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Abstract
A series of numerical experiments have been carried out through a CFD code, namely Fire Dynamics Simulator (FDS), to 
analyze the influence of the fire heat source location (transversal, longitudinal and vertical positions) on the hot gas layer 
temperature (HGLT) in pre-flashover compartment fires. Knowing the HGLT helps engineers to predict the onset of flashover 
and to design fire safety systems, which give more time for evacuation procedures. Using these numerical data, and based on 
an energy balance on the upper layer, new semi-empirical correlations were developed to predict the HGLT in pre-flashover 
compartment fires, as a function of the fire source location, heat release rate, ventilation factor, surface area, effective heat 
transfer coefficient and ambient thermal properties. As an external validation of the newly developed correlations, their 
outcomes were tested against several sets of experimental data available in the literature, showing a good agreement. So, 
it is concluded that these improved correlations are capable to predict the HGLT for different pre-flashover fire scenarios, 
accounting to the position where the fire started.
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List of symbols
Ao  Opening area  [m2]
Ao

√
Ho  Ventilation factor  [m5/2]

AT  Total area of the compartment surface  [m2]
c  Wall specific heat [kJ  kg−1  K−1]
Cp  Specific heat of air [kJ  kg−1  K−1]
CV  Deardorff’s model constant
D∗  Characteristic fire diameter [m]
f ′′′
b

  Drag force per unit volume [kg  m−2  s−2]

g  Gravity acceleration [m  s−2]
g  Gravity vector [m  s−2]
h  Sensible enthalpy [kJ  kg−1]
ḣ′′′
b

  Fuel enthalpy source term [kW  m−3]
hk  Effective heat transfer coefficient, [kW 

 m−2  K−1]
H  Compartment height [m]
Ho  Opening height [m]
Ji  Diffusive mass flux of species i [kg  m−2 s]
k  Wall thermal conductivity [kW  m−1  K−1]
ksgs  Subgrid kinetic energy  [m2  s−2]
M(x)  Measure of Turbulence Resolution (MTR)
ṁ′′′

b
  Mass source term [kg  s−1  m−3]

ṁ′′′
b,i

  Mass production rate per unit volume of species 
i by evaporating droplets/particles [kg  m−3  s−1]

ṁ′′′
i

  Mass production rate per unit volume of species 
i by chemical reactions [kg  m−3  s−1]

p  Pressure [Pa]
p0  Thermodynamic pressure [Pa]
q̇′′′
c,b

  Convective heat transfer source term of the fuel 
[kW  m−3]

q  Heat flux vector [kW  m−2]
qr  Radiative heat flux vector [kW  m−2]
Q̇  Heat release rate [kW]
R  Universal gas constant [J  mol−1  K−1]
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t  Time [s]
t  Exposure time [s]
tp  Thermal penetration time [s]
T   Temperature [K]
TKE  Turbulent kinetic energy per unit mass  [m2  s−2]
TL  Lower layer temperature [K]
TU  Upper layer temperature or hot gas layer tem-

perature [K]
T∞  Ambient temperature [K]
u  Velocity vector [m  s−1]
u+  Nondimensional streamwise velocity
u�  Friction velocity [m  s−1]
ũ , ṽ , w̃  Resolved LES velocity components
W  Molecular weight of the gas mixture [kg  mol−1]
y  Distance to the wall [m]
Yi  Mass fraction of species i
y+  Nondimensional wall-normal distance
z  Height of the fire source [m]
z∗  Dimensionless height

Greek letters
�  Correlation first term exponent
�w  Wall thermal diffusivity  [m2  s−1]
�  Correlation second term exponent
�  Correlation constant
�  Correlation correction term
�w  Wall thickness [m]
�x  Dimensions of the mesh cell [m]
��  Viscous length scale [m]
Δ  Width filter [m]
ΔT   Upper layer temperature rise [K]
�  Von Kármán constant
�  Dynamic viscosity [Pa s]
�t  Subgrid-scale turbulent viscosity [Pa s]
�  Kinematic viscosity  [m2  s−1]
�  Density [kg  m−3]
�  Wall density [kg  m−3]
�∞  Ambient air density [kg  m−3]
�  Viscous stress tensor [Pa]
�w  Viscous stress at the wall [Pa

Superscript
sgs  Subgrid scale

Special Operators
�(x, t)  Conventional implicit spatial filter
�̃�(x, t)  Implicit Favre-filter
�(x, t)Vb  Explicit anisotropic box filter
D̃𝜙∕D̃t  Favre-filtered material derivative

1 Introduction

To adequately design and manage fire safety systems, it is 
necessary to properly understand fire dynamics and the con-
ditions resulting from a compartment fire. In a pre-flashover 
compartment fire, hazardous gases and heat are accumulated 
in the upper portion of the room, which is then denominated 
as hot gas layer (HGL) or upper layer, and its composition 
influences on visibility and hazards for occupants.

The hot gas layer temperature (HGLT) in pre-flashover 
compartment fires is related to several safety issues, such as 
the occurrence of hazardous conditions for people, the fire 
spread to combustible items far from the fire source and the 
occurrence of flashover (when the entire room is involved 
in the fire) [1]. Knowing the HGLT in a certain fire sce-
nario helps engineers to predict the onset of flashover and 
to design fire safety systems to prevent it. During the pre-
flashover stage the fire can still be controlled, suppressed, 
and evacuation is still possible.

Although Computational Fluid Dynamics (CFD) based 
models can reproduce fire behavior to a considerable degree, 
the hand-calculation methods are still widely applied, since 
they are more time-efficient and cheaper when compared to 
numerical simulations and in general can provide a rough, 
but useful first estimate of the fire. Both, HGLT and interface 
height can be assessed through analytical equations (hand-
calculation methods) or computational models (CFD), being 
HGLT the focus of the present work.

The McCaffrey, Quintiere and Harkleroad correlation [2] 
(known as MQH correlation) is considered the most well-
established hand-calculation method to predict HGLT in pre-
flashover compartment fires. However, this correlation was 
designed for fires positioned at the center of the room and 
on the ground level, which was proven to be the less haz-
ardous condition. Nowadays, several other hand-calculation 
methods are available to predict fire safety parameters [2–5], 
but none of them takes into account the fire source loca-
tion (walls proximity and vertical position) to determine the 
HGLT.

Several researchers have been analysing the influence 
of walls and corners on fire parameters, such as mass flow 
rate, HGLT and flame height [6–14]. Mowrer and William-
son [6] observed that fires positioned in corners and along 
walls have a restricted air entrainment and it results in higher 
HGLT than those predicted by the MQH correlation. Con-
sequently, they developed modification factors to adjust that 
correlation and extend its applicability to wall and corner 
fires. Azhakesan et al. [10] undertook an experimental study 
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of liquid pool fires in corner and center fire geometries. In 
an initial interrogation they found out that the modifications 
to MQH correlation suggested by Mowrer and Williamson 
[6] are reasonable. Some investigations about the influence 
of the elevation of the fire source on fire paremeters have 
been published. Backovski, Foote and Alvares [15] inves-
tigated among other things, the effect of elevated fires on 
the temperature profiles in forced-ventilation enclosure fires, 
observing that when the distance between the fire and the 
ceiling is shortened, the hotter become the gas temperature. 
Mounaud [16] conducted experiments to analyse the influ-
ence of the elevation of the fire source in compartment fires 
on the species generation and transport. Zhang et al. [17] 
conducted experiments with elevated fires in closed com-
partments (to represent ship fires); they studied the smoke 
filling processes in these cases, measuring parameters such 
as mass loss rate, light extinction coefficient, oxygen con-
centration and gas temperature profile. In a posterior work, 
Zhang et al. [18] presented a similar investigation on a ceil-
ing vented compartment and observed that the fire location 
significantly impacted the light extinction coefficient, the 
oxygen concentration and the gas temperature, producing 
a less hazardous fire if the fire was elevated higher, which 
is the opposite behavior when comparing to elevated fires 
in closed compartments. Liu et al. [19] conducted experi-
ments to investigate the fire source elevation effect on fire 
and smoke behavior, foccusing on the critical velocity, in 
a tunnel with longitudinal ventilation. As can be seen, the 
literature is still very scarce on this area.

In this work, new semi-empirical correlations are devel-
oped to predict the HGLT in pre-flashover compartment fires 
as a function of the fire source location, heat release rate, 
ventilation factor, surface area, effective heat transfer coeffi-
cient and ambient thermal properties. These correlations are 
based on numerical experiments, performed with a widely 
validated CFD fire model (FDS). The main justification for 
choosing this topic was the necessity of improvement on 
the hand-calculation methods to obtain pre-flashover com-
partment fire parameters, to allow the fire safety engineers 
to obtain rapidly, more reliable data to design fire safety 
systems. Knowing the HGLT helps engineers to predict the 
onset of flashover and to design fire suppression and smoke 
detection/extraction systems, which give occupants more 
time to leave the fire compartment, saving lives. Despite the 
existence of other hand-calculation methods to predict the 
HGLT, from the authors’ best knowledge, none of them take 
into account the position where the fire starts. Most of them 
were developed considering the fire starting in the middle 
of the room, at the ground level and away from any objects 
that may restrict the air entrainment into the flame. In this 
work, we showed that this is the scenario which results in the 
lowest HGLT, so the estimates obtained applying currently 
existing methods would probably underestimate the HGLT.

2  Numerical experiments methodology

A computational fluid dynamics (CFD) model, namely Fire 
Dynamics Simulator (FDS), was applied to simulate 252 
pre-flashover compartment fire scenarios. These simulations 
reproduced the room geometry applied on Steckler et al. 
[20–22], considering several fire source positions (longitu-
dinal, transversal and vertical).

FDS is a Large Eddy Simulation (LES) fire model, devel-
oped by the National Institute of Standards and Technol-
ogy (NIST) and VTT Technical Research Center of Fin-
land, which solves numerically the Navier–Stokes equations 
adapted for low-speed (Ma < 0.3). The core algorithm is an 
explicit predictor–corrector scheme, second order accurate 
in space and time [23]. The FDS version employed in the 
simulations was the FDS 6.6.0 and its default models were 
applied.

Firstly, 13 cases in 15 different fire heat source positions 
at the ground level were tested to determine their influence 
on the temperature results. The tested fire positions can be 
seen in Fig. 1a (indicated by the fuel pan position using 
letters A to Q) and the 13 studied cases are summarized in 
Table 1.

Based on the findings for the HGLT of the 15 fire source 
positions on ground level, 19 different elevations on the 
positions A, B and C were simulated (see Fig. 1b). A total of 
195 fire scenarios were simulated for the ground fire analy-
sis, and 57 fire scenarios were simulated for the elevated 
fire source analysis, summing 252 numerical experiments.

A thermocouple tree in the front corner of the room meas-
ured the gas temperature profile (Fig. 2). The thermocouple 
tree was placed 0.305 m from the walls, with the lower ther-
mocouple 0.057 m from the floor and the other thermocou-
ple spaced equally 0.114 m from each other. The HGLT ( TU ) 
was obtained through the average value of the temperature in 
the upper portion of the room, above the temperature profile 
curve inflection.

The thermocouples were modelled to represent the char-
acteristics of the physical ones in the experiments. The room 
geometry and the thermocouple tree can be seen in Fig. 2.

All cases were simulated for 900 s, and reached steady 
state before 800 s, this means that the hot gas temperature 
did not change significantly with time anymore. The tem-
perature results were obtained through an average consid-
ering the results obtained between 800 and 900 s (steady 
state), to compensate the oscillatory results caused by the 
LES turbulence model.

2.1  Governing equations

The set of LES filtered equations which describe the fire 
phenomenon is composed by the Mass transport equation 



 Journal of the Brazilian Society of Mechanical Sciences and Engineering (2022) 44:195

1 3

195 Page 4 of 16

[Eq.  (1)], the Species transport Eq.  (2), the Momentum 
transport Eq. (3), the Energy (enthalpy) transport equation 
[Eq. (4)], and the equation of state, also known as ideal gas 
Law [Eq. (5)] [24].

where � is the density, t  is the time, u is the velocity vec-
tor, ṁ′′′

b
 is the source term of mass, Yi is the mass fraction 

of species i, Ji is the diffusive mass flux of species i, ṁ′′′
i

 is 
the mass production rate per unit volume of species i by 
chemical reactions, ṁ′′′

b,i
 is the mass production rate per unit 

volume of species i by evaporating droplets/particles, p is 
the pressure, τ is the viscous stress tensor, g is the gravity 
vector, f′′′

b
 represents the drag force per unit volume, h is the 

sensible enthalpy, p0 is the thermodynamic pressure, q is 
the heat flux vector, qr is the radiative heat flux vector, q̇′′′

c,b
 

is the convective heat transfer source term of the fuel, ḣ′′′
b

 

(1)
𝜕�̄�

𝜕t
+ ∇ ⋅ (�̄�ũ) =
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Fig. 1  a Fire  source ground positions b Fire source elevation

Table 1  List of openings and HRRs employed in the simulations

# Opening size (W × H) HRR [kW]

1 2/6 door (0.24 m × 1.83 m) 62.9
2 3/6 door (0.36 m × 1.83 m) 62.9
3 4/6 door (0.49 m × 1.83 m) 62.9
4 5/6 door (0.62 m × 1.83 m) 62.9
5 6/6 full door (0.74 m × 1.83 m) 62.9
6 7/6 door (0.86 m × 1.83 m) 62.9
7 8/6 door (0.99 m × 1.83 m) 62.9
8 3/3 full window (0.74 m × 1.38 m) 62.9
9 2/3 window (0.74 m × 0.92 m) 62.9
10 1/3 window (0.74 m × 0.46 m) 62.9
11 6/6 full door (0.74 m × 1.83 m) 31.6
12 6/6 full door (0.74 m × 1.83 m) 105.3
13 6/6 full door (0.74 m × 1.83 m) 158

Fig. 2  Room geometry and temperature measurement points
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is the fuel enthalpy source term, T  is the temperature, R is 
the universal gas constant, and W is the molecular weight 
of the gas mixture.

In FDS, the governing equations are approximated using 
finite differences on the uniformly spaced three-dimensional 
numerical grid, since for LES models, uniform meshing is 
always preferred [25].

The solution of the momentum equation requires the 
solution of an elliptic partial differential equation (PDE) for 
the pressure, so, before the components of velocity can be 
advanced in time, this elliptic PDE (known as a Poisson 
equation) must be solved for the pressure term. It is solved 
using a direct Fast Fourier Transforms (FFT) based solver 
that is part of a library of routines for solving elliptic PDEs 
called CRAYFISHPAK [25].

The turbulence model is based on Large Eddy Simula-
tion (LES) and the subgrid-scale turbulent viscosity, �t , is 
obtained with a modified Deardorff Model (FDS turbulence 
default model), given by:

where � is the density, CV is the model constant, set to the 
value CV = 0.1 , Δ is the width filter and ksgs is the subgrid 
kinetic energy.

In FDS, due to difficulties defining a consistent test filter 
for use with the Deardorff’s turbulence model near the wall, 
at corners, and inside cavities, the turbulent viscosity of the 
first off-wall cell is obtained from the Smagorinsky model 
with Van Driest damping [25].

More information about the mathematical model solved 
by FDS can be found in McGrattan et al. [25].

2.2  Initial and boundary conditions

For the validation step, the initial ambient temperature ( T∞ ) 
was considered the same of the experiments, varying for 
each case according to Steckler et al. [20]. However, after 
the validation step, for the numerical experiments, the initial 
ambient temperature was specified as 24 °C (297 K) for all 
the cases, so the HGLT could be analysed properly, once it 
depends on this initial condition. The initial and ambient 
pressure ( p∞ ) was specified as 101, 325 kPa for all the cases.

The lateral and top domain boundaries were assumed 
“OPEN”, which means that the fluid is allowed to enter or 
exit the computational domain based on local pressure gradi-
ents. The gradients of the tangential components of velocity 
are set to zero at an open boundary.

The bottom domain boundary was assumed as a smooth 
solid insulated boundary (floor). The compartment bounda-
ries (walls and ceiling) were modelled as 0.1 m thick smooth 
solids with the properties described in Table 2, which are 
based on the properties ranges described in [26]. These 

(6)�t = �CVΔ
√

ksgs

surfaces have insulation characteristics of ceramic fiber 
boards and the back side of these wall obstructions was set 
as “EXPOSED”, allowing the model to compute the heat 
flux to, and temperature of, the walls.

For the modeling of boundary layer flows, FDS uses LES 
with near-wall modeling (wall functions) [25]. The wall 
model used is the logarithmic law of the wall, so, the viscous 
stress at the wall, �w , is modeled with a logarithmic veloc-
ity profile. In FDS, the law of the wall is approximated by:

where � = 0.41 is the von Kármán constant and B = 5.2 . 
The friction velocity is defined as u� ≡

√
�w∕� , and from the 

friction velocity the nondimensional streamwise velocity is 
defined as u+ ≡ u∕u� and the nondimensional wall-normal 
distance is defined as y+ ≡ y∕�� , where �� = �∕u� = �∕

(
�u�

)
 

and represents the viscous length scale.
The fuel applied to all cases was methane with heat 

release rate (HRR) prescribed as constant, according to 
Table 1. The data obtained through the present simulations 
were employed to analyze the influence of the fire heat 
source location on the HGLT in pre-flashover compartment 
fires and to develop improved correlations to predict this 
parameter.

2.3  Mesh resolution

Three different methods were applied to ensure that the 
proper mesh resolution was employed in the numerical simu-
lations. The first was the analysis of the non-dimensional 
parameter D∗∕�x , largely employed for FDS simulations; 
the second was a sensitivity analysis, and the third was the 
Measurement of the Turbulence Resolution (MTR), which 
is the recommended method to verify the adequacy of the 
mesh resolution in LES simulations [23, 27–29].

For simulations involving buoyant plumes, the non-
dimensional parameter D∗∕�x is a good way to determine 
how well the flow field is resolved [30, 31]. D∗ is the char-
acteristic fire diameter given by Eq. (9) and δx is the nominal 
size of a mesh cell.

(7)u
+
= y

+
for y

+
< 11.81

(8)u
+
=

1

�
ln y

+
+ B for y

+
≥ 11.81

Table 2  Walls and ceiling properties

Material Density [kg/
m3]

Heat capacity 
[J/(kg∙K)]

Thermal con-
ductivity [W/
(m∙K)]

Ceramic fiber 
board

260 1000 0.08
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where Q̇ is the HRR, �∞ is the ambient air density, cp in the 
ambient air specific heat, T∞ is the ambient temperature and 
g is the acceleration of gravity.

As a Rule of Thumb, McDermott et al. [29] suggest that 
values of D∗∕�x of the order of 10 provide an adequate grid 
resolution for the plume, while the validation study spon-
sored by the U.S. Nuclear Regulatory Commission [32], 
suggested D∗∕�x values ranging from 4 to 16.

Table 3 presents the values of D∗ and D∗∕�x for four mesh 
sizes ( �x = 6 cm, 5 cm, 4 cm and 3 cm). These meshes are 
equally spaced in all directions x–y-z, and they are uniform 
all over the computational domain. As can be observed in 
Table 3, all meshes present D∗∕�x contained inside the rec-
ommended range.

The second criteria used to evaluate the mesh discretiza-
tion was a comparison between the results (temperature pro-
files, average hot gas layer temperature TU , average lower 
layer temperature TL and computational time) obtained for 
the four different meshes applied to test 14 from Steckler 
et al. [20] (according to Table 6). The results are shown in 
Fig. 3 and Table 4.

As can be observed in Fig. 3 and Table 4, meshes δx = 
5 cm, 4 cm and 3 cm present similar results, all of them 
agreeing well with the experimental data. So, the mesh δx = 
5 cm has been chosen to be applied for the numerical experi-
ments, as a matter of computational time and result stability.

To ensure the right selection of the mesh, the MTR for 
the 5 cm mesh has been calculated for cases 5, 11, 12 and 
13 (described in Table 1). The MTR is a posteriori analysis 
that gives a measure of how well the turbulence is being 
resolved in the domain in LES simulations. It is a scalar 
quantity defined locally by Eq. (10).

where the angled brackets denote a time-average, the 
resolved turbulent kinetic energy per unit mass (TKE) is 

(9)D∗ =

�
Q̇

𝜌∞CpT∞
√
g

� 2

5

(10)M(x) =
⟨ksgs⟩

⟨TKE⟩ + ⟨ksgs⟩

given by Eq. (11) and the subgrid kinetic energy ( ksgs ) is 
obtained directly from FDS for each point of interest.

where u,̃ v,̃ w ̃are the resolved LES velocity components and 
are also obtained from FDS. The MTR value was calculated 
based on 15 points measured in regions of interest inside the 
compartment. The results presented in Table 5 are the mean 
MTR values.

According to Pope [27], the MTR value must be less than 
or equal to 0.2, which corresponds to the resolution of 80% 
of the turbulent kinetic energy. Additionally, as showed by 
McDermott [29], a MTR mean value near 0.2 provides sat-
isfactory results for mean velocities and species concentra-
tions in non-reacting, buoyant plumes. So, the 5 cm size 

(11)TKE =
1

2
((ũ − ⟨ũ⟩)2 + (ṽ − ⟨ṽ⟩)2 + (w̃ − ⟨w̃⟩)2

Table 3  Values of D∗ and D∗∕�
x
 for meshes 6  cm, 5  cm, 4  cm and 

3 cm

HRR (kW) D* D*/�
x

�
x
 = 6 cm �

x
 = 5 cm �

x
 = 4 cm �

x
 = 3 cm

31.60 0.24 4.02 4.83 6.03 8.04
62.90 0.32 5.29 6.35 7.94 10.58
105.30 0.39 6.51 7.81 9.76 13.01
158.00 0.46 7.65 9.19 11.48 15.31

Fig. 3  Mesh sensitivity analysis (Steckler’s test 14)

Table 4  Mesh sensitivity analysis and computational time

Mesh size T
U

[°C] T
L
[°C] Time [h]

�
x
 = 6 cm 115.6 50.49 30.29

�
x
 = 5 cm 124.82 (7.4%) 52.72 (4.3%) 54.97

�
x
 = 4 cm 126.29 (1.2%) 52.59 (0.2%) 138.12

�
x
 = 3 cm 128.55 (1.8%) 51.94 (1.3%) 227.02

Table 5  MTR results for mesh size �
x
 = 5 cm

# Fire position HRR [kW] MTR [5 cm]

5 A 62.90 0.159
11 A 31.60 0.173
12 A 105.30 0.140
13 A 158.00 0.137
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mesh is capable to resolve more than 80% of the kinetic 
energy of the flow field.

2.4  Comparison with experimental data

To validate the numerical model, the results of HGLT ( TU ) 
were compared to experimental data presented by Steckler 

Table 6  Comparison between 
numerical (FDS, present study) 
and experimental (Steckler et al. 
[20]) results

1 r represents the fire source locations raised 0.3 m from the floor level
2 Test numeration is in accordance with Steckler et al. [20]
3 Opening codes (e.g. 2/6, 3/6, 1/3, etc.) can be seen in Table 1

Test2 Opening3 HRR (kW) Fire position T∞  
[°C]

T
U

(Exp) [°C] T
U

(FDS) [°C] Relative Dev. [%]

10 2/6 62.9 A 26 190 203.61  − 7.16
11 3/6 62.9 A 28 164 154.29 5.92
12 4/6 62.9 A 22 141 134.98 4.27
13 5/6 62.9 A 23 129 126.72 1.77
14 6/6 62.9 A 29 129 126.85 1.67
16 7/6 62.9 A 26 120 113.72 5.23
17 8/6 62.9 A 22 109 102.54 5.93
22 Full Win 62.9 A 30 143 145.69  − 1.88
23 2/3 Win 62.9 A 26 177 181.43  − 2.50
41 1/3 Win 62.9 A 16 270 259.62 3.84
19 6/6 31.6 A 29 86 86.13  − 0.15
20 6/6 105.3 A 35 183 187.78  − 2.61
21 6/6 158 A 36 243 244.83  − 0.75
160 6/6 62.9 Ar1 6 136 126.66 6.87
114 2/6 62.9 B 32 248 253.54  − 2.23
144 3/6 62.9 B 30 216 215.36 0.30
212 4/6 62.9 B 24 194 193.87 0.07
242 5/6 62.9 B 29 197 192.48 2.29
410 6/6 62.9 B 21 181 177.71 1.82
240 7/6 62.9 B 29 179 173.51 3.07
116 8/6 62.9 B 29 172 167.29 2.74
122 Full Win 62.9 B 28 194 199.64 − 2.91
224 2/3 Win 62.9 B 26 216 222.05  − 2.80
220 6/6 31.6 B 26 118 120.94  − 2.49
221 6/6 105.3 B 27 234 251.18  − 7.34
163 6/6 62.9 Br1 6 190 183.35 3.50
514 2/6 62.9 C 9 209 204.73 2.04
544 3/6 62.9 C 7 173 163.15 5.69
512 4/6 62.9 C 21 173 169.25 2.17
542 5/6 62.9 C 20 160 157.42 1.61
610 6/6 62.9 C 18 152 153.6  − 1.05
540 7/6 62.9 C 14 140 135.28 3.37
517 8/6 62.9 C 15 134 131.76 1.67
622 Full Win 62.9 C 10 153 156.29  − 2.15
524 2/3 Win 62.9 C 9 178 175.88 1.19
541 1/3 Win 62.9 C 8 288 265.58 7.78
520 6/6 31.6 C 18 94 95.08  − 1.15
521 6/6 105.3 C 14 207 207.79  − 0.38
513 6/6 158 C 16 289 288.1 0.31
164 6/6 62.9 Cr1 7 161 138.5 13.98
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et al. [20] for 40 fire scenarios. The description of the inves-
tigated scenarios and its results can be seen in Table 6. On 
experiments 160, 163 and 164 the fire sources were raised 
0.3 m from the floor, while it was on the ground for the other 
experiments.

As can be observed in Table 6, the numerical model can 
be considered validated, since for the HGLT the maximum 
relative deviation found was 13.98% and the mean relative 
error was 3.17%,

The comparison between experimental temperature 
profiles and the ones obtained by FDS for tests 14, 160, 
410, 163, 610 and 164 can be seen in Fig. 4. Similar results 
were obtained for all 40 tests described in Table 6. A good 
agreement between experimental data and numerical results 
was found, so it can be concluded that the mathematical 
model employed on FDS was validated and can be applied 
to generate reliable data for pre-flashover compartment fire 
scenarios.

3  Results and discussions

3.1  Fire source position influence: ground level

The influence of the fire source location at the ground level 
was analysed varying the fire position along the axis x (lon-
gitudinal direction) and y (transversal direction), as shown in 
Fig. 1a. The 13 studied cases (Table 1) have been simulated 
in 15 different positions (Fig. 1a), resulting 195 different 
scenarios.

The numbers inside the circles in Fig. 5a–f show the 
HGLT ( TU ) obtained through FDS simulations for each 
one of the studied ground level positions (Letters A to Q 
in Fig. 1a) for cases 1, 5, 9, 11, 12 and 13 (according to 
Table 1). Each plot (a to f) represents the upper view of 
the room for the indicated cases and the HGLT ( TU ) results 
were placed on the position inside the room where the fire 
source was placed (these temperatures must be assumed as 
homogeneous over all the HGL), so each square (plots a to 
f) presents the condensed results of the 15 tested fire posi-
tions (Fig. 1a).

As can be observed, the highest HGLT were found for the 
corner fire locations (positions B and N), represented by the 
red circles, followed by the near wall fire location (positions 
C, D, E, H and K) represented by the yellow circles. The 
positions away from walls (center positions—A, F, G, J, L, 
M, P and Q), represented by the green circles, are the ones 
which produced the lowest HGLT, especially those near the 
opening doorway. This behaviour was expected since corner 
and wall fires are subjected to reduced air entrainment.

According to Zukoski et al. [33], in the early stages of a 
fire (pre-flashover) in a building, the rate of production of 
hot gases by a fire and the temperature of these gases will 

depend very strongly on the rate of entrainment in the fire 
plume and in the flame itself. According to Mowrer and 
Williamson [6], the fire plume temperature will significantly 
increase for corner and near wall fire plumes; they stated that 
the convective energy flux through the openings would not 
depend on the fire source location in the room. This state-
ment was confirmed by the results shown in Fig. 5a–f, once 
fire source position in the same group of interest (away from 
walls (center), along walls or near corners) showed small 
variations.

An interesting observation can be made through Fig. 5c, 
which represents case 9 (window opening). For the window 
cases (cases 8, 9 and 10), when the fire source is in position 
Q (Fig. 1a), the upper layer temperature is higher than the 
other center positions (green circles), this is different from 
the cases with a doorway, which presented the lowest HGLT 
when the fire source was in position Q. This is explained by 
the reduction of air entrainment caused by the presence of 
the wall in the lower part of the fire source in the window 
cases for position Q. Another pattern can be observed, once 
the ventilation factor (opening size) is augmented, lower 
become the HGLT for each fire position.

So, from this analysis, we can conclude that what causes 
the increase in the HGLT is the presence of an obstruction, 
that can be the walls or even a piece of furniture, which 
restricts the air entrainment into the flame. This confirmed a 
weak influence of the fire source location for the cases when 
the fire source is at the floor level and at the same position 
group (away from walls (center), along walls or near cor-
ners), as suggested by Mowrer and Williamson [6].

3.2  Fire source position influence: elevated fire

For analysing the influence of the vertical position of the fire 
source on the HGLT, 19 elevations (ranging from z = 0 m 
to z = 1.8 m with 0, 1 m increments) have been simulated 
for positions A (center fire), B (corner fire) and C (back-
wall fire), as can be seen in Fig. 1a. These simulations were 
conducted only for case 5 (Table 1), generating data for 57 
numerical simulations.

Figure 6 presents the results obtained from these numeri-
cal experiments for the HGLT as a function of the fire source 
elevation (z) for positions A, B and C.

As can be observed, as the height of the fire source loca-
tion was augmented, so was the HGLT. This behaviour was 
observed for all positions (center, wall and corner fires). 
However, the influence of the elevation was greater for fires 
in the center of the room, followed by fires along walls, 
and finally fires near corners. This may be explained by the 
reduction of the air entrainment rate. When the fire source is 
elevated, it becomes closer to the hot gas layer interface and 
its plume and flame have a smaller region to entrain fresh 
air (Figs. 7a–c). With this reduction of air entrainment, the 
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HGLT rises. Once, fires in corners and along walls already 
have an reduced air entrainment of approximately one quar-
ter and one half (as a consequence of the walls restriction 

in the perimeter of the flame/plume), respectively, when 
elevated they suffer less influence then the ones away from 
walls.

Fig. 4  Temperature profiles comparison between numerical results (FDS) and experimental data (Steckler et al. [20])
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Significant differences in the HGLT between subsequent 
levels (elevations) were observed, being most of them of 

the order of 10–20  °C (considering increasing steps of 
Δz = 0.1 m between elevations), while when comparing 
HGLT for the fire source at the floor level and at the highest 
studied level (z = 1.8 m), the difference in the HGLT were of 
110 °C when the fire is placed in a corner, 180 °C when the 
fire is place near a wall and 242 °C when the fire is placed 
in the center of the room.

Although the influence of the elevation on the HGLT is 
not perfectly linear, a linear dependence can be considered 
to correlate the HGLT and the elevation of the fire source.

3.3  Semi‑empirical Correlations to Predict HGLT 
considering the fire position

As it can be observed in the previous analysis, the fire 
source location has an important influence on the HGLT. It 
is noticed that walls or other objects adjacent to the fire will 
cause an augmentation on the plume temperature, and con-
sequently in the HGLT. It is also noticed the great influence 

Fig. 5  Average HGLT [°C] in each fire  source position on the ground level. Cases numeration according to Table 1 and fire positions according 
to Fig. 1a

Fig. 6  Relation between fire  source elevation and Hot gas layer tem-
perature
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that the vertical fire source position has on the HGLT, which 
follows a quite linear trend.

As the available correlations in the literature do not take 
into account properly the fire source location, the present 
work developed improved semi-empirical correlations 
to predict the HGLT in pre-flashover compartment fires, 
depending on the fire position. As well as the MQH cor-
relation [2], the present correlations were derived from an 
energy balance on the well-stirred gas layer in the upper 
portion of the room, resulting in a function of two dimen-
sionless terms presented in Eq. (12).

where ΔT  corresponds to the upper layer temperature rise 
(ΔT = TU − T∞) , the first term in parenthesis represents 
the ratio of the energy released by the fire to the energy 
convected through the openings, and the second term stands 
for the energy lost through the walls divided by the energy 
convected. Where Q̇ is the HRR [kW], g is the acceleration 
of gravity [m/s2], Cp is the specific heat of the ambient air 
[ kJ∕(kg ⋅ K) ], �∞ is the density of the ambient air [kg/m3], 
T∞ is the ambient air temperature [K], A0

√
H0 is the ventila-

tion factor  [m5/2], hk is the effective heat transfer coefficient 
[ kW∕

(
m2

⋅ K
)
 ] and AT is the total area of the compartment 

surface  [m2]. These are the same dimensionless variables 
employed in the MQH correlation [2], however, the MQH 
correlation was developed only considering fires at the 
center of the room and does not account for the fire source 
elevation effect on the HGLT.

The effective heat transfer coefficient must be obtained in 
the same manner that in the MQH correlation [2], depending 
on the exposure time ( t) and thermal penetration time ( tp) 
of the wall, which is given by tp = �2

w
∕
(
4�w

)
 , where αw is 

the wall thermal diffusivity  [m2/s] and �w is the wall thick-
ness [m]. For exposure time smaller than the penetration 
time (t < tp) , the effective heat transfer coefficient is given 
by hk =

√
k�c∕t while for an exposure time larger than the 

penetration time (t > tp) , it is hk = k∕�w , where k is the wall 

(12)
ΔT

T∞
= f

�
Q̇

√
gCp𝜌∞T∞A0

√
H0

,
hkAT√

gCp𝜌∞A0

√
H0

�

thermal conductivity [ kW∕(m ⋅ K) ], ρ is the wall density [kg/
m3], c is the specific heat of the wall [ kJ∕(kg ⋅ K)].

Figure 8 shows the dimensionless temperature ( ΔT∕T∞ ) 
obtained by FDS for all the ground level simulations as a 
function of the first (Fig. 8a) and second (Fig. 8b) dimen-
sionless terms in parenthesis in Eq. 12, showing a power 
law relationship, so Eq. 12 can assume the functional form 
presented in Eq. (13).

where the constant � and the exponents � and � are deter-
mined from a best fit of the data from each group of fire 
positions (center, wall and corner) at the ground level, since 
it was observed a great influence of these fire positions on 
the HGLT. This means that 3 variants of the correlation are 
obtained for the HGLT prediction, one for each position of 
the fire source.

The influence of the fire elevation on the HGLT did not 
show a power law relation, but a linear tendency instead. 
These effects then considered as a correction term ( � ) 
summed to the HGLT correlation when the elevation is dif-
ferent from zero, according to Eq. (14).

This correction term ( � ) is defined using the dimension-
less parameter z∗:

where z is the vertical fire position in m and H is the height 
of the room in m.

The correlation of the correction term ( � ) for Eq. 14 was 
obtained through a simple linear regression of the difference 

(13)

ΔT

T∞
= 𝛾

�
Q̇

√
gCp𝜌∞T∞A0

√
H0

�𝛼

⋅

�
hkAT√

gCp𝜌∞A0

√
H0

�𝛽

(14)

ΔT

T∞
= 𝛾

�
Q̇

√
gCp𝜌∞T∞A0

√
H0

�𝛼

⋅

�
hkAT√

gCp𝜌∞A0

√
H0

�𝛽

+ 𝛿

(15)z∗ =
z

H

Fig. 7  Illustration of the distance between the fire plume and upper gas layer for different fire  source elevations: a z = 0  m, b z = 0.6  m, c 
z = 1.2 m
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between the dimensionless temperature at each level (
ΔT∕T∞

)
level

 and at the ground level 
(
ΔT∕T∞

)
ground

.
The fitting of the data for terms � , � and � was obtained 

through the software SPSS applying a multiple linear 
regression.

Three different sets of coefficients for the correlation 
(Eq. 14) were obtained according to the fire position inside 
the room (away from walls, near a corners and near a wall), 
see Table 7. Observe that the term � must be set as zero if 
the fire occurs at the ground level (z = 0), while if the fire is 
elevated, it must be calculated according to its dimensionless 
height (z*). All the temperatures in the correlation (Eq. 14) 
must be entered as absolute temperatures [K], so the HGLT 
(TU) obtained through the use of this correlation will also 
be given in K, but can easily be converted to °C.

Figure 9 presents a comparison between the predicted 
values of the HGLT applying Eq. (14) with the coefficients 
presented in Table 7 against the numerical data obtained 
with FDS. As FDS provides all temperatures in °C, the 
temperatures obtained through the correlations were also 
converted from K to °C. The dashed lines represent a 10% 
tolerance. As can be observed, an excellent fitting was 

obtained applying the newly developed correlation for all 
the fire positions.

3.4  External validation of the new semi‑empirical 
correlations: comparison with experimental 
data

To ensure the quality and applicability of the newly obtained 
correlations, the predictions obtained from Eq. 14 with the 
coefficients from Table 7 are then compared to different sets 
of experimental data available in the literature, to represent 
several fire scenarios, different from those employed to fit 
the new correlation.

Table 8 describes the characteristics of each experimen-
tal data set employed in the external validation (for more 
information about the fire scenarios, the references must be 
consulted).

Figure 10a–c show the comparison of the HGLT pre-
dicted with the new correlation and the experimental data 
for fires away from walls (center), near corners and near 
walls, respectively. The continuous line represents that the 
predicted HGLT values are equal to the experimental ones, 
while the dashed lines represent a 10% tolerance.

Fig. 8  Dimensionless temperatures as a function of the dimensionless terms of Eq. 12 a First term b second term

Table 7  Coefficients for the new correlation (Eq. 14)

1 If the fire occurs in the ground level (z = 0), the correction term � must be considered zero

Fire position � � � �1

Away from walls (center) 0.8  − 0.33 1.55 0.99z* − 0.03
Near a corner 0.76  − 0.48 1.26 0.47z* + 0.02
Near walls 0.79  − 0.47 1.26 0.83z* − 0.08
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As can be observed in Fig. 10a, even with a great variety 
of fire scenarios, an excellent agreement was obtained for 
most of the experimental data. A slight less precise agree-
ment was found to Johansson et al. [32], where the predicted 
results were found to be a bit lower than the experiments. 
This may be explained by the fact that these data were 
obtained from a multi-room experiment, where the fire room 
opening was connected to another room instead of being 
connected to the exterior environment. This usually reduces 
the flow of air into and out the room, which in turn, increases 
the upper layer temperature.

In Fig. 10b, a very good agreement was obtained for 
experimental data from McCaffrey and Rockett [35], Li and 
Hertzberg [36], and Steckler’s experiments [20]. The data 
from Mowrer and Williamson [6], showed a slight higher 
variation, but still of the order of 20%, which is still a very 
reasonable agreement, considering that experimental data 
always present some measurement uncertainty and that there 
was a lack of information about the ambient temperature 
during experiments and precise wall and linen material prop-
erties that had to be estimated to apply in the correlation.

As can be seen in Fig. 10c, a very good agreement was 
obtained for most of the experimental data, most of them 
showing differences smaller than 10%. The highest differ-
ences were found for very wide line fire source (from Quin-
tiere et al. [37]), which may be expected, once the correla-
tion was designed with data from circular burners, and again 
for the data from Mowrer and Williamson [6], which can be 
related as discussed before to the experimental uncertainty 
or even to the lack of information.

Although the numerical results applied to develop the 
correlation presented small heat release rates, which would 
represent the maximum heat release rate of a small pool 
fire (31.6 and 62.9 kW) or small wood furniture (105.3 and 
158 kW) (e.g. a wood framed chair with Polyurethane foam 
and cover), the comparison to other sets of experiments 
showed that these newly developed correlations stand for 
higher heat release hates as well as to different fire scenarios, 
including room sizes, ventilation factors, construction mate-
rials, etc.

4  Conclusions

In this work, numerical experiments were performed using 
the software FDS, in order to study the influence of the fire 
source position (transversal, longitudinal and vertical direc-
tions) on the upper layer temperature for pre-flashover com-
partment fires. It was confirmed that the HGLT does not 
depend on the fire source position when the fire occurs away 

Fig. 9  Comparison between upper layer temperatures predicted with 
Eq. (14) and numerical data from FDS for fires sources a away from 
walls, b near a corner and c near a wall
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from walls or obstructions (i.e. pieces of furniture), and that 
there is an augmentation on those temperatures when the fire 
occurs at corners or walls (at the ground level). Fires near 
corners presented the highest temperatures, followed by near 
wall fires, and the lowest temperatures were observed for fire 
sources away from walls.

The present paper also showed a great influence of the fire 
source elevation on the HGLT. An increase on the HGLT, 
mostly on the range of 10–20 °C, was observed between sub-
sequent vertical levels (Δz = 0.1 m), while when comparing 
the HGLT for the fire source at the floor level (z = 0 m) and 
at the highest level (z = 1.8 m) the difference in the HGLT 
was of more than 100 ºC in all cases, reaching 242 °C for 
the fire at the center of the room. It was also observed that 
fires away from obstructions or walls suffered more influ-
ence from the elevation of the fire source, followed by fires 
near wall and the lowest influence was presented by fires 
near corners. It was noted that for fires occurring near the 
ceiling (above 50–55% the room high) the behaviour was the 
opposite than for fires on the floor, presenting the highest 

temperatures for fires at the center and the lowest for fires 
near corners.

Based on these findings, improved correlations have been 
designed to predict the HGLT, considering the fire source 
position. The correlations were developed based on numeri-
cal data generated using the software FDS. A good agree-
ment between the HGLT predicted by the newly developed 
correlations and the numerical data from FDS have been 
found. As an external validation, predictions from the newly 
developed correlations were also compared to experimental 
data from different fire scenarios, showing a good agree-
ment. So, the new correlations can be considered as vali-
dated for pre-flashover compartment fires and are capable 
to predict the upper layer temperature considering the fire 
source location (including its vertical position). This is an 
important achievement once it was observed that fires near 
corner or at higher elevations produce higher upper layer 
temperatures than those at the ground and away from walls, 
which are the ones predicted by the conventional correla-
tions previously available in the literature.

Table 8  Experimental data sets employed in the external validation of the new correlation

Experimental data set Multi-room Fire room size (W × L × H) 
[m]

Openings (Wo × Ho) [m] HRR Fire location

Hamins et al. [38] No 7.04 × 21.7 × 3.82 Door (2.0 × 2.0) 1 MW Center at ground
Johansson et al. [39] Yes 1.2 × 1.2 × 0.8

0.6 × 0.9 × 0.6
Door (0.2 × 0.5)
Door (0.3 × 0.5)

10 kW
20 kW

Center at ground

Quintiere et al. [37] No 2.8 × 2.8 × 2.13 Door (0.23 × 1.83)
Door (0.49 × 1.83)
Door (0.74 × 1.83)
Door (0.99 × 1.83)
Window (0.74 × 1.37)
Window (0.74 × 0.91)
Window (0.74 × 0.46)

From 30 to 120 kW Wall at ground

Dembsey et al. [40] No 2.5 × 3.7 × 2.5 Door (0.76 × 2.0) From 330 to 980 kW Center elevated 0.61 m
Wall elevated 0.61 m

Li and Hertzberg [36] No 2.4 × 2.4 × 3.6 Door (0.8 × 2.0) 100 kW
300 kW

Center elevated 0.3 m
Corner elevated 0.3 m

McCaffrey and Rockett 
[35]

No 3.0 × 3.0 × 2.3 Door (0.73 × 1.93) 62 kW
140 kW
340 kW
459 kW

Center elevated 0.3 m
Corner elevated 0.3 m
Wall elevated 0.3 m

Mowrer and Williamson 
[6]

No 2.44 × 3.66 × 2.44 Door (0.76 × 2.03) 40 kW
80 kW
160 kW

Center elevated 0.3 m
Corner elevated 0.3 m
Wall elevated 0.3 m

Steckler's experiment 
[20]

No 2.8 × 2.8 × 2.13 See Fig. 5 31.6 kW
62.9 kW
105.3 kW
158 kW

Center at ground
Corner at ground
Wall at ground
Center elevated 0.3 m
Corner elevated 0.3 m
Wall elevated 0.3 m



Journal of the Brazilian Society of Mechanical Sciences and Engineering (2022) 44:195 

1 3

Page 15 of 16 195

Acknowledgements This study was financed in part by the Coorde-
nação de Aperfeiçoamento de Pessoal de Nível Superior – Brasil 
(CAPES) – Finance Code 001. Author FRC thanks CNPq/Brazil for 
research grant 400472/2016-3. Authors also thank UFRGS for the 
SPSS software license.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

References

 1. Dusso A, Grimaz S, Salzano E (2016) Quick assessment of the hot 
gas layer temperature and potential fire spread between combusti-
ble items in a confined space. Chem Eng Trans 53:37–42. https:// 
doi. org/ 10. 3303/ CET16 53007

 2. McCaffrey BJ, Quintiere JG, Harkleroad MF (1981) Estimating 
room temperatures and the likelihood of flashover using fire test 
data correlations. Fire Technol 17:98–119. https:// doi. org/ 10. 
1007/ BF024 79583

 3. Tlili O, Mhiri H, Bournot P (2016) Empirical correlation derived 
by CFD simulation on heat source location and ventilation flow 
rate in a fire room. Energy Build 122:80–88. https:// doi. org/ 10. 
1016/j. enbui ld. 2016. 04. 028

 4. Delichatsios MA, Lee YP, Tofilo P (2009) A new correlation for 
gas temperature inside a burning enclosure. Fire Saf J 44:1003–
1009. https:// doi. org/ 10. 1016/j. fires af. 2009. 06. 009

 5. Matsuyama K, Fujita T, Kaneko H et al (1998) Simple predictive 
method for room fire behaviour.pdf. Fire Sci Technol 18:23–32. 
https:// doi. org/ 10. 3210/ fst. 18. 23

 6. Mowrer FW, Williamson RB (1987) Estimating room tempera-
tures from fires along walls and in corners. Fire Technol 23:133–
145. https:// doi. org/ 10. 1007/ BF010 40428

 7. Tran HC, Janssens ML (1991) Wall and Corner Fire Tests on 
selected Wood Products. J Fire Sci 9:106–124. https:// doi. org/ 10. 
1177/ 07349 04191 00900 202

 8. Takahashi W, Tanaka H, Sugawa O, Ohtake M (1997) Flame and 
Plume Behavior in and near a Corner of Walls. Fire Saf Sci Fifth 
Int Symp. https:// doi. org/ 10. 3801/ IAFSS. FSS.5- 261

 9. Poreh M, Garrad G (2000) Study of wall and corner fire plumes. 
Fire Saf J 34:81–98. https:// doi. org/ 10. 1016/ S0379- 7112(99) 
00040-5

 10. Azhakesan MA, Shields TJ, Silcock GWH, Quintiere JG (2003) 
An interrogation of the MQH correlation to describe centre and 
near corner pool fires. Fire Saf Sci. https:// doi. org/ 10. 3801/ 
IAFSS. FSS.7- 371

 11. Gao ZH, Ji J, Fan CG et al (2014) Influence of sidewall restric-
tion on the maximum ceiling gas temperature of buoyancy-driven 
thermal flow. Energy Build 84:13–20. https:// doi. org/ 10. 1016/j. 
enbui ld. 2014. 07. 070

 12. Gao ZH, Ji J, Fan CG et al (2016) Determination of smoke layer 
interface height of medium scale tunnel fire scenarios. Tunn 
Undergr Sp Technol 56:118–124. https:// doi. org/ 10. 1016/j. tust. 
2016. 02. 009

Fig. 10  Comparison between HGLT predicted by the newly designed 
correlation and experimental data from several authors: a center fires, 
b near-corner fires, and c near-wall fires

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3303/CET1653007
https://doi.org/10.3303/CET1653007
https://doi.org/10.1007/BF02479583
https://doi.org/10.1007/BF02479583
https://doi.org/10.1016/j.enbuild.2016.04.028
https://doi.org/10.1016/j.enbuild.2016.04.028
https://doi.org/10.1016/j.firesaf.2009.06.009
https://doi.org/10.3210/fst.18.23
https://doi.org/10.1007/BF01040428
https://doi.org/10.1177/073490419100900202
https://doi.org/10.1177/073490419100900202
https://doi.org/10.3801/IAFSS.FSS.5-261
https://doi.org/10.1016/S0379-7112(99)00040-5
https://doi.org/10.1016/S0379-7112(99)00040-5
https://doi.org/10.3801/IAFSS.FSS.7-371
https://doi.org/10.3801/IAFSS.FSS.7-371
https://doi.org/10.1016/j.enbuild.2014.07.070
https://doi.org/10.1016/j.enbuild.2014.07.070
https://doi.org/10.1016/j.tust.2016.02.009
https://doi.org/10.1016/j.tust.2016.02.009


 Journal of the Brazilian Society of Mechanical Sciences and Engineering (2022) 44:195

1 3

195 Page 16 of 16

 13. Ji J, Fu Y, Li K et al (2015) Experimental study on behavior of 
sidewall fires at varying height in a corridor-like structure. Proc 
Combust Inst 35:2639–2646. https:// doi. org/ 10. 1016/j. proci. 2014. 
06. 041

 14. Wȩgrzyński W, Konecki M (2018) Influence of the fire location 
and the size of a compartment on the heat and smoke flow out of 
the compartment. AIP Conf Proc. https:// doi. org/ 10. 1063/1. 50191 
10

 15. Backovsky J, Foote KL, Alvares NJ (1989) Temperature profiles 
in forced-ventilation enclosure fires. Fire Saf Sci Proc Second Int 
Symp. https:// doi. org/ 10. 3801/ IAFSS. FSS.2- 315

 16. Mounaud LG (2004) A parametric study of the effect of fire source 
elevation in a compartment

 17. Zhang J, Lu S, Li Q et al (2012) Smoke filling in closed compart-
ments with elevated fire sources. Fire Saf J 54:14–23. https:// doi. 
org/ 10. 1016/j. fires af. 2012. 08. 003

 18. Zhang J, Lu S, Li Q et al (2013) Experimental study on elevated 
fires in a ceiling vented compartment. J Therm Sci 22:377–382. 
https:// doi. org/ 10. 1007/ s11630- 013- 0639-5

 19. Liu Y, Fang Z, Tang Z et al (2020) Analysis of experimental data 
on the effect of fire source elevation on fire and smoke dynamics 
and the critical velocity in a tunnel with longitudinal ventilation. 
Fire Saf J 114:103002. https:// doi. org/ 10. 1016/j. fires af. 2020. 
103002

 20. Steckler KD, Quintiere JG, Rinkinen WJ (1982) Flow Induced by 
Fire in a Compartment

 21. Steckler KD, Baum HR, Quintiere JG (1984) Fire induced flows 
through room openings - flow coefficients

 22. Steckler KD, Baum HR, Quintiere JG (1984) Fire induced 
flows through room openings-flow coefficients. Symp Combust 
20:1591–1600. https:// doi. org/ 10. 1016/ S0082- 0784(85) 80654-8

 23. McGrattan K, Hostikka S, McDermott R et al (2020) Sixth Edition 
Fire Dynamics Simulator User ’s Guide (FDS). NIST Spec Publ 
1019 Sixth Edition.

 24. Mell W, Maranghides A, McDermott R, Manzello SL (2009) 
Numerical simulation and experiments of burning douglas fir 
trees. Combust Flame 156:2023–2041. https:// doi. org/ 10. 1016/j. 
combu stfla me. 2009. 06. 015

 25. McGrattan K, Hostikka S, Floyd J et al (2020) Fire Dynamics 
Simulator Technical Reference Guide Volume 1: Mathematical 
Model (Sixth Edition). Gaithersburg, MD

 26. Fryatt J (1976) Basic properties of ceramic fibres and their effect 
on insulation performance. Appl Energy 2:117–126. https:// doi. 
org/ 10. 1016/ 0306- 2619(76) 90031-3

 27. Pope SB (2004) Ten questions concerning the large-eddy simula-
tion of turbulent flows. New J Phys. https:// doi. org/ 10. 1088/ 1367- 
2630/6/ 1/ 035

 28. Mcdermott RJ (2011) Quality Assessment in the Fire Dynamics 
Simulator : a Bridge To Reliable Simulations. Fire Evacuation 
Model Tech Conf 2011

 29. McDermott RJ, Forney GP, McGrattan K, Mell WE (2010) Fire 
dynamics simulator version 6: complex geometry, embedded 
meshes, and quality assessment. In: V European conference on 
computational fluid dynamics ECCOMAS CFD. Lisbon, Portugal, 
pp 14–17

 30. McGrattan K, Hostikka S, McDermott R, et al (2017) Fire Dynam-
ics simulator user’s guide. Gaithersburg, MD

 31. McGrattan K, Hostikka S, McDermott R, et al (2017) Fire dynam-
ics simulator technical reference guide volume 3: validation. 
Gaithersburg, MD

 32. Salley MH, Kassawara RP (2007) Verification and validation of 
selected fire models for nuclear power plant applications, Volume 
7: fire dynamics simulator (FDS), U.S. nuclear regulatory com-
mission, office of nuclear regulatory research (RES), Rockville, 
MD, . and Electric Power Research Institute (EPRI), Palo Alto, 
CA, NUREG- 1824 and EPRI 1011999

 33. Zukoski EE, Kubota T, Cetegen B (1981) Entrainment in fire 
plumes. Fire Saf J 3:107–121. https:// doi. org/ 10. 1016/ 0379- 
7112(81) 90037-0

 34. Johansson N, Svensson S, Van Hees P (2015) An evaluation of 
two methods to predict temperatures in multi-room compartment 
fires. Fire Saf J 77:46–58. https:// doi. org/ 10. 1016/j. fires af. 2015. 
07. 006

 35. McCaffrey BJ, Rockett JA (1934) (1977) Static pressure measure-
ments of enclosure fires. J Res Natl Bur Stand 82:107–117. https:// 
doi. org/ 10. 6028/ jres. 082. 009

 36. Li YZ, Hertzberg T (2015) Scaling of internal wall temperatures 
in enclosure fires. J Fire Sci 33:113–141. https:// doi. org/ 10. 1177/ 
07349 04114 563482

 37. Quintiere JG, Steckler K, Corley D (1984) An assessment of fire 
induced flows in compartments. Fire Sci Technol 4:1–14

 38. Hamins A, Maranghides A, Johnsson R et al (2006) Report of 
Experimental Results for the International Fire Model Bench-
marking and Validation exercise # 3. NIST Spec Publ 1013

 39. Johansson N, Svensson S, van Hees P (2015) A study of reproduci-
bility of a full-scale multi-room compartment fire experiment. Fire 
Technol 51:645–665. https:// doi. org/ 10. 1007/ s10694- 014- 0408-3

 40. Dembsey NA, Pagni PJ, Williamson RB (1995) Compartment fire 
experiments: Comparison with models. Fire Saf J 25:187–227. 
https:// doi. org/ 10. 1016/ 0379- 7112(96) 00002-1

Publisher's Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1016/j.proci.2014.06.041
https://doi.org/10.1016/j.proci.2014.06.041
https://doi.org/10.1063/1.5019110
https://doi.org/10.1063/1.5019110
https://doi.org/10.3801/IAFSS.FSS.2-315
https://doi.org/10.1016/j.firesaf.2012.08.003
https://doi.org/10.1016/j.firesaf.2012.08.003
https://doi.org/10.1007/s11630-013-0639-5
https://doi.org/10.1016/j.firesaf.2020.103002
https://doi.org/10.1016/j.firesaf.2020.103002
https://doi.org/10.1016/S0082-0784(85)80654-8
https://doi.org/10.1016/j.combustflame.2009.06.015
https://doi.org/10.1016/j.combustflame.2009.06.015
https://doi.org/10.1016/0306-2619(76)90031-3
https://doi.org/10.1016/0306-2619(76)90031-3
https://doi.org/10.1088/1367-2630/6/1/035
https://doi.org/10.1088/1367-2630/6/1/035
https://doi.org/10.1016/0379-7112(81)90037-0
https://doi.org/10.1016/0379-7112(81)90037-0
https://doi.org/10.1016/j.firesaf.2015.07.006
https://doi.org/10.1016/j.firesaf.2015.07.006
https://doi.org/10.6028/jres.082.009
https://doi.org/10.6028/jres.082.009
https://doi.org/10.1177/0734904114563482
https://doi.org/10.1177/0734904114563482
https://doi.org/10.1007/s10694-014-0408-3
https://doi.org/10.1016/0379-7112(96)00002-1

	Semi-empirical correlations for predicting hot gas layer temperature in pre-flashover compartment fires considering fire source location
	Abstract
	1 Introduction
	2 Numerical experiments methodology
	2.1 Governing equations
	2.2 Initial and boundary conditions
	2.3 Mesh resolution
	2.4 Comparison with experimental data

	3 Results and discussions
	3.1 Fire source position influence: ground level
	3.2 Fire source position influence: elevated fire
	3.3 Semi-empirical Correlations to Predict HGLT considering the fire position
	3.4 External validation of the new semi-empirical correlations: comparison with experimental data

	4 Conclusions
	Acknowledgements 
	References




