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Abstract

The study investigates the horizontal fuel size effect on free-burning fires for PMMA plates and wood cribs. The fuel size
effect on mass burning flux and flame behavior is mainly discussed and compared with typical pool fires. For the PMMA
plate and liquid pool, when the fuel size is small (< 10 cm), either the 3D sidewall burning of PMMA or the container wall
heated by flame can promote the burning flux at the horizontal projection area. As the fuel size increases, these side wall
burning or heating effects decrease, causing the drop in burning flux with fuel scale for both the PMMA plate and liquid
pool. For small-scale wood cribs, fire cannot self-sustain due to the large airflow cooling. With the increase in wood crib
size, the burning rate first remains constant and then gradually increases, driven by the enhanced internal radiation. As the
fuel size increases above 20-30 cm, the flame radiation dominates the burning flux for all fuel types. Fire dynamics simula-
tor (FDS) was adopted to simulate the horizontal size effect by setting a varied fire source (horizontal projection) area. First,
the flame geometry and heat release rate (HRR) of simulations were validated against experimental results. Subsequently,
the validated fire model generates cases covering a broad range of fire scales. Finally, a new correlation of flame height with
the fire heat release rate and fuel size is proposed, and its prediction capability is validated in the numerical fire modeling.
This study quantifies the size effect on the burning rate for common solid fuels and provides valuable information for the
numerical modeling of multi-scale fires.
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Introduction

Mass burning rate is the critical parameter to evaluate the
consumption of fuels within flame boundaries [1]. Gener-
ally, the burning rate indicates the mass loss rate in the con-
densed phase, either through the evaporation of liquid fuel
or through the pyrolysis of solid fuel [2]. It is essential for
determining flame height, heat release rate, and fire sizes
[3]. The burning rate also depends upon the energy feedback
from the flame to the heating zone beneath the flame [4]. The
feedback loop is coupled between the condensed and gas
phases, dominating the fire development. By studying the
mass burning rate of different materials in different scales, it
provides fundamental knowledge in quantifying and predict-
ing the fire risks in complex fire scenarios.

The burning rate of various fuels has been investigated,
typically including liquid fuels [5-7], plastics [8, 9], and
wood cribs [10, 11]. Liquid pool fire behavior is relatively
simple and easy to control compared with the above-men-
tioned solid fuels. Therefore, pool fire was widely adopted
in different fire test scenarios, e.g., compartment fire [12],
tunnel fire [13], and structural fire [14]. During the past dec-
ades, the effects of pool scale [15], ambient boundary [16],
ground temperature [17], and external wind and pressure
[18, 19] were well studied. Among those parameters, the
pool size is considered to be the most important factor to
characterize the liquid pool fire burning rate in natural ven-
tilation conditions [20]: With the increase in pool scale, the
burning rate first decreases in a laminar flow regime and then
increases continuously up to a maximum value and remains
constant when reaching the fully turbulent regime [21].

In general, the solid fuel has two types: non-charring and
charring. The non-charring materials burned completely
with no residue, which can be modeled using a similar theory
with flammable liquids. Many studies investigate the burning
of polymethyl methacrylate (PMMA) in different scales and
with or without additional radiation heat flux. Gollner et al.
[22] found that flame radiation dominated the burning rate of
a 10x20 cm? flat PMMA plate. Zhu et al. [23] found that it
took up to 20 min for a flame spread and burning of a 4-mm
PMMA plate to reach the steady state Steckler et al. [24]
presented an analytical model for the transient gasification of
a non-charring thermoplastic material exposed to an external
heat flux in a nitrogen atmosphere, which only considers
the non-flaming scenario. Modak and Croce [25] studied
the burning behavior of PMMA plate fires of different sizes
in both laminar and turbulent conditions. They discovered
that flame radiation significantly impacted the burning rate,
particularly for turbulent fires. Kacem et al. [26] burned the
horizontally oriented PMMA slabs in the open air with side
lengths of 10 cm, 20 cm, and 40 cm. They concluded that
the radiative heat transfer increased with sample size, but its
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ratio remained constant (around 80%). However, the above
tests of PMMA plates eliminate the flame heat feedback at
edges by covering or blocking the side walls. In real fire
scenarios, the flame can cover the entire free surface of the
fuel in contact with air. Therefore, more studies are needed
to evaluate the scale effect on free-burning solid fuel.

The modeling of the crib fire behavior is more complex
and involved more parameters, e.g., porosity, dimension,
ignition, and so on. The study on wood crib fire has a long
history of about 90 years, with early available data from
1937 [27]. Gross [28] demonstrated that the burning rate
of unconfined cribs occurs in two regimes: open (or loosely
packed) and closed (or densely packed), representing two
states of the crib burning behavior, respectively: 1) The
natural limit of strip surfaces burning freely and the fire
heat release rate are controlled by the flame spread between
each strip; 2) for a tightly packed crib, the burning rate is
controlled by the maximum air flow rate through the air
holes in the crib [29]. The porosity factor, considering the
clear spacing, strip thickness, and crib height, was adopted
to quantify the different fire behaviors [28]. Unfortunately,
limited studies discussed the horizontal size effect on the
crib fire. Overall, the scale effect, including the correlation
and mechanism, for the liquid pool fire is already clear.
However, there is a noticeable lack of studies discussing the
scale effect of solid fuels, both in plate and in crib configura-
tions. Furthermore, a systematic exploration of the factors
influencing burning flux for different solid fuels is yet to be
undertaken.

In the current study, a series of free-burning tests are
performed to determine the burning rate of PMMA plates
and wood cribs with varied small scales. The peak burn-
ing flux and flame behavior have been mainly analyzed and
compared with liquid fuels. Then, the equivalence of heat
release rate per unit area (HRRPUA) in the burning of dif-
ferent fuel types is also discussed. Finally, a new correlation
of flame height with the fire heat release rate and fuel size
is proposed, and its prediction capability is validated. This
study provides insight into underlying dominating factors
affecting the burning rate of different fuel types at different
sizes and provides valuable data for fire safety evaluation.

Experimental

To study the scale effect of solid fuels, a series of burn-
ing tests were conducted with different fuel types and sizes.
The mass data during the burning process are measured
by an electric balance with an accuracy of 0.1 g and 0.1s
time intervals. The mass loss was adopted to calculate the
fire heat release rate subsequently. The flame behavior is
recorded with a video camera to analyze the flame height
(Fig. 1a). PMMA plate and wood crib are selected as typical
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solid fuels. The thermoset PMMA plate was pre-cut into
five sizes. Noted that the fuel size is varied in the horizontal
direction and the fuel thickness is consistent for a fair com-
parison. In detail, the side length of the PMMA plate ranges
from 5 to 30 cm with the same thickness of 2 cm (Fig. 1b,
¢). A heating panel was utilized to pre-heat the PMMA plate
surface to reach 350 °C before the test to avoid uneven igni-
tion. Then, the flame could easily be triggered by applying
a lighter.

For the wood strip, the cross-section is a square with
2.5 cm side length, and the length ranges from 5 to 40 cm
(Fig. 1b). Along the horizontal dimension, the length/width
of the wood crib ranges from 5 to 40 cm; and along the
vertical dimension, the height ranges from 10 to 20 cm.
The clear spacing is fixed as 2.5 cm (Fig. Ic). Thirty mil-
liliter propanol is used to ignite the wood crib for all cases.
Besides, a set of liquid fuel (propanol) burning tests with
pool diameters ranging from 9 to 29 cm are also carried
out for better comparison. The thickness of the liquid fuel
is fixed at 2 cm. Detailed test conditions are summarized in
Table 1. Duplicated tests were conducted for each case to
analyze the random uncertainty.

In this study, the flame height data are acquired by a set
of image processing algorithms. The original RGB images
are first converted to a binary image. Then the binary values
of the image sequences that contain 25 continuous frames
(one second) are averaged by time in each pixel, as demon-
strated in Fig. 2. The timeaveraged gray images essentially
represent the occurrence frequency of the flame in each
pixel. Zukoski et al. [30] defined the mean flame height as
the height at which the flame appears half the time, i.e.,
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Fig. 1 Experimental setup and fuel geometry

PMMA plate

at which the intermittency is 0.5. Therefore, a threshold of
0.5 is adopted to determine the flame zone and background
zone, respectively. By analyzing the coordinate distribution
of flame region pixels, the pixel length occupied by the flame
in the vertical direction can be determined. Subsequently, by
comparing the pixel length with a known reference length
present in the image, the height of the flame can be obtained.
By employing this method, a more stable distribution of
flame heights can be achieved, while effectively mitigating
the impact of background items, turbulent fluctuation, and
firebrands.

Results and discussion
Burning process and fire phenomenon

The burning process consists of three stages: ignition,
development, and decay. Liquid pools can be easily
ignited with a pilot source, while PMMA and wood cribs
require pre-heating. Figure 3 presents the free-burning
process of PMMA plates at small and large scales. As the
top surface of the PMMA sample was pre-heated to the
pyrolysis temperature (~400 °C), the flame can quickly
develop and cover the entire top surface. It then spreads
downward along the sidewall and finally engulfs the entire
fuel (Fig. 3a). In particular, the regression process exhibits
different behavior for PMMA at different scales. Small-
scale PMMA has a more pronounced horizontal regression
than vertical regression. Nevertheless, large-scale PMMA
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Table 1 Summary of all test

. > Fuel type Case No. Side length/ Height or thick- Surface-to-volume Porosity factor

conditions, where case no. is em ness/ cm ratio/ cm™!

named by fuel-length-height.

P, W, and L represent PMMA, PMMA P-5-2 5 2 1.3 /

ot it nd i ol P02

of the wood crib is calculated P-15-2 15 0.77

with @ = N1/2pt1 (AV/AS) P-20-2 20 0.7

[28], where N is the layer of the P-25-2 25 0.66

wood crib, b is the length of the

wood stri;; cross—sectifn, and A P-30-2 30 0.63

and A, are the exposed surface Wood crib W-5-20 5 20 0.91 0.027

area and total cross-sectional W-10-20 10 0.81 0.030

area of the vertical crib shafts, W-20-20 20 0.76 0.032

respectively W-3020 30 0.75 0.032
W-40-20 40 0.74 0.033
W-20-10 20 10 0.77 0.036
W-20-15 20 15 0.78 0.044

Liquid (propanol) L-9-2 9 2 0.5 /

L-12-2 12 0.5
L-21-2 21 0.5
L-29-2 29 0.5

Filtered by
brightness

=]

Time-
average

=D

Original RGB image

Binary image Gray image

Fig.2 Image processing to identify the flame height

regresses mainly in the vertical direction, and the center
part of the fuel burns out first (Fig. 3b).

Figure 4 compares the typical flame patterns of PMMA
and wood crib fires in varied scales. The flame was cap-
tured when the burning entranced an intensive burning
stage so that the flame fully covered the fuel. As the fire
size increased, the flame became more turbulent, and the
flame height increased. The wood crib was ignited by an
ethanol pool fire at the bottom, which first ignited the
center wood strips and spread to the edges. Once the wood
was ignited, the firebrands were observed, and larger wood
cribs fire showed more intensive firebrands. The flame is
more difficult to sustain on wood cribs with larger poros-
ity (small size) or fewer layers (small thickness). In a case
with self-sustained flame, wood strips can burn out into
ash in the end.
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Burning mass rate

The mass loss flux is calculated using the mass loss rate
divided by the horizontal projection area (A,) of the fuel.
Although the real burning area is a curved surface in three
dimensions and is changed with the regression of the fuel in
the horizontal direction, a constant burning area is assumed
to simplify the evaluation of the burning flux for all three
types of fuels. The average mass loss rate during the period
of the maximum burning stage is selected as the representa-
tive burning rate. Since the entire burning duration of the
PMMA and propanol pool (over 20 min) is doubled than that
of the wood crib (Iess than 10 min), a 5-min time interval is
adopted to measure the peak burning flux for PMMA and
propanol pool, and the 2-min interval is used for wood cribs.

The mass flux evolution trend of the PMMA plate in
three sizes is shown in Fig. 5a. The small PMMA size
reaches the peak value faster than large scales. In particu-
lar, the mass loss flux gradually decreases after reaching
the peak value for small-scale PMMA (10 cm). Note that
the mass flux has been underestimated in the late burning
stage because the real flame area decreases with the regres-
sion fuel area in the horizontal direction, but the hori-
zontal regression is not obvious for large-scale PMMA as
described above. Nevertheless, this underestimation does
not affect the peak value that is focused on in this study.
As the scale increases, the intensive burning stage lasts
longer. The middle-scale PMMA even maintains a nearly
constant burning rate. The large-scale PMMA shows a
continuously increased burning flux, with the peak value



Size scale effect on mass burning flux and flame behavior of solid fuels

9579

(a) PMMA regression in small scale/5 cm

Fig. 3 Burning and regression process of PMMA slab with a small and b large horizontal projection area

(a) PMMA with different scales

10 cm 15 cm 20 cm
\

\

8 layers-10 cm 8 layers-20 cm 8 layers-30 cm 8 layers-40 cm 4 layers-20 cm

20 cm
fe—>

30 cm

6 layers-20 cm

Fig.4 Flame shape of solid fuel in fully developed stage a PMMA plate and b wood cribs with different horizontal projection area and layer

numbers

appearing in the late burning stage. Finally, the burning  value was selected for analysis. In general, large-scale pool
flux drops because of the burnout of fuel. fire has a higher burning flux. Since the initial fuel thick-

Figure 5b presents the burning flux of the propanol pool ~ ness remains constant (2 cm) for all pool sizes, the total
with varied diameters. The data were processed similarly to  burning time is decided by the burning flux for each scale.

PMMA, where the averaged burning flux around the peak
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Fig.5 Transient mass loss flux and HRRPUA with scale effect, a PMMA plate, b propanol pool, ¢ wood cribs (eight layers), and d wood cribs

with different layer numbers

As aresult, the pool fire with a smaller diameter has longer
burning durations.

The burning of the wood crib is more complex than
PMMA and liquid fuels. Figure 5c and d presents the scale
effects in varied top surface areas and thicknesses. The wood
cribs were ignited by an ethanol pool fire, meaning that the
initial mass loss includes the burning of liquid fuel, but this
would not affect the peak burning flux. Results show that the
flame could not sustain on the S5cm wood cribs with eight
layers or 20cm wood cribs with less than two layers. How-
ever, when the flame can self-sustain, the peak mass flux is
similar for wood cribs with the same layer numbers. Except
for the 40-cm wood cribs, they always show a greater burn-
ing flux. When the wood crib size is constant at 20 cm, the
mass loss flux increases with the layer numbers, as expected,
because the fuel load density increases as the layer number
of wood cribs increases. Many other parameters would affect
the burning rate of wood cribs, such as the porosity, dimen-
sion, ignition, and so on. The current study focuses on the
scale effect on the horizontal direction. Thus, only the data

@ Springer

for wood cribs with the same layer number (eiight layers)
and the varied horizontal scale are further analyzed.

The HRRPUA shown in Fig. 5 is calculated using the
mass flux times the effective heat of combustion of mate-
rial, where the effective heat of combustion for PMMA,
propanol, and wood is 24.2 kJg~! [9], 33.4 kJg~! [31], and
18 kJg~! [32] separately. The comparison of HRRPUA for
different fuels in varied scales will be discussed in "Heat
release rate per unit area" section.

Scale dependence of burning rate

Figure 6 summarizes the peak mass flux in different fuel
sizes and types. The mass flux trends are distinct among
fuel types. The burning of propanol pool fire displays a
typical pattern, where the burning rate decreases first and
then increases with the pool diameter. Similarly, the PMMA
burning flux also decreases with the fuel size but becomes
relatively constant when the fuel size exceeds 15 cm.
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On the other hand, the burning of wood cribs presents
a unique trend. If the mass flux is below the critical value,
the flame is unable to sustain within the wood cribs. This
is likely due to the strong cooling effect of small-size wood
cribs in terms of the larger surface-to-volume ratio (Table 1).
When the flame can be sustained, the mass flux remains
constant first and then increases with the crib size. From the
perspective of convective heat transfer and oxygen supply,
the gap between the wood strips allows the air entrainment,
flame spread and persistence within the cribs. Therefore,
porosity is an important parameter in determining the burn-
ing rate. As listed in Table 1, the porosities are very close for
the wood cribs with the same layer number (0.030-0.033).
That could be one reason to explain why the wood cribs
show a similar burning flux (~50 gm=2 s~!) for differ-
ent scales. However, as the wood crib size becomes large,
the intensity of internal radiation feedback among wood strip
increases accordingly and enhances the burning flux, leading
to an increase in the burning flux, as shown in Fig. 6.

The diagram in Fig. 7 illustrates the physics of burn-
ing liquid and solid fuels on small and large scales. The
sidewall heating has a significant effect on the burning
rate for both types of fires. For small liquid fire, conduc-
tion and convection are dominant factors [33]. As the fuel
size increases, both the burning and heat fluxes from the
sidewall decrease, so the enhancement to the burning flux
becomes small and even negligible 34. In larger-scale
fires, flame radiation dominates the burning process, so
the burning rate increases with the fuel size. Similarly,
the burning of PMMA is also influenced by the sidewall
flame heating, where the edge boundary is heated vigor-
ously by the attached flame. The conductive heat transfer
is reduced with the increasing fuel size. That is the rea-
son that horizontal regression is more obvious in burning

Fuel size/cm

small-size (D < 10 cm) PMMA plate (Fig. 3a). In large
PMMA fire, flame radiation is the dominant factor, so the
fuel mainly regresses vertically (Fig. 3b). Table 2 sum-
marizes the dominating factors in different fire scales for
three fuel types.

Heat release rate per unit area

The diagram in Fig. 8 shows the calculation of the heat
release rate per unit area (HRRPUA) based on mass flux
and heat of combustion. Note that the data for tractor kero-
sene and gasoline are sourced from the literatures [21]. For
liquid fuels, gasoline and kerosene have higher HRRPUA
due to their high heat of combustion values. Propanol and
PMMA have similar HRRPUA when the fuel size is less
than 20 cm. However, the HRRPUA for propanol pool fire
increases dramatically, approaching that of other liquid
fuels. PMMA consistently has the lowest HRRPUA, even
when the fuel size is increased. Wood cribs tested in this
study have a similar HRRPUA with gasoline and kerosene
when the size is smaller than 20 cm. Higher HRRPUA
for larger wood cribs has been observed as the result of
the positive heating feedback loop inside the wood cribs.
These results are meaningful in analyzing the firepower of
different fuels or judging equivalency for different fuels in
terms of fire powers. For example, when simulating solid
fuel with liquid fuel at the same firepower, a 10cm gaso-
line pool fire can serve as an equivalent 10cm wood crib
fire. Similarly, a 10cm PMMA fire is more comparable to
a propanol fire at the same size.
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Fig.7 Physics of a liquid pool (a) Liquid pool fire in small and large scales
fire and b solid PMMA fire
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Tab!e 2 Major influence factors Liquid PMMA plate Wood crib
at different fuel scales
Small scale D < D, Wall conduction Sidewall burning Large cooling
Large scale D > D, Flame radiation Flame radiation Large internal radiation
v ' ' ' ' ‘ Flame height
v
Flame height is one of the most important parameters to
v v > characterize a fire, as it visually reflects the fire size and is
> & useful in fire protection engineering design. Thomas et al.
w 10°) Dp v vV % ® ] [35] found that the flame height, which is defined as the dis-
§ ¢ > = tance between the flame tip to the top surface of the fuel bed
~ % (fuel bed height is ignored), can be well correlated with the
% 0 T PMMA plate fuel size and fire heat release rate. A closed-form equation
o % $ wood crib ! he fl heicht is o ) Ea. (D) 211
c D . O B | @ Propanol pool to evaluate the flame height is given in Eq. (1) [21]:
I [> Tractor kerosene )
V_Gasoline 1= 0.230*° - 1.02D (0
200 ; . . . .
0 10 20 30 40 50 where [ is the flame height in m and is defined as the top of
Fuel size/cm

the flame body to the fuel bed surface. For wood crib fire,

the fuel bed surface is selected as the topmost layer of wood.
Fig.8 The HRRPUA for representative liquid and solid fuels
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Fig.9 The comparison between observed flame height with calcu-
lated flame height with Eq. (1)

O is the heat release rate in kW, and D is the fuel bed diam-
eter in m. It should be pointed out that the above equation is
only valid in certain conditions. A detailed validity process
is presented in Appendix A.

The flame height for PMMA, propanol pool fire, and
wood crib with various dimensions is shown in Fig. 9.
When increasing the fuel size, the fire heat release rate and
flame height increase accordingly. It can also be observed
that the liquid pool fire and PMMA plate show a good
agreement between the observed flame height and calcu-
lated value (most points are within the region of +20%
error line in Fig. 9). However, the measured flame height
of the wood crib is all smaller than the estimation based on
the empirical equation. A possible reason is that the fuel
was assumed to be an ideal plate when estimating the vir-
tual source in Eq. (1), i.e., the thickness of the fuel bed was
not taken into consideration. This assumption is suitable
for the thin PMMA plate and the liquid pool, whose thick-
ness is 2 cm and relatively small compared with the level
of flame height (less than 10%). But for the wood crib, the
fuel bed height is 20 cm, which is relatively large com-
pared with the flame height. A large error will be caused
when applying the virtual source assumption directly.

On the other hand, the special hollow structures of
wood cribs enable the flame to be established not only at
the top surface but also at the gaps between wood strips
along the vertical direction. Therefore, simplifying the 3D
volume combustion as a 2D surface reaction at the top
surface may lead to the underestimation of the observed
flame height. Overall, the comparison between three fuels
also shows that the accuracy of the classical empirical is

highly affected by the fuel bed geometry, whereas the fuel
type (solid or liquid) has a relatively weak impact.

Equation (1) can be converted to the dimensionless for-
mat by dividing the fuel size D at both sides of the equal
sign:

L =1/D =0.23(0/D°*)*" — 1.02 ®)

The dimensionless flame height with different materi-
als and fuel sizes is further presented in Fig. 6. As shown,
for all the studied fuel types, the dimensionless flame
height decreases gradually with the increase in fuel size
and almost keeps constant when the fuel size continues
to grow. For example, the dimensionless flame height of
PMMA decreases from 3.6 to 1.8 when the length of the
PMMA plate increases from 5 to 15 cm, with around 50%
of decay rate. However, as the PMMA plate size grows to
30 cm, the dimensionless flame height only increases to
2.2. The increase rate is around 20%, which is much smaller
than the decay. This trend reveals the fact that the flame
height is highly affected by the fuel size at a small scale.
The larger fuel size increases the burning area, whereas the
HRRPUA decreases rapidly (Fig. 8), leading to a decrease in
the dimensionless flame height, while for large-scale ones,
the constant dimensionless flame height represents that the
flame height increases linearly with the fuel size, which
could be well explained by the constant HRRPUA at the
large fuel size regime.

Validation in numerical simulation

To further validate and test the results of this work, a set
of numerical simulations are conducted with fire dynam-
ics simulator (FDS). The numerical model consists of a
4 x4 x4 m? cubic space, with a solid boundary at the bottom
surface, and an open surface for the top surface and the rest
four surfaces. A square fire source is set at the center of the
bottom surface. The side length of the fire source varies from
5 to 100 cm. The HRRPUAs for different cases are valued by
referring to the PMMA test results. In the numerical simu-
lation, turbulence is modeled with the large eddy simula-
tion (LES) model. The mixture fraction combustion model
and the finite volume method are adopted for simulating the
combustion process and radiation, respectively. The total
simulation time is set as 200 s with a time step of 0.25 s.
To compromise the balance between the computational
time and calculation resolution, a hybrid mesh system is
adopted in the numerical tunnel, i.e., coarser mesh regions
for the far-fire fields and one refined mesh region for the
near-fire region (1x 1x 1 m?) to make sure at least five grids
are set for each length of the fire source. For the coarser
mesh regions, a prior mesh independence study is conducted
with the 30-cm fuel case. Compared with the flame height
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Experiment

Fig. 10 Experiment versus numerical flame behaviors, where the fuel
size is set as 30 cm
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Fig. 11 Comparison with numerical results and extension of the fit-
ting equation

results of 10 grid/m (0.1 m grid size), the relative error of
flame height for mesh systems with 4, 6, and 8 grid/m are
—12.4%, — 6.6%, and 0.34%, respectively. Therefore, the
mesh system of 8 grid/m (0.125 m+ 0.05 m for the near-fire
domain) was selected considering the accuracy and com-
putational time. More detailed information about the mesh
independence study is presented in Appendix B.

The simulated flame and the experimental phenomena
with different fuel sizes are compared in Fig. 10. As shown,
the flame geometry and structure, including the continuous
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Fig. 12 Temperature distribution with different mesh systems, where
the fuel is the 30-cm PMMA

flame region and intermittent flame region, can be well sim-
ulated in the numerical model. Moreover, the fluctuation of
the flame caused by the turbulent combustion process can
also be well observed in the numerical results with a similar
frequency, indicating that the major flame characteristics
have been solved numerically in an accurate way.

Based on the structure of Eq. (2), a new equation was
fitted to better correlate with the results in the current study
with R-squared value that equals 0.82:

L =1/D =0.16(0/D**)*" —0.26 3)

Then, Eq. (3) is compared with the experimental data and
numerical results in Fig. 11. Note that 900 “C isotherm is
selected as the flame boundary in the numerical results [36].
As shown, within the experimental condition range, i.e., fuel
size of 5-30 cm, the dimensionless flame height varies from
1.7 to 3.4. The proposed Eq. (3) agrees with both the exper-
imental data and numerical results, which well validates
the numerical results. When the fuel size in the numerical
model continues to grow (40-100 cm group), L" decreases
accordingly. The extension of the fitted curve still well cor-
relates with the flame height data beyond the experimental
condition. The good agreement proves that the experimen-
tal data are solid and fitted equation has a good prediction
capability for a large range of fuel sizes. The extension of
Eq. (3) can be utilized in fire engineering design to quickly
estimate the flame height, determine whether the possible
fire can lead to a ceiling jet, and guide the installation of
fire-detection and sprinkler systems.
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Conclusions

In this study, a series of burning experiments with different
fuel types and sizes, i.e., PMMA plate (5-30 cm), wood crib
(540 cm), and propanol (9—-29 cm), are carried out to inves-
tigate the size effect on the burning rate and flame behaviors.
Results show that the burning rate of PMMA plate and pool
fire share a similar trend in small size (D < 10 cm): With the
increase in fuel size, the burning rate decreases. Analysis
shows that for a small-scale fire (D <10 cm), the sidewall
burning largely contributes to the burning rate for the PMMA
plate, while the pool fire burning is dominated by boundary
heat conduction and internal convection. The sidewall heat-
ing decreases with the fuel size, resulting in a reduced burn-
ing rate. For wood cribs, small-scale fire (D=5 cm) cannot
be sustained due to the large cooling effect. With the increase
in fuel size, the burning rate first keeps constant since the
porosities (0.030-0.033) are close for the wood crib with
10-30 cm side length and then gradually increases under the
effect of internal radiation when the side length is 40 cm.

Finally, the flame height with different test conditions
is analyzed and compared with the classical equation. A
new correlation of flame height with the fire heat release
rate and fuel size is proposed, and its prediction capability
is validated. This study quantifies the scale effect on the
burning rate for the plate and crib solid fuel and provides
experimental and theoretical support for understanding the
fundamental burning phenomena.

Appendix

A: Validity of scaling flame height

The scaling analysis equation for flame height calculation is
valid for certain conditions , as listed below []:

(1) Solid and liquid fuels are adopted in the experiment.
When solid fuel burns, the surface undergoes thermal
decomposition and produces combustible gases (vapor-
ization at the surface for liquid fuel). These fuel gases
escape at high temperatures and mix with the surround-
ing air's oxygen to form a flame. Since the combustible
gases generated from the burning surface have rela-
tively low flow velocities, the flow characteristics are
primarily governed by buoyancy. The characteristic of
buoyancy-driven diffusion flames is set by the release
of fuel at low speeds, which aligns with the conditions
observed during the solid/liquid fuel combustion in the
present tests.

(2) The burner sizes in existing work range from 0.10
to 0.50 m. The fuel sizes in the present tests are well
within this range.

(3) The characteristic HRR (Q/D%/?) of the present experi-
ments ranges from 600 to 2400 kW m~>2, which is
consistent with the previously reported range of 600 to
40000 kW m™>2,

Therefore, using the scaling analysis of Eq. (1) to estimate
flame height in the present work is reasonable and valid.

B: Numerical accuracy

The mesh independence of the numerical modelling was
conducted by comparing the plume temperature distribu-
tion at the center axis of the 30-cm PMMA flame using
different grid resolutions. Four different grid systems were
considered: (a) 0.04 m+0.1 m, (2) 0.05 m+0.125 m, (3)
0.06 m+0.167 m, (4) 0.06 m+0.25 m. For these grid size
combinations, the finer grid size was used for the near fire
domain (1 m? space) and the coarser grid was adopted in the
rest of the computation domain.

The average plume temperature from 100 to 200 s of
different mesh systems is presented in Fig. 12. As shown,
the temperature profile when using the combination grid of
0.05 m+0.125 m are close to the modeling result with a
finer grid (0.04 m+ 0.1 m), indicating the grid quality is
good enough to simulate the flame behavior. Meanwhile, by
setting the threshold of 900 °C, the flame height values for
different grid systems are determined to be 0.58 m, 0.58 m,
0.54 m, and 0.50 m. Take the finest grid system as a refer-
ence, the relative errors are 0.34% (round-off error), -6.6%,
and -12.4%, respectively. Therefore, the grid combination
of 0.125 m+0.05 m was selected considering the accuracy
and computational time.
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