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Abstract: Densified wood possesses outstanding mechanical properties and serves as a desired
construction material for modern timber buildings. However, the limited research on its flame
behavior hinders its broader applications. The authors of this paper experimentally and analytically
investigated the influence of wood species and density on horizontal flame spread behavior. Densified
oak and densified fir were tested. The flame spread rate decreased with wood density in both densified
wood types. Their values were close at the same density. The mass loss rate (

.
m) of the densified wood

decreased with the increase in wood density. The densified oak had higher
.

m due to its lower lignin
content. Dimensionless correlations between the

.
m and density were obtained which agree with the

experiments. The flame heights (Lf) of the densified wood also decreased with the increase in wood
density. The densified oak had higher Lf due to its higher

.
m. As the densified wood density increased,

the radiation (and conduction) was reduced (and enhanced), but the convection remained constant.
The densified oak had lower convection, lower conduction, and higher radiation than the densified fir
at the same density. Gas-phase heat transfer was dominant in the flame spread of the densified wood,
but conduction was also significant as its contribution can be as high as 70% of gaseous heat transfer.

Keywords: densified wood; density; flame spread; wood species

1. Introduction

The merits of green building, which is an important method for the construction indus-
try in achieving carbon neutrality, include energy saving, environmental protection, and
negative carbon emissions [1,2]. However, the current construction industry relies heavily
on concrete and steel. These two building materials have large energy costs and carbon
emissions during their processes of production and utilization. Renowned for its plentiful
resources and eco-friendliness, wood plays a significant role in the construction realm
and has become an important green building material alternative [3,4]. Previous research
reported that its substitution for concrete and steel could reduce carbon emissions in the
construction industry by 31% [5]. Densified wood has excellent mechanical performance,
higher than many traditional construction materials, presenting promising potential in
applications in medium- and high-rise timber buildings [6,7]. Nevertheless, the fire safety
of densified wood is hardly known, and due to the flammable nature of wood [8,9], it
deserves to be investigated to improve its application. The results would be significant for
evaluating the fire behavior of wooden structures constructed with dense wood.

The flame spread on a fuel surface is an important phenomenon in the transition of
building fires from the initial stage to the fast-developing stage. The main influential factors
on the flame spread over solid fuel include the specimen characteristics (density [10,11],
moisture content [12], thickness [13], and width [14], etc.), spatial distributions (orien-
tation [15] and fuel continuity [16], etc.), and external ambience (radiation [17], oxygen
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concentration [18], etc.). Compared to natural wood, densified wood presents distinct
characteristics, including varied weight fractions of cellulose, hemicellulose, and lignin,
and controllable structural densities. [19]. Component fractions determine the microscale
pyrolysis but have a weak effect on the combustion behavior and flame spread [20,21].
Therefore, structural density is an important factor influencing the flame spread behavior
of densified wood.

This influence has been investigated previously. Di Blasi [22] discovered that increas-
ing the thermal conductivity along the parallel direction of the flame spread had no impact
on the flame spread velocity, but enhancing the thermal conductivity along the vertical
flame spread direction increased the thermal penetration depth and decreased the flame
spread rate. Similar conclusions were subsequently drawn by Kobayashi [23] based on
flame spread tests of carbon-fiber-reinforced polymers. However, these conclusions were
obtained from either theoretical calculations or non-charring polymer tests, which might
not be valid for charring wood. Previous work [10] investigated the flame spread rate of
various woods and observed a decrease in the flame spread rate as the density increased. A
similar trend was noted by Quintiere [24], where the flame spread rate decreased with an
increase in wood density under radiant heat flux conditions. The above conclusion pertains
to a change in density achieved by altering the wood species. However, the limited impact
of the components on flame spread cannot be precisely quantified or eliminated. The flame
spread behavior of densified wood was recently investigated [11]. It was found that the
flame spread rate, mass loss rate, and flame height all decreased with an increase in density.
In addition, the increased density decreased the flame radiation, causing a shift in the
gas-phase heat transfer from radiative-dominated to convection-dominant. However, only
one wood species was used for the experiments, and the conclusions were not validated in
different wood species.

The combustion behavior of wood varies with species. In general, wood is categorized
as hardwood or softwood, with major distinctions in the weight fractions of three major
components [25]. Hao et al. [26] compared the combustion behaviors of oak, larch, and
red cedar. Red cedar (a typical softwood) exhibited a short ignition time, the lowest heat
release, a slower flame spread rate, the fastest charring rate, and higher fire resistance,
which was attributed to its relatively high lignin content. Wang et al. [12] investigated the
flame spread behaviors of discretely distributed beech, fir, pine, camphor, and elm. The
results showed that the total burning duration of samples with high moisture and density
was considerably higher. Softwood, with higher lignin content and lower hemicellulose
content, has a faster flame spread rate. Chen et al. [27] studied the flame spread behaviors
of six decorative wood boards at various temperatures and wind speeds. These woods
showed obvious distinctions in their rates and durations of flame spreads. However, the
fundamental reason and the heat transfer mechanism were not clearly revealed. Different
wood species have varied moisture content, composition content, and structure. These
factors all have a significant influence on the flame spread behavior. Therefore, simply
comparing the flame spread behaviors of natural wood among different species cannot
achieved the same results as a single-factor variable test to reveal the influence of these
factors on the flame spread of wood. By using the densified wood preparation method, it is
possible to obtain different densities of the same wood (same component fraction). In this
way, the effect of wood density on flame spread behavior can be studied. In addition, it is
also possible to prepare woods of different species (different component fractions) with the
same density. Then, the importance of wood components in flame spread behavior can be
understood.

To summarize, the existing research has not fully revealed the influence of density
on wood flame spread. Although a recent paper addressed this issue by investigating
the flame spread behavior of densified wood, only one wood species was used [11]. This
study is the first to explore the effect of density on flame spread behaviors in different
wood species. Typical hardwood (oak) and softwood (fir) were chosen. The study aims
to elucidate the impact of density on flame spread behavior, examine the variation in this
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impact among different wood species, and explore the importance of wood components on
flame spread behavior. The results will provide a deeper fundamental insight into the flame
spread theory of wood materials. It also enhances the fire prevention capabilities of wood
(densified wood) structure buildings, contributing significantly to the further development
of green buildings in the construction industry.

2. Experiments
2.1. Experimental Materials

In this research, typical hardwood (oak) and softwood (fir) were selected and acquired
from Fulin Group Co., Ltd., Changsha, China. Wood plates were cut into dimensions
of 300 mm in length, 50 mm in width, and various thicknesses of 2 mm, 2.5 mm, 3 mm,
3.5 mm, and 4 mm. Sodium hydroxide (NaOH, >97%) and sodium sulfite (Na2SO3, >98%)
were procured from Shanghai Hongjie Chemicals Co., Ltd., Shanghai, China, and deionized
water was supplied by Zhejiang Nandai Industrial Co., Ltd., Wenzhou, China.

2.2. Preparation of Densified Wood

The preparation of densified wood was consistent with previously published work [28,29].
Natural woods were delignified in 1 L of a mixed solution consisting of 2.5 mol/L NaOH
and 0.4 mol/L Na2SO3 for 6 h. The treated samples were washed with deionized water and
dried in an oven at 60 ◦C for 24 h to obtain lignified wood. The delignified wood was hot-
pressed by a plate vulcanizer. The pressure and time of the hot-press were varied according
to the initial thickness of the wood to receive a constant final compressed thickness of
2 mm. The compressed wood was dried in an oven at 60 ◦C for 12 h to obtain densified
wood. After densification treatment, the porosity of the cells decreased, and the density
and structural characteristics of the wood changed. The densities of natural wood (ρ0) were
446.67 kg/m3 for fir and 731.20 kg/m3 for oak. After densification treatment, the densities
(ρ) of densified fir ranged from 463.33 kg/m3 to 906.67 kg/m3, and those of densified oak
ranged from 830.83 kg/m3 to 1343.05 kg/m3. Thus, the density ranges of densified fir
and densified oak overlapped from 731.20 kg/m3 to 906.67 kg/m3. Before the density
measurement and flame spread experiment, samples were oven-dried to fully mitigate the
influence of moisture content.

2.3. Experimental Apparatus

Figure 1 illustrates the flame spread experimental system schematic. The experimental
system comprises a rotating bracket system and a data acquisition system. The rotating
bracket system includes an experimental bracket, thermal insulation board, and tested sam-
ples. The data acquisition system was employed to measure the flame spread characteristics
of the sample during the experiment. It consisted of a high-precision electronic balance
(Sartorius PMA35001, precision 0.1 g, frequency 5 Hz, range 0–35 kg, Sartorius, Gottingen,
Germany), two high-definition cameras (SONY FDR-AX-100E and SONY FDR-AX-700,
Sony, Tokyo, Japan), a K-type thermocouple (WRNK-191, Shanghai Automation Instrumen-
tation Co., Ltd., Shanghai, China), a data acquisition device, and a personal computer.

The sample was positioned horizontally on a rotatable holder. Two cameras were
positioned on the front and one side of the sample to record the evolution of flame spread.
K-type thermocouples were used to measure the solid-phase temperature on the back
side of the wood. These thermocouples were wrapped in tin foil to mitigate uncertainty
from flame heating. A flame recognition algorithm was used to determine the flame form
(flame front position and flame height). Based on the threshold method from previous
works [30,31], critical greyscale values were obtained. The greyscale values of the pixels
with lower (or higher) than this critical value changed to 0 (or 1). This led to a black-
and-white image indicating the flame shape. Once the pixel baselines of the flame spread
threshold position and the wood surface were defined, the largest pixel distance from
the flame to the flame spread threshold position (and the wood surface) was obtained as
the flame front pixel position (and the flame pixel length). If the pixel-to-length ratio of
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the images is pre-calibrated before the experiments, the pixel length (or position) can be
converted to the real length (or position). In the end, the evolution of flame heights and
flame front positions were obtained along with the experimental time. The instantaneous
flame spread rate was determined by calculating the increasing rate of the flame front
position. The data were obtained by averaging the values in the steady stage, while the
upper and lower bars of the data refer to the minimum to maximum values.
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Figure 1. Flame spread experimental system schematic.

3. Results and Discussion
3.1. Typical Flame Form

Figure 2 displays typical images of surface flame spread behavior for densified fir
(ρ = 896.67 kg/m3). Due to the flame flickering, the flame height fluctuated throughout the
entire flame spread process. It is evident from Figure 2 that the flame spread of densified
fir and densified oak comprised three stages: the unsteady stage, steady stage, and burnout
stage. As depicted in Figure 2a, the flame height gradually increased during the flame
unsteady stage. Upon entering the steady stage, the flame height stabilized. The front view
in Figure 2b illustrated that, with time, the flame consistently spread along the surface
of the wood towards the forward unburned area. In the steady stage, the pyrolysis front
appeared as an approximately straight line, but the flame shape at the lateral sides were
noticeably larger than that in the middle of the plate. Due to air entrainment, the airflows
at lateral sides were more intense, leading to increased gas release from pyrolysis and a
larger flame shape. Ultimately, as the flame burned to the end of the plate, the flame height
gradually decreased due to insufficient fuel. In the case of densified oak, its flame height
exhibited a stronger flickering in the unsteady stage. It had a faster extinguishing speed
and a shorter combustion duration. The flame spread behaviors in the steady stage were
primarily analyzed and used to capture the flame spread characteristics of samples.

3.2. Flame Spread Rate

Flame spread rate is a critical factor in evaluating fire risk. The flame spread rate
for each test was averaged over the instantaneous flame spread rate of the steady stage.
Figure 3 illustrates the correlation between flame spread rate and the density of different
wood. As density increased, the flame spread rate decreased for densified fir; in comparison,
the flame spread rate for densified oak had a larger uncertainty, but it also decreased with
the increase in density. At the same density range (ρ = 731.20–906.67 kg/m3), the flame
spread rate of densified oak was slightly higher than that of densified fir, but the difference
in flame spread rate was less than the uncertainty. This suggests that the influence of wood
species on flame spread rate was negligible compared to that of wood density.
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3.3. Mass Loss Rate

Figure 4 illustrates the variation in mass loss rate (
.

m) with density in densified fir
and densified oak. Similar to the flame spread rate (Figure 3),

.
m of both densified fir and

densified oak decreased with the increase in density. This was attributed to the wood
with higher density having a higher thermal inertia. The wood temperature increase was
attenuated, leading to a reduction in the pyrolysis gas release rate. Thus,

.
m was decreased

and was in the ranges of 15–40 mg/s for densified fir and 20–70 mg/s for densified oak.
The maximum

.
m of densified oak was 1.75 times higher than that of densified fir. Its

.
m

was reduced at a faster rate along with the increase in density. When densified oak and
densified fir had the same density (between 731.20 and 906.67 kg/m3),

.
m of densified oak

was significantly higher than that of densified fir. This can be attributed to the densified fir
having a higher lignin content and a higher char yield during the combustion [28].
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To better evaluate the impact of wood density on the mass loss rate, based on previous
work [11], the relationship between the dimensionless mass loss rate (m/ρ0Wdvf,ρ0) and
dimensionless density (ρ/ρ0) is shown in Figure 5.
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Figure 5. Correlation between dimensionless mass loss rates and dimensionless wood densities
between densified oak and densified fir.

Similar to the evolution trend in Figure 4, m/ρ0Wdvf,ρ0 decreased with the increase in
ρ/ρ0. These experimental trends were fitted to the Equations (1) and (2) for densified fir
and densified oak, respectively.

.
m/ρ0Wdv f ,ρ0 = 1.13(ρ/ρ0)

−0.80 (1)

.
m/ρ0Wdv f ,ρ0 = 1.87(ρ/ρ0)

−2.01 (2)

where W is the wood width, d is the material thickness, vf,ρ0 is the flame spread rate of
natural wood. The predicted curves were compared with the test results with R2 of 0.82 for
densified fir and 0.97 for densified oak, indicating a good fit.

3.4. Flame Height

Flame height (Lf) is relative to the heat release rate of the wood combustion and thus
is an important flame spread characteristic. Lf is defined as the vertical distance between
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the flame top and the wood surface (white line in Figure 2). For each test, Lf was calculated
by averaging the instantaneous Lf during the steady stage. Figure 6 illustrates the variation
in Lf with density for both densified fir and densified oak. The evolution of Lf was similar
to that of

.
m. It decreased with the wood density of both densified wood types, while

the densified oak had higher Lf than the densified fir. The decreased Lf along with the
increased density for both densified wood types could be attributed to two factors. First,
the increase in density resulted in higher thermal inertia. This reduced the increase rate of
wood temperature and thus reduced the rate of pyrolysis gas production. Second, a layer
of densified char was formed in densified wood. This condensed char layer hardly cracked,
which decelerated the release rate of pyrolysis gases [4,28,29]. The combination of these
two factors leads to a decrease in Lf as the wood density increased. The Lf of densified fir
ranged from 25 mm to 60 mm, while that of densified oak ranged from 40 mm to 70 mm.
The broader range of flame height variation in densified fir compared to densified oak
indicated a stronger influence of density, resulting in a faster descent rate. When compared
the densified oak and densified fir with similar densities (ρ = 731.20–906.67 kg/m3), the
densified oak presented a higher Lf. This could be due to its higher

.
m. More pyrolysis gases

were released from the wood and facilitated the flaming combustion. This indicated that
wood species had an important impact on

.
m and Lf of flame spread.
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Figure 6. Measured flame heights at different densified oak and densified fir densities. The colored
area indicates the overlapped density for both densified wood types.

Previous studies indicated an exponential correlation between dimensionless flame
height (L∗

f ) and dimensionless heat release rate (Q∗) [32–34]. L∗
f and Q∗ are defined as

L∗
f = L f /W (3)

Q∗ =

.
Q

ρ∞Cp,∞T∞
√

gW5/2 (4)

where ρ∞ and Cp,∞ are the air density and air specific heat, respectively, and T∞ and g are
the ambient temperature and the acceleration of gravity, respectively, which can be found
in Appendix A.

.
Q represents the heat release rate, which was calculated as follows [11].

.
Q =

.
m∆Hc (5)

where ∆Hc is the heat of combustion of pyrolyzed gases. Figure 7 illustrates the relationship
between L∗

f and Q∗ of densified fir and densified oak. Despite notable differences in mass
loss rate (Figure 4) and flame height (Figure 6) between densified fir and densified oak at
the equivalent density, the relationship between L∗

f and Q∗ remained consistent. This is
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because a higher mass loss rate results in more gases contributing to the flaming combustion
(higher flame height). In addition, the relationship between L∗

f and Q∗ largely depended
on the combustion characteristics (e.g., ∆Hc) of pyrolysis gases. Although densified fir and
densified oak were different in wood species, their major components and corresponding
weight fractions were all lignin, cellulose, and hemicellulose. As a result, the types and the
amounts of their pyrolysis gases were also similar. Therefore, their relationships between
L∗

f and Q∗ could be regarded as similar and were fitted as a curve.

L∗
f = 0.62Q∗0.52 (6)

The predictions of Equation (6) correlate to the experimental measurements with an
R2 of 0.75. All results were within 25% of the uncertainty.
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3.5. Heat Transfer Behavior

The samples in this work were constantly 2 mm in thickness and could be characterized
as thermally thin material [11,12]. For the horizontal flame spread of thermally thin
wood, the preheating zone was mainly subjected to the solid-phase heat conduction from
the pyrolysis zone and the radiative and convective heat transfers of the gaseous flame
(Figure 8).
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The heat conduction
( .
q′′

cond ) can be represented by the Fourier equation.

.
q′′

cond = kx(∂T/∂x)Tchar
= [kx(∂T/∂t)Tchar

]/v f (7)

where kx is the thermal conductivity of densified wood along the flame spread, and ∂T/∂x
is the temperature gradient of the wood per unit length. It can be obtained by dividing the
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∂T v f /∂t (temperature gradient of the wood per unit time) to the flame spread rate. Tchar
was the characteristic temperature (Tchar = (TP + Ts)/2), which was the average of pyrolysis
temperature (TP) and initial wood surface temperature (Ts). Previous work found that
the thermal conductivities of wood in different species (softwood and hardwood) varied
according to their moisture content, temperature, and density [35]. Therefore, according to
the thermal conductivity measurements of densified wood [11], the thermal conductivity
of both densified fir and densified oak in the longitudinal direction can be calculated as

kx = [(0.13403 + 0.004064M)(ρ/1000) + 0.10403](Ts/297) (8)

where M represents the moisture content of the wood, which was measured according to
ISO 13061-1 [36], and the moisture was measured to be 12.7% and 10.4% for densified fir
and densified oak, respectively. The evolution of wood temperatures was measured by
thermocouples. A typical result of densified oak with a density of 731.20 kg/m3 is shown
in Figure 9.
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Figure 9. Typical temperature evolution of wood in steady stage (densified oak, ρ = 731.20 kg/m3).

The evolution of wood temperature could be classified into three stages: the preheating
stage (AB), the pyrolysis stage (BC), and the burnout stage (after point C). A refers to
the time that wood was heated; B refers to the time to reach the pyrolysis temperature
(600 K) [37], from which points A to B were determined to be the preheating stage; and
C refers to the time to reach char oxidation temperature (844 K), which is the critical
temperature of char oxidation [28]; thus, points B to C were the pyrolysis stage, and after
point C was the burnout stage. The densified fir had a similar char oxidation temperature
but a lower pyrolysis temperature (588 K [28]) than densified oak. In Equation (7), the slope
of point D (characteristic temperature) in Figure 9 was taken as (∂T/∂t)char for calculation.

The heat conduction of wood samples was calculated by using Equation (7). Results
are shown in Figure 10. Heat conductions of both densified oak and densified fir increased
with wood density because of their enhanced thermal conductivities. When comparing the
densified oak and densified fir with similar densities (ρ = 731.20–906.67 kg/m3), densified
fir had higher heat conduction than densified oak because the flame spread rate of densified
fir was slightly lower than that of densified oak (Figure 3).
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Figure 10. Calculated radiative heat, convective heat, conductive heat, and total heat fluxes with
different densified fir and densified oak densities. The colored area indicates the overlapped density
for both densified wood types.

To further study the main heat transfer characteristics of flame spread, the radiant heat,
convective heat, and total heat flow were calculated. The expression for the convective heat
(

.
q′′

f,c) is [38,39]
.
q′′

f ,c = h
(

Tf − Tp

)
(9)

where h and Tf are the convective heat transfer coefficient and flame temperature, respec-
tively. h is related to the Nusselt number (Nu) represented as [40]

Nu =
hl
kg

(10)

where l represents the characteristic length, which approximates to the wood width; kg
represents the thermal conductivity of air (Appendix A). The horizontal flame spread can
be regarded as [41]

NuL,θ=0 = 0.27Ra1/4
L , 105 ≤ RaL ≤ 1010 (11)

The Rayleigh number (RaL) is

RaL =
gβ
(

Tf − Tp

)
l3

να
(12)

where β, v, and α are the coefficient of thermal expansion, the kinematic viscosity coefficient,
and the thermal diffusivity, respectively. Their values are also listed in Appendix A.
Combining Equations (9)–(12), the convection heat can be calculated as Equation (13) and
is shown in Figure 10.

.
q′′

f ,c =
0.27kg

l

 gβ
(

Tf − Tp

)
l3

να

0.25(
Tf − Tp

)
(13)

Heat convection did not vary with the density, so both densified oak and densified
fir had constant heat convection in this work. The difference in their heat convection was
mainly due to their different material properties (e.g., TP). The densified oak had higher TP
than densified fir, so its convective heat was smaller.
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The radiative heat (
.
q′′

f,r) can be represented by the Stefan–Boltzmann equation [42].

.
q′′

f ,r = εσF
(

T4
f − T4

s

)
(14)

where σ and ε are the Boltzmann constant and the flame emissivity, respectively, which can
be found in Appendix A. ε is affected by the flame height [43].

ε = 1 − exp
(

ksL f

)
(15)

where ks represents the absorption coefficient of the flame. Its value varies from 0.1 to
1 m−1. In this work, the value was taken as 1 m−1. F is the view factor, expressed as [44]

F = 1
π

[
arctan

(
W

2δph

)
+

(
L f −δph+L f cos θ√

δ2
ph+L2

f −2L f δph cos θ

)
arctan

(
W

2
√

δ2
ph+L2

f −2L f δph cos θ

)

+ W sin θ+W cos θ

2
√

δ2
ph sin2 θ+W2/4

(
arctan

(
δph cos θ√

δ2
ph sin2 θ+W2/4

)
+ arctan

(
L f −δph cos θ√

δ2
ph sin2 θ+W2/4

))] (16)

where θ is the flame tilt angle. For this work, the flame was approximately perpendicular
to the wood surface, so θ = 90◦. δphh is the preheating zone length, which is calculated as

δph = v f tph (17)

where tph is the preheating time, which can be measured by the wood temperature measure-
ment shown in Figure 9. According to previous studies [11], δph did not vary significantly
with the increase in wood density, so an average of 25.09 mm for densified oak and 23.05 mm
for densified fir were determined.

Radiative heat for both densified oak and densified fir calculated by Equation (14)
are shown in Figure 10. They both showed decreasing tendencies with the increase in
sample density. This was because Lf was decreased with the increase in density. This led to
the decreased flame emissivity and view factor, resulting in decreased radiant heat flux.
Consequently, as density increased, the dominant gas-phase heat transfer mode shifted
from radiative-dominant to convection-dominant (Figure 10). The differences in heat
radiation between densified oak and densified fir primarily arose from their different flame
heights and preheating zone lengths. When comparing the densified oak and densified fir
with similar densities (ρ = 731.20–906.67 kg/m3), densified oak had a close view factor but
a larger flame height than densified fir, resulting in higher flame emissivity. Thus, its heat
radiation was higher.

For densified fir, the radiation decrease exceeded its conduction increase, leading
to a slight reduction in total heat transfer (the summation of radiation, convection, and
conduction) with the increase in density (Figure 10). Consequently, the flame spread rate
was decreased with the increase in wood density (Figure 3). In comparison, the total heat
transfer of densified oak exhibited an enhanced trend with density. Nevertheless, the flame
spread rate of densified oak still decreased with the increase in wood density (Figure 3).
Figure 11 shows the comparison between the solid-phase and gas-phase heat transfers.
The ratio was enhanced with the increase in wood density. All values were less than 0.7,
indicating that gas-phase heat transfer was dominant in the flame spread of densified wood.
Nevertheless, the heat conduction accounted for at least 9.5% of total heat transfer. Its
proportion rose with the increase in density, reaching a maximum of 70%. Its significance
in the heat transfer analysis of flame spread cannot be overlooked. When comparing
the densified oak and densified fir with similar densities (ρ = 731.20–906.67 kg/m3), the
proportion of solid-phase heat transfer in densified fir exceeded that in densified oak. This
was because densified fir had higher conduction and lower radiation.
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4. Conclusions

This research investigated the horizontal flame spread behavior of densified wood
across a broad density range. Typical softwood (fir) and hardwood (oak) were tested.
Combined with theoretical analysis, the influence of sample density on the flame spread
features and heat transfer mechanism were studied. Here are the major conclusions.

1. The flame spread rate was decreased with the increase in wood density. This trend
was similar in both densified wood types. Their values were also close at the same
density. This indicated that the influence of wood species on flame spread rate was
negligible compared to that of wood density.

2. The mass loss rate of both densified wood types decreased with the increase in wood
density due to the enhanced thermal inertia. The densified oak showed a higher mass
loss rate than densified fir at the same density due to its lower lignin content (char
yield). Correlations between dimensionless mass loss rate and dimensionless density
were obtained, which agree with the experiments with an R2 of 0.82 for densified fir
and 0.97 for densified oak.

3. The flame height of both densified wood types decreased with the increase in wood
density. The enhanced density reduced pyrolysis gas production. It formed a con-
densed char that also reduced the pyrolysis gases release. The densified oak showed
a higher flame height than densified fir at the same density since it had a higher mass
loss rate. The trend between the L∗

f and Q∗ was similar for both densified wood types
because their pyrolysis gases were similar.

4. As the wood density increased, radiation (and conduction) of densified wood was
reduced (and enhanced), while convection remained constant. The densified oak
had lower convection than densified fir due to its higher pyrolysis temperature. The
densified oak showed lower conduction and higher radiation than densified fir at
the same density. Overall, gas-phase heat transfer was dominant in the flame spread
of densified wood, but conduction was significant in heat transfer analysis as its
contribution could be as high as 70% of gaseous heat transfer.
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Appendix A

Table A1. List of parameters used for the calculation and their values.

Parameter Value (Fir) Value (Oak)

Tp Pyrolysis temperature 588 K [28] 600 K [37]

kg
Thermal conductivity of air

(T = (Tf + Tp)/2) 0.064 W/(m·K) [41] 0.0549 W/(m·K) [41]

Tchar Characteristic temperature 920.5 K 926.5 K
tig Ignition time (natural wood) 26.5 s [28] 57 s [45]
cp Heat capacity of wood 1.380 kJ/(kg·K) [28] 1.255 kJ/(kg·K) [35]

∆Hc Heat of combustion of pyrolyzed gases 12.0 MJ/kg [46] 15.2 MJ/kg
α Thermal diffusivity (T = (Tf + Tp)/2) 1.55 × 10−4 m2/s [41] 1.09 × 10−4 m2/s [41]
ν Kinematic viscosity (T = (Tf + Tp)/2) 1.122 × 10−4 m2/s [41] 0.7637 × 10−4 m2/s [41]

ρ∞ Density of air (T = (Tf + Tp)/2) 0.367 kg/m3 [41] 0.4643 kg/m3 [41]
ρ0 Density of natural wood 446.67 kg/m3 731.20 kg/m3

cp,∞ Heat capacity of air (T = (Tf + Tp)/2) 1.131 kJ/(kg·K) [41] 1.087 kJ/(kg·K) [41]
h Heat transfer coefficient (T = (Tf + Tp)/2) 3.69 W/(m2·K) 3.61 W/(m2·K)
ky Radial thermal conductivity (natural wood) 0.1589 W/(m·K) 0.1625 W/(m·K)
z The ratio of volume to surface area 9.58 × 10−4 m
g Gravity acceleration 9.8 m/s2

σ Stefan–Boltzmann constant 5.678 × 10−8 W/(m2·K4)
Tf Flame temperature 1253 K
T∞ Ambient temperature 300 K
Ts Initial wood surface temperature 300 K
β Thermal expansion coefficient 1.18 × 10−3 K−1 [41]
θ Flame tilt angle 90◦

W Width of wood 0.05 m
d Thickness of wood 0.002 m
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