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Large-Scale Calorimetry Time Response Characterization and Correction

Giovanni Di Cristina, Erik Johnsson, Eric Mueller, Matthew Bundy, Anthony
Hamins

* A series of 4 m to 6 m Douglas fir tree fires were characterized by measuring
the transient mass burning rate, radiative emission, and heat release rate.

* The fires grew extremely fast, obtaining peak heat release rates (HRR) from
about 7 MW to 42 MW within 7 s to 10 s.

* A methodology is presented on rescaling the transient calorimetry heat
release rate to correct for the system time response, using relatively fast
instruments including a strain gauge type load cell and water-cooled heat
flux gauges.

* The calculation results showed the two rescaling methods yielded peak HRR
values within 15 % of each other on-average.
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Abstract

Recent fire experiments testing 4 m to 6 m tall Douglas fir trees pushed the
limits of the time response of the National Institute of Standards and Technology
(NIST) large fire calorimeter due to their fast fire growth. The fires obtained
peak heat release rates from 7 MW to about 42 MW within 7 s to 10 s. The
calorimetry system is dependent on multiple instruments each with their own
time response. Calibration experiments with imposed square wave thermal pulses
have characterized the system time constant as approximately 8 s. Consequently,
the time response becomes a significant source of uncertainty in the transient
results. Utilizing measurements from fast-responding mass load cell and far-field
radiometers as models for the heat release rate (HRR) response, a methodology
is developed to rescale the transient HRR to correct for the calorimetry system’s
time response. The results from each correction method are compared to each
other and the oxygen consumption HRR. Although both methods have different
limitations, their respective results agree within 15% of each other, on average.
This study provides insight on the accuracy and uncertainty of oxygen consumption
calorimetry systems.
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1. Introduction

The heat release rate (HRR) of a fire is a key measurement as it is directly
related to fire behavior, growth, and hazard. Thus HRR is critical for characteriz-
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ing and modeling fires [1]. Oxygen (O;) consumption calorimetry [2] allows fire
researchers to quantify the HRR of a fire. By analyzing the combustion products
and measuring the temperature, gas flow, and gas concentrations (mainly oxygen),
the energy release rate of a fire can be determined. Considering how crucial HRR
measurements are, considerable efforts have been taken to reduce the measure-
ment uncertainty of O, consumption calorimetry systems [3-6]]. These efforts
have resulted in improvements to the uncertainties related to the air mass flow,
instrument drift, the heat of combustion per unit mass of oxygen, and corrections
for the effects of carbon monoxide. However, the system response time is usually
not addressed, in large part due to the complexity of deconvoluting the response
and delay times of the many measurements that make up the HRR determination.

There are few papers in the literature that identify or attempt to address this
issue. Lyon and Abramowitz used an integral technique to remove the effect of
instrument response time on peak and integrated heat release rate values measured
using the Ohio State University (OSU) apparatus for various materials [7]. Messer-
schmidt and van Hees presented helpful discussions on the effect of response times
on oxygen consumption calorimetry and provided guidance on acceptable response
times [8]. Pitts considered time response effects in the characterization of the
HRR of a commercial flexible polyurethane foam in the cone calorimeter. Math-
ematical forms for the HRR were posited and the resulting rescaled HRRs were
determined [9]]. Croce proposed several methods to correct the calorimeter time
response. The sampling and analysis system was characterized to determine its
response and the data was then used to deconvolute the measured gas concentration
history, providing a more accurate representation of the actual gas concentration
profile [10]. Bryant et al. characterized and corrected HRR transients in square-
wave shaped thermal pulses of natural gas fires by using the heat flux profile from
a distant radiometer [[11]. This study extends the work of Bryant by comparing
correction methods using two types of sensors for rapidly growing fires.

The National Institute of Standards and Technology (NIST) calorimetry system
is composed of various types of instruments[] each with their own time response.
Although corrections are made for instrument delay and lag times, the NIST
calorimetry system does not specifically correct for system time response [J].
The ASTM standard for large-scale calorimetry recommends treating the system

ICertain equipment, instruments, software, or materials, commercial or non-commercial, are
identified in this paper in order to specify the experimental procedure adequately. Such identifica-
tion does not imply recommendation or endorsement of any product or service by NIST, nor does it
imply that the materials or equipment identified are necessarily the best available for the purpose.



response time as an additional lag time because the correction for response time
is rather complicated and the argument goes that for response times relatively fast
compared to the time for fire development, the difference in the results is small [[12].
The NIST large-scale calorimetry system has a time constant of approximately 8 s
based on analysis of imposed square-wave shaped changes to the thermal load
during calibration experiments using a 20 MW natural gas burner [S]. However,
considering that the peak HRRs of the fires investigated in this study occurred in
less than 10 s after ignition and the entire duration of flaming combustion was
about 30 s to 40 s, the system response time becomes a significant source of
uncertainty in the transient results.

Calorimetry measurements in a rapidly growing fire are especially challenging.
This is also true for fires in which the volumetric generation rate of exhaust gases is
on the same order as the exhaust system extraction rate. In such a case, there may
be a build-up of exhaust gases in the canopy hood, where gas products will mix,
leading to additional system response time. This was the case in the fires studied
here for which the maximum practical exhaust flow was used. A transient smoke
layer was observed indicating that mixing of combustion products occurred. In
contrast to calorimetry systems, water-cooled heat flux gauges and mass load cell
systems commonly used in fire research are relatively fast. Heat flux gauges have
time constants of about 450 ms or faster, whereas mass load cells have response
times typically on the order of 1 ms.

A method to correct for the system time response is developed and presented
in this study. The total heat released calculated from the calorimetry system
is rescaled using the data from two types of fast-responding instruments (heat
flux gauge and mass load cell), leveraging the idea that the total heat released
determined by calorimetry over the entire experimental duration is invariant. The
resulting rescaled HRR profiles yield peaks that are narrower than the original
and exhibit faster times to obtain the peak HRR. Each method relies on strong
assumptions about the instrumentation and fire dynamics. However, this approach
provides a way to estimate the actual HRR and a methodology to correct for system
time response in relatively large and rapidly growing fires.

2. Experimental Setup

Six Douglas fir (Pseudotsuga menziesii) tree fire experiments were conducted
under the NIST large-scale calorimeter exhaust hood which hasa 13.8 m by 15.4 m
footprint [Sl]. The trees ranged from 3 m to 6 m tall, with the trees’ foliage having
an average wet basis moisture content of about 9 %. The six trees were selected for



Table 1: Tree specimen descriptions including the height and maximum width, the initial tree
mass corrected for water, and the measured tree foliage moisture content on a wet basis (MC,,,).
The combined expanded uncertainties are listed in the table and are equal to + 3.0 cm for the
lengths.

Tree Height Width Initial Dry Mass McC,,

[m]  [m] [kl [o]
1 3.37 2.35 14.38 £0.57 73+£19
2 3.66 2.15 18.47 + 0.57 7.8+2.0
3 4.23 2.71 27.67 +0.57 79+2.0
4 4.08 2.55 24.46 + 0.57 7.7+2.0
5
6

5.77 2.79 54.93 £0.57 99+26
5.81 3.13 49.48 £0.57 11.5+3.1

12m _ -
HFG-NWY’
/. -« 154m ——— > Y
/I === e e e e e e e e e e m e ——mm == = Y

Load cell beneath
tree specimen

Canopy Hood A 12m
. Footprint e HFG-SE

.
~~~~~~
~ -
~~~~~~
~~~~~~

Figure 1: Plan view schematic showing the experimental setup and instrumentation.

study based on their height, which was roughly 4 m (Trees 1 and 2), 4.5 m (Trees
3 and 4), and 6 m (Trees 5 and 6). The trees were stored until they were extremely



dry, and all had a similar moisture content. A description of each of the trees is
summarized in Table [I] Although there was natural variation among each pair,
Table [I] shows that each pair of trees had similar maximum widths and masses.

A schematic of the experimental setup is shown in Fig. [Il A large round
exhaust duct (2.43 m diameter) was located 15.34 m above the floor. Side skirts
located 6.44 m above the floor surrounded the canopy hood [3]]. The test specimen
was placed directly below the center of the exhaust duct. The exhaust flow was
adjusted to capture all of the exhaust products and was typically set to 70 kg/s. The
trees were mounted on a wood platform and placed on a four-unit load cell system
at the center of the exhaust hood area, which recorded the mass throughout the
duration of the fire. The measurements discussed below include the transient tree
mass using a load cell system, the heat release rate using an oxygen consumption
calorimetry system, and the far-field radiative heat flux using water-cooled total
heat flux gauges. The instrumentation was connected to a data acquisition system
(DAQ) sampling at 1 Hz. A full description of the experimental apparatus and
procedures is provided in Ref. [13]].

The transient heat release rate (HRR) was determined via oxygen consumption
calorimetry achieved by measuring the volume fractions of CO, CO,, and O, ata
well-mixed downstream position in the exhaust duct where the air mass flow rate
was carefully measured [5]. A paramagnetic gas analyzer was used to measure the
O, mass fraction, while non-dispersive infrared (NDIR) gas analyzers were used
for the CO and CO;.

Water-cooled heat flux gauges (HFG) were placed to the southeast and north-
west of the tree at far-field (10 m and 12 m) distances and a height of 2.3 m above
the floor (see Fig.[I).

Ignition of the trees was achieved using a natural gas octagonal ring burner
positioned below the lowest branches such that its 10 cm to 20 cm flames would
impinge on the lowest tree branches. An electronic spark system was used to
remotely ignite the ring burner. Prior to the experiments, the ring burner lines
were charged with natural gas. The gas flow was turned on about 1 s prior to the
spark ignition. The ring burner subsequently ignited the tree and gas flow to the
ring burner was maintained for 10 s.

3. Time Response

For practical purposes, most oxygen consumption calorimetry measurement
systems, including the NIST system, do not directly correct for instrument response
time, because the correction is complex and the argument goes that the difference in



30 T T r ! H 1 1
——Burner HRR : i

| E
25| |—HRR_, .". ! j
---HRR_ " '

= 20 . ; ]
S 2 3
=15 2 3| i :
¢ R Q| i
T S|i | iy |

-
o
T

600

Iy A

<

=

14 \

m v

- ‘_FVL

s [NW2
200 250 300 450 500 550 600 650
Time [s] Time [s]

Figure 2: HRR data from confirmation burns using a fast-response natural gas burner. The HRR
correction using the method based on Lyon [7] is shown alongside the HRR based on O,
consumption calorimetry.

the results is small for relatively slow events or relatively fast response times [[12].
The calorimetry system response time is primarily a convolution of the individual
instrument response times (gas concentrations, temperatures, pressure, etc.). The
time constants for the CO and CO, gas analyzers are approximately 4 s and the
time constant for the O, analyzer is about 2.3 s, while the time constant for the
entire calorimetry system is measured as 8 s [S]. These values suggest that the
O, analyzer is not limiting the system time constant but that other factors strongly
influence the system time constant. Mixing of the products of combustion in the
canopy hood and duct work, the flow rate of the exhaust system, and the fire size



can all play a role in the system time response. A measurement system with a
relatively long response time leads to lower measured values of a signal’s rate of
change and consequent peak broadening and decreased signal extremes (maxima,
minima, and fluctuations). The NIST calorimetry system does consider both the
lag time and the delay time as recommended by ASTM [11, [12]]. The expanded
(k = 2) combined uncertainty of the calorimetry system was to be between 5.6 %
and 11.3 %, depending on the experimental conditions. Considering that the
peak HRR of the fires investigated in this study occurred less than approximately
10 s after ignition (see Table [3)), the system response time of 8 s [5] becomes a
significant source of uncertainty in the transient results.

A fuel consumption calorimetry system (natural gas burners and flow control)
was used to generate precise amounts of heat release in an imposed square-wave
shaped applied thermal load, allowing rigorous evaluation of the oxygen consump-
tion calorimetry system, its uncertainty, and its time response. Fig. 2] shows the
HRR from a series of calibration burns conducted to assess the accuracy of the
O, consumption calorimetry system. The calibration burns used a natural gas
burner with a pneumatically-actuated v-notch ball valve with a 1 s time constant,
generating square-wave shaped heat release rate pulses of various durations. The
calibration burner was set to start at 1.0 MW and go as large as 20 MW using
the method described in Ref. [5]. The calibration gas composition was measured
via gas chromatography such that the HRR based on fuel consumption could be
determined (Burner HRR in Fig.2). The Burner HRR serves as a baseline for
comparison as it has an expanded relative uncertainty of 1.5 % [5]. Also shown
is the method developed by Lyon for deconvoluting the HRR data to remove the
effect of instrument response time on the transient heat release rate profile [7].
In Lyon’s method, the corrected instantaneous heat release rate, HRRy,,(2), is
expressed in terms of the measured calorimetric signal, HRRp;(t), as:

HRRLyon(t) =C HRROZ([) +T% (1)

where C is a calibration constant and 7 is the system response time, as determined
during well-controlled natural gas calibration fire experiments. C is the ratio of
the burner HRR set-point to the measured calorimetry value (HRRpyner / HRR0?)
during steady-state, which was determined from a 4 set point calibration (1 MW,
3 MW, 10 MW, 20 MW) as 0.993. From the long duration pulses (40 s) in Fig.2]
7, the time constant, that is the time it takes for HRRp; to reach 63 Y% of the
steady-state value, was determined to be 8 s.

The short duration pulses (10 s) in Fig.[2]simulate a fast fire, the O, consumption
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calorimetry (HRR¢7) never reach the reference value during the short pulses and
the peak values demonstrated significant lag. Although the Lyon method corrects
the time response, it ultimately over-predicts the peak value. Furthermore, due
to the differential term in Eq. E], HRRy,, exhibits non-physical spikes anywhere
there are sharp gradients in the data such as during the increasing and decaying
phases of the square wave pulses. This results in the HRR} ,, reaching negative
values in the decaying phase and values 40 % higher than the baseline during the
growth phase.

4. Results

4.1. Fire Spread Observations

The trees burned remarkably fast. Fig. [3]shows the evolution of flame spread
from ignition (r = 0 s) to 60 s after ignition during the burning of Tree 6. The time
it took for flames to spread and travel from the base of the tree to near the top of
the canopy hood during Test 6 was on the order of 8 s, which represents a flame
spread rate on the order of 2 m/s. For reference, this is similar to the laminar flame
speed of a stoichiometric premixed hydrogen-air flame at ambient conditions [14].
The time from ignition to peak fire heat release rate for Tree 6 was on the order of
5 sto 10 s. The tree fires then diminished over the next 30 s to 40 s. After another
30 s to 60 s, most of the flames self-extinguished and the trees were mostly in a
glowing mode with typically only a few lower branches flaming for about a minute.
Portions of the tree remnants smoldered for another minute until they completely
self-extinguished. Video recordings of the tree fire experiments (along with the
calorimetry data) are available for viewing at the NIST Fire Calorimetry Database
(FCD) [15].

Figure 3: Flame spread evolution of Tree 6 from ignition (¢ = 0 s) to 60 s after its ignition.
Images at 0 s and 60 s have been brightened to show the tree. The camera was positioned 8.7 m
away from the tree and angled upwards approximately 45° to capture the entire flame plume.



The character of the tree ignition (symmetric versus non-symmetric) and the
degree of igniter flame interaction with the lowest outer branches strongly influ-
enced the fire spread behavior on the tree. A brief description of the ignition
character and fire spread is provided in Table [2]

Table 2: Summary of ignition character, fire spread, and other experimental observations.

Tree Ignition Character

Fire Spread Description

1

2

Non-symmetric.

Nearly symmetric;
south half of burner
ignited 2 s late.
Non-symmetric.

Nearly symmetric.

Non-symmetric;
south half of burner
didn’t ignite.
Nearly symmetric;
south half of burner
ignited 2 s late.

Burner failed to ignite several lower branches.
Significant amount of protracted burning.
Despite uneven ignition, most of tree
simultaneously ignited. A few lower branches
on the southwest and west sides didn’t burn.
Bottom third of lowest outer branches didn’t
burn.

A few lower branches didn’t ignite. Most of the
tree burned.

Fire spread more slowly and then downward on
the south side. Eventually, most of the tree
burned except a few lower outer branches.
Nearly all branches consumed. Only one small
lower outer branch on the south side remained.

4.2. Heat Flux

Fig. {4 shows the transient far-field heat flux measured by the NW and SE
gauges, which were both located at a radial distance of 12 m (see Fig. [I). The
gauges yielded similar results except for Trees 1 and 3, for which the ignition
process was not perfectly symmetric. For all the trees, the peak heat flux occurred
in the first 5 s to 12 s after ignition (time = 0).

4.3. Mass Loss

To obtain the actual mass of tree that burned, the load cell measurements were
corrected for the tree foliage moisture content using M C,, (see Table([I]) following
Eq. The fuel mass loss (m(¢)) was estimated by subtracting the specimen’s
water mass from the measured mass 10ss (m,,cqsured(t)):

m(t) = Mpeasurea(t) X (1 — Mcw) ()

R
moisture content correction
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Figure 4: The NW and SE far-field transient heat fluxes measured at a distance of 12 m.

A similar correction is applied to the mass loss rate (r2) and total mass loss (Am):

M = Mpyeasured X (1 - MCW)

3)
“4)

The mass loss rate (1) was determined by differentiating the transient mass mea-
surement via a central difference scheme and the total fuel mass loss (Am) is
calculated as the difference between the initial and final masses as measured by the
load cell. The post-fire residual tree mass is mainly composed of the tree trunk and
unburned branches. The moisture content of the base of the tree trunks was mea-
sured from samples extracted immediately before and after the tests. On average,

Am = Amyeqsurea X (1 — MC,,)

10
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Figure 5: The transient normalized mass measured by the load cell system and the calculated

the post-fire moisture content of the charred tree trunks was 21.4 + 2.9 %, which
was about 3 9% lower than their pre-test average moisture content. Considering
measurement uncertainty (2.9 %), this difference was interpreted as insignificant.
Thus, measurements of the trunk moisture content are consistent with the assump-
tion that the moisture content of the residual mass was essentially unchanged from
its initial value (within measurement uncertainty). The water correction term in
Egs. [2] to 4] expresses this idea - that the initial moisture content percentages of
both the tree foliage and the tree trunks were invariant during the experiment. The
mass loss data (and derived quantities) throughout this study are presented as the
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Fig. [5| shows the transient mass (normalized by the initial mass) measured by
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the load cell system during the tree fire experiments alongside the calculated mass
loss rate. In general, most of the mass loss occurred in the first 30 s after ignition
(time = 0) and the peak mass loss rate occurred in the first 10 s after ignition. The
transient mass loss rates along with the heat flux measurements are used in this
study to rescale the calorimetric HRR as discussed below.

4.4. Calorimetry: Transient results

The heat release rate (HRR) was measured in the exhaust hood using the Oxygen
consumption (O,) calorimetry methodology outlined by Bryant and Bundy [35].
For comparison, the HRR was also determined using the mass loss rate (#1) such
that:

HRR,;, =m X H, 5)

where 1 is the mass loss rate (Eq. 3] Fig. [5) and H. is the specified net heat
of combustion per unit mass of fuel for Douglas fir, taken as 21 kJ/g following
Susott [16] with an estimated uncertainty of 3 % [13]. HRR,, can be regarded
as the idealized heat release rate. Fig. [6] compares the HRR obtained from the
mass loss rate (HRR,;; Eq.[5) and the HRR from calorimetry (O, consumption)
as a function of time after ignition. In all cases, the peak value of the HRR
(Eq.[5) curve had a larger value and occurred earlier than the measurement using
O, consumption calorimetry. Fig. E] shows that Trees 1, 3, and 5, which had
non-symmetrical ignitions and thereby slightly longer times to burn the entire tree,
featured somewhat better agreement between the two methods than Trees 2, 4, and
6, which ignited symmetrically and quickly consumed the flammable portions of
the trees. In all cases, HRR,, was lower than the O, calorimetry HRR during
the period after the peak HRR. These phenomena (earlier times to peak, larger
peak values, and smaller post-peak values) for the HRR,; curves (relative to the
calorimetry HRR curves) are attributed to the relatively fast time response of the
load cell system compared to the calorimetry instrumentation. Whereas the load
cell system had a sub-second time constant, the calorimetry system had an 8 s
time constant. A correction method to address the time response of the HRR
calorimetry measurement system using load cell and heat flux measurements is
discussed below.

4.5. Calorimetry: Time integrated results

The calorimetry results are summarized in Table 3| including the total fuel
mass loss corrected for moisture content (Am), the residual mass percentage, the
peak HRR, the time to peak HRR, and the total heat released (THR). The THR is

12
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Figure 6: HRR based on O, consumption and i for the six tree experiments.

the HRR measured via oxygen consumption calorimetry integrated over the entire
test duration. The residual mass ratio is the mass of the specimen that didn’t burn
divided by the specimen’s initial mass.

Fig.[7|compares the total heat released calculated from the i and O, consump-
tion HRR methodologies. The dotted line represents parity. For most of the trees
(Trees 1 - 5), the difference in heat released between the two methods is less than
10 %. The average difference for all trees is equal to 12 %. Tree 6 showed larger
differences with lower THR from the mass loss method. However, despite the
differences, Fig. [7]shows that the THR calculated based on the total mass loss and
the calorimetry agree within experimental uncertainty.
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Table 3: Summary of test results including the fuel mass loss corrected for water content (Am),
residual mass percentage, peak HRR, time to peak HRR, and the total heat release (THR) along
with their respective expanded (k=2) combined uncertainties, representing a 95 % confidence

interval.
Tree Am Residual Peak Time to Peak THR
mass HRR HRR
[kg] [%e] [MW] [s] [(MJ]
1 94 +25 35 75+05 8+4 169+ 12
2 7.8 +1.8 58 125+ 0.7 7+4 160+ 11
3 82+27 71 9.0+0.5 9+4 154+ 10
4 11.3+£2.7 54 13.7+0.8 7+4 218+15
5 28.3+59 49 36.6 £2.2 10+ 4 594 +38
6 244+57 51 421 +£2.6 8+4 622 +39
700 |
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Figure 7: The total heat released determined from the total mass loss (Eq. [5)) versus the O,
consumption calorimetry. The dotted line represents parity, and the error bars represent the
expanded combined uncertainties, representing a 95 % confidence interval.

5. Rescaling HRR Method

The effect of the calorimetry system time response (as discussed with regard to
Fig.[6)) resulted in peaks from the O, consumption measurement that are smaller and
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broader than the m derived HRR. In contrast to a calorimetry system, the water-
cooled heat flux gauges and the mass load cell system used here are relatively
fast. The Huskeflex SGBO1 thermal heat flux sensors have a time constant of
450 ms [[17], which indicates that 89 percent of the true signal is recovered ata 1 Hz
sampling interval - about 20 times faster than the calorimetry system. Strain gauge
type devices such as the load cell have a very fast time response, typically on the
order of 1 ms. The THR, as a time-integrated measurement, is agnostic to the time
response. Leveraging this fact, the HRR profiles are corrected for time response by
matching the shapes of the profiles derived from the fast-responding instruments
(heat flux and mass load cell), and imposing the requirement that the measured
total heat released (THR) matches the value obtained from oxygen consumption
calorimetry. The rescaled HRR profiles based on the transient profiles of heat flux
and mass loss rate (HRR (1) and HRR;, (1), respectively) were determined using
the following equations:

HRR, (1) = 47R ¢"(1) x K, (6)
HRR', (1) = 1in(t) X Kpn %)

where g” is the average far-field heat flux obtained from the two gauges, R is the
distance of the heat flux gauges from the tree’s central axis, and 7z is the mass loss
rate obtained by differentiating the mass data from the load cell. The rescaling
factors K, and K, are defined as:

le
/ HRR(t) dt
ti THR
K, = 7 = TRE’ @)
2 .
47TR/ q”(t) dt
I
fe
/HRR(t)dt THR
Ky == = ©)

le  Am
/ m(t) dt
I

Here, the integrals are over the entire duration of the fire, from the time of ignition,
t;, until the time when flames and smoldering extinguish, .. The heat flux rescaling
factor, K, is the ratio of the total heat released (THR) to the average total radiated
energy (TRE) and the mass loss rate rescaling factor K, is the ratio of the total
heat released (THR) to the moisture content corrected mass loss (Am). The ratio
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(THR/Am) is referred to as the net effective heat of combustion in the NIST Fire
Calorimetry Database (FCD) [15)]. Both rescaling factors (K, and K,;,) are time
invariant.

Fig. [§ revisits a short and long pulse from the natural gas calibration exper-
iments shown in Fig. [2| with the rescaled HRR based on the transient heat flux
profile, HRR}(7) (Eq. @ added for comparison. The figure shows the idealized
natural gas burner HRR (Burner HRR), the HRR based on O, consumption
calorimetry (HRRp2), and the HRR correction based on the Lyon [7] method
(HRRpyon) in comparison to the rescaled HRR based on Eq. @ The rescaled HRR
profile closely follows the ramp-up and ramp-down of the burner HRR, falls within
about 10 Y% of the burner’s (large) steady value, and corrects rounding due to the
calorimetry system’s time constant at the edges of the thermal square-shaped wave.
The rescaled profile is somewhat lower before (time < 540 s) and after (time >
590 s) the main natural gas pulse as might be expected for the large (1 m x 2 m)
natural gas burner, which provides a fire that is large in area, but small in height
such that the view factor of the radiometers is relatively small. The rescaled profile
does not exhibit the overshoot and undershoot of the Lyon method [7]. The data
from Fig. [§|confirms that the heat flux based rescaling method (Eq. [6]) can provide
accurate results of HRR. Unfortunately, a similar confirmation experiment for the
m method (Eq.[/) has yet to be performed as a large square-wave thermal pulse is
more challenging to achieve with a solid fuel.
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Figure 8: Rescaled transient HRR profile, HRR;,, compared to the original calorimetric O, and
the Lyons correction for a short (top) and long pulse (bottom) square wave shaped natural gas
calibration burn.

Each of the rescaling approaches requires assumptions about the fire and there-
fore limitations in their application. For the rescaled HRR based on the heat flux
profile (HRR, (1)), it is assumed that the radiative fraction is constant as a function
of time (and implicitly, as a function of HRR) during the fires. It is also assumed
that smoke and gas absorption does not significantly reduce the measured radiative
signal intensity, and that the entire fire is unobscured and visible by the heat flux
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gauge. Although the heat flux gauges have a large view factor at such a far distance
(12 meter), physical obstructions from the tree itself can obscure portions of the
fire. Finally, although the background radiation is accounted for initially, it is
assumed that it did not significantly increase due to these short duration fires.
The rescaled HRR based on the mass loss rate profile (HRR;, (1)) assumes
that all combustion occurs with the foliage attached to the tree. Of course, the
gas phase combustion is not instantaneous even for foliage attached to the tree.
The gas phase combustion is delayed and effectively smeared approximately by
the combustion residence time of a fuel packet in the fire plume, which is on the
order of 1 s to 3 s. Such behavior is analogous to a similarly large, natural gas fire.
Burning in such a fire occurs over the entire fire volume as fuel travels upward.
Since natural gas fires were used to calibrate the oxygen calorimetry system, these
effects are not regarded as a strong influence on the HRR results seen in Fig. [0
The more salient issue to consider are the embers and firebrands that are observed
to detach from the trees and burn while being lofted upwards. Yet, experimental
observations and the video record suggest that the number of firebrands is very
small, so the delay and smearing of the recalculated HRR results based on the
mass loss measurements (see discussion below regarding Fig. [J) is considered
negligible. The HRR), () also assumes that the combustion efficiency is invariant
during the burn, and that the moisture content of the tree is constant during burning.
Additionally, the effects of smoldering are negligible as minimal smoldering was
observed, and a constant heat of combustion is assumed throughout the tree fire.
Finally, any buoyancy effects experienced by the tree are neglected and assumed
to not impact the transient load cell measurement. A computational fluid dynamic
fire model of the Douglas-fir tree experiments using FDS 6.9.1 [18]] shows that the
drag force is finite and that it changes with time as the tree burns away and the
velocity field changes. The drag force is zero when there is no buoyancy induced
flow at the start and end of the fire. As the fire starts, the buoyant plume generated
by the fire interacts with the foliage and branches producing a drag force that
reduces the mass loss measurement. The drag force increases with the increase in
buoyant flow, with estimated peak values on the order of 1 kgf (or 10 N) for the
fires considered here. The force decreases as both the foliage burns away and the
induced flow decreases. Whereas the maximum velocity occurs at the time of peak
heat release, the maximum foliage surface area is at the start of the test. Thus, the
drag may shift the measured mass loss profile and the calculated maximum of the
mass loss rate (and peak heat release rate of the rescaled HRR profile). Of course,
modeling a tree fire, and the associated transient buoyancy force is pioneering
work. The effects of these assumptions on HRR;(t) and HRR;, (1) are complex
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due to measurement and modeling uncertainties.

Tree 1 Tree 2
20 ‘ : 40 : :
_16[|; 1327
§ 12 1 E 24
% 8in | & 16
T il T !
4 8 i\
7 '\‘n:\..-\ X
0 SN 0 :
0 10 20 30 40 50 60 0 10 20 30 40 50 60
Time [s] Time [s]
Tree 3 Tree 4
20 ‘ 40
_ 16| 1327
E 12 é 24}
I P I |
4 %) 1 81
M j
0 n..:"- - i o J
0 10 20 30 40 50 60 50 60
Time [s]
Tree 5
80 " 110
_64 = 88
é 48 |, 66
EARY AN & a4
I H /’ N I 3 \\
16 [/ © L\ o224 .
i) NN S R
0 : = 0=~
0 10 20 30 40 50 60 0 10 20 30 40 50 60
Time [s] Time [s]
’ ’
‘—HRROZ ——HRR_ - HRR, - - -HRR/ ....... HRRLyon‘

Figure 9: Rescaled transient HRR profiles compared to the original O, consumption calorimetry
and 71 based measurements for all of the trees.

5.1. Rescaling Results and Discussion

The rescaled HRR profiles (HRR;, and HRR};) are shown in Fig. |§|

alongside

the original O, consumption calorimetry (HRRp2) and HRR,;, (the mass loss rate
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derived HRR profile from Eq. [5). As expected, the rescaled peaks are generally
narrower and larger than the profiles measured by calorimetry.

The peaks of HRR), follow the trends seen in Fig. (where the divergence from
the parity line is proportional to the difference between the peaks of HRR based
on m and O, consumption) as well as the shapes of the r1 profiles themselves.
The shapes of the HRR,;, and the HRR, profiles are identical, with their values
differing at all times by the ratio of H./(T HR /Am) (derived from the ratio of Eq.
to Eq.[7).

The uncertainty in the peak HRR;, is related to the uncertainties in the THR
and the total mass loss measurement (24 % on average; see Table E]) as well
as the estimated errors in the central differencing scheme used to calculate
from from the load cell measurements (43 % on average), which dominates the
relative uncertainty. The large value of the latter contributor to the uncertainty
can be attributed to the relatively slow data sampling rate (1 Hz) compared to
the relatively rapid change in the mass loss rate. Further, the error in the central
differencing scheme is proportional to the square of the time step of the data and the
truncation error in the Taylor series. In retrospect, increasing the data acquisition
rate by an order of magnitude would have significantly reduced the uncertainty of
this term for these short duration tree burns.

The profiles from the two far-field (12 m) heat flux gauges (see Fig. @) were
averaged and used to rescale the HRR profile according to Eq. [0 In most cases,
HRR resulted in a higher peak HRR and faster time to peak HRR. The response
time of the heat flux gauges is sub-second, however, due to the sampling frequency,
it is effectively constrained to 1 s. Additionally, the HRR; results are time shifted
within the data processing already implemented within NFRL from the response
of a separate heat flux gauge deployed during all experiments [S)]. For this reason,
the time to peak results do not improve significantly between HRRo, and HRR;,.
However, the time-response was improved as evident by the narrower peaks of
H RR; compared to those of HRRp>. The HRR; results of the symmetric tree
fires (Trees 2, 4, 6) showed the greatest time-response improvement as those fires
were relatively faster than the non-symmetric ignitions. Additionally, as the fire
size grows, the assumption that the heat flux gauges views the entire fire breaks
down. Lyon’s method (HRR),) is also shown in Fig. @ Unsurprisingly, its peak
occurs within a second or two of the rescaled HRR’,, and is earlier and larger
than the HRRp, curves. This is presumably due to the overshoot of the peak
as indicated by implementation of Lyon’s method for the natural gas calibration
fire as seen in Fig. [§] The peak HRR and time to peak HRR from both of the
rescaling approaches (HRR);, and HRRy,) are presented in Table @ alongside the
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results from O, calorimetry. The uncertainty of the peak HRR;, is related to the
relative uncertainties in THR (6 % on average; see Table [4)) and TRE (14 % on
average), as well as the range of results associated with averaging the far-field heat
flux measurements (12 % on average).

Table 4: The Peak HRR and the time to peak HRR measured by calorimetry and from the rescaled
results using Eq.[7/|(HRR), ) and Eq. @ (HRR;) and their respective expanded (k=2) combined
uncertainties, representing a 95 % confidence interval. The calorimetric THR is also listed.

O, Calorimetry HRR;, HRR,
Tree Peak HRR Time to THR Peak HRR Time to Peak HRR Time to
[MW] Peak HRR [s] [MJ] [MW] Peak HRR [s] [MW] Peak HRR [s]
1 7.5+0.5 8+4 169+12 | 11.9+8.6 2+2 98+3.3 5+2
2 125+0.7 7+4 160+ 11 | 22.0+ 144 3+2 20.6 £3.2 6+2
3 9.0+ 0.5 9+4 154+10| 82+48 5+2 10.0£2.8 8+2
4 13.7+0.8 7+4 218+ 15| 16.9+10.3 7+2 17.8 £3.0 8+2
5 36.6 2.2 10+4 594 +38 | 37.4+12.6 10+£2 323+48 12+2
6 42.1+£2.6 8+4 622 +39 | 69.8 £26.5 5+2 56.1 +£8.3 6+2

The rescaled HRR’, resulted in peak HRRs that were on average 36 % higher
than the HRRp, while H RR:I had peak HRRs that were, on average, 26 % higher
than HRRp,. Likewise, the time to peak was reduced by an average of 3 s and
0.7 s, respectively, for the HRR, and HRR;, re-scalings. As expected, in most
cases the time to peak was as fast or faster than HRRp».

The rescaled peak HRRs (HRR/, and H RR’q) differed from each other by an
absolute value of 15 % on-average, always with overlapping uncertainties. The
times to peak HRR of the rescaled HRR profiles was always shorter for HRR, ,
differing by 2.2 s on average. This difference in the times to peak HRR can be
understood in terms of the limitations of the rescaled HRR (HRR;,) for which
combustion does not instantaneously occur in proportion to the rate of tree mass
loss (see above).

6. Conclusions

The NIST large-scale O, consumption calorimetry system is capable of accu-
rately resolving fire events with a peak lasting longer than about 20 s.The rapidly
growing Douglas fir tree fires considered in this study, however, pushed the limits
of the system. Due to the time response of the system and the relatively fast
growing fires, there was peak broadening of the measured HRR, where the peak
HRR was under-reported while post peak measurements were over-reported. In
this study, the O, calorimetry HRR profiles were corrected for the calorimetry
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system time response. The total heat released measured by the O, calorimetry
system is rescaled using the shapes of the profiles derived from relatively fast-
responding instruments (heat flux and mass load cell) with the condition that the
total heat released by the rescaled HRR curves match the time-integrated total heat
released as measured by the O, calorimetry HRR system over the entire experi-
mental duration. This is a generalizable approach based on the calorimetry system
measurement itself.

The rescaled profiles feature higher peak HRRs and faster times to peak HRR,
as well as overall narrower peaks, while maintaining the same total heat released
measured by the O, consumption calorimetry system. Although each of the
rescaling methods are limited by many assumptions and approximations, a test of
the HRR;, rescaling method yielded a HRR profile within about 10 percent of the
natural gas burner’s peak thermal output. The HRR’, rescaling method based on
the load cell measurement yielded comparable peak values to the HRR], rescaling
method based on the far field radiometer measurement, differing by an absolute
value of 15 % on-average and with overlapping uncertainties. These methodologies
provide a simple way to correct calorimetry measurements in rapidly growing fires
through the use of supplementary measurements of mass loss or heat flux, which
are commonly used in fire laboratories.
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