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Abstract 

A series of experiments was conducted to better understand the burning characteristics of 
three types of vegetative fuels: little bluestem grass, excelsior wood fibers, and Douglas fir 
trees. The measurements included the transient heat release rate (HRR) determined using 
oxygen consumption calorimetry, the mass loss rate, carbon monoxide (CO) and smoke yields, 
and the radiative emission to the surroundings. An estimate of the average radiative fraction 
during the fires was obtained from radiative heat flux measurements made in the far field. 
Experiments were also conducted on constructed excelsior bundles with controlled bulk 
density. The measurement results characterize the global combustion properties of the 
vegetative samples and offer insight into their complex burning behavior. Several key findings 
are reported: 

1. The ratio of the peak heat release rate to the initial mass of the test specimens as a function 
of their moisture content was consistent with previously published fire measurements on a 
variety of trees and bushes. A fit to all the data showed that a power law adequately 
represented the results. 

2. The moisture content significantly affected the radiative fraction of the Douglas fir tree 
fires. The radiative fraction of the Douglas fir tree fires decreased from 0.41 to 0.15 as the 
dry basis moisture content increased from 7 % to 85 %. 

3. The mean radiative fractions for little bluestem, excelsior, and Douglas fir fires were 0.34, 
0.33, and 0.29, respectively. Considering the overlapping error bars, there was no 
statistically significant difference among the fuel types. For the three fuel types, the average 
radiative fraction was 0.32.  

4. The radiative fraction was observed to increase as the fire progressed from the flaming 
phase to the smoldering phase during the fires, suggesting that the radiative emission from 
the hot charring solid significantly contributed to the total radiative emission of the fire. For 
the excelsior fires, this effect became more significant for higher bulk densities. 

5. The soot yields had a high degree of scatter with mean values of 0.46 % for bluestem, 
0.11 % for excelsior, and 0.24 % for Douglas fir. The CO yields varied as a function of 
specimen type, with mean values of 6.2 %, 3.3 %, and 8.9 % for bluestem, excelsior, and 
Douglas fir, respectively. Further work is needed to improve the estimate of the soot yield 
since it is calculated using a mass-specific extinction coefficient typical of soot and not a 
value more typical of particulate matter produced during pyrolysis and smoldering 
combustion. 

6. The peak HRR of the excelsior fires was a function of ignition orientation and bulk density. 
As expected, the upward spreading fires gave rise to larger peak HRRs than those spreading 
downward. 

These measurements of global burning properties can help provide guidance to the 
development of wildland fire models. 

Keywords: burning rate; heat release rate; radiative fraction; vegetation fires. 
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1. Introduction 

According to the National Fire Protection Association (NFPA), more than half the fires reported 

in the USA in 2022 were outside fires, including brush, grass or wildland fires [1]. Fourteen of 

the 20 costliest wildland fires in the USA have occurred over the last 10 years [2]. These large 

fires threaten homes and communities, and research is ongoing to better understand the fire 

hazard. 

The main objective of this study was to better understand the character of burning vegetative 

fuels, which is important to better understand fire hazards and to help guide and validate 

computational fire models of outdoor fire spread. The intensity of a fire is an important 

parameter for the classification of wildfire hazards. The fire heat release rate has a significant 

role in the spread rate of a fire, which is related to the heat and mass transfer processes that 

occur during burning. Wildfires emit significant amounts of carbon monoxide (CO), carbon 

dioxide (CO2), and smoke, which can impact ǇŜƻǇƭŜΩǎ health far downstream of the fire. An 

understanding of the heat release rate of a fire and the yields of toxic combustion products is 

needed to better understand the impact of fire on human health. 

In addition to these impacts, global burning properties are often used in Computational Fluid 

Dynamics (CFD) models such as the Fire Dynamics Simulator (FDS) when more detailed 

modeling approaches are not feasible or practical. These include a radiative fraction to correct 

radiative emissions from the flaming region and fixed CO and soot yields for the homogenous 

combustion reaction [9]. Specific values may not be available for a vegetation type of interest, 

so it is important to understand their range of variability as a function of plant structure and 

composition and the uncertainty for a single value. 

The fuels selected for the study include little bluestem grass, Douglas fir trees, and constructed 

excelsior bundles oriented vertically or horizontally. These are three very different types of 

fuels in terms of their appearance. Little bluestem was selected for study as it is an important 

species in terms of grass-fuel fires in Texas [3-7]. Excelsior is the name given to thin strands of 

wood produced by shaving aspen trunks, which is often used as a packing material for fragile 

items. Use of excelsior can be found across wildland fire literature as it allows testing of the 

importance of fuel bed geometry and bulk density on the burning behavior of a thin cellulosic 

fuel - something that is not easily accomplished in a systematic way with natural plants [5-7]. 

Douglas fir is a common evergreen conifer that is easily attainable year-round and has also 

been used in previous studies of vegetation burning dynamics[8, 9]. Several other vegetative 

fuel types important to fire hazard in various regions of the country were considered for this 

study, such as chaparral from the western USA and saw palmetto from Florida, but they were 

simply not easily attainable due to cost and the availability of shipping. 

This report is broken into several sections. The remainder of this introduction briefly reviews 

previous studies on burning the vegetative specimens tested here. Section 2 describes the 

experimental apparatus and methods, including the ignition method, a list of the test 
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specimens, and the measurement methods for the moisture content, peak flame height, and 

CO and soot yields. Section 3 presents the experimental results, including the mass loss, the 

heat release rate, peak flame height, the yields of CO and soot, and an estimate of the radiative 

fraction. Section 4 summarizes the experimental results. Section 5 presents the references cited 

in this report. Appendix A presents details on the test, including the load cell type, the exhaust 

hood size, the heat flux gauge locations, and the camera settings. Appendix B presents 

uncertainty analyses of the mass loss, heat flux, and flame height measurement for each of the 

tests. Appendix C lists the values of the CO and soot yields, and Appendix D presents plots of 

the transient heat release rate, radiative heat flux, and light extinction coefficient for each of 

the tests. 

The measurement results in this report are available as part of the NIST Fire Calorimetry 

Database (FCD)[10]. The FCD contains hundreds of measurement results of fire experiments 

conducted since 2017 at bL{¢Ωǎ National Fire Research Laboratory (NFRL) and is used by fire 

scientists and fire protection engineers to support engineering analysis, including performance-

based design. Measurement results included in the FCD include the transient and peak heat 

release rates, the total heat released, the yields of CO and soot, the initial and final specimen 

mass as well as a video record of the experiments. The information provided in the FCD for each 

dataset includes a summary of the measurement results, their uncertainty, and the 

experimental test conditions. The data generated from this study will be included in the FCD, 

which will link to this report. 

1.1. Previous Studies  

Although many studies of vegetation burning focus on spread rates in homogenous fuel beds, 

some have provided global burning properties for individual plants, including similar vegetation 

types to those tested here. Mell et al. [9] measured the mass loss and radiative emission from 

2 m to 5 m tall Douglas fir trees. The study investigated how various factors, such as moisture 

content (MC) and environmental conditions, affect the heat release rate. Completeness of the 

burning of Douglas fir differed according to three ranges of moisture content (on a dry basis): 

MCdry < 30 %, 30 % < MCdry < 70 %, and MCdry > 70 %, with the lowest moisture content trees 

burning well and the high moisture content trees not burning at all [11]. The results revealed 

that higher moisture levels significantly reduced the fire heat release rate, underscoring the 

importance of moisture content in wildfire management. Schneider et al. [8] tested the ability 

of Douglas fir trees to ignite by radiation from adjacent burning trees. They measured mass loss 

rates and local heat fluxes and found that moisture content affected the ignition propensity. 

Various studies have looked at the heat release rate of dry Christmas trees, showing that 

keeping a tree watered is important to reduce fire risk [12]. 

Overholt et al. [3, 4] measured the mass loss rate of burning single and multiple little bluestem 

plants in a compartment. The near-field radiative emission was also measured. The 

experimental results were utilized to establish input parameters for a field-scale numerical 

https://www.nist.gov/el/fcd
https://www.nist.gov/el/fcd
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simulation of a grassland using a physics-based computational fire model. A sensitivity analysis 

assessed how input parameters influenced the calculated fire spread rate, revealing that the 

ŦǳŜƭΩǎ ƳƻƛǎǘǳǊŜ ŎƻƴǘŜƴǘ ƘŀŘ ǘƘŜ ƎǊŜŀǘŜǎǘ ŜŦŦŜŎǘ ƻƴ ǘƘŜ ǊŀǘŜ ƻŦ ŦƛǊe spread.  

Babrauskas [13] surveyed several previous experimental studies on burning vegetation. 

Compiling results for many types of shrubs and trees showed a correlation between the ratio of 

the peak heat release rate to the specimen mass and the foliar moisture content. 

In this study, a series of measurements were conducted to characterize the burning behavior of 

three vegetative types, namely, a grass (little bluestem), a tree (Douglas fir), and dry excelsior, 

including the mass loss rate, the yields of CO and smoke, the radiative emission to targets, and 

the average radiative fraction. The experiments were conducted under controlled laboratory 

conditions. Measurements were made of the transient heat release rate (HRR) determined 

using oxygen consumption calorimetry, the mass loss, and the radiative flux to targets away 

from the fire. 
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2. Experimental Methods 

Fire experiments were conducted on little bluestem and Douglas fir trees and constructed 
excelsior bundles oriented vertically or horizontally. The experiments were conducted below 
ǘƘŜ bCw[Ωǎ 6 m × 6 m and 3 m × 3 m canopy exhaust hoods and calorimeters, which are 
described in detail by Bryant and Bundy [14]. 

Figure 1 shows a schematic diagram of the experimental setup under the 6 m x 6 m canopy 
hood. The experimental area defined by the perimeter of the canopy hoods was surrounded by 
a cubic enclosure made of a double-layered, fine wire mesh screen (6 mesh/cm with 83 % 
porosity) to reduce the impact of air currents and room ventilation. In addition, all makeup air 
inlet vents in the lab were closed, further reducing the effect of ambient convective currents on 
the fire. A large, round exhaust duct with a 0.5 m diameter was located 4.1 m above the floor. 
The minimum exhaust flow (approximately 1 kg/s) was utilized to minimize disturbances and 
reduce the influence of the exhaust on fire behavior. The radial direction (r) is referenced from 
the center line of the specimen. The vertical direction (z) is referenced from the top of the 
specimen holder for Douglas fir and little bluestem and from the bottom of the specimen for 
excelsior. Details on the experimental setup for heat flux gauges can be found in Section 2.7. 

 

Fig. 1. A schematic diagram of the experimental setup under 6m x 6m exhaust hood. 

¢ƘŜ Ƴŀǎǎ ōǳǊƴƛƴƎ ǊŀǘŜ ǿŀǎ ƳŜŀǎǳǊŜŘ ǳǎƛƴƎ ŎŀƭƛōǊŀǘŜŘ ƭƻŀŘŎŜƭƭǎΦ ¢ƘŜ ƭƻŀŘ ŎŜƭƭΩǎ ŎƻǊŜ 
temperature was measured using a K-type thermocouple to correct the mass drift due to 
temperature changes as described in Appendix B.1. A dry gypsum board (2 cm thick) was placed 
between the load cell and the specimen holder to reduce heat transfer from the fire to the load 
cells. Two cameras (typically a Nikon 500D and a Canon XA45) recorded the fire at 30 
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frames/sec. Appendix A provides supplementary details about the tests, including the load cell 
type, the exhaust hood size, the heat flux gauge locations, and the camera settings. 

2.1. Preparation of Test Specimens 

Figure 2 shows the photographs of the three types of vegetative specimens investigated in this 
study, which included little bluestem grass, Douglas fir trees, and excelsior. The specimens were 
stored in the lab until tested. The mass and moisture content (see Section 2.3) were measured 
before testing. The dimensions, initial (wet) mass, and moisture content of specimens are listed 
in Table 1. The specimens were mounted on the load cell using different methods to ensure 
their proper placement, which was a function of the vegetative type and the specimensΩ 
dimensions and weight. 

 

Fig. 2. Photographs of plants before experiments: little bluestem (left), excelsior (middle), Douglas fir (right). 

 

Table 1. Specimen dimensions, initial (wet) mass, and dry basis moisture content. The direction of flame spread 
is listed for the excelsior fires. 

Test  Specimen 
Height 
(cm) 

Base 
Width (cm) 

Initial (Wet) 
Mass 
(g) 

Moisture 
Content 

Dry Basis (%) 

Bulk Densityb 
(kg/m3) 

little bluestem 

1 bluestem 80 11 85 6 na 

2 bluestem 110 11 72 6 na 

3 bluestem 122 11 104 6a na 

4 bluestem 90 11 36 6a na 

5 bluestem 73 11 26 6 na 

6 bluestem 89 11 21 6a na 

24 bluestem 107 11 81 10a na 
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Test  Specimen 
Height 
(cm) 

Base 
Width (cm) 

Initial (Wet) 
Mass 
(g) 

Moisture 
Content 

Dry Basis (%) 

Bulk Densityb 
(kg/m3) 

25 bluestem 75 11 84 10a na 

28 bluestem 35 11 53 10 na 

29 bluestem 75 11 103 10a na 

30 bluestem 71 11 29 10a na 

33 bluestem 50 11 53 10a na 

34 bluestem 40 11 56 10a na 

Douglas fir 

12 Douglas fir 123 21 355 16a na 

13 Douglas fir 94 44 298 15 na 

14 Douglas fir 105 60 326 19 na 

22 Douglas fir 102 70 284 8 na 

23 Douglas fir 103 66 575 19 na 

37 Douglas fir 120 50 522 75 na 

38 Douglas fir 120 80 336 8 na 

39 Douglas fir 113 70 551 35 na 

40 Douglas fir 103 25 193 23 na 

41 Douglas fir 120 45 733 85 na 

42 Douglas fir 120 45 515 67 na 

43 Douglas fir 110 70 615 6 na 

44 Douglas fir 179 154 7551 10a na 

45 Douglas fir 146 128 5119 10 na 

46 Douglas fir 146 128 6688 10 na 

47 Douglas fir 146 128 5419 11 na 

excelsior fires spreading upward 

9 excelsior 60 15 146 6 14 

15 excelsior 60 15 149 6a 14 

16 excelsior 60 15 66 6a 6 

17 excelsior 60 15 57 6a 5 

21 excelsior 60 15 59 6a 6 

26 excelsior 60 15 148 6a 14 

27 excelsior 120 15 267 6a 13 

35 excelsior 60 15 95 6a 9 

36 excelsior 120 15 124 6a 6 

48 excelsior 60 15 148 6a 14 

49 excelsior 60 15 146 6a 14 

50 excelsior 60 15 202 6a 19 

51 excelsior 60 15 212 6a 20 

52 excelsior 60 15 205 6a 19 

56 excelsior 60 15 28 6a 3 

excelsior fires spreading horizontally 

31 excelsior 15 60 153 6a 14 
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Test  Specimen 
Height 
(cm) 

Base 
Width (cm) 

Initial (Wet) 
Mass 
(g) 

Moisture 
Content 

Dry Basis (%) 

Bulk Densityb 
(kg/m3) 

32 excelsior 15 60 152 6a 14 

excelsior fires spreading downward 

7 excelsior 60 15 143 6 13 

8 excelsior 60 15 147 6 14 

10 excelsior 60 15 148 5 14 

11 excelsior 60 15 157 6 15 

18 excelsior 60 15 59 6a 6 

19 excelsior 60 15 61 6a 6 

20 excelsior 60 15 58 6a 5 

53 excelsior 60 15 225 6a 21 

54 excelsior 60 15 212 6a 20 

55 excelsior 60 15 204 6a 19 
a Estimated. 

b the excelsior specimens were assumed to be cylindrical (see Fig. 2).  

The excelsior shavings were relatively dry, approximately cylindrical, and slender, with a 
0.6 mm average diameter. The excelsior arrived in assorted lengths (1 cm to 20 cm long), all 
jumbled and twisted together. The excelsior specimens were strung about a metal skeleton 
composed of a long central vertical rod with small diameter (1 mm) steel rods threaded through 
the central rod in perpendicular pairs every 10 cm, starting about 60 cm above a small stand. 
The bulk shape of the excelsior specimen was approximately cylindrical with radii of about 
7.5 cm and 60 cm in length, following the design of Ref. [6]. The excelsior specimens were 
arranged with different bulk porosities, which, by design, were approximately uniform over 
their entire length as their structure was crafted in short regular segments with the same mass 
loading. The excelsior specimens ǿŜǊŜ άǎŎǳƭǇǘŜŘέ ǘƻ cover a range of bulk densities from about 
5 kg/m3 to 20 kg/m3. 

The little bluestem plants were stored until uniformly dry. A single plant comprised about 40 to 
100 strands of about the same length. The strands were somewhat round, with a diameter of 
about 1 mm. Specimens of little bluestem were placed into an 11 cm (inner diameter, 0.25 cm 
wall) aluminum pipe 10.5 cm tall with the bottom end capped. The space between the roots 
and the holder was filled with sand. The stems of the plants were fixed using a metal wire and 
two vertical rods, as seen in Fig. 2. Different numbers of strands were placed in the aluminum 
holder, giving rise to differing initial ƳŀǎǎŜǎΦ ¢ƘŜ ǎǇŜŎƛƳŜƴǎΩ ƘŜƛƎƘǘ ǿŀǎ ƳŜŀǎǳǊŜŘ ŦǊƻƳ ǘƘŜ ǘƻǇ 
of the specimen holder or stand to the specimen tip. The little bluestem varied in height from 
about 0.4 m to 1.2 m and in mass from 26 g to 104 g. The plants were dry, and the dry basis 
moisture content varied little, ranging from about 6 % to 9 %. 

A wide range of Douglas fir trees was tested, varying from about 0.9 m to 1.8 m in height and 
200 g to 6700 g in mass. The dry basis moisture content ranged from 7 % to 85 %. The shapes of 
the Douglas fir trees were irregular but could be idealized as conical. 
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2.2. Ignition Method 

The ignition protocol varied among the tests. Six types of ignitor burners were used: 

(A) A double-tipped propane wand ƳŀŘŜ ƻŦ ѻέ (6.4 mm) outer diameter copper tubing with 
the tips separated by 5 cm to 10 cm, depending on fuel geometry; see Fig. 3. The 
propane flow was controlled by a rotameter (Dwyer model: # VA 20430). 

(B) A single-tipped propane wand made with ¼" (6.4 mm) outer diameter copper tubing. 
The propane flow was controlled by a rotameter (Dwyer model # VA 20430). 

(C) A U-shaped multi-port propane burner with м ƳƳ ƘƻƭŜǎ ŜǾŜǊȅ нΦр ŎƳ ŀōƻǳǘ ǘƘŜ ά¦έ. 
There was a separation of 10 cm between tips. The propane flow was controlled by a 
rotameter (Dwyer model # VA 20430). 

(D) An 32ΩΩ (81 cm) diameter ring burner comprised ¼ inch outer diameter copper tubing 
with 1 mm holes every 2.5 cm about the ring, as seen in Fig. 3. A rotameter (Dwyer 
model # VA 20430) controlled the propane flow. 

(E) A measured amount of (100 % purity) ethanol decanted onto a circle of thin (1 mm) and 
1 cm wide Kaowool sheet, forming a circle approximately 15 cm in diameter. A thin 
metal mesh (4 mesh/cm) was used to support the Kaowool sheet, as seen in Fig. 3.  

(F) A near circular, олέ Ȅ опέ όтс ŎƳ Ȅ ус ŎƳύ ring burner composed of two semi-circles of ½ 

inch (12.7 mm) outer diameter copper tubing with 2 mm holes every 4 cm. The propane 

flow was set by a mass flow controller (Alicat MC-series). The burner was positioned 

several cm above the gypsum board, which insulated the load cell, as seen in Fig. 3. 

Figure 3 shows photographs of type A, D, E, and F ignitors. Table 2 lists the ignitor type (A ς F), 
application location, ignitor power during the application, duration of the ignitor application, 
and the total ignitor energy applied to the specimen (Ŝǉǳŀƭ ǘƻ ǘƘŜ ǇǊƻŘǳŎǘ ƻŦ ǘƘŜ ƛƎƴƛǘƻǊΩǎ 
power and its duration). The associated expanded uncertainties for each experiment are also 
listed, representing a coverage factor of two and a 95 % confidence interval. The ignition energy 
was small compared to the specimen's heat release rate.  

 

 

Fig. 3. Photographs of four of the ignitors used in the experiments. Ignitor types (A), (D), (E), and (F) are shown 
from left to right, respectively. 
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Table 2. Ignitor type, application location, power, duration, and total energy. The uncertainty listed represents 
the combined expanded (k=2) uncertainty, representing a 95 % confidence interval.  

Test Specimen Ignitor 
Ignition 
location 

Ignition 
Power (W) 

Ignitor 
duration (s) 

Igniter Energy 

(kJ) 

lit tle bluestem  

1 bluestem A Bottom 114 ± 27 25.0 ± 0.5 2.08 ± 0.5 

2 bluestem B Bottom 128 ± 19 3.0 ± 0.5 0.38 ± 0.1 

3 bluestem B Bottom 128 ± 19 4.0 ± 0.5 0.51 ± 0.1 

4 bluestem B Bottom 128 ± 19 3.0 ± 0.5 0.38 ± 0.1 

5 bluestem B Bottom 128 ± 19 2.0 ± 0.5 0.26 ± 0.1 

6 bluestem B Bottom 128 ± 19 2.0 ± 0.5 0.26 ± 0.1 

24 bluestem B Bottom 128 ± 19 1.0 ± 0.5 0.13 ± 0.1 

25 bluestem B Bottom 128 ± 19 1.0 ± 0.5 0.13 ± 0.1 

28 bluestem B Bottom 128 ± 19 2.0 ± 0.5 0.26 ± 0.1 

29 bluestem B Bottom 128 ± 19 1.0 ± 0.5 0.13 ± 0.1 

30 bluestem B Bottom 128 ± 19 1.0 ± 0.5 0.13 ± 0.1 

33 bluestem B Bottom 128 ± 19 1.0 ± 0.5 0.13 ± 0.1 

34 bluestem B Bottom 128 ± 19 1.0 ± 0.5 0.13 ± 0.1 

Douglas fir  

12 DF tree C Bottom 128 ± 19 15.0 ± 0.5 1.9 ± 0.3 

13 DF tree D Bottom 988 ± 20 16.0 ± 0.5 15.8 ± 0.6 

14 DF tree C Bottom 128 ± 19 7.0 ± 0.5 0.9 ± 0.2 

22 DF tree E a Bottom na na 137 ± 27 

23 DF tree E b Bottom na na 158 ± 25 

37 DF tree E d Bottom na na 317 ± 6 

38 DF tree E d Bottom na na 317 ± 6 

39 DF tree  E d Bottom na na 317 ± 6 

40 DF tree E e Bottom na na 276 ± 6 

41 DF tree C Bottom 988 ± 20 30.0 ± 0.9 30 ± 1.2 

42 DF tree  E d Bottom na na 317 ± 6 

43 DF tree E d  Bottom na Na 317 ± 6 

44 DF tree F Bottom 30000 ± 600 10.0 ± 0.5 300 ± 15 

45 DF tree F Bottom 30000 ± 600 5.0 ± 0.5 150 ± 15 

46 DF tree F Bottom 30000 ± 600 5.0 ± 0.5 150 ± 15 

47 DF tree F Bottom 30000 ± 600 5.0 ± 0.5 150 ± 15 

excelsior fires spreading upward 

9 excelsior A Bottom 128 ± 19 2.0 ± 0.5 0.26 ± 0.1 

15 excelsior A Bottom 128 ± 19 2.0 ± 0.5 0.26 ± 0.1 

16 excelsior A Bottom 128 ± 19 1.0 ± 0.5 0.13 ± 0.1 

17 excelsior A Bottom 128 ± 19 1.0 ± 0.5 0.13 ± 0.1 

21 excelsior A Bottom 128 ± 19 1.0 ± 0.5 0.13 ± 0.1 

26 excelsior A Bottom 128 ± 19 1.0 ± 0.5 0.13 ± 0.1 

27 excelsior A Bottom 128 ± 19 1.0 ± 0.5 0.13 ± 0.1 
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Test Specimen Ignitor 
Ignition 
location 

Ignition 
Power (W) 

Ignitor 
duration (s) 

Igniter Energy 

(kJ) 

35 excelsior A Bottom 128 ± 19 1.0 ± 0.5 0.13 ± 0.1 

36 excelsior A Bottom 128 ± 19 1.0 ± 0.5 0.13 ± 0.1 

48 excelsior f A Bottom 150 ± 45 1.0 ± 0.5 0.15 ± 0.1 

49 excelsior f A Bottom 150 ± 45 1.0 ± 0.5 0.15 ± 0.1 

50 excelsior  B Bottom 128 ± 19 1.0 ± 0.5 0.13 ± 0.1 

51 excelsior  B Bottom 128 ± 19 1.0 ± 0.5 0.13 ± 0.1 

52 excelsior  B Bottom 128 ± 19 1.0 ± 0.5 0.13 ± 0.1 

56 excelsior  B Bottom 128 ± 19 1.0 ± 0.5 0.13 ± 0.1 

excelsior fires spreading horizontally 

31 excelsior c A Right Bot 128 ± 19 1.0 ± 0.5 0.13 ± 0.1 

32 excelsior c A Right Bot 128 ± 19 1.0 ± 0.5 0.13 ± 0.1 

excelsior fires spreading downward 

7 excelsior A Top 128 ± 19 2.0 ± 0.5 0.26 ± 0.1 

8 excelsior A Top 128 ± 19 3.0 ± 0.5 0.39 ± 0.1 

10 excelsior A Top 128 ± 19 2.0 ± 0.5 0.26 ± 0.1 

11 excelsior A Top 128 ± 19 5.0 ± 0.5 0.64 ± 0.1 

18 excelsior A Top 128 ± 19 1.0 ± 0.5 0.13 ± 0.1 

19 excelsior A Top 128 ± 19 2.0 ± 0.5 0.26 ± 0.1 

20 excelsior A Top 128 ± 19 2.0 ± 0.5 0.26 ± 0.1 

53 excelsior  B Top 128 ± 19 2.0 ± 0.5 0.26 ± 0.1 

54 excelsior  B Top 128 ± 19 2.0 ± 0.5 0.26 ± 0.1 

55 excelsior  B Top 128 ± 19 2.0 ± 0.5 0.26 ± 0.1 
a 5.1 g of Ethanol was evenly applied onto the kaowool board. 
b 5.9 g of Ethanol was evenly applied onto the kaowool board. 
c The excelsior in Tests 31 and 32 were oriented horizontally. 
d 11.8 g of Ethanol was evenly applied onto the kaowool board. 
e 10.8 g of Ethanol was evenly applied onto the kaowool board. 
f ¢ǿƛƴ ǾŜǊǘƛŎŀƭ ŜȄŎŜƭǎƛƻǊ άǘǊŜŜǎέ ǿŜǊŜ ǇƭŀŎŜŘ мр ŎƳ ŀǇŀǊǘ ŀƴŘ ǘŜǎǘŜŘ ς only one burned, which is attributed to 
convective currents in the lab. Radiation from the first άǘǊŜŜέ ǿŀǎ ƛƴǎǳŦŦƛŎƛŜƴǘ ǘƻ ƛƎƴƛǘŜ ǘƘŜ ǎŜŎƻƴŘ ƻƴŜΦ 

For the excelsior and little bluestem experiments, ignition was atypically achieved using ignitor 
type (A). Ignitor type (B) was used in one experiment (Test 1). The ignitor flames for the 
excelsior and bluestem experiments were set to approximately 1 cm in length. A rotameter was 
used to measure the ignitor power, which was typically 133 W. The propane ignitors were lit 
about 25 s before ignition of the specimen. For ignition using Ignitor type (A), the propane 
wand was simultaneously applied to two sides of the specimen, typically on its bottom. About 
one-third of the excelsior fire experiments were conducted igniting the top of the specimen as 
noted in Table 2. In Tests 7 and 8, the excelsior was positioned horizontally with ignition on the 
bottom of one end. 

For the excelsior and little bluestem burns, the simple propane U-tipped ignitor C was adequate 
to achieve uniform burning of the specimen. Depending on the tree size, several ignition 
methods were tested for the Douglas fir tree experiments. For trees larger than about 1.3 m in 
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height, ignitor type F was used. For trees less than about 1.3 m in height, ignitor types B, C, D, 
and E were used. The methods endeavored ǘƻ ƛƎƴƛǘŜ ŀƭƭ ǎƛŘŜǎ ƴŜŀǊ ǘƘŜ ǎǇŜŎƛƳŜƴΩǎ ōƻǘǘƻƳ 
simultaneously. For the Douglas fir trees, symmetric ignition was not always achieved. In those 
few tests, the fire spread upward on one side of the tree before the other burned, obstructing 
some heat flux gauges.  

2.3. Moisture Content Measurements 

The moisture content of the specimens (on a wet basis) was measured using a moisture 
instrument (Arizona Instruments, Computrac Max 4000) before the burn experiments. One-
gram to three-gram samples of needles and stems were collected on the test day. The moisture 
analyzer was programmed to run at a temperature of 110°C, with the criteria to end the 
moisture analysis defined as a mass rate of change of the sample of less than 0.02 %/min. The 
termination criteria were conservative, and tests with a more stringent (lower) rate of change 
termination criteria showed no discernable difference for tests using the same sample batch.  

Calibration of the moisture analyzer was evaluated and found to be better than 2 % based on 
comparison experiments using an oven (at the same oven temperatures of 110 °C) and a 
precision scale (Sartorius Balance Model #GW6202) for the same sample foliage batch. 
Measurements using the analyzer showed a high level of repeatability (better than 2 %) for the 
same sample batch. The analyzer outputs the moisture content on a wet basis percentage 
(MCwet). Measurements were then converted to a dry basis percentage using the following 
equation:  

1 ὓὅ ρππ ὓὅ Ⱦρππὓὅ   (1) 

Table 1 lists the mean dry basis moisture content value for each tree, along with its combined 
expanded uncertainty. The moisture content of the specimens (on a dry basis) varied from 5 % 
to 85 %. Table 1 shows that many samples were relatively dry, representing a worst-case 
condition regarding the fire's growth rate and peak heat release rate.  

2.4. Heat Release Rate Measurements 

The HRR of the fires was measured using the NFRL calorimetry systems. A gas sample was 

extracted from the exhaust hood flow, and paramagnetic O2 measurements and non-dispersive 

infrared measurements of CO and CO2 were conducted. The time response of the calorimetry 

system is on the order of 8 s [14]. Details about the oxygen consumption calorimetry 

measurement method, its calibration, and measurement uncertainty are documented in Ref. 

[14]. 

2.5. Peak Flame Height Measurements 

Flame appearance was captured using a camera (Canon XA40, Canon XA45, Nikon D500) at 30 
frames/sec. The video record of the flame appearance was converted to 8-bit images. The 
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flame region was extracted from the background in each frame, considering the threshold 
suggested by Otsu [15], and the images were transformed into binary images.  

The flame height in each frame, defined as the vertical extent of the entire visible flaming 
region, was corrected for image distortion caused by parallax effects due to the camera's 
viewing angle and position. Small, isolated regions (<500 pixels) above the intensity threshold 
were assumed to correspond to burning embers and were automatically filtered out of the 
calculation. Figure 4 shows the RGB (left) and processed binary image (right) of a fire taken 
from the video record of the little bluestem fire. The yellow vertical line in the binary image 
represents the flame height, excluding the burning embers.  

Every frame extracted in the video record was analyzed using MATLAB to determine the flame 
height. A 1-second moving average was applied to estimate flame height changes over time. 
The peak flame height was defined as the average over 1 second centered at the peak of the 
moving average. The standard deviation of the flame height in the period is attributed to flame 
puffing. The average flame height uncertainty was 9 % across all tests. 

 

Fig. 4. The RGB (left) and processed binary image (right) of a fire taken from the video record of the little 
bluestem fire and the determination of the peak flame height. The yellow vertical line in the binary image 

represents the peak flame height. 

2.6. CO and Soot Yields Measurements 

Bryant and Bundy [14] describe the CO and CO2 gas analysis measurement system, which is part 

of the calorimetry system. Gas was extracted from the exhaust duct stream, and the transient 

concentrations of CO and CO2 were measured using non-dispersive infrared analyzers.  

From the velocity and temperature measurements made in the exhaust stream, the total 
transient exhaust mass flow rate was determined as a function of time. The species yields are the 
ratio of the integrated value of the transient species mass flows to the change in the specimen 
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mass over the duration of the experiment. A detailed discussion on the determination of the 
species measurements and the yield calculations is provided in Refs. [14] and [16]. The steady-
state CO concentration was determined via extractive sampling and non-dispersive infrared 
(NDIR) measurements. 

The steady-state soot mass fraction was measured in the duct using laser transmission at 
632 nm using a Si photodiode detector. The light extinction coefficient, K, is defined as: 

2 ὑ ÌÎ „ὓ  (2) 

where D is the exhaust duct diameter, I0 is the laser reference intensity (determined over a 60 s 
period before ignition), and I(t) is the transient attenuated laser intensity during the fire [17, 
18]. The light extinction coefficient, K, is equal to the product of the mass-specific extinction 
coefficient, ̀ s, and the mass concentration of smoke, Ms. Mulholland and Croarkin [18] posit 
that the value of ̀ s at 632 nm is nearly universal for post-flame soot equal to 8.7 m2/g ± 
1.1 m2/g, where the error bounds represent the expanded (k=2) uncertainty (confidence 
interval of 95 %). Using the average value from seven studies, the soot yield here is determined 
by integrating the effective volume flow in the exhaust duct and application of the mass-
specific extinction coefficient in Eq. (2) [17]. The assumption in the soot yield determination is 
that the value of ̀s for an aerosol emitted from a smoldering fire is the same as that of soot. 
Seader and Einhorn [19] find that ̀ s for a smoldering aerosol from a variety of different 
materials, including wood, is about a factor of 0.58 smaller than its flaming analog, yielding a ̀s 
value of about 5 m2/g. The practical challenge is that s̀ may be transient as a fire (or a portion 
of a burning solid) transitions from flaming to smoldering and back to flaming. Furthermore, the 
aerosols from these fuels may include un-combusted pyrolysis species, which are not the same 
as products of combustion (either flaming or smoldering). For simplicity and consistency, the 
soot yield reported here and in the FCD uses aǳƭƘƻƭƭŀƴŘΩǎ ǾŀƭǳŜ ƻŦ ̀ s =8.7 m2/g ± 1.1 m2/g. The 
actual particulate matter in the fire plume was not sampled and analyzed as part of this study. 
It should be understood that ǎƻƭƛŘ ǇƘŀǎŜ ƳŀǘǘŜǊ ǘƘŀǘ Ŏŀƴ ŀŦŦŜŎǘ ǘƘŜ άǎƻƻǘέ ȅƛŜƭŘ are 
decomposition products due to a time varying combination of flaming, smoldering, and 
pyrolysis.  

2.7. Heat Flux Measurements 

The radiative heat flux emitted to the surroundings was measured using wide-view angle 
(150°), water-cooled, Gardon-type, total heat flux gauges with faces that were 1.3 cm in 
diameter. Multiple gauges were used to measure the fire's heat flux distribution according to 
ǘƘŜ ǎƳƻƪŜ ŜȄƘŀǳǎǘ ƘƻƻŘΩǎ ǎƛȊŜΣ ŀǎ ǎƘƻǿƴ ƛƴ Fig. 5. 

The radial direction (r) is the distance from the centerline of the specimen. The vertical 
direction (z) is referenced from the top of the specimen holder for Douglas fir and little 
bluestem and from the bottom of the specimen for excelsior. The azimuthal angle (̒) is 
referenced to the middle of the opening of the double-layered mesh screen, as seen in Fig. 5, 
and is taken as positive in the counter-clockwise (CCW) direction. The gauge locations were 
selected based on laboratory confines and fire size. The locations of the gauges are listed in 
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Table A1. Heat flux gauges were aligned horizontally to measure the heat flux in the radial 
direction away from the fire at various angles from the specimen and for positions at r/D > 5. 
Additionally, both horizontal and vertical arrays of heat flux gauges were placed under a 3 m x 3 
m hood to measure local heat flux distribution. A schematic and further details are available in 
Appendix B.3.1. The gauges were calibrated using a secondary standard in NIST's radiometer 
heat flux calibration facility. Voltage signals from the gauges were acquired at 1 Hz and time 
averaged. The measured heat flux was corrected considering the background heat flux from the 
surroundings, as described in Ref. [20]. 

 

Fig. 5. Schematic diagrams of the heat flux gauge setup: (a) under the 6 m x 6 m exhaust hood. Three to five heat 
flux gauges were positioned at different angles about the fire; (b) under the 3 m x 3 m exhaust hood. 

The radiative fraction was estimated using this approach following Modak [21], where an 
adequate estimate of the radiative fraction of a pool fire is sufficient for distances greater than 
р ǘƛƳŜǎ ǘƘŜ ŦƛǊŜΩǎ ŘƛŀƳŜǘŜǊΦ IŜǊŜΣ ŦƛǊŜ ǎȅƳƳŜǘǊȅ ŀƴŘ ǊŀŘƛŀǘƛǾŜ ƛǎƻǘǊƻǇȅ ŀǊŜ ŀǎǎǳƳŜŘΦ  

The fraction of energy radiated from the fire, r̝ad, is related to the overall enthalpy balance: 

3 … ὗ Ⱦὗ (3) 

where the term Q is the heat release from the fire defined as: 

4 ὗ ɝά Ὄȟ  (4) 

where ɝm is the burning mass loss (assuming that the moisture content of unburned fuel is the 
same as its initial value before the fire), and Hc,eff is the mean effective heat of combustion for 
each specimen type as listed in Table 3. Details are discussed in Section 3.1. 

In Eq. (3), Qrad represents the total radiative emission (TRE) from the fire, estimated by 
averaging TREi measured in multiple directions. Here, TRE is calculated using three to five heat 
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flux gauges directed toward the fire from different angles (see Fig. 5). The TREi is the time 
integral of the radiative heat flux measured at suitably far distances from the fire. At the ith heat 
flux gauge during the burning period, TREi during the burning period is calculated as: 

5 ὝὙὉ τ“ὶ᷿ ή ὸ Ὠὸ (5) 

where ή ὸ is the radiative heat flux measured at a radial distance (r) from the fire. t0 and te 
are the ignition and fire extinguishment times, respectively.  

The burning periods were relatively short (< 4 min) for all the fires. The mean burning periods 
for the little bluestem, Douglas fir, and excelsior fires were 150 s, 200 s, and 120 s, respectively. 
The mass loss rate and heat flux change were not steady during the burning period. As an 
example, Figure 6 shows the total specimen (plus stand) mass as well as the heat flux measured 
at (r, z) = (2.14 m, 0.95 m) as a function of time in Test 9 for an excelsior specimen. Both the 
slope of the mass loss rate and the heat flux significantly changed during the fire.  

 

Fig. 6. (a) Total mass of the specimen and stand as a function of time during excelsior Test 9. (b) The heat flux 
measured at (r, z) = (2.14 m, 0.95 m) as a function of time during Test 9. The shaded area represents the 

integrated radiative heat flux incident on a gauge. The baseline represents a line based on measurements before 
ignition and after the fire extinguishment. The uncertainty in the mass and heat flux measurements are 

discussed in Appendix B and Appendix C.  
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3. Results and Discussion 

3.1. Mass Loss and Heat Release Rate 

The burning dry mass loss (ɝm) was estimated by subtracting the ǎǇŜŎƛƳŜƴΩǎ water mass from 

the total mass loss measured using the load cell (ɝmmeasured), 

6 ɝά ɝά ρ  (6) 

where MCdry is the dry-basis moisture content of the specimen. The value of ɲmmeasured was 
calculated as (mf ς mi), where mi and mf are the initial and final mass after the experiment.  

Table 3 lists the heat of combustion per unit of oxygen, the net heat of combustion per unit of 
fuel, and the mean measured effective heat of combustion. A heat of combustion on a per-
oxygen basis of 13.23 kJ/g ± 0.66 kJ/g has been suggested as applicable for cellulosic materials 
with a range of stoichiometric oxygen-to-fuel mass ratios, ranging from pure cellulose to 
various chars [22, 23]. 

The net heat of combustion per unit fuel mass was obtained from literature values for the gross 
heat of combustion, which is typically provided by a bomb calorimeter (ASTM D5865/D5865M-
19). The gross heat of combustion is then converted to a net value using the formula: 

7 Ὄȟ Ὄȟ ςρȢωφὬ (7) 

where h is the mass fraction of hydrogen in the fuel, the equation assumes that water (as a 
combustion product) is entirely vapor for Hc,net. 

The composition of 35 different vegetation samples from 4 references was evaluated, with the 
average hydrogen mass fraction found to be 6.1 % with a relative standard deviation of 12 % 
[24-27]. While the gross heat of combustion is often not reported with uncertainty, the 
standard deviation of 6 values reported for Douglas fir yielded 3 %  ᵄ  a relatively narrow value 
[11, 28, 29]. 

Table 3. The heat of combustion per unit mass of oxygen (Hc,oxygen), the net heat of combustion per unit mass of 
fuel (Hc,net), the mean measured effective heat of combustion (Hc,eff) for each vegetation type. The error bars 

represent the expanded (k=2) uncertainty. 

Specimen Hc,oxygen 
(kJ/g) 

Hc,net 
(kJ/g) 

Hc,eff 
(kJ/g) 

bluestem 13.23 ± 0.66a  18 ± 1b 14.9 ± 2.4 

Douglas fir 13.23 ± 0.66a 21 ± 1c 17.5 ± 2.9 

excelsior 13.23 ± 0.66a 18 ± 1c 16.9 ± 1.4 
aRefs. [22, 23] 
bRef. [25] 
cRef. [29] 
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Figure 7 compares the total heat release (THR) from calorimetry determined by integrating the 
measured heat release rate with the ideal heat release (IHR) calculated from the product of the 

burning mass loss ŀƴŘ ǘƘŜ ŦǳŜƭΩǎ ƴŜǘ ƘŜŀǘ ƻŦ combustion (ɝm Hc,net). As expected, the THR is 
consistently lower than IHR in most tests, indicating that the actual heat release is less than the 
ideal heat release. This can be the case due to incomplete combustion (for example, 
smoldering) or small unburnt portions of the vegetation that were observed to break off the 
specimen, falling beyond the load cell. This effect could also be due to moisture lost from any 
residual vegetation, which violates the assumption of Eq. (6), particularly for some of the 
Douglas fir samples with larger initial values of MC and more substantial residual mass.  

The measured effective heat of combustion (Hc,eff), defined as THR/ɲƳ, is calculated for each 
test, then averaged for each specimen type as listed in Table 3. The values for little bluestem, 
Douglas fir, and excelsior are 17 %, 17 %, and 4 % lower, respectively, than the heat of 
combustion per unit fuel mass (Hc,net) listed in Table 3. This discrepancy is noteworthy, as it 
indicates the influence of factors such as incomplete combustion or deviation from the 
assumption that the MCdry is unchanged in the post-fire residual fuel mass on the relative 
amount of heat release measured per fuel mass loss. 

  

Fig. 7. Comparison of the total heat release (THR) measured using calorimetry with the ideal heat release (IHR) 
from the measured mass change. 

3.2. Fire Appearance 

Figure 8 to Figure 13 show sequential flame images in the little bluestem, excelsior, and 
Douglas fir fires. Figure 8 shows images of the bluestem 1 s after ignition and then the 
progression of the fire over its relatively short 20 s burning period. At 7 s, the fire reached its 
peak intensity. The flames were tall and slender, and the HRR obtained its peak value at this 
time. Thereafter, the flames rapidly reduced in size, the gas phase flames ended, and at about 
13 s, there was a transition to a smoldering phase. The other figures also show the evolution of 
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the fires from a moment near ignition, to the peak flame height, diminution of gas phase 
flames, a smoldering phase, and eventually fuel burnout. The video record for all the tests is 
available on the FCD. 

 

Fig. 8. Flame images as a function of time during Test 4 of a little bluestem fire.  

 

Fig. 9. Flame images as a function of time during Test 19, a low bulk density (6 kg/m3) excelsior fire spreading 
downward. 

https://www.nist.gov/el/fcd
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Fig. 10. Flame images as a function of time during Test 21, a low bulk density (6 kg/m3) excelsior fire spreading 
upward. 

 

Fig. 11. Flame images as a function of time during Test 31, a moderate bulk density (14 kg/m3) excelsior fire 
spreading horizontally excelsior fire. The flames are vertical and slowly spread from right to left in the images. 
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Fig. 12. Flame images as a function of time during Test 38 of a 0.80 m tall Douglas fir tree fire. 

 

Fig. 13. Flame images as a function of time during Test 45 of a 1.46 m tall Douglas fir tree fire. 

Figure 14 shows 6 moments (29 s,79 s, 82 s, 88 s, 89 s, and 93 s after ignition) during Test 53, a 
high-density (21 kg/m3) excelsior bundle burning downward after ignition at its top. The first 
image in Fig. 14 shows the burning excelsior bundle as a dark mass behind the gas phase 
flames. The peak HRR occurs 74 s after ignition. At 79 s, Fig. 14 shows that the excelsior bundle 
appears fully engulfed in gas phase flames. At about 88 s, the HRR dropped to half its peak 
value and glowing combustion appeared at the base of the excelsior bundle, while gas phase 
flames appeared at its top. At 89 s, most portions near the middle of the excelsior bundle went 
dark and only a small amount of gas phase flames was visible until they completely 
disappeared, leaving only glowing combustion near the base of the excelsior bundle visible. 

Also of note is the presence of aerosols/unburned pyrolyzate. Although the scene was 
intentionally underexposed, the aerosol cloud in images 3, 4, and 6 (right to left) of Figure 14 is 
clearly visible near the gas phase flames, which served to illuminate the cloud. At later points in 
the test, flaming combustion was not sustained but there was occasional re-ignition. This can 
be seen between 89 s and 93 s. Radiative emission from the glowing heated solid can be seen in 
image 5. The ratio of radiative emission from the hot smoldering solid to the gas phase 
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radiative emission of the fire is unclear, nor is it clear how this ratio changes over time.1 
Suddenly at 93 s, the gas phase flames momentarily reignited. A plume of aerosol continued to 
rise about the specimen and then from 100 s to 106 s (not shown in Figure 14), reignition 
happened again with the appearance of gas phase flames. Additional measurements discussed 
in Fig. 15 provide further information about the aerosol cloud. 

 

 

Fig. 14. Flame images as a function of time during Test 53, a high-density (21 kg/m3) excelsior fire spreading 
downward. 

Figure 15 shows the transient HRR during Test 53. The HRR peaks at approximately 73 s and 
drops off precipitously when flaming combustion ends at 89 s (see images in Fig. 14). The figure 
also shows the transient radiative flux at Gauge HF_V1 (see Fig. 6), which roughly follows the 
shape of the HRR profile. 

The aerosol cloud above a burning cellulosic fuel is composed of gaseous and particulate matter 
of various sizes [31]. Figure 15 shows the time-varying light extinction coefficient (K), which 
increased rapidly between 86 s and 88 s, fluctuated, and then rapidly decreased between 101 s 
and 106 s when flaming re-ignition of the aerosol cloud occurred. This can be interpreted as the 
hot flammable gases and particulate matter that compose the aerosol cloud undergoing 
combustion. Although K may not account for the presence of all aerosol species (e.g., gases 
such as carbon monoxide, carbon dioxide, and low molecular weight hydrocarbons) that are 
expected [31], it can be regarded as representative of the particulate matter emitted by the fire 
(see Section 2.6). Figure 15 also shows the modified combustion efficiency (MCE) defined in 
Ref. [32] as the ratio of the measured concentration of [CO2] in the exhaust to the sum of the 
[CO] and [CO2] concentrations. The MCE is a representation of unburnt gas phase species 
generated by the fire. When the fire reignited at 93 s and 101 s, K dropped, and MCE increased. 
A small jump in the radiative heat flux also appeared at 101 s. When the gas phase flames 
extinguished at 89 s, K suddenly increased, and MCE decreased. The relatively rapid changes in 

 
1. This is a long standing problem  [30] which cannot be solved with the instrumentation used in this study. 
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K as compared to MCE can be explained by the time constant of the measurement which is 
msec for a silicon diode detector and on the order of 10 s for the NDIR [CO] meter. Thus, the 
transient MCE profile results are consistent with the results for K, the visual observations, and 
the notion that the smoldering excelsior generated a heated plume of thermal decomposition 
products that could reignite, depending on the conditions.  

 

Fig. 15. The HRR as a function of time after ignition during Test 53 (left axis), a high-density excelsior fire ignited 
at the top and burned in the downward direction. Also shown (right axis) are the radiative flux (gauge HF_V1), 

the light extinction coefficient K (see Eq. 2) divided by 2, and the MCE. 

It is of interest to compare the results of the high bulk density excelsior fire spreading 
downward in Test 53 to an analogous experiment with the fire spreading upward. Figure 16 
shows such results for Test 51 (bulk density =20 kg/m3). Here, the peak HRR occurred at about 
11 s, a factor of 7 times faster than the downward spreading excelsior fire in Test 53 and with a 
peak value almost 30 % larger. Like the downward burning excelsior, the main peak of K 
occurred at the end of continuous flaming, at about 94 s. Reignition of the gas phase flames 
occurred momentarily at 97 s and the value of K dropped, only to rapidly increase when flaming 
disappeared a few seconds later. The value of MCE obtained a minimum at about the same 
time as K dropped.  
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Fig. 16. The HRR as a function of time after ignition during Test 51 (left axis), a 1.46 m tall high-density excelsior 
fire ignited at the bottom, burning in the upward direction. Also shown (right axis) are the radiative flux (gauge 

HF_V1), the light extinction coefficient K (see Eq. 2), and the MCE. 

The results for the largest Douglas fir tree fires are quite different than the large bulk density 
excelsior fires in Fig. 15 and Fig. 16. Figure 17 shows the transient HRR during Test 45, a 1.46 m 
tall Douglas fir tree ignited at its base. The peak fire HRR occurred at about 14 s with a value 
almost 50 times larger than the upward spreading excelsior fire in Test 51. This is not 
particularly surprising as the mass loss was a factor of 16 larger in the Douglas fir test. Unlike 
the upward and downward burning excelsior fires, the peak value of K occurred at about the 
same time as the peak HRR. A possible interpretation is that K was associated with soot 
escaping a fairly large fire, typical of burning hydrocarbons [18]. Smaller local maxima 
associated with K appeared at about the same time as the MCE minima, indicating enhanced 
generation of incomplete products of combustion, just as smoldering began at about 22 s after 
ignition (see images in Fig. 13). The radiative emission peaked at about the same time as the 
HRR. Appendix D provides the transient HRR, radiative heat flux, and light extinction 
coefficients for all the tests. 
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Fig. 17. The HRR as a function of time after ignition during Test 45 (left axis), a 1.46 m tall Douglas fir tree ignited 
at its base. Also shown (right axis) are the radiative flux divided by 10 (gauge HF_V1), the light extinction 

coefficient K (see Eq. 2), and the MCE. 

Table 4 lists the mass loss, residual mass, duration of burning, time to the peak heat release 
rate and its value, and the total heat released (THR) from the fires. The THR is calculated by 
integrating the heat release rate profile over the entire duration of the fire. 

Table 4. The mass loss, the residual mass percentage, the duration of the fire, the time to peak heat release rate, 

the peak heat release rate, and the total heat released (THR). See the NIST FCD [10] for uncertainty information. 

Test  Specimen Mass loss 
(g) 

Residual mass 
(%) 

Duration 
(s) 

tpeak HRR 

(s) 
Peak HRR 

(kW) 
THR 
(MJ) 

little bluestem 

1 bluestem 80 0 127 16 50 1.2 

2 bluestem 68 0 224 15 69 1.2 

3 bluestem 98 0 146 19 81 1.7 

4 bluestem 34 0 133 12 46 0.6 

5 bluestem 24 0 117 11 29 0.4 

6 bluestem 19 0 120 11 28 0.4 

24 bluestem 74 0 62 39 46 1.1 

25 bluestem 76 0 74 33 48 1.2 

28 bluestem 48 0 52 34 35 0.8 

29 bluestem 93 0 83 30 77 1.4 

30 bluestem 26 0 37 34 26 0.4 

33 bluestem 48 0 116 34 31 0.8 

34 bluestem 51 0 294 32 19 0.7 

Douglas fir (DF) 

12 DF tree 137 55 64 28 69 1.6 

13 DF tree 153 41 104 13 203 3.1 

14 DF tree 158 43 101 14 202 3 

22 DF tree 178 32 147 13 188 3.8 
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Test  Specimen Mass loss 
(g) 

Residual mass 
(%) 

Duration 
(s) 

tpeak HRR 

(s) 
Peak HRR 

(kW) 
THR 
(MJ) 

23 DF tree 262 46 125 22 229 4.4 

37 DF tree 123 59 113 32 84 2.1 

38 DF tree 194 38 152 13 100 2.7 

39 DF tree 153 63 142 18 154 2.7 

40 DF tree 82 48 119 11 91 1.4 

41 DF tree 37 91 292 214 12 0.7 

42 DF tree 77 75 130 22 59 1.1 

43 DF tree 242 58 166 13 232 4.4 

44 DF tree 4726 31 306 14 7918 102.3 

45 DF tree 3201 31 369 13 3632 60 

46 DF tree 4394 28 389 14 5987 91.4 

47 DF tree 3614 26 479 15 4688 74 

excelsior fires spreading upward 

9 excelsior 137 0 138 17 100 2.6 

15 excelsior 138 0 106 15 107 2.6 

17 excelsior 54 0 88 14 74 1.0 

21 excelsior 56 0 78 13 76 1.0 

26 excelsior 139 0 77 34 75 2.1 

27 excelsior 252 0 74 33 172 3.8 

35 excelsior 89 0 62 32 82 1.3 

36 excelsior 116 0 62 30 126 1.9 

48 excelsior 139 0 137 29 94 2.4 

49 excelsior 137 0 70 29 94 2.3 

50 excelsior 190 0 215 14 75 3.2 

51 excelsior 200 0 304 11 69 3.4 

52 excelsior 192 0 209 13 72 3.4 

56 excelsior 27 0 27 6 52 0.5 

excelsior fires spreading horizontally 

31 excelsior 144 0 84 52 49 2.5 

32 excelsior 143 0 89 79 41 2.4 

excelsior fires spreading downward 

7 excelsior 134 0 151 48 84 2.5 

8 excelsior 138 0 154 39 93 2.6 

10 excelsior 140 0 102 52 72 2.5 

11 excelsior 147 0 142 53 60 2.5 

18 excelsior 56 0 110 32 36 1.0 

19 excelsior 57 0 125 49 37 1.0 

20 excelsior 55 0 117 39 41 1.0 

53 excelsior 211 0 252 75 55 3.6 

54 excelsior 199 0 292 51 55 3.3 

55 excelsior 192 0 323 48 53 3.2 
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Fig. 18 shows that the THR is correlated to the product of the peak HRR and the experimental 
duration by a line in the log-log plot. A fit such as this would be expected if the HRR profiles 
could be approximated as triangular. Then, the THR would be proportional to the product of 
the peak HRR and the test duration. The fit  shown in the figure does not collapse the data, 
suggesting that the model is imprecise, but it does roughly represent trends in the data.  

 

Fig. 18. The total heat released (THR) as a function of the product of the peak heat release rate (HRR) and the 
duration of the fire (ҟt). 

Figure 19 shows the ratio of the peak heat release rate (PHRR) to the initial mass (mi) of the 
specimen as a function of the dry basis moisture content for specimens tested in the present 
work and for trees and bushes previously studied [13]. Vegetation with low moisture content 
(below 20 %) shows a much higher peak HRR/mass, indicating that the drier fuels burned more 
intensely, leading to a larger peak HRR. The ratio is larger than 1000 kW/kg at very low 
moisture content (below 10 %) for excelsior and little bluestem. As expected, the results show 
that the moisture content significantly affects the vegetation fires, with higher moisture 
content generally resulting in a lower peak HRR and fire intensity regardless of the species type. 
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Fig. 19. The ratio of the peak heat release rate to the initial mass (mi) of the specimen as a function of its dry 

basis moisture content. For comparison, previously published data presented in Ref. [13] for a variety of trees 

and bushes is also shown. The mean expanded (k=2) uncertainty of the ratio for all tests was estimated as 6 %. 

Figure 20 shows the PHRR of the excelsior fires as a function of the specimen bulk density. As 
expected, the upward-spreading fires gave rise to larger PHRRs than those spreading 
downward. This was also the case for the horizontally oriented fires (Tests 31 and 32), which 
spread slower and had smaller peak HRRs than the upward-spreading fires. The fact that peak 
HRR does not correlate strongly with bulk density highlights the complex interaction between 
additional fuel mass and increased fuel packing. 

    

Fig. 20. The Peak HRR and Time at the peak HRR as a function of the bulk density for upward, downward, and 
horizontally spreading excelsior fires. 

The time to reach the PHRR was 23 s ± 9 s for the upward spreading excelsior fires, almost twice 
as fast as the downward spreading fires (46 s ± 8 s). The horizontally spreading fires took the 
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longest to obtain the PHRR (67 s ± 8 s) ς almost three times as long as the upward spreading 
fires. 

3.2.1. Unburnt Fuel Mass 

Figure 21 shows the residual mass ratio as a function of the dry basis moisture content. The 
Douglas fir specimens exhibited a wide range of moisture content, spanning approximately 
10 % to 85 %. The residual mass of the Douglas fir trees increased with the moisture content, 
indicating that the trees only partially burned. In contrast, the residual fuel mass of excelsior 
and little bluestem was very low, indicating that these specimens burned almost entirely, 
leaving only negligible remnants after the fire. Additionally, even for the driest Douglas fir trees, 
the residual mass was above 20%. Unlike the other specimens which were comprised entirely of 
thin fuel, the trees had a mixture of fuel element diameters, from needles up to the trunk size. 
The remaining fuel in a dry tree test is related to this distribution of sizes. 

 

Fig. 21. Residual mass ratio as a function of the dry basis moisture content (MCdry). 

3.3. Peak Flame Height 

Figure 22 shows an example of the similarity of RGB and processed binary images for moments 
during the Douglas fir Tests 42 and 43. The vertical gray bar in the binary image indicates the 
flame height. The visible (RGB) and processed binary images are nearly identical in flame shape 
and height. 
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Fig. 22. The visible (RGB) and processed binary images of moments during the Douglas fir fires in Tests 42 and 
43, showing the similarity in flame shape and height. 

The peak flame height for the little bluestem and the Douglas fir fires is listed in Table 5. The 
expanded combined uncertainty averaged 20 % across all tests (see Appendix B.2). 

Table 5. Peak flame height and expanded (k=2) combined uncertainty for the tests with little bluestem, Douglas 
fir , and excelsior. The direction of flame spread is listed for the excelsior fires. 

Test Specimen Peak Flame Height (cm) Flame Spread 

little bluestem  

1 bluestem 148 ± 29 upward 

2 bluestem 180 ± 36 upward 

3 bluestem 190 ± 38 upward 

4 bluestem 162 ± 32 upward 

5 bluestem 127 ± 25 upward 

6 bluestem 129 ± 26 upward 

24 bluestem 161 ± 32 upward 

25 bluestem 160 ± 32 upward 

28 bluestem 161 ± 32 upward 

29 bluestem 199 ± 40 upward 

30 bluestem 141 ± 28 upward 

33 bluestem 140 ± 28 upward 

34 bluestem 106 ± 21 upward 

Douglas fir  

12 Douglas fir 103 ± 20 upward 

23 Douglas fir 285 ± 57 upward 

37 Douglas fir 159 ± 32 upward 

38 Douglas fir 245 ± 49 upward 

39 Douglas fir 242 ± 48 upward 
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Figure 23 shows a box and whisker plot of the peak flame height for each specimen type. The 
Douglas fir tree fires yielded the largest flame heights, followed by excelsior and bluestem. The 
two outliers in the excelsior case resulted from larger specimen height, which is twice the 
typical height of 60 cm. 

Test Specimen Peak Flame Height (cm) Flame Spread 

40 Douglas fir 218 ± 43 upward 

42 Douglas fir 147 ± 29 upward 

43 Douglas fir 299 ± 59 upward 

excelsior fires spreading upward  

9 excelsior 182 ± 36 upward 

15 excelsior 179 ± 36 upward 

16 excelsior 172 ± 34 upward 

17 excelsior 178 ± 35 upward 

21 excelsior 173 ± 34 upward 

26 excelsior 202 ± 40 upward 

27 excelsior 273 ± 54 upward 

35 excelsior 201 ± 40 upward 

36 excelsior 259 ± 51 upward 

48 excelsior 167 ± 33 upward 

49 excelsior 151 ± 30 upward 

50 excelsior 135 ± 27 upward 

51 excelsior 132 ± 26 upward 

52 excelsior 127 ± 25 upward 

56 excelsior 137 ± 27 upward 

excelsior fires spreading horizontally  

31 excelsior 151 ± 30 horizontal 

32 excelsior 136 ± 27 horizontal 

excelsior fires spreading downward  

7 excelsior 174 ± 35 downward 

8 excelsior 174 ± 35 downward 

10 excelsior 185 ± 37 downward 

11 excelsior 126 ± 25 downward 

18 excelsior 126 ± 25 downward 

19 excelsior 126 ± 25 downward 

20 excelsior 131 ± 26 downward 

53 excelsior 115 ± 23 downward 

54 excelsior 115 ± 23 downward 

55 excelsior 109 ± 22 downward 
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Fig. 23. A box and whisker plot of the mean peak flame height for each specimen type. 

Figure 24 shows the peak flame height and the normalized peak flame height by the specimenΩs 
height (Lf/H) as a function of the specimenΩs moisture content. The peak flame height 
decreased as the specimenΩs moisture content increased. Comparing the results of Test 39 and 
Test 43, the Douglas fir trees were similar in size and mass (see Table 1), but the residual mass 
in Test 39 was 11 % larger than in Test 43Σ ǇǊƛƳŀǊƛƭȅ ŘǳŜ ǘƻ ǘƘŜ ǎǇŜŎƛƳŜƴΩǎ large moisture 
content. The peak flame height in Test 39 was about 40 % smaller than in Test 43. 

 

Fig. 24. The peak flame height (left) and the peak flame height (Lf) normalized by the specimenΩs height (right) as 
a function of the specimen dry basis moisture content. 

Figure 24 shows the normalized peak flame height by specimenΩs height. The range and mean 
values for each specimen are listed in Table 6. For excelsior tests, the peak flame height in 
upward fire spreading is higher, compared to downward fire spreading, because the flame at 
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the base initiates heating of the fuel, facilitating rapid fire propagation, resulting in a notably 
substantial maximum flame height. 

Table 6. Peak flame height normalized by initial specimen height (Lf/ H). 

Specimen  Lf (m) Lf/ H (-) Tests, N 

Range Mean ± SD Range Mean ± SD 

bluestem 1.1 - 2.0 1.5 ± 0.3 1.5 - 4.6 2.2 ± 0.8 13 

Douglas fir 1.0 - 3.0 2.1 ± 0.7 0.8 - 2.8 1.9 ± 0.7 8 

excelsior (upward spread) 1.3 - 2.7 1.8 ± 0.4 2.1 - 3.4 2.7 ± 0.4 15 

excelsior (horizontal spread) 1.4 - 1.5 1.4 ± 0.1 9.1 - 10.1 9.6 ± 0.7 2 

excelsior (downward spread) 1.1 - 1.9 1.4 ± 0.3 1.8 - 3.1 2.3 ± 0.5 10 

Figure 25 shows the peak flame height and the normalized peak flame height by the specimenΩs 
height (Lf/H) as a function of the bulk density of excelsior. Examining the 60 cm samples, the 
maximum flame heights are found at the intermediate range of bulk densities tested. This 
demonstrates a competing effect between the increasing bulk density leading to an increasing 
amount of fuel (larger flame height) and a decreasing porosity (less efficient burning and less 
flow within the fuel, leading to a smaller flame height). This matches the behavior observed 
with the peak HRR in Fig. 20. 

 

Fig. 25. The peak flame height (left) and the peak flame height (Lf) normalized by the specimen height (right) as a 
function of the excelsior bulk density. 

3.4. CO and Soot Yields 

The mean and range of CO and soot yields by specimen type are listed in Table 7, and the yield 
measurements in each test are listed in Table C1. Each of the individual test results is tabulated 
in Appendix C. Douglas fir trees had the largest mean CO yield, which was 9 % on -average, 
followed by little bluestem at 6 % and excelsior at 3 %. The ranges of CO yield results were 
similar for the three fuel types, varying from about 63 % to 214 % of the mean value. 
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Table 7. Mean and range of CO and soot yields by specimen type. The ratio of the mean values is also listed. 

Specimen 
YCO (kg/kg x 10-3) YSOOT (kg/kg x 10-3) (YCO /YSOOT) 

Mean  Range Mean Range Mean 

little bluestem 61.9 42 to 88 5.03 0 to 21 12 

excelsior 37.7 19 to 85 3.45 0 to 15 11 

Douglas fir 89.1 58 to 120 4.12 1.7 to 11 22 

The soot yields did not follow the same trend as the CO yield. Little bluestem had the largest 
mean soot yield, which was 0.50 % on average, followed by Douglas fir at 0.40 %, and excelsior 
at 0.35 %. The range of soot yields was much broader than the CO yields, varying from about 
15 % to 2630 % of the mean for little bluestem. The range of soot yields was also appreciably 
larger than the CO yields for the other two fuel types. 

The large number of experiments conducted in this study revealed the variation in the CO and 
soot yield results for all three fuel types. The results are consistent with yields measured in fires 
burning large (5 m) Douglas fir trees [33]. The CO and soot yields are both significantly larger 
than small (10 cm diameter) pool fires burning simple two and three carbon hydrocarbons with 
the ratio of CO to soot more than 30 times larger than in hydrocarbon fires [34]. This may be 
attributed to the smoldering of the cellulosic fuels investigated in this study, which can produce 
relatively large amounts of CO compared to flaming fires [35]. 

Figure 26 shows the soot yield as a function of the bulk density for all the excelsior fires. 
Excelsior fires with higher bulk density tend to produce greater soot yields than those with 
lower bulk density. Visible observation suggests that the yields are mainly associated with 
thermal decomposition in the absence of flames. Since, the soot yield is calculated using a 
mass-specific extinction coefficient typical of soot ( s̀) and not a value more typical of 
particulate matter produced during smoldering combustion, the uncertainty may actually be 
about a factor of two larger than shown in Fig. 26 (see Section 2.6 for a detailed discussion of 
the optical extinction coefficient). 
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Fig. 26. The soot yield as a function of the bulk density for all the excelsior fires. The error bars represent the 
combined expanded (k=2) uncertainty. 

3.5. Radiative Fraction 

Fig. 27 shows a box and whisker plot of the radiative fraction for each vegetation type and also 
a plot of the radiative function of the dry basis moisture content. The mean, standard deviation, 
ŀƴŘ ǊŀƴƎŜ ƻŦ ǘƘŜ ǊŀŘƛŀǘƛǾŜ ŦǊŀŎǘƛƻƴ ŀƴŘ ǘƘŜ ǎǇŜŎƛƳŜƴΩǎ dry basis moisture range are also listed 
in Table 8. The radiative fraction for each test is listed in Table B2 in Appendix B.3. The mean 
values of the radiative fractions for the little bluestem, excelsior, and Douglas fir are 0.34, 0.33, 
and 0.29, respectively. Douglas fir trees had a wide dry basis moisture content range (7 % to 
85 %). The radiative fraction decreased from about 0.41 to 0.15 as the moisture content 
increased, as seen in the right-hand plot of Fig. 27. This trend is consistent with the peak flame 
height, which also decreased with increasing moisture content, as seen in Fig. 24. The error bars 
for each …  measurement in Fig. 27 represent the standard deviation of the radiative fraction 
measured using multiple heat flux gauges for each test. Larger values of the error bars indicate 
that the radiative flux to the surroundings was asymmetric, suggesting obstruction of the 
ǎǇŜŎƛƳŜƴΩǎ radiative flux to the surroundings on one or more sides of the specimen. The largest 
error bars are generally associated with larger values of specimen moisture content. In the 
larger moisture content tests (MCdry > 60 %), ignition was typically not symmetric, leading to 
more burning on one side of the tree but not simultaneously on all sides. In these tests, the 
non-burning branches of the tree absorbed a portion of the radiative emission. Eliminating the 
tests in which there was only partial burning, the average radiative fraction is 0.32 ± 0.06. 
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Fig. 27. A box and whisker plot showing the mean radiative fraction and its standard and expanded (k=2) 
deviation for each vegetation type (left), and the mean radiative fraction as a function of dry basis moisture 

content for Douglas fir fires (right). The error bars represent the expanded (k=2) uncertainty (95 % confidence 
interval). 

 

Table 8. The mean, standard deviation, range of radiative fraction ( radύΣ ŀƴŘ ǎǇŜŎƛƳŜƴΩǎ dry basis moisture 
content (MCdry) range. 

Specimen rad 
(-) 

Range 
(-) 

MCdry Range 
(%) 

bluestem 0.34 ± 0.11 0.28 - 0.40 6 - 10 

Douglas fir 0.29 ± 0.10 0.15 - 0.41 6 - 85 

excelsior (upward spread) 0.32 ± 0.06 0.26 - 0.41 6 

excelsior (horizontal spread) 0.28 ± 0.06 0.27 - 0.29 6 

excelsior (downward spread) 0.36 ± 0.07 0.32 - 0.44 5 - 6 

Figure 28 shows the radiative fraction as a function of the bulk density of excelsior for the 
different test configurations involving the flame spread direction and the specimensΩ vertical 
extent (or height). The radiative fraction was about constant for bulk densities below 15 kg/m3. 
For larger bulk densities, the radiative fraction increased and obtained a maximum value of 
0.45, regardless of the flame spread direction or the specimen's height. LǘΩǎ ƘŜƭǇŦǳƭ ǘƻ ǊŜŎŀƭƭ ǘƘŀǘ 
the higher bulk density excelsior fires tended to generate larger soot yields than the lower 
density fires, as shown in Fig. 26. However, as discussed above, this yield is not only a measure 
of soot, so the larger values do not necessarily correlate to higher emission from soot particles 
in the luminous flame. 
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Fig. 28. Radiative fraction as a function of the bulk density of excelsior for the different flame spread directions 
and initial specimen vertical extent or height.  

For a significant portion of these tests, there was a long period of smoldering after flaming 
combustion disappeared. The video record reveals the times when flaming combustion began 
and ended. The video record, however, is not particularly helpful in identifying the beginning of 
smoldering combustion. Smoldering can occur over a portion of the burning solid, even while 
gas phase flames are simultaneously occurring elsewhere. The gas phase flames are so bright, 
they could mask portions of the burning solid that may be smoldering. !ƭǘƘƻǳƎƘ ƛǘΩǎ ƴƻǘ 
possible to separate the purely gas-phase radiative emission from emission by a hot charring or 
smoldering solid using the current instrumentation, examining the change in the radiative 
fraction over different cumulative periods2 provides insight on the character of these two 
distinct modes of combustion. Considering Eqns. (3) - (5), the cumulative radiative fraction, 

r̝ad(tw), is defined as: 

8 … ὸ
᷿       

Ⱦ   ȟ  
  (8) 

where t0 is the ignition time, tw is the duration of the cumulative period, άὸ  is the measured 

mass at time tw, ή  is the average value of the transient heat flux measured using multiple 
gauges, and Hc,eff is the mean effective heat of combustion for each specimen type as listed in 
Table 3. The cumulative radiative fraction at the end of the experiment was identically equal to 
the radiative fraction listed in Table B2. 

Figure 29 shows the evolution of the cumulative radiative fraction during Test 53, the high bulk 
density downward spreading excelsior fire presented in Fig. 14 and Fig. 15. The end of gas 
phase flames in the test is seen in the video record (Fig. 14) and corresponds to the time when 

 
2. The authors are indebted to Rodney Bryant and Nigel Amoafo-Yeboah of NIST for suggesting this approach.  
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the heat release rate dropped to one-half of its peak value. In Test 53, the cumulative radiative 
fraction at the end of the flaming period ( r̝ad,f) was about equal to 0.29, a factor of 1.3 lower 
than the cumulative radiative fraction at the end of the test, which asymptotically reached 
0.38 ± 0.04. Similar trends are observed in the little bluestem and Douglas fir fires as seen in 
Fig. 30 and Fig. 31. 

 

Fig. 29. The cumulative radiative fraction as a function of the time window size in Test 53. The error bars 
indicate the standard deviation of the radiative fraction obtained from multiple heat flux gauges. The dashed 

vertical line at 89 s represents the end of the period of gas phase flaming (see Fig. 14). 

 

Fig. 30. The cumulative radiative fraction as a function of the time window size in Test 34. The error bars 
indicate the standard deviation of the radiative fraction obtained from multiple heat flux gauges. The dashed 

vertical line at 46 s represents the end of the period of gas phase flaming. 
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Fig. 31. The cumulative radiative fraction as a function of the time window size in Test 22. The error bars 
indicate the standard deviation of the heat flux which was measured by multiple heat flux gauges. The dashed 

vertical line at 24 s represents the end of the period of gas phase flaming. 

Figure 32 shows the mass loss and radiative heat flux as a function of time in Test 53, the 
downward burning high-density excelsior fire. During the purely smoldering phase which 
started at about 89 s after ignition (see images in Fig. 14), the heat flux remained at 
approximately 30 % of its peak value until 140 s. At the same time, the mass loss was around 
10 % of the initial mass of the specimen. This result provides an explanation as to why the 
cumulative radiative fraction increased with the expanding time window (tw) in Fig. 29. Thus, 
the hot smoldering excelsior in Test 53 significantly influenced the radiative fraction result even 
though the total integrated emission during the flaming period is much larger than during the 
smoldering period. 

 

Fig. 32. Radiative heat flux (left axis; measured using Gauge HF_V1) and the mass loss (right axis) as a function of 
time in a high bulk density downward spreading excelsior fire (Test 53). The dashed vertical line at 89 s 

represents the end of the period of gas phase flaming (see Fig. 14). 
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Figure 33 shows the ratio of the cumulative radiative fraction during the flaming period ( r̝ad,f) 
to the radiative fraction over the entire burning period (̝rad) as a function of the bulk density for 
the excelsior fires. As the bulk density increased, the ratio of ̝ rad,f to r̝ad decreased, indicating 
that the radiative fraction increased from the early burning phase when flaming was evident as 
compared to the entire burning period. 

 

Fig. 33. The ratio of the cumulative radiative fraction during the period of gas phase flaming to the cumulative 
radiative fraction for the entire experiment as a function of the bulk density of the excelsior fires. The flame 

symbols are categorized by the fire spread direction and the specimenǎΩ ƛƴƛǘƛŀƭ ǾŜǊǘƛŎŀƭ ŜȄǘŜƴǘ. 
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4. Summary and Conclusions 

A series of measurements were conducted to better understand the burning characteristics of 
three types of vegetative fuels: little bluestem grass, excelsior wood fibers, and Douglas fir 
trees. The measurements included the transient heat release rate (HRR) determined using 
oxygen consumption calorimetry, the mass loss rate, the yields of CO and smoke, and the 
radiative emission to the surroundings. An estimate of the average radiative fraction during the 
fires was obtained from radiative heat flux measurements made in the far field. Experiments 
were also conducted on extensions of excelsior positioned horizontally and vertically with 
controlled bulk density. A summary of key findings follows. 

1. The ratio of the peak heat release rate to the initial mass of the test specimens as a function 
of their dry moisture content was consistent with previously published fire measurements 
on a variety of trees and bushes. A fit to all the data showed that a power law was an 
adequate representation of the results. 

2. The moisture content significantly affected the Douglas fir tree fires. As the tree moisture 
content increased, the radiative fraction significantly decreased. The radiative fraction of 
the Douglas fir tree fires was observed to decrease from 0.41 to 0.15 as the dry basis 
moisture content increased from 6 % to 85 %. 

3. The mean radiative fractions for little bluestem, excelsior, and Douglas fir fires were 0.34, 
0.33, and 0.29, respectively. Considering the overlapping error bars, there is no statistically 
significant difference among the fuel types. The average radiative fraction for all the tests 
was 0.32. Further work is needed to differentiate radiative emission due to gas phase 
flames as compared to glowing, smoldering combustion for cellulosic fuels.  

4. Consideration of the cumulative radiative fraction provides insight on the change in the 
radiative fraction from ŀ ŦƛǊŜΩǎ ŦƭŀƳƛƴƎ ǎǘŀƎŜ ǘƻ its smoldering phase. While radiative 
emission from the hot smoldering materials was smaller than the emission early in the fire 
when gas phase flames were present, the cumulative radiative fraction during the entire 
burn including the smoldering period was measurably larger than the cumulative radiative 
fraction just during the flaming combustion phase. For excelsior, this effect became more 
significant for higher bulk densities.  

5. The soot yield had a high degree of scatter for all sample types with mean values of 0.46 % 
for bluestem, 0.11 % for excelsior, and 0.24 % for Douglas fir. The CO yield had mean values 
of 6.2 %, 3.3 %, and 8.9 % for bluestem, excelsior, and Douglas fir, respectively, which were 
significantly larger than small (10 cm diameter) fires burning simple two and three carbon 
hydrocarbons. Further work is needed to improve the estimate of the soot yield since it is 
calculated using a mass-specific extinction coefficient typical of soot and not a value more 
typical of particulate matter produced during pyrolysis and smoldering combustion. 

6. The peak HRR of the excelsior fires was a function of ignition orientation and bulk density. 
As expected, the upward spreading fires gave rise to larger peak HRRs than those spreading 
downward. The horizontally oriented fires (Tests 31 and 32) also spread slower and had 
smaller PHRRs than the upward-spreading fires.  
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These measurements of global burning properties can provide guidance to the development of 
wildland fire models. Radiative fractions, CO yields, and soot yields are all typically prescribed in 
physics-based wildland fire models. Although more work is required to evaluate the full range 
of relevant vegetation species, these findings provide a starting point and can serve as an 
indication of which properties may be (relatively) species-independent (but moisture 
dependent), such as radiant fraction, and those which appear linked to the species, such as CO 
yield. The degree to which these differences are related to plant chemistry versus plant 
structure is also open to further exploration. This work also highlights the uncertainties which 
can be passed from measurement to model when applying techniques established for gaseous 
and liquid fuels to complex solid fuels like vegetation. For example, using a global radiant 
fraction in a model of emission from flaming combustion may introduce uncertainties if 
emission from the solid phase has a significant effect on the global value. Measurement results 
and the video recordings of the experiments described in this report are available as part of the 
NIST Fire Calorimetry Database (FCD) [10]. 

 

https://www.nist.gov/el/fcd
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Appendix A. Test Method Details 

Table A1 lists the exhaust hood size, load cell model, and heat flux gauge locations used for each test. Refer to Fig. 5 and Fig. B5 
which provide schematic diagrams of the experimental configuration. The reference values of r, z, and ḃ are the exhaust duct center, 
the bottom of the specimen, and the opening of the mesh surrounding the test section as seen in the figure. 

Table A1. The exhaust hood size, load cell model, and heat flux gauge locations. 

Test  Hood 
size 
(m, m) 

Load 
Cell*  

HF_V0 
(ǊΣ ȊΣ ᷆) 
(m, m, 
deg) 

HF_V1 
(ǊΣ ȊΣ ᷆) 
(m, m, 
deg) 

HF_V2 
(ǊΣ ȊΣ ᷆) 
(m, m, 
deg) 

HF_V3 
(ǊΣ ȊΣ ᷆) 
(m, m, 
deg) 

HF_V4 
(ǊΣ ȊΣ ᷆) 
(m, m, 
deg) 

HF_V5 
(ǊΣ ȊΣ ᷆) 
(m, m, 
deg) 

HF_V6 
(ǊΣ ȊΣ ᷆) 
(m, m, 
deg) 

HF_V7 
(ǊΣ ȊΣ ᷆) 
(m, m, 
deg) 

HF_H1 
(ǊΣ ȊΣ ᷆) 
(m, m, 
deg) 

HF_H2 
(ǊΣ ȊΣ ᷆) 
(m, m, 
deg) 

HF_H3 
(ǊΣ ȊΣ ᷆) 
(m, m, 
deg) 

HF_H4 
(r, z, 

)᷆ 
(m, m, 
deg) 

1 3, 3 P 1.83, 
0.02, 
135 

1.83, 
0.41, 
135 

1.83, 
1.03, 
135 

1.83, 
1.65, 
135 

1.83, 
2.24, 
135 

2.08, 
1.03, 
225 

2.14, 
1.03, 
315 

2.08, 
1.03, 
45 

0.08, 
0, 
135 

0.12, 
0, 
135 

0.39, 
0, 
135 

1.75, 
0, 
135 

2 3, 3 P 1.83, 
0.02, 
135 

1.83, 
0.41, 
135 

1.83, 
1.03, 
135 

1.83, 
1.65, 
135 

1.83, 
2.24, 
135 

2.08, 
1.03, 
225 

2.14, 
1.03, 
315 

2.08, 
1.03, 
45 

0.08, 
0, 
135 

0.12, 
0, 
135 

0.39, 
0, 
135 

1.75, 
0, 
135 

3 3, 3 P 1.83, 
0.02, 
135 

1.83, 
0.41, 
135 

1.83, 
1.03, 
135 

1.83, 
1.65, 
135 

1.83, 
2.24, 
135 

2.08, 
1.03, 
225 

2.14, 
1.03, 
315 

2.08, 
1.03, 
45 

0.08, 
0, 
135 

0.12, 
0, 
135 

0.39, 
0, 
135 

1.75, 
0, 
135 

4 3, 3 P 1.83, 
0.02, 
135 

1.83, 
0.41, 
135 

1.83, 
1.03, 
135 

1.83, 
1.65, 
135 

1.83, 
2.24, 
135 

2.08, 
1.03, 
225 

2.14, 
1.03, 
315 

2.08, 
1.03, 
45 

0.08, 
0, 
135 

0.12, 
0, 
135 

0.39, 
0, 
135 

1.75, 
0, 
135 

5 3, 3 3D-a 1.78, 
-0.28, 
135 

1.78, 
0.06, 
135 

1.78, 
0.68, 
135 

1.78, 
1.29, 
135 

1.78, 
2.21, 
135 

2.08, 
0.67, 
225 

2.14, 
0.67, 
315 

2.11, 
0.67, 
45 

0.09, 
0, 
135 

0.13, 
0, 
135 

0.39, 
0, 
135 

0.69, 
0, 
135 

6 3, 3 3D-a 1.78, 
-0.28, 
135 

1.78, 
0.06, 
135 

1.78, 
0.68, 
135 

1.78, 
1.29, 
135 

1.78, 
2.21, 
135 

2.08, 
0.67, 
225 

2.14, 
0.67, 
315 

2.11, 
0.67, 
45 

0.09, 
0, 
135 

0.13, 
0, 
135 

0.39, 
0, 
135 

0.69, 
0, 
135 

7 3, 3 3D-a 1.78, 
-0.48, 
135 

1.78, 
-0.14, 
135 

1.78, 
0.48, 
135 

1.78, 
1.09, 
135 

1.78, 
2.01, 
135 

2.08, 
0.47, 
225 

2.14, 
0.47, 
315 

2.11, 
0.47, 
45 

0.09, 
-0.21, 
135 

0.13, 
-0.21, 
135 

0.39, 
-0.21, 
135 

1.52, 
-0.21, 
135 
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Test  Hood 
size 
(m, m) 

Load 
Cell*  

HF_V0 
(ǊΣ ȊΣ ᷆) 
(m, m, 
deg) 

HF_V1 
(ǊΣ ȊΣ ᷆) 
(m, m, 
deg) 

HF_V2 
(ǊΣ ȊΣ ᷆) 
(m, m, 
deg) 

HF_V3 
(ǊΣ ȊΣ ᷆) 
(m, m, 
deg) 

HF_V4 
(ǊΣ ȊΣ ᷆) 
(m, m, 
deg) 

HF_V5 
(ǊΣ ȊΣ ᷆) 
(m, m, 
deg) 

HF_V6 
(ǊΣ ȊΣ ᷆) 
(m, m, 
deg) 

HF_V7 
(ǊΣ ȊΣ ᷆) 
(m, m, 
deg) 

HF_H1 
(ǊΣ ȊΣ ᷆) 
(m, m, 
deg) 

HF_H2 
(ǊΣ ȊΣ ᷆) 
(m, m, 
deg) 

HF_H3 
(ǊΣ ȊΣ ᷆) 
(m, m, 
deg) 

HF_H4 
(r, z, 

)᷆ 
(m, m, 
deg) 

8 3, 3 3D-a 1.78, 
-0.48, 
135 

1.78, 
-0.14, 
135 

1.78, 
0.48, 
135 

1.78, 
1.09, 
135 

1.78, 
2.01, 
135 

2.08, 
0.47, 
225 

2.14, 
0.47, 
315 

2.11, 
0.47, 
45 

0.09, 
-0.21, 
135 

0.13, 
-0.21, 
135 

0.39, 
-0.21, 
135 

1.52, 
-0.21, 
135 

9 3, 3 3D-a 1.78, 
-0.48, 
135 

1.78, 
-0.14, 
135 

1.78, 
0.48, 
135 

1.78, 
1.09, 
135 

1.78, 
2.01, 
135 

2.08, 
0.47, 
225 

2.14, 
0.47, 
315 

2.11, 
0.47, 
45 

0.09, 
-0.21, 
135 

0.13, 
-0.21, 
135 

0.39, 
-0.21, 
135 

1.52, 
-0.21, 
135 

10 3, 3 3D-a 1.78, 
-0.48, 
135 

1.78, 
-0.14, 
135 

1.78, 
0.48, 
135 

1.78, 
1.09, 
135 

1.78, 
2.01, 
135 

2.08, 
0.47, 
225 

2.14, 
0.47, 
315 

2.11, 
0.47, 
45 

0.09, 
-0.21, 
135 

0.13, 
-0.21, 
135 

0.39, 
-0.21, 
135 

1.52, 
-0.21, 
135 

11 3, 3 3D-a 1.78, 
-0.48, 
135 

1.78, 
-0.14, 
135 

1.78, 
0.48, 
135 

1.78, 
1.09, 
135 

1.78, 
2.01, 
135 

2.08, 
0.47, 
225 

2.14, 
0.47, 
315 

2.11, 
0.47, 
45 

0.09, 
-0.21, 
135 

0.13, 
-0.21, 
135 

0.39, 
-0.21, 
135 

1.52, 
-0.21, 
135 

12 3, 3 3D-a 1.78, 
-0.37, 
135 

1.78, 
-0.03, 
135 

1.78, 
0.59, 
135 

1.78, 
1.20, 
135 

1.78, 
2.12, 
135 

2.08, 
0.58, 
225 

2.14, 
0.58, 
315 

2.11, 
0.58, 
45 

0.09, 
-0.21, 
135 

0.13, 
-0.21, 
135 

0.39, 
-0.21, 
135 

1.52, 
-0.21, 
135 

13 3, 3 3D-a 1.78, 
-0.37, 
135 

1.78, 
-0.03, 
135 

1.78, 
0.59, 
135 

1.78, 
1.20, 
135 

1.78, 
2.12, 
135 

2.08, 
0.58, 
225 

2.14, 
0.58, 
315 

2.11, 
0.58, 
45 

0.09, 
-0.21, 
135 

0.13, 
-0.21, 
135 

0.39, 
-0.21, 
135 

1.52, 
-0.21, 
135 

14 3, 3 3D-a 1.78, 
-0.37, 
135 

1.78, 
-0.03, 
135 

1.78, 
0.59, 
135 

1.78, 
1.20, 
135 

1.78, 
2.12, 
135 

2.08, 
0.58, 
225 

2.14, 
0.58, 
315 

2.11, 
0.58, 
45 

0.09, 
-0.21, 
135 

0.13, 
-0.21, 
135 

0.39, 
-0.21, 
135 

1.52, 
-0.21, 
135 

15 3, 3 3D-a 1.78, 
-0.48, 
135 

1.78, 
-0.14, 
135 

1.78, 
0.48, 
135 

1.78, 
1.09, 
135 

1.78, 
2.01, 
135 

2.08, 
0.47, 
225 

2.14, 
0.47, 
315 

2.11, 
0.47, 
45 

0.09, 
-0.21, 
135 

0.13, 
-0.21, 
135 

0.39, 
-0.21, 
135 

1.52, 
-0.21, 
135 

16 3, 3 3D-a 1.78, 
-0.48, 
135 

1.78, 
-0.14, 
135 

1.78, 
0.48, 
135 

1.78, 
1.09, 
135 

1.78, 
2.01, 
135 

2.08, 
0.47, 
225 

2.14, 
0.47, 
315 

2.11, 
0.47, 
45 

0.09, 
-0.21, 
135 

0.13, 
-0.21, 
135 

0.39, 
-0.21, 
135 

1.52, 
-0.21, 
135 

17 3, 3 3D-a 1.78, 
-0.48, 
135 

1.78, 
-0.14, 
135 

1.78, 
0.48, 
135 

1.78, 
1.09, 
135 

1.78, 
2.01, 
135 

2.08, 
0.47, 
225 

2.14, 
0.47, 
315 

2.11, 
0.47, 
45 

0.09, 
-0.21, 
135 

0.13, 
-0.21, 
135 

0.39, 
-0.21, 
135 

1.52, 
-0.21, 
135 
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Test  Hood 
size 
(m, m) 

Load 
Cell*  

HF_V0 
(ǊΣ ȊΣ ᷆) 
(m, m, 
deg) 

HF_V1 
(ǊΣ ȊΣ ᷆) 
(m, m, 
deg) 

HF_V2 
(ǊΣ ȊΣ ᷆) 
(m, m, 
deg) 

HF_V3 
(ǊΣ ȊΣ ᷆) 
(m, m, 
deg) 

HF_V4 
(ǊΣ ȊΣ ᷆) 
(m, m, 
deg) 

HF_V5 
(ǊΣ ȊΣ ᷆) 
(m, m, 
deg) 

HF_V6 
(ǊΣ ȊΣ ᷆) 
(m, m, 
deg) 

HF_V7 
(ǊΣ ȊΣ ᷆) 
(m, m, 
deg) 

HF_H1 
(ǊΣ ȊΣ ᷆) 
(m, m, 
deg) 

HF_H2 
(ǊΣ ȊΣ ᷆) 
(m, m, 
deg) 

HF_H3 
(ǊΣ ȊΣ ᷆) 
(m, m, 
deg) 

HF_H4 
(r, z, 

)᷆ 
(m, m, 
deg) 

18 3, 3 3D-a 1.78, 
-0.48, 
135 

1.78, 
-0.14, 
135 

1.78, 
0.48, 
135 

1.78, 
1.09, 
135 

1.78, 
2.01, 
135 

2.08, 
0.47, 
225 

2.14, 
0.47, 
315 

2.11, 
0.47, 
45 

0.09, 
-0.21, 
135 

0.13, 
-0.21, 
135 

0.39, 
-0.21, 
135 

1.52, 
-0.21, 
135 

19 3, 3 3D-a 1.78, 
-0.48, 
135 

1.78, 
-0.14, 
135 

1.78, 
0.48, 
135 

1.78, 
1.09, 
135 

1.78, 
2.01, 
135 

2.08, 
0.47, 
225 

2.14, 
0.47, 
315 

2.11, 
0.47, 
45 

0.09, 
-0.21, 
135 

0.13, 
-0.21, 
135 

0.39, 
-0.21, 
135 

1.52, 
-0.21, 
135 

20 3, 3 3D-a 1.78, 
-0.48, 
135 

1.78, 
-0.14, 
135 

1.78, 
0.48, 
135 

1.78, 
1.09, 
135 

1.78, 
2.01, 
135 

2.08, 
0.47, 
225 

2.14, 
0.47, 
315 

2.11, 
0.47, 
45 

0.09, 
-0.21, 
135 

0.13, 
-0.21, 
135 

0.39, 
-0.21, 
135 

1.52, 
-0.21, 
135 

21 3, 3 3D-a 1.78, 
-0.48, 
135 

1.78, 
-0.14, 
135 

1.78, 
0.48, 
135 

1.78, 
1.09, 
135 

1.78, 
2.01, 
135 

2.08, 
0.47, 
225 

2.14, 
0.47, 
315 

2.11, 
0.47, 
45 

0.09, 
-0.21, 
135 

0.13, 
-0.21, 
135 

0.39, 
-0.21, 
135 

1.52, 
-0.21, 
135 

22 3, 3 3D-a 1.78, 
-0.37, 
135 

1.78, 
-0.03, 
135 

1.78, 
0.59, 
135 

1.78, 
1.20, 
135 

1.78, 
2.12, 
135 

2.08, 
0.58, 
225 

2.14, 
0.58, 
315 

2.11, 
0.58, 
45 

0.09, 
-0.09, 
135 

0.13, 
-0.09, 
135 

0.39, 
-0.09, 
135 

1.52, 
-0.09, 
135 

23 3, 3 3D-a 1.78, 
-0.37, 
135 

1.78, 
-0.03, 
135 

1.78, 
0.59, 
135 

1.78, 
1.20, 
135 

1.78, 
2.12, 
135 

2.08, 
0.58, 
225 

2.14, 
0.58, 
315 

2.11, 
0.58, 
45 

0.09, 
-0.09, 
135 

0.13, 
-0.09, 
135 

0.39, 
-0.09, 
135 

1.52, 
-0.09, 
135 

24 6, 6 3D-a na 4.10, 
0.86, 
45 

4.21, 
0.86, 
135 

4.45, 
0.86, 
225 

4.19, 
0.86, 
315 

5.40, 
0.86, 
340 

na na na na na na 

25 6, 6 3D-a na 4.10, 
0.86, 
45 

4.21, 
0.86, 
135 

4.45, 
0.86, 
225 

4.19, 
0.86, 
315 

5.40, 
0.86, 
340 

na na na na na na 

26 6, 6 3D-a na 4.10, 
0.66, 
45 

4.21, 
0.66, 
135 

4.45, 
0.66, 
225 

4.19, 
0.66, 
315 

5.40, 
0.66, 
340 

na na na na na na 

27 6, 6 3D-a na 4.10, 
0.36, 
45 

4.21, 
0.36, 
135 

4.45, 
0.36, 
225 

4.19, 
0.36, 
315 

5.40, 
0.36, 
340 

na na na na na na 
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Test  Hood 
size 
(m, m) 

Load 
Cell*  

HF_V0 
(ǊΣ ȊΣ ᷆) 
(m, m, 
deg) 

HF_V1 
(ǊΣ ȊΣ ᷆) 
(m, m, 
deg) 

HF_V2 
(ǊΣ ȊΣ ᷆) 
(m, m, 
deg) 

HF_V3 
(ǊΣ ȊΣ ᷆) 
(m, m, 
deg) 

HF_V4 
(ǊΣ ȊΣ ᷆) 
(m, m, 
deg) 

HF_V5 
(ǊΣ ȊΣ ᷆) 
(m, m, 
deg) 

HF_V6 
(ǊΣ ȊΣ ᷆) 
(m, m, 
deg) 

HF_V7 
(ǊΣ ȊΣ ᷆) 
(m, m, 
deg) 

HF_H1 
(ǊΣ ȊΣ ᷆) 
(m, m, 
deg) 

HF_H2 
(ǊΣ ȊΣ ᷆) 
(m, m, 
deg) 

HF_H3 
(ǊΣ ȊΣ ᷆) 
(m, m, 
deg) 

HF_H4 
(r, z, 

)᷆ 
(m, m, 
deg) 

28 6, 6 3D-a na 4.10, 
0.86, 
45 

4.21, 
0.86, 
135 

4.45, 
0.86, 
225 

4.19, 
0.86, 
315 

5.40, 
0.86, 
340 

na na na na na na 

29 6, 6 3D-a na 4.10, 
0.86, 
45 

4.21, 
0.86, 
135 

4.45, 
0.86, 
225 

2.98, 
1.25, 
315 

3.98, 
1.25, 
340 

na na na na na na 

30 6, 6 3D-a na 4.10, 
0.86, 
45 

4.21, 
0.86, 
135 

4.45, 
0.86, 
225 

2.98, 
1.25, 
315 

3.98, 
1.25, 
340 

na na na na na na 

31 6, 6 3D-a na 4.10, 
0.56, 
45 

4.21, 
0.56, 
135 

4.45, 
0.56, 
225 

2.98, 
1.54, 
315 

3.98, 
1.54, 
340 

na na na na na na 

32 6, 6 3D-a na 4.10, 
0.56, 
45 

4.21, 
0.56, 
135 

4.45, 
0.56, 
225 

2.98, 
1.54, 
315 

3.98, 
1.54, 
340 

na na na na na na 

33 6, 6 3D-a na 4.10, 
0.86, 
45 

4.21, 
0.86, 
135 

4.45, 
0.86, 
225 

2.98, 
1.25, 
315 

3.98, 
1.25, 
340 

na na na na na na 

34 6, 6 3D-a na 4.10, 
0.86, 
45 

4.21, 
0.86, 
135 

4.45, 
0.86, 
225 

2.98, 
1.25, 
315 

3.98, 
1.25, 
340 

na na na na na na 

35 6, 6 3D-a na 4.10, 
0.66, 
45 

4.21, 
0.66, 
135 

4.45, 
0.66, 
225 

2.98, 
1.44, 
315 

3.98, 
1.44, 
340 

na na na na na na 

36 6, 6 3D-a na 4.10, 
0.36, 
45 

4.21, 
0.36, 
135 

4.45, 
0.36, 
225 

2.98, 
1.74, 
315 

3.98, 
1.74, 
340 

na na na na na na 

37 6, 6 3D-a na 4.07, 
1.05, 
45 

4.07, 
1.05, 
135 

4.07, 
1.05, 
225 

4.07, 
1.05, 
315 

5.21, 
1.05, 
340 

na na na na na na 
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Test  Hood 
size 
(m, m) 

Load 
Cell*  

HF_V0 
(ǊΣ ȊΣ ᷆) 
(m, m, 
deg) 

HF_V1 
(ǊΣ ȊΣ ᷆) 
(m, m, 
deg) 

HF_V2 
(ǊΣ ȊΣ ᷆) 
(m, m, 
deg) 

HF_V3 
(ǊΣ ȊΣ ᷆) 
(m, m, 
deg) 

HF_V4 
(ǊΣ ȊΣ ᷆) 
(m, m, 
deg) 

HF_V5 
(ǊΣ ȊΣ ᷆) 
(m, m, 
deg) 

HF_V6 
(ǊΣ ȊΣ ᷆) 
(m, m, 
deg) 

HF_V7 
(ǊΣ ȊΣ ᷆) 
(m, m, 
deg) 

HF_H1 
(ǊΣ ȊΣ ᷆) 
(m, m, 
deg) 

HF_H2 
(ǊΣ ȊΣ ᷆) 
(m, m, 
deg) 

HF_H3 
(ǊΣ ȊΣ ᷆) 
(m, m, 
deg) 

HF_H4 
(r, z, 

)᷆ 
(m, m, 
deg) 

38 6, 6 3D-a na 4.07, 
1.05, 
45 

4.07, 
1.05, 
135 

4.07, 
1.05, 
225 

4.07, 
1.05, 
315 

5.21, 
1.05, 
340 

na na na na na na 

39 6, 6 3D-a na 4.07, 
1.05, 
45 

4.07, 
1.05, 
135 

4.07, 
1.05, 
225 

4.07, 
1.05, 
315 

5.21, 
1.05, 
340 

na na na na na na 

40 6, 6 3D-a na 4.07, 
1.05, 
45 

4.07, 
1.05, 
135 

4.07, 
1.05, 
225 

4.07, 
1.05, 
315 

5.21, 
1.05, 
340 

na na na na na na 

41 6, 6 3D-a na 4.07, 
1.05, 
45 

4.07, 
1.05, 
135 

4.07, 
1.05, 
225 

4.07, 
1.05, 
315 

5.21, 
1.05, 
340 

na na na na na na 

42 6, 6 3D-a na 4.07, 
1.05, 
45 

4.07, 
1.05, 
135 

4.07, 
1.05, 
225 

4.07, 
1.05, 
315 

5.21, 
1.05, 
340 

na na na na na na 

43 6, 6 3D-a na 4.07, 
1.05, 
45 

4.07, 
1.05, 
135 

4.07, 
1.05, 
225 

4.07, 
1.05, 
315 

5.21, 
1.05, 
340 

na na na na na na 

44 6, 6 R na 5.30, 
1.69, 
45 

5.29, 
1.72, 
135 

5.32, 
1.66, 
225 

5.26, 
1.67, 
315 

6.00, 
1.67, 
340 

na na na na na na 

45 6, 6 R na 4.00, 
1.69, 
45 

4.00, 
1.69, 
135 

4.00, 
1.69, 
225 

4.00, 
1.69, 
315 

4.50, 
1.69, 
340 

na na na na na na 

46 6, 6 R na 4.00, 
1.69, 
45 

4.00, 
1.69, 
135 

4.00, 
1.69, 
225 

4.00, 
1.69, 
315 

4.50, 
1.69, 
340 

na na na na na na 

47 6, 6 R na 4.00, 
1.69, 
45 

4.00, 
1.69, 
135 

4.00, 
1.69, 
225 

4.00, 
1.69, 
315 

4.50, 
1.69, 
340 

na na na na na na 
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Test  Hood 
size 
(m, m) 

Load 
Cell*  

HF_V0 
(ǊΣ ȊΣ ᷆) 
(m, m, 
deg) 

HF_V1 
(ǊΣ ȊΣ ᷆) 
(m, m, 
deg) 

HF_V2 
(ǊΣ ȊΣ ᷆) 
(m, m, 
deg) 

HF_V3 
(ǊΣ ȊΣ ᷆) 
(m, m, 
deg) 

HF_V4 
(ǊΣ ȊΣ ᷆) 
(m, m, 
deg) 

HF_V5 
(ǊΣ ȊΣ ᷆) 
(m, m, 
deg) 

HF_V6 
(ǊΣ ȊΣ ᷆) 
(m, m, 
deg) 

HF_V7 
(ǊΣ ȊΣ ᷆) 
(m, m, 
deg) 

HF_H1 
(ǊΣ ȊΣ ᷆) 
(m, m, 
deg) 

HF_H2 
(ǊΣ ȊΣ ᷆) 
(m, m, 
deg) 

HF_H3 
(ǊΣ ȊΣ ᷆) 
(m, m, 
deg) 

HF_H4 
(r, z, 

)᷆ 
(m, m, 
deg) 

48 6, 6 3D-a,b na 4.00, 
0.91, 
45 

4.00, 
0.91, 
135 

4.00, 
0.91, 
225 

4.00, 
0.91, 
315 

4.50, 
0.91, 
340 

na na na na na na 

49 6, 6 3D-a,b na 4.00, 
0.91, 
45 

4.00, 
0.91, 
135 

4.00, 
0.91, 
225 

4.00, 
0.91, 
315 

4.50, 
0.91, 
340 

na na na na na na 

50 3, 3 3D-a na 2.07, 
0.84, 
45 

2.09, 
0.84, 
135 

2.11, 
0.86, 
225 

2.13, 
0.84, 
315 

na na na 0.13, 
-0.19, 
135 

na na na 

51 3, 3 3D-a na 2.07, 
0.84, 
45 

2.09, 
0.84, 
135 

2.11, 
0.86, 
225 

2.13, 
0.84, 
315 

na na na 0.13, 
-0.19, 
135 

na na na 

52 3, 3 3D-a na 2.07, 
0.84, 
45 

2.09, 
0.84, 
135 

2.11, 
0.86, 
225 

2.13, 
0.84, 
315 

na na na 0.13, 
-0.19, 
135 

na na na 

53 3, 3 3D-a na 2.07, 
0.84, 
45 

2.09, 
0.84, 
135 

2.11, 
0.86, 
225 

2.13, 
0.84, 
315 

na na na 0.13, 
-0.19, 
135 

na na na 

54 3, 3 3D-a na 2.07, 
0.84, 
45 

2.09, 
0.84, 
135 

2.11, 
0.86, 
225 

2.13, 
0.84, 
315 

na na na 0.13, 
-0.19, 
135 

na na na 

55 3, 3 3D-a na 2.07, 
0.84, 
45 

2.09, 
0.84, 
135 

2.11, 
0.86, 
225 

2.13, 
0.84, 
315 

na na na 0.13, 
-0.19, 
135 

na na na 

56 3, 3 3D-a na 2.07, 
0.84, 
45 

2.09, 
0.84, 
135 

2.11, 
0.86, 
225 

2.13, 
0.84, 
315 

na na na 0.13, 
-0.19, 
135 

na na na 

*Load cells: - 3D-Interface (ZM3DW): 3D-a (SN:72159), 3D-b (SN:72157)  
- P-Precisa (XB-6200C) 
- R-RADWAG (APP 60.R1) 
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Table A2 lists the Nikon D500 camera location and exposure for each test. 

Table A2. Camera (Nikon D500) location and exposure for each test. 

Test  Location: (r, z) 
(m, m) 

Exposure 
(F, ISO) 

1 2.44,1.17 4, 400 

2 2.44,1.17 3.2, 3200 

3 2, 1.07 3.5, 1600 

4 2, 1.07 10, 10000 

5 2, 1.07 10, 10000 

6 2, 1.07 10, 10000 

7 2, 1.07 10, 10000 

8 2, 1.07 10, 10000 

9 2, 1.07 10, 10000 

10 2, 1.07 10, 10000 

11 2, 1.07 10, 10000 

12 2, 1.07 10, 10000 

13 2, 1.07 10, 10000 

14 3.1, 0.9 10, 10000 

15 3.1, 1.07 10, 10000 

16 3.1, 1.07 10, 10000 

17 3.1, 1.07 10, 10000 

18 3.1, 1.07 10, 10000 

19 3.1, 1.07 10, 10000 

20 3.1, 1.07 10, 10000 

21 3.1, 1.07 10, 10000 

22 3.1, 1.07 10, 10000 

23 3.1, 1.07 10, 10000 

24 5.4, 1.14 10, 10000 

25 5.4, 1.14 10, 10000 

26 5.4, 1.14 10, 10000 

27 5.4, 1.44 10, 10000 

28 5.4, 1.44 10, 10000 

29 5.4, 1.44 10, 10000 

30 5.4, 1.44 10, 10000 

31 5.4, 1.44 10, 10000 

32 5.4, 1.44 10, 10000 

33 5.4, 1.44 10, 10000 

34 5.4, 1.44 10, 10000 

35 5.4, 1.44 10, 10000 

36 5.4, 1.44 10, 10000 

37 5.4, 1.44 10, 10000 

38 5.4, 1.44 10, 10000 

39 5.4, 1.44 10, 10000 
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Test  Location: (r, z) 
(m, m) 

Exposure 
(F, ISO) 

40 5.4, 1.44 10, 10000 

41 5.4, 1.44 10, 10000 

42 5.4, 1.44 10, 10000 

43 5.4, 1.15 10, 10000 

44 6.1, 1.45 13, 6400 

45 4.5. 1.55 13, 6400 

46 4.5. 1.55 13, 6400 

47 4.5, 0.96 13, 6400 

48 4.4, 1.22 13, 6400 

49 4.4, 1.22 13, 6400 

50 1.7, 0.3 10, 10000 

51 1.7, 0.3 10, 10000 

52 1.7, 0.3 10, 10000 

53 1.7, 0.3 10, 10000 

54 1.7, 0.3 10, 10000 

55 1.7, 0.3 10, 10000 

56 1.7, 0.3 10, 10000 
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Appendix B. Uncertainty Analysis 

Estimates of uncertainty are evaluated using the method described in Ref. [36]. A series of 
measurements, denoted by ώ, can be expressed as a function of its associated independent 
variables, ὼ. The function Ὢ contains all quantities that significantly contribute to the 
measurement: Estimates of uncertainty are evaluated using the method described in Ref. [36]. 
A series of measurements, denoted by ώ, can be expressed as a function of its associated 
independent variables, ὼ. The function Ὢ contains all quantities that significantly contribute to 
the measurement: 

B1 ώ ὪὼȟὼȟὼȟỄȟὼ  (B1) 

In the case that all input variables are uncorrelated, the combined standard uncertainty, ό ώ, 
is estimated, following the law of propagation of uncertainty. The standard deviation of the 
output estimate, „ ώ is also considered an uncertainty component. The expanded combined 
uncertainty, Ὗ ώ, is defined as: 

B2 Ὗ ώ Ὧ ό ώ „ ώ  (B2) 

where the coverage factor, Ὧ, is taken as equal to 2, so that the expanded (k = 2) combined 
uncertainty, Ὗ, defines an interval corresponding to approximately a 95 % confidence level. 

B.1. Uncertainty of Mass Loss Measurement 

The expanded (k = 2) combined uncertainty of the burning mass loss, Uc(ɲm), is estimated as 
below: 

B3 Ὗ ɝά ςό ÄÒÉÆÔό ÃÁÌȢ  (B3) 

where uc(drift) is mass drift due to the core temperature change of the load cell. uc(cal) is the 
calibration error, estimated as the slopeΩs error of linear curve fitting. The calibration error of 
load cell used in each test is listed in Table B1. 

Figure B1 shows experimental setup for estimation of signal drift in mass measurements. The 
collar was heated using a heating tape, which controlled temperature by a transformer. 
Thermocouples measured the temperature inside the collar and the core temperature of the 
3D force sensor (Interface Inc, SN:72157). The water-cooling system in the Fig. B1(a) was turned 
off during the experiment.  
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Fig. B1. Experimental setup for estimating signal drift in mass measurements: (a) photograph, (b) schematic 
diagram. 

Figure B2 shows the mass and core temperature of the 3D fore sensor as a function of time. 
The measured mass is closely correlated with core temperature. Mass drift with the core 
temperature change was estimated in the heating period of 15 min (highlighted with yellow in 
Fig. B2). 

 

Fig. B2. Mass (solid line) and core temperature of the 3D force sensor (dashed line) as a function of time. 

Mass drift (mdrift) and core temperature change (ɲTcore) are estimated as: 

B4\e 
ά ά ά

ɝὝ Ὕ Ὕ ȟ
 (B4) 

where, mi and Tcore are the initial mass and core temperature at t = 0 s. Figure B3 shows the 
mass drift as a function of the core temperature change. The mass drift is linearly proportional 
to the core temperature change. The drift rate of mass (ἳdrift) is 30.6 g/ᴈ ± 0.06 g/ᴈ when 
ɲTcore is less than 1 ᴈ. For the 3D force sensor, the mass drift was calculated as ἳdrift × ɲTcore. 
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Fig. B3. Mass drift (mdrift) as a function of the core temperature change (ɲ¢core) for the 3D force sensor used in 

many of the experiments (see Table A1 for details). 

 

Fig. B4. Mass measured by the RADWAG load cell used in Test 46 as a function of time. 

The rate of mass drift (ἳdrift) of RADWAG (R) and PRECISA (P) load cells was determined by 
measuring the change in mass over a period of at least 5 min immediately after the fire was 
extinguished. The ἳdrift of RADWAG and PRECISA load cells was 0.055 g/s and 0.003 g/s, 
respectively. For the RADWAG and PRECISA load cells, the mass drift was calculated as ἳdrift × 
tburning. Table B1 lists the loadcell model, mass drift, core temperature change of load cell, mass 
loss and uncertainty terms in Eq. (B3). 
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Table B1. Mass drift, the burning mass loss, and the uncertainties of mass drift and calibration in each test. The 
expanded (k=2) combined uncertainty of the burning mass loss is also shown.  

Test 
no. 

Specimen Load 
cell*  

tburning 

(s) 
ɲ¢core  

(s) 
mdrift  

(g) 
ɲm  
(g) 

uc(drfit)   
(%) 

uc(cal)  
(%) 

Uc(ɲm) 
(%) 

1 bluestem P 127 na 0.4 80 0.4 0.05 0.9 

2 bluestem P 224 0.04 0.6 68 0.9 0.05 2 

3 bluestem P 146 0.06 0.4 98 0.4 0.05 0.8 

4 bluestem P 133 -0.07 0.4 34 1.1 0.05 2 

5 bluestem 3D-a 117 0.04 1.1 24 1.2 0.03 2 

6 bluestem 3D-a 120 0.04 1.1 19 1.2 0.03 2 

7 excelsior 3D-a 151 0.003 0.1 134 0.1 0.03 0.1 

8 excelsior 3D-a 154 0.004 0.1 138 0.1 0.03 0.2 

9 excelsior 3D-a 138 0.04 1.1 137 0.8 0.03 2 

10 excelsior 3D-a 102 1E-4 0.004 140 0.003 0.03 0.1 

11 excelsior 3D-a 142 0.007 0.2 147 0.1 0.03 0.3 

12 DF tree 3D-a 64 0.03 0.8 137 0.6 0.03 1 

13 DF tree 3D-a 104 0.008 0.2 153 0.2 0.03 0.3 

14 DF tree 3D-a 101 0.009 0.3 158 0.2 0.03 0.3 

15 excelsior 3D-a 106 0.02 0.5 138 0.4 0.03 0.8 

16 excelsior 3D-a 84 0.001 0.04 62 0.1 0.03 0.2 

17 excelsior 3D-a 88 0.02 0.6 54 1.1 0.03 2 

18 excelsior 3D-a 110 0.002 0.07 56 0.1 0.03 0.3 

19 excelsior 3D-a 125 0.003 0.1 57 0.2 0.03 0.3 

20 excelsior 3D-a 117 0.009 0.3 55 0.5 0.03 1 

21 excelsior 3D-a 78 0.02 0.6 56 1.0 0.03 2 

22 DF tree 3D-a 147 0.02 0.7 178 0.4 0.03 0.7 

23 DF tree 3D-a 125 0.010 0.3 262 0.1 0.03 0.2 

24 bluestem 3D-a 62 0.06 1.8 74 2.4 0.03 5 

25 bluestem 3D-a 74 0.02 0.6 76 0.8 0.03 2 

26 excelsior 3D-a 77 0.002 0.07 139 0.1 0.03 0.1 

27 excelsior 3D-a 74 0.09 2.6 252 1.0 0.03 2 

28 bluestem 3D-a 52 9E-4 0.03 48 0.1 0.03 0.1 

29 bluestem 3D-a 83 0.06 1.9 93 2.0 0.03 4 

30 bluestem 3D-a 37 0.04 1.1 26 4.3 0.03 9 

31 excelsior 3D-a 84 0.03 0.8 144 0.6 0.03 1 

32 excelsior 3D-a 89 0.1 3.4 143 2.4 0.03 5 

33 bluestem 3D-a 116 0.02 0.7 48 1.4 0.03 3 

34 bluestem 3D-a 294 0.05 1.7 51 3.3 0.03 7 

35 excelsior 3D-a 62 0.02 0.7 89 0.8 0.03 2 

36 excelsior 3D-a 62 0.05 1.5 116 1.3 0.03 3 

37 DF tree 3D-a 113 0.06 1.8 123 1.5 0.03 3 

38 DF tree 3D-a 152 0.04 1.2 194 0.6 0.03 1 

39 DF tree 3D-a 142 0.10 3.0 153 1.9 0.03 4 
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Test 
no. 

Specimen Load 
cell*  

tburning 

(s) 
ɲ¢core  

(s) 
mdrift  

(g) 
ɲm  
(g) 

uc(drfit)   
(%) 

uc(cal)  
(%) 

Uc(ɲm) 
(%) 

40 DF tree 3D-a 119 0.04 1.4 82 1.7 0.03 3 

41 DF tree 3D-a 292 0.04 1.2 37 3.1 0.03 6 

42 DF tree 3D-a 130 0.04 1.3 77 1.6 0.03 3 

43 DF tree 3D-a 166 0.01 0.4 242 0.2 0.03 0.3 

44 DF tree R 306 na 17 4726 0.4 0.03 0.7 

45 DF tree R 369 na 20 3201 0.6 0.03 1 

46 DF tree R 389 na 21 4394 0.5 0.03 1 

47 DF tree R 479 na 26 3614 0.7 0.03 2 

48 excelsior 3D-a,b 137 0.04 1.2 139 0.9 0.03 2 

49 excelsior 3D-a,b 70 0.1 3.5 137 2.5 0.03 5 

50 excelsior 3D-a 215 na na 190 na 0.03 1**  

51 excelsior 3D-a 304 na na 200 na 0.03 1**  

52 excelsior 3D-a 209 na na 192 na 0.03 1**  

53 excelsior 3D-a 252 na na 211 na 0.03 1**  

54 excelsior 3D-a 292 na na 199 na 0.03 1**  

55 excelsior 3D-a 323 na na 192 na 0.03 1**  

56 excelsior 3D-a 27 na na 27 na 0.03 1**  
*Load cells: - 3D-Interface (ZM3DW): 3D-a (SN:72159), 3D-b (SN:72157)  

- P-Precisa (XB-6200C) 
- R- RADWAG (APP 60.R1) 

** assumed as the mean uncertainty in excelsior tests. 

B.2. Uncertainty of the Estimation of Flame Height 

A 0.5m wide x 1m height checkerboard with 5cm x 5 cm cells was used as the reference to 
correct image distortion caused by parallax effects due to the camera's viewing angle and 
position. The image resolution averaged 0.3 cm/pixel across all tests.  

The expanded (k=2) combined uncertainty of the peak flame height is estimated as: 

B5 Ὗ ὒ ς ό ÐÕÆÆ ό ÃÁÌ (B5) 

where ό ÐÕÆÆ is the uncertainty caused by the flame fluctuation near peak flame height. A 1-
second moving average was applied to estimate flame height changes over time. The peak 
flame height was defined as the average over a 1-second period centered at the peak of the 
moving average curve. And standard deviation of the flame height in the period was estimated 
as the uncertainty due to flame puffing ό ÐÕÆÆ, which averaged 9 % across all tests. ό ÃÁÌ 
is the uncertainty considering the binary image threshold setting, which is 3 %. The expanded 
(k=2) combined uncertainty, Ὗὧὒ , averaged 20 % across all tests. 



NIST TN 2314 
April 2025 

58 

B.3. Uncertainty of the Heat Flux Measurement and the Estimate of Radiative Fraction 

The heat flux gauges were calibrated using a secondary standard gauge in a well-characterized 
calibration facility [37]. The measurement accuracy of the data acquisition system (DAQ, Model: 
SCXI-1600), ό $!1, is 0.076 % in the application range used here [38]. The uncertainty 
ό ÃÁÌof the heat flux gauge calibration procedure is estimated as 4.5 % [37]. The heat flux 
background signal slightly increased during the steady burning period as the fire continuously 
heated the surroundings. The measured (uncorrected) heat flux can be affected by the 
temperature of the surroundings (walls, calorimeter hood, and so on). The background heat 
flux is subtracted from the measured heat flux as described in Ref. [20]. The uncertainty of the 
background heat flux, ό ÂÇ is about 0.10 % for these fast fires. The combined uncertainty for 
the heat flux measurement is 4.5 % given by:  

B6 ό ή ό ÂÇ  ό ÃÁÌό $!1 (B6) 

Table B2 lists the total radiative emission (TREi) estimated from each heat flux gauge as well as 
the mean and expanded combined uncertainty of the radiative fraction, considering Eq. (3) in 
Section 2.7. The combined expanded (k = 2) uncertainty of the radiative fraction is estimated 
as: 

B7 Ὗ … ς ό ή ό ÍÏÄÅÌό ὶ  ό Ὄȟ      (B7) 

where the term ό ὶ is the positioning uncertainty of the radial distance, which is 1 % in 
general. Modak [21] suggests that a distance five times the diameter of a fire is far enough 
away to use a single-point location estimate of the total radiative flux, assuming isotropy. The 
results show that the flame's radiative power output, assuming radiative isotropy, tends to 
underestimate the total radiative energy emitted by the flame, with a bias of about 2 % at r/D = 
5. This is treated in Eq. (B7) as uncertainty in the single point radiation estimate method, 
ό ÍÏÄÅÌ. The term ό Ὄȟ  is the standard deviation of the effective heat of combustion 

for each fuel type, as listed in Table 3. The average expanded (k = 2) uncertainty of the radiative 
fraction Ὗ …  for all the tests was 27 %.  

Table B2. Total radiative emission (TREi) estimated from the ith heat flux gauge. The mean radiative fraction and 
its expanded (k=2) combined uncertainty is also listed. 

Test  TRE1 
(kJ) 

TRE2 
(kJ) 

TRE3 
(kJ) 

TRE4 
(kJ) 

TRE5 
(kJ) 

Ⱶ
►╪▀

 

(-) 

╤╬Ⱶ►╪▀ 
(-) 

1 7.2 5.7 5.0 - - 0.28 0.09 

2 6.7 5.3 5.0 - - 0.31 0.10 

3 10.4 8.7 6.3 - - 0.32 0.11 

4 3.5 3.3 2.6 - - 0.35 0.12 

5 2.9 2.2 2.5 - - 0.40 0.13 

6 1.9 1.8 2.3 - - 0.40 0.13 

7 14.7 14.6 14.4 - - 0.36 0.07 

8 14.9 13.7 15.2 - - 0.35 0.07 
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Test  TRE1 
(kJ) 

TRE2 
(kJ) 

TRE3 
(kJ) 

TRE4 
(kJ) 

TRE5 
(kJ) 

Ⱶ
►╪▀

 

(-) 

╤╬Ⱶ►╪▀ 
(-) 

9 14.9 13.8 14.5 - - 0.35 0.07 

10 15.1 13.7 15.1 - - 0.35 0.07 

11 15.8 13.6 14.3 - - 0.33 0.07 

12 6.6 5.1 7.0 - - 0.14 0.05 

13 18.0 16.5 18.8 - - 0.37 0.13 

14 17.2 15.9 16.4 - - 0.33 0.11 

15 15.1 13.8 14.5 - - 0.35 0.07 

16 5.9 5.3 6.4 - - 0.31 0.06 

17 5.3 5.0 5.9 - - 0.33 0.07 

18 5.7 5.1 5.6 - - 0.32 0.06 

19 6.0 4.9 6.2 - - 0.33 0.07 

20 6.1 5.1 5.6 - - 0.34 0.07 

21 5.5 4.7 5.8 - - 0.31 0.06 

22 25.1 21.7 22.4 - - 0.41 0.14 

23 21.1 16.8 19.3 - - 0.23 0.08 

24 2.1 2.0 1.3 1.1 0.6 0.30 0.10 

25 1.9 2.0 2.1 1.8 0.8 0.37 0.12 

26 3.1 3.5 3.0 3.3 1.8 0.30 0.06 

27 5.5 6.5 5.4 5.8 3.4 0.30 0.06 

28 1.4 1.2 0.8 1.3 0.8 0.38 0.13 

29 2.6 1.7 2.3 4.1 2.0 0.34 0.12 

30 0.7 0.5 0.6 1.2 0.5 0.33 0.11 

31 2.9 3.3 2.4 6 3.5 0.27 0.05 

32 2.5 3.6 3.3 5.7 3.4 0.29 0.06 

33 0.8 1.6 0.9 1.8 1.2 0.33 0.11 

34 1.3 1.4 1.0 2.2 1.3 0.35 0.12 

35 2.0 2.1 2.0 3.7 2.1 0.29 0.06 

36 2.8 2.7 2.7 2.9 1.9 0.26 0.05 

37 2.1 2.1 2.5 1.5 1.2 0.19 0.07 

38 3.7 4.0 4.4 4.3 2.6 0.25 0.09 

39 3.9 3.4 3.7 3.8 2.3 0.29 0.10 

40 1.8 1.1 2.2 2.1 1.0 0.26 0.09 

41 0.5 1.1 0.3 0.3 0.1 0.15 0.05 

42 0.7 0.3 1.3 1.6 0.7 0.15 0.05 

43 7.5 3.5 8.3 7.2 4.9 0.38 0.13 

44 62.5 65.3 72.7 73.4 52.1 0.29 0.10 

45 90.9 85.7 92.2 86.9 68.8 0.32 0.11 

46 130.2 124.8 135.3 131.6 102.8 0.34 0.12 

47 115.2 105.1 113.9 110.9 86.4 0.35 0.12 

48 4.4 3.4 3.1 3.2 2.2 0.29 0.06 

49 4.2 4.6 3.3 3.6 2.4 0.32 0.06 

50 22.5 20.7 21.0 18.4 - 0.36 0.07 



NIST TN 2314 
April 2025 

60 

Test  TRE1 
(kJ) 

TRE2 
(kJ) 

TRE3 
(kJ) 

TRE4 
(kJ) 

TRE5 
(kJ) 

Ⱶ
►╪▀

 

(-) 

╤╬Ⱶ►╪▀ 
(-) 

51 22.6 22.2 20.5 20.9 - 0.35 0.07 

52 25.0 24.5 22.7 24.5 - 0.41 0.08 

53 25.3 24.6 25.7 23.2 - 0.38 0.08 

54 24.6 27.9 26.6 25.4 - 0.43 0.09 

55 26.4 26.6 25.7 24.3 - 0.44 0.09 

56 2.7 2.4 3.0 2.6 - 0.32 0.06 

B.3.1. Local Heat Flux Measurements 

Heat flux gauges were installed in different configurations based on the NIST calorimeterΩs 
hood size, as seen in Fig. 5 and Fig. B5. Figure B6 and Fig. B7 shows the radiative heat flux to the 
surroundings as a function of time for each test. A very small airflow (10 cm/s) blew just above 
the two gauges (HF_H1 and HF_H2) closest to the fire to prevent light ash and embers from 
depositing on the sensor surface. 

 

Fig. B5. Schematic diagram of horizontal and vertical arrays of heat flux gauges under a 3 m x 3 m hood. 
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Fig. B6. The local heat flux to the surroundings measured under the 3 m x 3 m hood in Tests 1 to 23 and 50 to 56. 
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