the sample tube length. The sample gas transport
time from the dry sample pump inlet to the gas analyzers is approximately 12 s. The delay
times for a specific test configuration are determined using a step change in the natural gas
burner fire size and typically range from 20 s to 30 s.

A radiant heat flux gauge with a response time of less than 100 ms is used to identify a fire
event at the test floor. Therefore, it is utilized as a reference signal to determine delay times.
With the reference burner set to target fire size, steady-state signals are collected for a period
of 180 s followed by a step change in fire size and a second steady period of 180 s. The
reference time is the time when the change in heat flux is greater than 10 % of total change.
For example, if the heat flux for the first steady period is 1.0 kW/m? and the heat flux for the
second steady period is 2.0 kW/m?, then the reference time (rounded to the nearest second) is
the time when the heat flux increases above 1.1 kW/m?. The 10 % deflection time for each of
the delayed signals is determined in a similar manner. The delay time is the difference between
the deflection time and the reference time. This method is repeated for at least four different
fire sizes to determine the average delay time for each signal at a given exhaust flow rate. The
standard deviation of the delay time calculation using this method is typically less than 2 s.
Figure 27 displays an example case of determining the delay time for the signal from the
oxygen analyzer. This example is for a step of 0.54 MW to 1.02 MW in heat release, using
the natural gas burner, and conducted in the 3 MW calorimeter. Figure 20 and Figure 21 show
how the calorimeter and burner time traces are temporally aligned at the step transitions;
demonstrating the effectiveness of this method for signal alignment.
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Figure 27 Example of data used for oxygen delay time calculation. The data was generated
using the natural gas burner at the 3 MW calorimeter and for a heat release step of
0.54 MW to 1.02 MW.

45. Measurement Time Response

Experiments were conducted to estimate the time response of the 3 MW calorimeter. Due to
the precise control and fast response of the natural gas control valve it is possible to generate
pulsing fires at the natural gas burners. A series of square wave pulses were provided to the
control valve to create fires with different pulse widths. A square wave pulse is used to
simulate peak heat release in a real fire, such as a single item of burning furniture. Multiple
pulses provide repeat measurements at the same conditions. Since peak heat release rate is
often a desired parameter from a fire test, it is useful to know how accurately the calorimeter
can measure the peak. The results of preliminary experiments at the 3 MW calorimeter are
shown in Figure 28. They demonstrate that the amplitude of the calorimeter response is similar
to the amplitude of the pulse train from the burner for pulse widths of 15 s or greater. The data
suggest that the 3 MW calorimeter can accurately resolve a fire event with a peak lasting more
than 15 s. Similar experiments were conducted at the 20 MW calorimeter and results suggest
that it can accurately resolve fire events lasting more than 20 s. However, the results from the
20 MW calorimeter also suggest that the ability to resolve fire events decreases with decreasing
exhaust flow; further evidence for the need to tune exhaust flows to meet measurement
requirements.

Signals are sampled at 1 Hz for each of the calorimeters. This sample rate provides enough
temporal resolution for event identification during a fire experiment. Some users of the facility
may wish to apply smoothing filters to the heat release data, however this procedure has
limitations. Figure 26 demonstrates that when a moving average of 15 s is applied to the data,
the ability to quantify the magnitude and the occurrence of events is reduced. Information
about the dynamics of the fire is lost. In order to preserve as much information about the fire
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as possible, the window for moving averages should be less than the response time of the
calorimeter. Figure 26 suggests that the response time of the 3 MW calorimeter is 7 s to 8 s,
half the width of the pulse resolution. These results are preliminary and provide a starting
point for a full characterization of the time response of NFRL’s calorimeters. More data is
necessary to generate quantitative estimates of response time.
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Figure 28 Dynamic response of the 3 MW calorimeter to a pulsing natural gas fire. Pulse
widths decrease left to right. Black and green traces are examples of moving averages
applied to the data.

4.6. Measurement Traceability

The effort to assure accurate and defendable results for NFRL’s large-scale heat release rate
measurements has required a rigorous evaluation of the measurement process. Since this effort
began in 2002 [32], improvements in measurement components, measurement methodology,
and reductions in measurement uncertainty were implemented where possible. One such
improvement has been creating in-house working standards (NFRL WSTD) and utilizing these
working standards to recalibrate instruments or recertify commercially supplied materials (gas
mixtures). The working standards are created from NIST reference standards (calibrations and
SRMs) and therefore provide an easily traceable path to the primary standards. This has
resulted in the reduction of uncertainty for measurement components previously identified as
significant contributors. For example, the uncertainty of the span gas mixtures used to calibrate
the oxygen analyzer has been reduced by a factor of 4.5 since beginning this effort.
Measurements with a traceability path internal to NIST are summarized below in Table 12.
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Table 12 Summary of traceable measurements for NFRL's oxygen consumption and fuel
(natural gas) consumption calorimetry systems.

Measurement Input Input Working NIST Refel_rence_
Measurement  Measurement Standard Standard/Calibration
c NIST WGFS SN NIST 34 L PVTt Primary Flow
. f 1857 Standard
me
AP NFRL WSTD NIST Calibration # 291256
. 577967 V490
Qoc ¥ NFRL WSTD NIST SRM 2659a
02 012497
Xco NFRL WSTD NIST SRM 2620a
2 XA5254
¥ NFRL WSTD NIST SRM 1681b
____________ o __Celoss75_ .
v K NIST Calibration # 836-
NG,be m 280021-10
Qrc Xcn, Xe,ng Xcan NIST SRM 16140; NIST SRM

id
AcHyg 16154
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5. Best Practices

The NIST oxygen consumption calorimetry system for large-fire research has been refined and
optimized over the past 20 years. It is the world’s most well characterized and accurate
measurement system of its kind and can serve as a model for other large-fire laboratories.
Recognizing that every laboratory has unique physical constraints and performance objectives,
several best practice recommendations have been compiled as guidance for laboratories
seeking to optimize their measurement quality.

1) Canopy Hood and Floor Space: The overhead canopy hood should be designed to
efficiently capture combustion products. [19] The walls of the facility should be far
enough from the sides of the hood to allow uniform air entrainment and reduce the
effects of radiative heat feedback to the fire. The hood size, shape, height and flow
capacity should be designed based on the largest expected fire size. Air intakes close
to the ceiling and far from the hood can minimize cross flow under the hood. Some
fire experiments can be especially sensitive to cross flow air currents in the lab. Wind
screens located near the edge of the exhaust hood can be used to minimize the effect of
cross flow. It is important to control air currents in the lab when the experiment
involves smoldering combustion or small flame ignition.

2) Exhaust Flow Measurement:

a. Most fire calorimeters have a measurement section in a horizontal or vertical
section of the exhaust duct. It important to place the flow sensors in a straight
section of the duct and as far as possible from the hood inlet and bends or turns.
This is necessary to allow for a fully developed flow profile and to minimize
the effect of fire plume position below the hood. A flow development length
of at least 10 duct diameters is recommended, but one should be aware that most
duct flows are not axisymmetric. Flow conditioning such as screens or tubes
will help to reduce asymmetry, but at the cost of increased pressure drop and
hence increased power requirements.

b. There are many different methods for determining the exhaust mass flow.
Pressure based velocity methods are often used in fire applications because they
can be used in harsh environments with soot particulates. Bi-directional probes
are widely used to measure local velocities in fire doorway and exhaust ducts.
[35] An averaging pitot probe provides a spatially integrated measurement
from multiple points across the duct and can be used to determine an effective
mean velocity. Two averaging pilot probes mounted on orthogonal chords are
recommended to account for flow asymmetry.

c. The exhaust flow measurement is usually one of the largest sources of
uncertainty and should be independently confirmed periodically using an
alternative method such as tracer gas dilution or point flow mapping. [22, 36]

3) Gas Sampling: A perforated tube or multiple perforated tubes should be used for gas
sampling. If the duct flow is highly turbulent and promotes good mixing and diffusion
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4)

5)

6)

of exhaust gases, a single perforated tube may be used. A survey of the gas species
distribution is recommended to confirm uniform distribution.

Gas Temperature: At least two temperature probes at different locations in the duct
should be used to confirm uniformity of the exhaust temperature profile across the duct.
The temperatures at two distinct locations should not vary by more than 1 %.
Temperature probes with a response time of 1 s or less are essential for accurate
characterization of flow transport and instrument delay times.

Calibrate the Instruments, Confirm the Calorimeter: It has been standard practice to
calibrate each instrument in a calorimetry system and then to calibrate the entire
calorimetry system by burning a gaseous fuel for which the heat release is known. [37]
Doing so complicates the uncertainty analysis by coupling the uncertainty of the
oxygen consumption calorimetry measurement to the fuel consumption calorimetry
measurement. Section 4.2 of this document demonstrates that procedural calibrations
of the system’s instruments along with a detailed characterization of the system to
reduce measurement bias can eliminate the need for calibrating the whole system. Fuel
consumption calorimetry should first provide an independent confirmation of the
oxygen consumption calorimetry. If the discrepancy between the two measurements is
greater than the uncertainty of the oxygen consumption calorimetry measurement, then
efforts to identify and reduce measurement bias should begin. If the measurement bias
cannot be reduced and calibration against the fuel consumption measurement is the
only option, then the uncertainty of the fuel consumption measurement must be
included in the correction factor for the oxygen consumption calorimetry measurement.
In this case, the oxygen consumption calorimetry is no longer independent of the fuel
consumption calorimetry. As the practices described here have demonstrated, the
oxygen consumption calorimetry and fuel (natural gas) consumption measurements are
independent and so are their measurement uncertainties.

Water Removal: Water is a major product of combustion for fires. Additional sources
of water include humidity in the ambient and water suppression used in fire
experiments. It is important to condition the exhaust gas sample before it is analyzed.
Water and soot must be removed from the sample stream to prevent potential damage
to sensitive instrumentation. Drying the sample to a consistent moisture level will
produce a more accurate measurement of oxygen and other exhaust gases. The
detection limit of some high quality O. sensors are better than 10 pL/L (10 ppmv). A
highly efficient water removal system can dry the sample to dew points of less
than -45 °C or less than 100 puL/L (100 ppmv). Water in the sample stream will bias
the gas species measurements through dilution. Drying the sample to low level of water
can reduce this bias. At water levels less than 200 puL/L (200 ppmv) the dilution effect
on the oxygen measurement is negligible. The use of water dew point analyzers to
measure moisture levels of the sample gas before and after the drying stage is
recommended. Cold traps and desiccant tubes can be used to remove water from the
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7)

sample stream, however these methods required the drying media to be frequently
replaced and limit the test duration. Utilizing a Nafion membrane style tube dryer that
can be operated continuously with no disposable drying media is recommended. In
addition to the practical benefits of operation, the continuous tube dryer selectively
removes water molecules and does not remove condensable organic compounds or acid
gases. This allows quantification of these species if needed.

Confirm Stoichiometry: When burning pure gaseous fuels such as methane or propane
as a free and open flame not impinging on any surfaces, it is possible to use the gas
analysis measurements for the gas sample from the exhaust duct to confirm
stoichiometry. The ratio of mole fraction of oxygen molecules consumed to the mole
fraction of carbon dioxide molecules produced is determined by the fuel. For the case
of methane, 2 oxygen molecules are consumed for every 1 carbon dioxide molecule
produced, resulting in a ratio of 2.0. This ratio is 1.67 for the case of propane. For
natural gas this ratio is 1.75 = 0.09 depending on the composition of the natural gas.
[24] Monitoring this ratio during confirmation burns with gaseous fuels provides a
check of the quality of the calorimeter’s gas analysis measurements. If this ratio does
not agree with stoichiometry within reasonable limits, one should begin trouble
shooting the system’s gas analysis measurements. It is important that flame
impingement on surfaces is avoided during this quality check as this will cause
incomplete combustion due to soot deposition.
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6. Summary

Having the ability to quantitatively characterize the response of full-scale structural systems to
realistic fire and mechanical loads establishes the National Fire Research Laboratory as one of
the most unique fire research facilities in the world. The facility maintains an infrastructure of
physical measurements necessary for conducting research to characterize the behavior of
structures in a fire. This measurement infrastructure includes four oxygen consumption
calorimeters — able to measure the heat release rate of fires ranging from 0.02 MW to 20 MW,
and a fuel (natural gas) consumption calorimetry system — utilized to generate precisely
determined fires over the same range of heat release. The methodology, hardware, and
performance of both systems has been described here, providing the technical background
necessary to properly interpret the measurement results. With this system being the most
highly characterized of its kind, this description is also intended to provide technical guidance
to other laboratories with the mission of accurate large-scale fire testing. Best practice
recommendations have been summarized with those laboratories in mind.

A rigorous evaluation of measurement uncertainty was conducted to assure accurate and
defendable results for NFRL’s large-scale heat release rate measurements. For the routine
operating conditions of the facility, the measurement uncertainty for NFRL’s oxygen
consumption calorimeters ranges from 4 % to 13 %; depending on which calorimeter is utilized
as well as the fuel source for the fire. Overlap of the measurement ranges of the calorimeters
offers some flexibility in choosing a calorimeter for a specific fire study to optimize
measurement performance. Current uncertainty estimates for the 3 MW calorimeter have
improved by better than a factor of 2.5 when compared to previous estimates. The
measurement uncertainty for NFRL’s fuel (natural gas) consumption calorimetry system is
better than 2.0 %. This system provides the capability to precisely generate natural gas fires
for confirmation of the oxygen consumption system and to generate prescribed fires to simulate
thermal loading on a structure. Measurement agreement between the two independent systems
has been demonstrated; providing evidence that NFRL’s systems of heat release rate
measurements for large-scale fire research are the most accurate and highly characterized of
their kind.
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7. Appendix

7.1. Nomenclature

B
o
Cap

<)

xR EB D
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> S .
B8 3

NS XX I<SNCSTs Y 30

Subscripts
bc
C

blockage factor for averaging pitot probes

calibrated correction factor for exhaust flow measurement
calibrated correction factor for differential pressure transducer
inner diameter of exhaust duct

pulse frequency of gas flow meter

net heat of combustion; lower heating value (LHV)
coverage factor

flow coefficient for averaging pitot probe

calibrated frequency factor for natural gas flow meter
mass flow; rate of fuel consumption

molecular weight

number of carbon atoms

absolute pressure

differential pressure

heat release rate

universal gas constant

non dimensional sensitivity coefficient

temperature

standard uncertainty

expanded uncertainty (95 % confidence interval, k = 2.0)
gas velocity

volume flow

instrument voltage response

input quantity for measurement model

gas species volume fraction

output quantity of measurement model

gas compressibility factor

combustion products expansion factor

ratio of moles of combustion products to moles of oxygen consumed,;
gas summation factor

combustion efficiency

gas density

oxygen depletion factor

standard deviation (repeatability)

base conditions
combustion or combined
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e exhaust

eff effective

FC fuel consumption

i index of gas species, averaging pitot probe, or input quantity
inc incoming gas stream

NG natural gas

ocC oxygen consumption

sys system

Superscripts

id ideal gas

0 ambient conditions

span maximum value for calibration range
zero minimum value for calibration range
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7.2.  Data Acquisition and Control Hardware

Two types of data acquisition (DAQ) hardware are used to record or generate analog transducer
signals. The ethernet based National Instruments (NI) cDAQ-9188 chassis are installed at four
locations in the lab. These devices are populated with the following 1/0-Modules: NI1-9215
(voltage) NI-9211 (temperature), and NI-9219 (resistance). The NI1-9265 module was used for
0 mA to 20 mA analog output control of the burner gas valve. The NI 9472 module was used
for digital output control (relays and solenoid values).

A PXI based DAQ system is used to acquire signals from the gas analyzers and sample
conditioning rack. A NI PCle-6251 multifunction DAQ card in installed in a personal computer
(PC) motherboard and connected to a SCXI-1000 chassis. Three NI-SCXI-1102B voltage
input modules are installed in this chassis. Each module is connected to a rack mounted TC-
2095 signal conditioning and terminal block for voltage and thermocouple signal inputs.

An in-house software application, developed in LabVIEW™, was used to allocate channels
and control data acquisition. Data is sampled at 200 Hz and recorded at 1 Hz along with the
standard deviations from the averaging process.
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7.3. Rotational Distribution of Chord Measurements in NFRL’s Exhaust Ducts
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Figure 29 Chord length measurements at the measurement stations of the averaging pitot
probes for the 3 MW and the 10 MW calorimeters. Dashed lines represent expanded
uncertainties.
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probes for the 20 MW calorimeter. Dashed lines represent expanded uncertainties.
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7.4.  Uncertainty Budgets for Select Measurement Components

Table 13 Uncertainty budget for the oxygen volume fraction measurement in the exhaust
gas.

Measurement Component, Xi Value u(xi)/xi S Contribu ti:J/z
Xoo™ (L) 021259  0.000 52 1.0 99.6
Vor ™ (volts) 419228  0.000 024 -1.0 0.2
Vger (volts) 0.008 86 0.014 0.0 0.0
Vo, (volts) 3.94290  0.000 025 1.0 0.2
Xo, (L/L) 0.199 92 u./Xo, = 0.000 52

Table 14 Uncertainty budget for the carbon dioxide volume fraction measurement in the
exhaust gas.

Measurement Component, Xi Value u(Xxi)/Xi S Contribu tig/z
Xco, (LIL) 0.010 223 0.0012 1.0 96.5
Veor " (volts) 1.70399  0.000 11 -1.0 0.8
V&S, (volts) -0.001 84 0.051 0.0 0.1
Veo, (volts) 0.95344  0.000 20 1.0 2.6
Xco, (L/L) 0.005 725 u./Xco, = 0.0012
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Table 15 Uncertainty budget for the measurement of carbon monoxide volume fraction in

the exhaust gas.

Measurement Component, X; Value u(Xi)/xi Si Contributi;/z
Xoo (L/L) 0.001 005 0.0010 1.0 3.6
Vg™ (volts) 144334 000035  -1.0 0.5
VEET® (volts) 0.019 83 0021  -01 33.6
Vco (volts) 0.143 55 0.0036 1.2 62.3
Xco (L/L) 0.000 087 3* uc/Xco = 0.0052

*For the case of a fire in a furnished room with structural walls made from cross laminated

timber.
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Table 16 Uncertainty budget for the measurement of effective gas velocity by the averaging

pitot probes in the exhaust duct.

%

Measurement / Parameter, X; Value u(xi)/Xi Si Contribution
Ce (-) 1.028 0.014 1.0 90.9
K, () 0.6271 0.0038 1.0 6.4
R (J/kmol K) 8314.47 0.0000 0.5 0.0
M,;, (kg /kmol) 28.97 0.0035 -0.5 1.4
P.mp (Pa) 100 762 0.000 51 -0.5 0.0
AP, (Pa) 27.162 0.0030 0.25 0.3
APg (Pa) 25.442 0.0030 0.25 0.2
Tea1 (K) 396.8 0.0051 0.13 0.2
Te.nz (K) 396.6 0.0051 0.13 0.2
Te g1 (K) 395.4 0.0051 0.12 0.2
Te,B2 (K) 395.3 0.0051 0.12 0.2
Vess (m/S) 4.965 uC/Veff =0.0148
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Table 17 Uncertainty budget for the natural gas heat of combustion computed from

micro gas chromatograph measurements.

Measurement / Parameter,

% (Units) Value  u(xi)/Xi Si % Contribution
AcHE;, (MIIm®) 33.883  0.0005 0.94 0.6
AcHE . (MIIm?) 60.311  0.0005  0.0483 0.0
AcHE Y, (MIIm?) 86.251  0.0005 0.0036 0.0
AHE Y, (MIm®) 111.792  0.0005  0.0002 0.0
AcHEy,, (MIIm?) 112.179  0.0005  0.0004 0.0
AcHE Y, (MIIm?) 137.821  0.0005  0.0001 0.0
AHE Y, (MIm®) 138.003  0.0005  0.0000 0.0
AHE (MI/m?3) 177.055  0.0005  0.0037 0.0
AcHEE (MI/m?) 0.000  0.0005 0.00 0.0
AHE, (MIIm®) 0.000  0.0005 0.00 0.0
Xcn, (LIL) 0.9661  0.0054 0.94 65.6
Xc,u, (LIL) 0.0278  0.063  0.0483 23.6
Xc,u, (LIL) 0.001 47 0.175  0.0036 1.0
Xc,u,, (LIL) 0.000 077 0.29  0.0002 0.0
Xc,u,, (LIL) 0.000 129 0.25  0.0004 0.0
Xcon,, (LIL) 0.000 012 8 0.85  0.0001 0.0
Xcon,, (LIL) 0.000 004 1 1.59  0.0000 0.0
Xc,, (LL) 0.000 72 0.52  0.0037 9.1
Xy, (LIL) 0.002583  0.007 0.00 0.0
Xco, (L/L) 0.001 12 0.19 0.00 0.0
A HY (MJI/m3) 34.69 u./AHL =0.0063
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