
Fire and Materials, 2025; 0:1–16
https://doi.org/10.1002/fam.70012

1

Fire and Materials

RESEARCH ARTICLE OPEN ACCESS

Altitude Effects on Ejected Flames in Façade Calibration 
Tests: Experimental and Numerical Investigation
Xukun Sun1,2,3   |  Hideki Yoshioka3  |  Takafumi Noguchi3  |  Yuhei Nishio4  |  Biao Zhou5

1School of Safety Engineering, Beijing Institute of Petrochemical Technology, Beijing, China  |  2Beijing Academy of Safety Engineering and Technology, 
Beijing, China  |  3Department of Architecture, Faculty of Engineering, The University of Tokyo, Tokyo, Japan  |  4Department of Fire Engineering, Building 
Research Institute, Ibaraki, Tsukuba, Japan  |  5School of Emergency Management and Safety Engineering, China University of Mining & Technology 
(Beijing), Beijing, China

Correspondence: Hideki Yoshioka (yoshioka@arch1.t.u-tokyo.ac.jp)

Received: 29 April 2025  |  Revised: 29 April 2025  |  Accepted: 21 August 2025

Funding: This work was supported by Japan Society for the Promotion of Science (22KK0062).

Keywords: altitude effect | calibration test | CFD modeling | façade fire | large scale

ABSTRACT
Ejected flames from a compartment opening pose a significant fire hazard to building fire safety, serving as a trigger of rapid 
façade flame spread. Although extensively studied under standard altitude conditions, their fire behavior under subatmos-
pheric pressure remains to be further explored. This study investigates the altitude effect on ejected flames through a com-
bination of large-scale experiments and Computational Fluid Dynamics (CFD) modeling. JIS A 1310 calibration tests were 
conducted at HRRs (Heat Release Rates) ranging from 600 to 900 kW, revealing that the flame turning point is minimally af-
fected by input HRR for apparent flame ejection. Subsequently, CFD modeling is validated by utilizing measured temperatures 
across horizontal distances of 0–0.8 m from the façade centerline and vertical heights of 0–2.6 m above the upper edge of the 
opening. Extending the validated modeling conditions, the altitude effect on façade flames under varied HRRs and opening 
factors is clarified. Results indicate that subatmospheric pressures contribute to the expansion of flame temperature distri-
butions with lower inner flame temperatures, attributed to reduced oxygen entrainment mass flow rates caused by decreased 
air density. Among the opening configurations, horizontal openings pose a higher fire hazard. An improved Yokoi-Lee model 
introducing the HRR factor Q′

p is developed to account for fuel combustion outside the chamber induced by variations in input 
HRR, opening factors, and atmospheric pressure.

1   |   Introduction

In recent years, advancements in construction technology and 
rapid urbanization have led to a significant increase in both 
the height and volume of modern buildings [1]. Consequently, 
the occurrence of building fires, particularly façade fires, has 
become a critical concern due to the potential for rapid flame 
spread, posing severe threats to life safety and property  [2]. 
Façade fires are typically initiated by window-ejected flames 

from compartment fires, which ignite exterior cladding mate-
rials, enabling sustained combustion. This process contributes 
to vertical fire propagation along the building's exterior and 
facilitates the leapfrog effect, enabling fire to spread across 
multiple floors.

To characterize façade flames, the pioneering work by Yokoi 
[3] introduced the concept of non-dimensional temperature 
Θ. Building on this, Lee and Delichatsios et al. [4] defined the 
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length scales for window-ejected flame, whereas Ohmiya et al. 
[5] and Zhou et al. [6] refined Yokoi's model by incorporating 
a virtual heat source and a variable neutral plane to improve 
the model convergence. However, existing studies primarily 
focus on façade flames at standard altitudes, despite the fact 
that there are still large cities with façade fire risk situated at 
altitudes as high as 4000 m [7], as shown in Figure 1. At these 
elevations, reduced atmospheric pressure and lower effective 
oxygen concentrations significantly impact combustion and 
fuel burning rates [10–13], thereby altering fire dynamics and 
temperature profiles [14].

Regarding the effects of altitude on fire behavior, available re-
search has explored both experimental and numerical aspects. 
Experimental studies on pool fires under subatmospheric pressure 
revealed that flame behavior transitions from turbulent to lami-
nar, with the flame turning blue as pressure decreases [14]. Under 
the scenario of fire at varied façade angles, Ma et al. [10, 12] ana-
lyzed the combustion of polyurethane foam at low ambient pres-
sure, showing that combustion is limited under reduced pressure, 
larger inclination angles, and wider specimens, while reduced 
pressure contributes to increased flame height [11]. On the nu-
merical side, altitude effects on tunnel fires have been studied by 
modifying theoretical correlations to predict smoke back-layering 
length [15] and tunnel temperature distribution [16] under reduced 
pressure. Within this scope, research on window-ejected flames 
in façade fire tests at varying altitudes remains limited, and the 
validation of corresponding numerical modeling on large scales is 
also deficient.

This study combines large-scale calibration tests of flame 
ejection with Computational Fluid Dynamics (CFD) modeling 
to explore the altitude effect on façade fire behavior. The ex-
periments elucidate the impact of HRRs (Heat Release Rates) 
on flame intensity and provide a basis for validating the CFD 
modeling. Building on this foundation, the altitude effect on 
ejected flames is investigated by varying HRRs, opening fac-
tors,  and atmospheric pressures. Furthermore, by character-
izing the HRR outside the chamber, the flame temperature 
is non-dimensionally correlated and converged using an 
improved model, offering a comprehensive approach to un-
derstanding façade flame behavior under varying altitude 
conditions.

2   |   Experimental and Numerical Configurations

2.1   |   Facilities and Measurement Setup

A series of experiments is conducted with a large-scale plat-
form, which is established based on JIS A 1310 [17], as shown 
in Figure 2. The platform primarily consists of a chamber and a 
façade, connected by a square opening that serves as the passage 
for fire. The chamber was constructed with a 50 mm-thick inner 
layer of alumina fiber blanket and a 150 mm-thick outer layer of 
ceramic fiber block. A burner, located at the rear of the chamber, 
was supplied with propane of 98.7% purity to generate the desig-
nated HRRs. To maintain a steady gas flow rate, the burner was 
filled with ceramic fiber balls. With respect to the façade, the com-
bustible materials are not involved, that is calibration test, which 
is constructed by two layers of 12 mm thick calcium silicate board, 
with the surface covered by a 25 mm-thick ceramic fiber blan-
ket. Since the focus of this setup is the behavior of ejected flames, 
flame temperatures were measured using a stainless steel net 
equipped with 136 thermocouples. The thermocouple net was po-
sitioned along the centerline, perpendicular to the façade surface. 
In this case, sheathed-type thermocouples were installed near the 
opening, whereas glass-coated thermocouples were placed in the 
outer region, with diameters of 3.2 and 0.65 mm, respectively. The 
sheathed-type thermocouples can withstand temperatures rang-
ing from 950°C to 1050°C, whereas the glass-coated type is capa-
ble of measuring temperatures around 600°C, with uncertainties 
of ±0.75% and ±2.5°C, respectively. The target HRRs were set to 
600, 750, and 900 kW by adjusting the propane flow rates to 433, 
541, and 649 L/min (at 20°C and 1 atm), respectively, representing 
weak, intermediate, and strong flame ejections [18]. The experi-
mental duration for each HRR was 5 min, generally achieving a 
quasi-steady state in the final 3 min, which was used to obtain the 
time-averaged temperature. All the experiments were conducted 
at the Building Research Institute (BRI) of Japan in Tsukuba, con-
sidered standard pressure and altitude [19]. The detailed experi-
mental conditions can be found in Table 1.

2.2   |   Numerical Modeling

In this study, the CFD tool of FireFOAM [20] was employed, 
which is an OpenFOAM solver developed by FM Global for 

FIGURE 1    |    Cities of (a) La Paz [8], Bolivia, located at 3640 m above sea level, and (b) Dali [9], China, located at 2000 m above sea level.
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3

the numerical modeling of fire spread and suppression. In 
the case of buoyancy-driven flow and diffusion combustion 
[21, 22], the performance of FireFOAM has been verified 
with acceptable accuracy in both temperature and radiation 
prediction.

In FireFOAM, large eddy simulation (LES) is employed 
using the finite volume method (FVM), where turbu-
lence is resolved for mesh sizes larger than the filter width 
△ =

3
√

△ x △ y△ z [23]. For the eddies smaller than this 
filter, that is sub-grid scale (SGS), it is addressed by the tur-
bulence model. In this study, the one-equation eddy viscos-
ity SGS model [24] was utilized, with input coefficients of Ck 
= 0.03 and C� = 1.048. Turbulence combustion was considered 
using the modified eddy dissipation concept (EDC) model 
[25], with parameters of CEDC = CDiff = 1, which provided good 
estimation of fuel reaction rate during the transition from 
laminar to turbulent flow, as well as for fully developed turbu-
lent flames [21]. For radiation modeling, the discrete ordinate 
method was employed, which considers high-temperature 

gases using the gray mean absorption-emission approach [26]. 
The radiative transfer equation (RTE) was solved with 48 solid 
angles, and the radiative heat loss was accounted for using a 
constant radiant fraction of 0.2. Further modeling details can 
be found in Ref. [18].

With the objective of getting the accurate facade temperature, 
the thermocouple model was employed to calculate the thermal 
balance for the thermocouple bead, which was introduced by 
LES-based estimates of the radiative and convective heat trans-
fer [26]. The model is expressed as:

where �TC, Cp,TC, VTC, ATC and �TC denote the density, heat capac-
ity, volume, surface, and emissivity of the thermocouple bead. 
TTC is the thermocouple bead temperature, Tg is the simulated 
gas temperature, and the heat transfer coefficient h is obtained 
from the Nusselt number.

�TCCp,TCVTC
dTTC
dt

= �TC
(

G − �T4TC
)

ATC + h
(

Tg − TTC
)

ATC

FIGURE 2    |    Dimensions and layout of facilities.

TABLE 1    |    Summary of experimental conditions.

Opening dimension 
(m)

Target HRR 
(kW)

Volumetric flow 
rate (L/min) Altitude (m)

Atmospheric 
pressure (kPa)

Effective oxygen 
percentage (%)

W × H = 0.91 × 0.91 600 433 0 101.3 20.9

750 541

900 649
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4 Fire and Materials, 2025

In alignment with the experimental setup, the computational 
domain was generated to include both the chamber and façade 
regions, as illustrated in Figure 3. To allow for sufficient air en-
trainment, the façade region was defined with dimensions of 
W × L × H = 4 m × 4 m × 5 m, with the surroundings treated as open 
boundaries. For the mesh configuration, a baseline mesh size of 
10 cm was used, while regions with turbulent flames, such as the 
chamber and areas near the façade, were refined to a mesh size 
of 2.5 cm to capture the flame dynamics accurately. The 1-D heat 
transfer within the façade was considered by extruding a solid re-
gion perpendicular to the façade surface, with a thickness of 5 cm. 
Here, the mesh along the surface-normal direction was refined 
into 150 layers. Since the ceramic fiber blanket and calcium sili-
cate board used in the experiment are non-combustible, pyrolysis 
was not considered in the model, with material properties refer-
enced from Ref. [18]. In this case, HRR is determined by summing 
the chemical heat of each grid. By characterizing the grid regions, 
the HRR inside and outside the chamber is extracted to clarify the 
behavior of ejected flames.

In contrast to the square opening and standard altitude used 
in the experiments, the numerical modeling includes extended 
conditions with varied opening shapes (the validation cases, 
compared to the experiments, adjust the opening dimensions 

from W × H = 0.91 m × 0.91 m to W × H = 0.9 m × 0.9 m to ac-
commodate mesh generation) and atmospheric pressures. For 
the opening shapes, the ventilation capacity is characterized 
by the opening factor A 

√

H , where A is the opening area in 
m2 and H is the opening height in m. Altitudes ranging from 0 
to 4450 m are considered, with the corresponding atmospheric 
pressures adjusted between 58.11 and 101.325 kPa, resulting 
in effective oxygen percentages of 11.9%–20.9% [19]. Detailed 
modeling conditions are provided in Table 2. Here, the open-
ing shape is defined as vertical when the opening ratio n > 1 
and horizontal when n < 1, thereby providing two respective 
conditions for vertical and horizontal openings. In this case, 
opening ratios of 0.5–2 are considered, representing common 
scenarios in façade fire spread [27, 28].

3   |   Result and Discussion

3.1   |   Experimental Description of Façade Flames

The experimentally measured temperature distributions and 
flame morphologies along the façade are shown in Figure 4. On 
the left side of Figure  4, vertical temperature distributions at 
varying horizontal distances (0–0.8 m) from the façade surface 

FIGURE 3    |    The computational domain and mesh slice.

TABLE 2    |    Modeling conditions.

Opening dimension Opening ratio 
(n = H/W)

A 
√

H  
(m5/2)

Target 
HRR (kW) Altitude (m)

Atmospheric 
pressure (kPa)

Effective oxygen 
percentage (%)W (m) H (m)

0.9 0.9 1 0.768 600, 750, 900 0, 784, 1698, 
2692, 3840, 

4450

101.3, 92.3, 82.5, 
72.9, 62.9, 58.1

20.9, 18.9, 16.9, 
14.9, 12.9, 11.90.7 0.9 1.29 0.598

0.9 0.675 0.75 0.499

0.45 0.9 2 0.384

0.9 0.45 0.5 0.272
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5

are measured by the thermocouple net. With the flame tip tem-
perature defined as 540°C [29], flame thickness and height 
under HRRs of 600–900 kW were obtained based on the verti-
cal and horizontal temperature distributions. For HRRs of 600 
and 750 kW, flame thicknesses remain below 0.4 m, whereas 
at 900 kW, enhanced combustion near the opening increases 
flame thickness to 0.4–0.6 m. Flame height, more affected by 
HRR than flame thickness, is measured as 0.25, 0.5, and 1.25 m 
for HRRs of 600, 750, and 900 kW, respectively. Note that the 
temperature peaks at horizontal distances of 0.2 and 0.4 m 
are persistent at different HRRs, indicating flame turning 

positions—representing the transition point where flame behav-
ior shifts from horizontal momentum-dominated to buoyancy-
dominated, that is the inflection point of ejected flames—occur 
within 0.1–0.2 m from the façade surface. Additionally, the posi-
tions of temperature peaks consistently appear at the heights of 
0.1 and 0.4 m for horizontal distances of 0.2 and 0.4 m, respec-
tively, indicating that for apparent façade flames, the ejected 
flame temperature near the opening is primarily determined by 
the HRR inside the chamber. In this case, for a given chamber 
geometry, the flame turning point is minimally influenced by 
variations in input HRRs.

FIGURE 4    |    Vertical temperature distribution with increasing horizontal distance from the façade surface, and ejected flames at HRRs of (a) 
600 kW, (b) 750 kW, and (c) 900 kW.
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6 Fire and Materials, 2025

On the right side of Figure  4, the front and side views of the 
ejected flame are presented. Aligning with the flame behav-
iors determined by 540°C in temperature distributions, the 
façade flames become more intense according to the enlarged 
luminous regions for HRRs of 750 kW and above, with a fire 
plume appearing at heights above 0.25 m at 600 kW. However, 
the observable increase in flame intensity between 750 and 
900 kW is marginal, limited to a visible flame height of approx-
imately 0.5 m. This is attributed to significant soot production 
at 900 kW, which increasingly obscures the flame morphology.

3.2   |   Validation of Numerical Modeling

Before proceeding with the extended analysis based on numer-
ical modeling, it is essential to confirm the reliability of the 
model. Given that LES is employed in this study, accurately 
capturing turbulent flames is dependent on mesh size; thus, 
the results of the numerical modeling must be mesh indepen-
dent. To verify this, a mesh sensitivity analysis was performed 
in the region with intense turbulent flames, that is the open-
ing region of W × H = 0.9 m × 0.9 m at 900 kW HRR and standard 
altitude, using various mesh sizes, as shown in Figure 5. Four 
mesh sizes, ranging from 1.25 to 10 cm, are evaluated, with out-
flow temperature and velocity used for comparison. It can be 
found that both temperature and velocity converge at finer mesh 
sizes, while coarser meshes tend to overestimate the region of 
outflow flames. With mesh refinement, the neutral plane [6] 
elevates, reaching an approximate height of 0.5 m. Generally, 
results with mesh sizes of 2.5 and 1.25 cm are closely aligned, 
with the 1.25 cm mesh providing more detailed fluctuations in 
the turbulent flames. Considering the balance between com-
putational cost and accuracy, the 2.5 cm mesh size is deemed a 
cost-effective resolution that ensures mesh independence in the 
modeling results.

The experiments in this study are used to validate the modeling 
conditions with an opening dimension of W × H = 0.9 m × 0.9 m 
at the standard altitude (0 m elevation). Figure 6 compares the 
experimental and modeled temperatures at varied horizontal 
distances and HRRs. Overall, the numerical model achieves 
qualitative agreement, effectively capturing temperature peaks, 
particularly for HRRs of 600 and 750 kW. For the 900 kW HRR, 
at horizontal distances of 0.1 and 0.2 m (within the region 

of ejected flames), the model underestimates temperatures 
below 0.5 m height but overestimates them above this height. 
Notably, this height aligns with the visible flame height shown 
in Figure  4, suggesting these discrepancies are related to soot 
production. It is acknowledged that soot contributes to the ra-
diative heat loss in flames [30]; in this case, limited soot genera-
tion near the opening results in relatively lower heat loss below 
0.5 m, while higher heat loss occurs at higher positions. Since 
the radiative heat loss in modeling is considered by a constant 
radiant fraction, the soot impact on heat loss could be over- or 
under-estimated below and above 0.5 m, respectively, lead-
ing to temperature discrepancies. For a horizontal distance of 
0.4 m, temperature underestimations consistently appear below 
0.5 m across all HRRs. This region is located at the transition 
boundary between the flame and air entrainment zone, with 
two possible explanations: (1) current mesh resolution is inca-
pable of capturing the flame boundary accurately, leading to 
the entrainment of larger amounts of cooler air and thus lower 
temperatures [22]; (2) uncertainties in the thermocouple model, 
including the thermophysical properties of the thermocouple 
bead and the determination of the heat transfer coefficient, con-
tribute to deviations compared to actual thermocouple working 
conditions.

Aiming for a quantitative evaluation of modeling accuracy, the 
deviation rate is provided, calculated as the ratio of the differ-
ence between modeled and measured temperatures to the mea-
sured temperature (averaged across heights for each horizontal 
distance). In general, the modeled temperature shows good 
accuracy near the flame trajectory, where the flame remains 
detached from the façade at 600 kW but reattaches at 750 and 
900 kW HRRs, as shown in Figure 4. However, as the distance 
from the flame increases, the deviation rate increases, which 
can be attributed to the growing influence of flame radiation 
compared to heat convection. This phenomenon is not fully cap-
tured by the thermocouple model. In this case, the temperature 
is relatively lower, with indistinct deviations in qualitative com-
parisons (Table 3).

3.3   |   Influence of Altitude Effect on Façade Flames

Using the validated numerical model, the impact of altitude on 
façade flames was investigated, considering variables of input 

FIGURE 5    |    Temperature and velocity of outflow flames varying mesh sizes.
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7

FIGURE 6    |    Modeling comparison of vertical temperature distribution varying horizontal distance at different HRRs, (a) 600 kW, (b) 750 kW, and 
(c) 900 kW.
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8 Fire and Materials, 2025

HRR, atmospheric pressure, and opening factors. Modeling 
results are presented using the pressure for each altitude, with 
details provided in Table  1. Essentially, the intensity of façade 
flames is governed by the amount of fuel combusted inside and 
outside the chamber, that is HRR inside and outside the chamber. 
Figure 7 gives the chamber HRR (HRR inside the chamber) with 
varied opening factors, input HRRs, and pressures. For a certain 
pressure, chamber HRR depends on the opening factor, reflect-
ing the ventilation capacity of each dimension, regardless of input 
HRR. A reduced opening factor restricts air inflow, leading to a 
lower chamber HRR. Additionally, chamber HRR decreases with 
lower pressure, due to reduced oxygen content and mass flow rate 
limiting complete fuel combustion [14]. It is worth noting that 
the sensitivity of chamber HRR to varying pressures is changed 
by opening shapes. Figure 7 shows the slopes of the linear fitted 
lines, which indicates that square and vertical openings exhibit 
similar reductions in chamber HRR with decreasing pressure. 
However, horizontal openings with an opening factor of 0.499 
are more sensitive to pressure variations; the reason is that this 
opening provides a relatively larger interaction surface between 

TABLE 3    |    Deviation rate of modeling.

HRR (kW)

Horizontal distance from the façade (m)

Average (%)0 (%) 0.1 (%) 0.2 (%) 0.4 (%) 0.6 (%) 0.8 (%)

600 17.7 4.2 5.6 10.2 13.4 18.6 11.6

750 5.3 12.2 11.1 14.7 27.2 25.1 15.9

900 5.4 12.4 14.1 17.9 19.5 22.4 15.3

FIGURE 7    |    Chamber HRRs varying input HRRs, opening factors, 
and pressures.

FIGURE 6    |     (Continued)
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9

outflowing flames/fuel and incoming air. In this case, more ox-
ygen is entrained and reacted with fuel near the opening and is 
thereby more sensitive to the pressures. In contrast, the 0.272 
opening factor exhibits minimal sensitivity to pressure change, 
attributable to its extremely limited ventilation, which is near the 
lower bound of chamber HRR, rendering variations in chamber 
HRR versus pressure insignificant.

Figure 8a shows façade temperature distributions under altitude 
effect for HRRs of 600–900 kW, with the same opening dimen-
sion as in the experiments (W × H = 0.9 m × 0.9 m). At each HRR, 
lower pressure results in larger high-temperature areas. This 
effect can be attributed to increased HRR outside the chamber, 
meaning more fuel burns near or outside the opening. With 
respect to the pressure impact on façade flames, temperature 
distributions of comparable external HRRs as indicated by the 
black-dashed line in Figure 8d that is 101.3 kPa to 900 kW and 
58.7 kPa to 750 kW (highlighted by red front in figure (a)) are 
compared. The overall temperature distribution expands with 
smaller high-temperature zones at lower pressure, due to lower 
oxygen entrainment mass flow rate caused by reduced air den-
sity, which facilitates fuel combustion expansion.

Furthermore, the conditions highlighted by the red dashed circle 
in Figure  8d illustrate the altitude effect under varied opening 
shapes by combining Figure 8b,c, which is also marked using dif-
ferent color fonts. In these temperature distributions, a red-dashed 
line at 540°C indicates visible flames, enabling a quantitative com-
parison of the altitude effect. The altitude-driven enhancement 
rates in flame height between 101.3 and 82.5 kPa are 1.1, 1.3, and 
1.4 for square, vertical, and horizontal openings, respectively, 
showing that altitude has the greatest impact—and thus highest 
fire risk—on horizontal openings. It can be seen that for the same 
external HRRs, a transition from horizontal to vertical openings 
results in the flame detaching from the façade, with an increase 
in flame thickness but a reduction in flame area. This difference 
in enhancement rates can be attributed to varying air entrainment 
capacities. In the case of the square opening, flames detach from 
the façade, allowing air supply from the front, behind, and both 
sides [31]. With a vertical opening, the flame also detaches, but the 
entrainment from the front and back is restricted, as the width is 
nearly half of that in the square opening. For horizontal openings, 
the flame remains attached to the façade, similar to the front en-
trainment in the square opening, but with insufficient air supply 
from behind and both sides due to full attachment to the façade, 
as shown in Figure 8c. As atmospheric pressure decreases, reduc-
ing effective oxygen percentage, the limited air supply shifts com-
bustion to higher positions, leading to an order of fire risk across 
openings: horizontal > vertical > square.

Figure  9 presents the impacts of HRR, opening shape, and 
pressure on the temperatures along ejected flame trajectories. 
Flame temperatures increase with decreasing pressure, and 
this enhancement is consistent across various HRRs and open-
ing shapes. Cross points emerge as pressure varies, with their 
heights significantly rising when the opening shape transitions 
from square to vertical and subsequently to horizontal. The for-
mation of these cross points is attributed to two factors:

1.	 Decreases in opening factors and pressures result in 
more fuel combustion outside the chamber, elongating 

the high-temperature region of flames above the cross 
point.

2.	 Lower effective oxygen percentages at reduced pressures 
limit oxygen mass entrainment rate, restricting combus-
tion near the opening (below the cross point) and reducing 
ejected flame temperatures.

For horizontal openings (Figure  9c), temperatures near the 
opening decrease by approximately 100°C as HRRs increase 
from 600 to 900 kW. This occurs because larger amounts of 
fuel burned outside the chamber expand the high-temperature 
flame regions, reducing the availability of entrained air for the 
inner flame and lowering its trajectory temperatures. Notably, 
a sudden temperature drop appears at 82.5 kPa in the 750 kW 
case for horizontal openings, particularly at lower heights above 
the opening, which is absent in the 600 and 900 kW HRRs. 
Comparing Figure 9a–c reveals that 750 kW represents a tran-
sitional state regarding sufficient air entrainment for the inner 
flame. For pressures above 82.5 kPa, adequate air entrainment 
along the flame trajectory is sustained, whereas at pressures 
below 82.5 kPa, rich fuel combustion along the façade raises 
flame temperatures. Under 82.5 kPa, limited inner flame air en-
trainment combined with relatively less fuel combustion yields 
lower flame temperatures, as visualized in the 750 kW tempera-
ture distribution in Figure 8c.

3.4   |   Characterization of Flame Temperature 
Considering Opening and Altitude Variations

In Yokoi's work [3], the temperatures of ejected flames are char-
acterized under the assumption that the neutral plane is located 
at half the height of the opening. A length scale r0 =

√

WH∕2� is 
defined, where W and H are the width and height of the opening, 
respectively, representing the radius of a circle whose area equals 
half the opening's area, treated as the heat source. Using this length 
scale, a non-dimensional correlation, Θ versus z∕r0, is proposed to 
describe the temperature variation along the vertical axis:

Here, z represents the vertical distance from the neutral plane 
(m), Ta is the ambient temperature (K), ΔTz denotes the tem-
perature rise above ambient at location z (K), Q is the convective 
HRR (kW) at the opening, and cp and �z are specific heat capac-
ity (kJ/(kg/K)) and density (kg/m3) of ejected gases, respectively. 
Since the neutral plane is designated at H/2, the convective HRR 
Q is expressed as:

Combining with the outflow velocity v =
√

2gz�Tg

Ta
, Equation (2) 

can be integrated becomes:

(1)Θ =

ΔTzr
5∕3
0

3

√

Q2Ta
c2p�

2
zg

= function

(

z

r0

)

(2)Q = Cdcp�gΔTgW

H∕2

∫
0

vdz

(3)Q =
2

3

√

2
�

1

2

�

2

3

Cdcp�gΔTgW (H)

3

2

�

ΔTgg

Ta
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10 Fire and Materials, 2025

FIGURE 8    |     Legend on next page.
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Rearranging Equation (3), a constant relationship is obtained:

Considering that the Yokoi model demonstrates the dependency 
of the non-dimensional temperature Θ on varying opening 
shapes, a revised length scale l̃1 is introduced based on the ex-
amination of Equation (4) [28]:

In this case, the Yokoi-Lee model is derived as:

Compared to the original Yokoi model, the length scale r0 and 
hot gas density �g are replaced by l̃1 and ambient air density �a, 
which guarantees the convergence of non-dimensional tempera-
ture at the neutral plane.

Based on the modeled flame temperatures, Figure 10 presents 
the correlation of Θ̃ versus z∕ l̃1 across different opening shapes, 

(4)

�

ΔTg
�
2

3

�

�g ∕�aW (H)

2

3

�

Q
√

Ta ∕�acp
√

g
= constant

(5)l̃1 =

(

�g

�a
W (H)

3∕2

)2∕5

=

(

�g

�a
AH1∕2

)2∕5

(6)Θ̃ =

ΔTzr
5∕3
0

3

√

Q2Ta
c2p�

2
ag

= function

(

z

l̃1

)

FIGURE 8    |    Altitude effect on façade temperature distributions of (a) square (A 
√

H  = 0.768), (b) vertical (A 
√

H  = 0.384), and (c) horizontal open-
ings (A 

√

H  = 0.272) under varied HRRs, and (d) corresponding HRR outside the chamber.

FIGURE 9    |    Altitude effect on flame temperatures of (a) square (A 
√

H  = 0.768), (b) vertical (A 
√

H  = 0.384), and (c) horizontal openings (A 
√

H  
= 0.272) under varied HRRs.
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HRRs at the standard pressure. Yokoi's theory, developed from 
reduced-scale façade flames in well-ventilated conditions [32], 
derives flame temperatures based on the convective HRR, 
is limited by not considering the fuel combustion outside the 
opening as illustrated in Equation (2). However, Figure 10 re-
veals different HRRs occurring outside the chamber, indicating 
incomplete fuel combustion within the chamber and additional 
combustion outside the opening—characteristic of under-
ventilated fires. Therefore, the Yokoi-Lee model converges the 
flame temperature at approximately Θ̃ = 2.76 for normalized 
height z∕ l̃1 < 1 but diverged significantly with increasing HRRs 
and decreasing opening factors. This divergence arises from in-
creased fuel combustion occurring outside the opening, which 
amplifies flame intensity and elongates high-temperature re-
gions. For instance, as shown in Figure  7, the configuration 
of W × H = 0.9 m × 0.45 m at 900 kW exhibits the highest exter-
nal HRR, corresponding in Figure 10 to the most pronounced 
elongation of the continuous flame region. To address com-
bustion outside the chamber in under-ventilated fires, a non-
dimensional external HRR Q∗

ext is defined [33]:

Where Qext is the HRR outside the chamber, and l1 =
(

AH1∕2
)2∕5 

represents an appropriate length scale for under-ventilated 
compartment fires, relating to the convective heat flow. 
Additionally, considering that the flame temperature rise 
ΔTz above a certain heat source is correlated with HRR by 
a power dependence of 2/5 [34], the specified HRR factor 
Q�

= 1∕
(

Q∗

ext

)2∕5 is introduced to characterize the variation 
of the continuous flame region induced by external HRRs 
and opening factors. The improved Yokoi-Lee model is ex-
pressed as:

The improved Yokoi-Lee model shows the convergence of flame 
temperatures under varying opening factors, HRRs, and pres-
sures, as depicted in Figure 11. The results show that the charac-
terized flame temperatures show improved convergence across 
different HRRs and opening factors. Compared to the original 
Yokoi-Lee model, the range of the continuous flame (the high-
temperature region with minimal temperature decreases) in 
z∕ l̃1 expands from 0.56–1 to 0.4–2, whereas its non-dimensional 
temperature Θ̃ remains relatively stable. In the intermittent 
flame region (

(

z ⋅ Q�
)

∕ l̃1 > 2), the enlargement or mitigation of 
Θ̃ depends on fuel combustion near the opening, regulated by 
the introduced HRR factor Q′. However, the performance of 
convergence is further affected by altitude effect, that is non-
dimensional temperatures Θ̃ increases for smaller opening fac-
tors when pressure decreases.

According to the prior analysis in Section  3.3, atmospheric 
pressure significantly impacts chamber HRR and the tem-
perature distribution of façade flames due to the limited mass 
entrainment rate of oxygen. Therefore, understanding how 
pressure limits air entrainment and the influence of open-
ing factors on altitude effects is crucial for characterizing 
façade flame temperatures. To normalize this relationship, 
the non-dimensional chamber HRR Qp* = Qp/Q0 and pres-
sure P* = P/P0 are defined, where Q0 and P0 are the chamber 
HRR and pressure at the standard altitude, and Qp and P are 
those at elevated altitudes. Figure 12a presents the correlation 
of Qp* versus P*, treated as passing through the origin of the 
coordinates. Unlike Figure 7, it is evident that the altitude ef-
fect is sensitive to opening shapes, with horizontal openings 
being more affected by pressure variations. Furthermore, 
Figure 12b presents the correlation between slopes and open-
ing factors, indicating that the altitude effect is amplified as 
the opening factor decreases.

Combining the correlations determined in Figure  12b, the 
opening-dependent altitude effect on flame air entrainment is 
quantified as: Qp* = (−0.78 AH1∕2 + 1.37)˙(P*-1) + 1. By incorpo-
rating Qp*, the HRR factor becomes Q�

p =

(

Q∗

p∕Q
∗

ext

)2∕5

. Thus, 

(7)Q∗

ext =
Qext

�acpTa
√

gl
5∕2
1

(8)Θ̃ =

ΔTzr
5∕3
0

3

√

Q2Ta
c2p�

2
ag

= function

(

z ⋅ Q�

l̃1

)

FIGURE 10    |    Dimensionless temperature Θ̃ versus normalized 
height z ∕ l̃1 of Yokoi-Lee model at 101.3 kPa with varied opening factors 
and HRRs.
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the improved Yokoi-Lee model, accounting for the altitude ef-
fect, is expressed as:

The convergence of the improved Yokoi-Lee model, accounting 
for altitude effects, is presented in Figure 13. By introducing the 
new HRR factor Q′

p, the model achieves convergence not only at 
the standard atmospheric pressure of 101.3 kPa but also under 
subatmospheric pressures. The elongation of continuous and in-
termittent flame regions is mitigated as pressure decreases, with 
the effect being particularly pronounced for the opening factors 

under horizontal shapes. According to the comprehensive eval-
uation in Figure 13b:

1.	 The continuous flame (Region 1) is consistently regulated for 
(z ⋅ Q′

p)/l̃1 < 2 with a non-dimensional temperature Θ̃ of 2.76.

2.	 The intermittent flame (Region 2) remains collapsed along 
a slope of −0.83, showing acceptable convergence across 
varied opening factors, HRRs, or pressures.

It should be noted that the convergence of the improved Yokoi-
Lee model is achieved within the limitations of the current 
configurations, including HRRs of 600–900 kW, propane as 
fuel, opening factors of 0.272–0.768, and the designated plat-
form of JIS A 1310. Its further implementation requires evalu-
ation under specific conditions.

(9)Θ̃ =

ΔTzr
5∕3
0

3

√

Q2Ta
c2p�

2
ag

= function

(

z ⋅ Q�

p

l̃1

)

FIGURE 11    |    Convergence of improved Yokoi-Lee model with varied opening factors and HRRs at pressures of (a) 101.3 kPa, (b) 82.5 kPa, and (c) 
58.1 kPa.

FIGURE 12    |    (a) Qp* varying P* under different opening factors, and (b) corresponding correlation between slopes and opening factors.
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4   |   Conclusion

In this study, the altitude effect on ejected flame during façade 
calibration tests is investigated over a range of HRRs, opening 
shapes, and atmospheric pressures. The analysis is conducted 
based on the combination of JIS A 1310 standard tests and CFD 
modeling. Major findings include:

1.	 In the large-scale experiments of JIS A 1310, the trends of 
vertical temperature distributions at different horizontal 
distances from the façade indicate that the flame turn-
ing point—the transition where flame behavior shifts 
from horizontal momentum-dominated to buoyancy-
dominated—is minimally influenced by variations in 
input HRRs in the case of apparent ejected flames, which 

FIGURE 13    |    Convergence of improved Yokoi-Lee model accounting for altitude effect at (a) different pressures and (b) comprehensive evaluation.
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are affected by the temperature of ejected flames, that is 
HRR inside the chamber.

2.	 The flame temperatures of modeling are in good qualitative 
agreement compared to the experimental measurements. 
The modeling discrepancies are attributed to the simplifi-
cations in soot modeling, which contribute to temperature 
underestimation in the soot-poor region near the opening 
but temperature overestimation in the soot-rich region at 
the higher part of the façade.

3.	 The façade flames or temperature distribution are ex-
panded at subatmospheric pressure due to lower oxygen 
entrainment mass flow rate caused by reduced air density, 
which facilitates fuel combustion volume expansion. Also, 
the opening shape tends to alter the detachment and re-
attachment of ejected flames, which further changes the 
flame air entrainment. In this case, the fire risk under 
the altitude effect can be ranked as horizontal > verti-
cal > square openings.

4.	 The improved Yokoi-Lee model is proposed to characterize 
the flame temperature. By introducing a non-dimensional 
HRR factor Q′

p, the model accounts for the elongation of 
flame regions caused by fuel combustion outside the 
opening and achieves acceptable convergence across var-
ying HRRs, opening factors, and atmospheric pressures. 
However, its convergence is attained within the limitations 
of the current configurations, including fuel type, HRR 
range, and geometry. Therefore, its applicability should be 
further evaluated under specific conditions.
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