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A B S T R A C T   

The main characteristics of the cooling phase of post-flashover compartment fires are studied using a simplified 
first-principles heat transfer approach to establish key limitations of more traditional methodologies (e.g., 
Eurocode). To this purpose, the boundary conditions during cooling are analysed. To illustrate the importance of 
a first-principles approach, a detailed review of the literature is presented followed by the presentation of a 
simplified numerical model. The model is constructed to calculate first-order thermal conditions during the 
cooling phase. The model is not intended to provide a precise calculation method but rather baseline estimates 
that incorporate all key thermal inputs and outputs. First, the thermal boundary conditions in the heating phase 
are approximated with a single (gas) temperature and the Eurocode parametric fire curves, to provide a 
consistent initial condition for the cooling phase and to be able to compare the traditional approach to the first- 
principles approach. After fuel burnout, the compartment gases become optically thin and temperatures decay to 
ambient values, while the compartment solid elements slowly cool down. For simplicity, convective cooling of 
the compartment linings is estimated using a constant convective heat transfer coefficient and all linings surfaces 
are assumed to have the same temperature (no net radiative heat exchange). All structural elements are assumed 
to be thermally thick. While these simplifications introduce quantitative errors, they enable an analytical solu
tion for transient heat conduction in a semi-infinite solid that captures all key heat transfer processes. Com
parisons between the results obtained using both approaches highlight how, even when considering the same fire 
energy input, the thermal boundary conditions according to the Eurocode parametric fire curves lead to an in
crease energy accumulated in the solid after fuel burnout and a delay in the onset of cooling. This is not 
physically correct, and it may lead to misrepresentation of the impact of post-flashover fires on structural 
behaviour.   

1. Introduction and background 

Ensuring the structural stability and integrity of a building in case of 
fire is of the utmost importance for the safety of its occupants and 
firefighters as well as for other fire safety objectives, such as property 
protection and business continuity. Traditional prescriptive design 
methodologies for structural systems exposed to fire are based on the 
concept of the standard fire curve as the main design scenario for post- 
flashover compartment fires [1]. This fire exposure is characterised by a 
monotonically increasing temperature-time curve, deemed to represent 
a worst-case scenario for non-combustible construction materials during 
the growth and fully-developed phases of a fire [2,3]. However, the past 

two decades of research have highlighted the need to adopt a holistic 
performance-based methodology for the design of structures that en
sures structural integrity and stability. Thus, it is necessary to deliver a 
performance analysis of the structure using a more realistic thermal 
exposure until complete fuel burnout [4]. This approach allows then to 
analyse the structural behaviour of load-bearing systems during all 
phases of a fire: growth, fully-developed, decay, and cooling. 

Given that structural design seeks to optimize materials usage, the 
literature highlights the importance of understanding the behaviour of 
the structure during the fire decay and cooling phase. Once the fuel has 
been consumed, the structure continues to evolve thermally and, given 
common structural optimization practises, thermal evolution after the 
heating phase can lead to failure. Therefore, the cooling of the structural 
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systems is relevant, independently of the construction materials used. 
With regards to concrete structures, during a fire, the temperatures 

inside concrete members continue to evolve after the period of 
maximum gas temperature. This means that the highest temperatures in 
the reinforcement might occur during the fire decay or cooling phase 
[5]. Furthermore, concrete can experience an overall further loss of 
strength while cooling [6,7]. These effects depend on many variables, 
including heating rates. Studies have shown that the effects of the fire on 
the structure are potentially more critical for fast-growing fires (steep 
temperature gradients) than for slowly growing ones [8], thus similar 
differences could be expected for fast or slow cooling. It is also expected 
that these consequences may be more critical for structural elements 
with 3- or 4-side fire exposure (i.e., beams and columns) [9–11]. 

Steel structures typically experience large variations in the force 
distributions within a structural frame during a fire event [12]. During 
the heating phase, steel connections usually suffer large forces due to 
thermal expansions and deformations of longitudinal elements, while 
during cooling high tensile stresses challenge steel connections due to 
the thermal contraction of the same longitudinal elements [13]. The 
specific characteristics of the cooling phase can therefore impact the 
behaviour of a steel structure in this latter stages of a fire event. 

Finally, the fire decay and cooling phases can also challenge wooden 
structural systems because, when the contents-fire extinguish, the heat 
wave continues to propagate within the timber and, accordingly, the 
load-bearing capacity of the structural system can, potentially, continue 
to decrease [14–19]. The problem is more critical for timber structures 
because wood irreversibly loses its mechanical properties at relatively 
low temperatures, compared to traditional construction materials like 
steel and concrete. For example, at 100 ◦C a typical softwood column has 
a reduction of compressive capacity of about 75 %, compared to its 
capacity at ambient temperature [20], and the zero-strength layer 
within timber cross-sections can extend to areas at temperatures as low 
as 90 ◦C [19,21]. A problem, specific to timber, is the influence of 

internal temperature gradients on self-extinction [22]. Conditions dur
ing fire decay and cooling can delay self-extinction enhancing the po
tential for challenging behaviour such as delamination. 

Consequently, for all construction materials, structural failure can 
occur during the fire decay and subsequent cooling, even hours after a 
fire is extinguished [10]. The main challenge is related to the fact that, 
after fire extinction, this hazard cannot be easily detected, and structural 
collapse may occur with little or no warning. This situation is a critical 
scenario for fire brigade interventions. This is what happened in 
Switzerland in 2004, when an underground car park collapsed after fire 
extinguishment, claiming the lives of seven firefighters [23]. 

Historically, most of the research efforts have been directed towards 
comprehending the thermal effects of a fully-developed fire during 
heating, which leads to the highest heat fluxes and temperatures, and it 
is commonly considered as the most challenging phase for load-bearing 
systems. It is also common to find large-scale compartment fire test re
sults where the fire decay and cooling phases are not even charac
terised/reported. Due to safety concerns, in many cases, the fire is 
manually extinguished with water rapidly cooling all structural systems 
[24]. As a result, engineering tools, aimed at estimating the thermal 
conditions to load-bearing systems in the event of a fire, focus on the 
maximum temperature achieved by the structure during the 
fully-developed phase of the fire, and little interest has been devoted to 
the fire decay and cooling phases [25,26]. 

Given the recognition that structural behaviour in fire needs to be 
optimized and explicitly assessed, burnout needs to be characterised, 
therefore various models that also include the fire decay and cooling 
phases have been developed and included in structural fire engineering 
design practices [27]. Existing computer models solve the conservation 
equations to estimate the fire conditions in post-flashover compartments 
and have the capacity to introduce burnout and the subsequent cooling 
phase [27]: from simplified single- or two-zone models (e.g., OZone [28, 
29], CFAST [30], and B-RISK [31]) to higher complexity computational 

Nomenclature 

T Temperature [K] 
ΔT Temperature difference [K] 
Ts Surface temperature [K] 
Tg Compartment gases temperature [K] 
Ts,max Maximum surface temperature [K] 
Tw Compartment linings surface temperature [K] 
Ta Ambient temperature [K] 
Ti Initial temperature [K] 
TSFC Temperature from standard fire curve [K] 
TEPFC Temperature from Eurocode parametric fire curve [K] 
Lk Characteristic length [m] 
H Compartment height [m] 
Ho Compartment opening height [m] 
tk Characteristic time [s] 
tmax Heating period duration [s] 
Lth Thermal penetration depth [m] 
Ao Compartment opening surface [m2] 
AW Compartment linings surface [m2] 
At Total compartment surface [m2] 
hc Convective heat transfer coefficient [W/m2K] 
O Opening factor [m0.5] 
b Thermal inertia [J/m2s0.5K] 
λ Thermal conductivity [W/mK] 
α Thermal diffusivity [m2/s] 
ρ Density [kg/m3] 
cp Specific heat capacity [J/kgK] 
d Thickness [m] 

ε Emissivity [− ] 
Fij View factor [− ] 
σ Stefan–Boltzmann constant [5.67 × 10− 8 W/m2K4] 
q″

f Fuel load density [MJ/m2] 
dQCV/dt Rate of energy change within the control volume [W] 
Q̇fire Fire heat release rate [W] 
Q̇flow,in Convective heat entering the control volume per unit time 

[W] 
Q̇flow,out Convective heat leaving the control volume per unit time 

[W] 
Q̇wall Conductive heat to the enclosure boundaries per unit time 

[W] 
Q̇rad Radiative heat through the opening per unit time [W] 
ṁa Mass flow rate of air at opening [kg/s] 
ṁg Mass flow rate of compartment gases at opening [kg/s] 
ṁ″

f Fuel burning rate [kg/s] 
ΔHc Fuel heat of combustion [J/kg] 
q̇conv

’’ Convective heat flux [W/m2] 
q̇rad

’’ Radiative heat flux [W/m2] 
q̇net

’’ Net heat flux [W/m2] 
q̇cond

’’ Conduction heat flux [W/m2] 
E″

th Thermal energy per unit area [J/m2] 
t Time [s] 
x Space, depth [m] 
g Gravitational acceleration [9.81 m/s2] 
n Multiplication factor [− ]  
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fluid dynamics (CFD) software [32] (e.g., Fire Dynamics Simulator - FDS 
[33]). These models are in some cases coupled with a finite-element 
model for structural analysis (e.g., SAFIR [34] and OpenSEES [35]). 
Despite their physical basis, all these models impose strong simplifica
tions and approximations while remaining of complex use. Many of 
these approximations and simplifications reside within inputs and are 
many times hidden under the complexity of the modelling strategy. 
Simpler approaches seem to remain necessary and are currently used 
widely for design purposes. 

The most widely adopted methodology to characterise natural fire 
conditions for structures is a heat transfer analysis that uses as input the 
temperature histories provided by the Eurocode parametric fire curves 
(EPFC) [36], which were developed starting from the Swedish fire 
curves [37–40]. This method offers analytical expressions to generate 
the temperature-time history of a fire as a function of the fuel load 
density and the ventilation factor as first described by Thomas [25]. The 
thermo-physical properties of linings materials also form part of the 
definition of these curves. However, in its current formulation, the 
cooling phase is substantially simplified into a linear decay relationship, 
following constant cooling rates as prescribed in the 1975 edition of the 
ISO 834 standard, which are not based on fundamental physical prin
ciples or a comprehensive research study [38,41]. This approach can 
lead to a potentially unrealistic definition of the cooling phase [42,43], 
nevertheless there is no detailed quantitative or qualitative evaluation of 
the nature or magnitude of potential errors introduced through this 
simplification. 

Over the past decades, several other engineering approaches to es
timate the thermal conditions of natural fires on structural elements 
have also been proposed. These methodologies rely on different as
sumptions and simplifications. Examples are the formulations given by 
the BFD temperature-time curves, obtained by Barnett through an 
empirical regression analysis of full-scale experiments [44–46] and the 
iBMB parametric fire curves, implemented in the German national annex 
of EN 1991-1-2. In the latter case, the heating curves offer a method 
similar to the Eurocode parametric fire curves, but the cooling phase is 
defined as a parabolic decay curve [47,48]. No substantial evidence for 
the choice of mathematical representation is provided. Other methods of 
various complexities and based on different sets of experimental data 
can be also found in other studies [49–52]. A comparison of different 
approaches is shown in Fig. 1. Fig. 1 offers an example of the several 
temperature-time curves that can be obtained for a specific 
post-flashover compartment fire, and it compares the modelled 

temperature histories to those obtained experimentally from a 
large-scale fire test [53]. All the graphs have been shifted to have the 
same flashover time, defined at a smoke layer temperature above 550 ◦C 
[54]. While Fig. 1 seems to demonstrate agreement between models and 
experiments, this is purely based on temperature measurements and 
does not describe the heat transfer environment. Furthermore, the lack 
of detail on the radiative heat exchange corrections for the thermo
couples makes it difficult to assess where the temperatures can be used 
as input for heat transfer calculations. This was made evident by Welch 
et al. [55] who showed the importance of these corrections when the gas 
was optically thin. 

Overlooking or highly simplifying the fire decay and cooling phases 
can affect the accuracy of any heat transfer calculations to the structure 
and therefore, potentially hiding dangerous failure modes. Compre
hending and properly considering the fire decay and cooling phases can 
therefore significantly improve performance-based design methodolo
gies that aim to deliver fire-safe structures. This study aims to provide an 
assessment of the different factors influencing the thermal boundary 
conditions for a structure in the event of a fire. The focus is on the decay 
and cooling phases. This study does not aim at producing a precise 
method of assessment, instead it attempts to analyse the problem with 
simple tools that are based on fundamental principles, enabling a 
transparent discussion of assumptions and limitations. Thus, the current 
research study describes the principles and characteristics of natural 
fires in post-flashover compartments, considering both the heating 
phase and the cooling phase. Based on energy conservation equations, a 
simplified numerical model is introduced to approximate the thermal 
conditions to structural elements within an enclosure during the cooling 
phase and define appropriate thermal boundary conditions. Simplifica
tions and assumptions are discussed in detail enabling a clear under
standing of the potential impact of each simplification and assumption 
on the thermal evolution of the structure. The presented methodology 
aims at highlighting the importance of approaching the problem of the 
cooling phase from a first-principles perspective, suggesting the use of 
analytical solutions and various simplifications to properly treat the 
convective and radiative heat transfer. 

2. Phases of post-flahover compartment fires 

A natural fire within a building enclosure is typically composed of a 
growth, a fully-developed, a decay, and a cooling phase [54,56]. After 
fire ignition, the growth phase is characterised by a gradual increment of 

Fig. 1. Comparison between experimental results (Test 8, Cardington fire tests [53]) and various methodologies to estimate temperature-time curve of post-flashover 
compartment fires. For purposes of illustration, the curves were shifted to achieve flashover at the same instant. While it is recognised that flashover is a complex 
process, the instant where flashover occurs is defined as when the temperature reaches 550 ◦C [54]. 
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the fire heat release rate, and the average compartment temperature and 
heat fluxes are relatively low, as the fire is localised in the vicinity of its 
origin. If the conditions are met, at flashover all combustible items in the 
compartment ignite simultaneously and flames appear to fill essentially 
the entire volume. There is a rapid increase in the fire heat release rate 
and compartment temperature. Depending on the compartment and fuel 
characteristics, the fully-developed phase of the fire can be typically 
associated with a quasi-constant heat release rate (ventilation- or 
fuel-controlled) and homogeneous temperature. 

Regarding the stability and integrity of load-bearing elements, 
structural fire engineering usually focuses on post-flashover fires 
because, after flashover, the thermal attack caused by the fire is signif
icant. Consequently, the mechanical strength and stiffness of construc
tion materials and structural systems can be significantly affected, and 
the stability and integrity of load-bearing elements can be compromised 
[57]. The pre-flashover and the fully-developed phase traditionally 
represent the heating phase of the structure during a fire event. After 
that, the fire starts decreasing, leading to the fire decay and cooling 
phases. 

The fire decay phase and the cooling phase are often mixed up in the 
literature. However, they refer to two slightly different periods of the 
fire. This distinction has been recently underlined and associated with 
the time-history of fire heat release rate [56]. 

Within the fire decay phase, there is still a “fire”, therefore during this 
phase there is still some flaming combustion taking place in the 
compartment, hence the fire heat release rate is different from zero. The 
decay phase is characterised by a progressive transformation of the fire 
from a fully-developed fire, where heat generation from the fire is a 
critical term in the energy equation, to a fire where heat generation can 
be neglected and eventually disappears from the energy equation. In this 
phase, structural elements can still heat up as long as they receive a 
positive heat flux, therefore the fire decay phase can still be part of the 
heating phase for the structure [36,56]. 

On the other hand, in the cooling phase, the fire is extinguished and 
therefore there is no heat release. After burnout, the total amount of 
energy within the compartment control volume decreases (i.e. the 
compartment gases and solids are losing heat to the surrounding envi
ronment). Nevertheless, the compartment elements still exchange heat 
between them. Structural elements, as any other component within the 
compartment, cool down according to their material properties and the 
conditions in the surrounding environment (e.g., compartment gases 
and linings). This phenomenon primarily depends on the characteristics 
of the compartment (e.g., geometry and opening) and its elements (e.g. 
linings). 

In some models available in the literature, the fire decay phase is 
assumed to start when 70–80 % of the total fuel load has been consumed 
and, after this point, the fire heat release rate decreases linearly to zero 
[28,29,36,41,58]. However, there is no conclusive data on the amount 
of heat being released in the decay phase. The transition is highly 
fuel-dependent, and the available literature offers little evidence on the 
decay period of the heat release rate of post-flashover compartment fires 
[56]. 

Therefore, as in other simplified models (e.g., Eurocode parametric 
fire curves, discussed in section 7.1), this study assumes that the end of 
the fire fully-developed phase corresponds to complete fuel burnout 
[56]. Hence, all the fuel is assumed to fully combust during the 
fully-developed phase, the fire heat release rate instantaneously drops to 
zero, and no fire decay phase is considered. From a structural point of 
view, this is generally considered to represent a more critical case for 
traditional load-bearing elements because it leads to a longer 
fully-developed phase and, therefore a higher maximum temperature 
and longer exposure to higher temperatures. For consistency with future 
work, this research study exclusively refers to the cooling phase as the 
phase after the fully-developed phase (without a fire decay phase). 

3. Compartment energy balance 

In a fire event, the gas phase enclosed by the compartment can be 
considered as a control volume of constant volume. While making the 
control volume the size of the compartment represents a very strong 
simplification that eliminates all terms associated with the distribution 
and transfer of energy within the compartment, the detail of Equation 
(1) is sufficient for the purposes of this study. As illustrated in Fig. 2, the 
energy conservation equation for the compartment enclosure is usually 
described as follows [57,59]: 

dQCV

dt
= Q̇fire +

(
Q̇flow,in − Q̇flow,out

)
− Q̇wall − Q̇rad (1)  

where dQCV/dt [W] is the rate of energy change within the control 
volume, Q̇fire [W] is the total heat release rate (HRR) within the enclo
sure by the fire, Q̇flow,in and Q̇flow,out [W] are the energy entering and 
leaving the control volume per unit time by flows through the opening, 
Q̇wall [W] represents the rate of heat transferred to (+) or from (− ) the 
enclosure boundaries (load-bearing or not), and Q̇rad [W] represents the 
radiative heat per unit time transferred through the opening. 

The described terms play different roles in the energy balance within 
the compartment. Their order of magnitude is very diverse, and their 
signs can vary depending on the heat gains or heat losses. For the pur
poses of this study and simplification, the opening is assumed much 
smaller than the surface area of the inner boundaries and, accordingly, 
the radiative heat transfer from the hot gases through the opening (Q̇rad) 
can be assumed to be negligible (less than 10 % for the presented case). 
Furthermore, while radiation losses through the openings might not be 
negligible (large openings, optically thick gas phase, etc.), for small 
openings, and when integrated over the duration of the fire, it has been 
estimated to be approximately 3 % of the total energy released [58]. 
Thus, the assumption is limited but not incorrect, and given that the 
heating of the compartment elements is the result of a process of heat 
transfer integrated over time, it is reasonable to neglect this term. 

3.1. Heating phase 

The fire growth phase and in particular the fire fully-developed 
phase are usually considered the main heating phases for load-bearing 
structural systems. As shown in Fig. 3, the energy contribution of the 
fire heat release rate (Q̇fire) and the heat exchange at the compartment 
opening (Q̇flow) and linings (Q̇wall) define the compartment fire dy
namics, and they must be analysed and quantified in detail. Accordingly, 
Equation (1) during the heating phase can be re-written as follows: 

dQCV

dt
= Q̇fire + Q̇flow,in − Q̇flow,out − Q̇wall (2) 

By adopting simplifying assumptions, the various terms can be esti
mated, and the differential equation can be solved. A classic simplifi
cation formulates that heat release rate by the fire and advective heat 

Fig. 2. Energy balance within the fire compartment (control volume, CV).  
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transfer flowing outwards through openings (Q̇flow,out) dominate the fire 
dynamics within a compartment, with Q̇flow,in can generally considered 
negligible (compared to Q̇flow,out) [60]. These assumptions and the 
additional simplification of a homogeneous control volume allow for the 
thermal conditions to compartment elements during the heating phase 
to be defined by a single temperature evolving in time. Thomas [61] 
suggests that the maximum gas phase temperature (attained at steady 
state) is the conservative compartment temperature that should be used 
to quantify heat transfer to the compartment elements. This approach is 
typically valid for relatively small compartments, but the assumption of 
homogenous temperature distribution is no longer valid for large com
partments, particularly if the aspect ratio deviates from cubic com
partments. Many examples of non-homogeneous compartment 
temperatures have been reported and reviewed by Stern-Gotfried et al. 
[62]. A more recent example has been reported by Gupta et al. [63] who 
describes the mechanisms leading to heterogeneities. 

For the estimation of the heat transfer rate to the compartment 
boundaries (Q̇wall), it is necessary to address the heat transfer from the 
gas phase to the solid. Heat transfer to the compartment elements occurs 
by convection and radiation. Several experimental studies have 
measured the different heat transfer components in compartment fires. 
Most studies use small (order of 1 m) compartments with small open
ings. A notable example is the experiments by Veloo and Quintiere [64]. 
Larger compartment fire experiments with larger openings were re
ported by Lennon and Moore [53] and the heat transfer fields were 
analysed by Welch et al. [55]. Their results were consistent with those of 
Veloo and Quintiere [64]. Detailed methodologies to assess both forms 
of heat transfer have been developed for zone models that include 
multiple compartments [65] but that remain restricted to small com
partments with small openings. The only generalised model that in
cludes all compartment geometries was developed by Jowsey [66] who 
established the different heat transfer regimes covered through a broad 
range of velocities and optical thickness. Other simplified methodolo
gies include the adiabatic surface temperature formulation. The adia
batic surface temperature converts radiative and convective heat 
transfer to a single temperature. This conversion requires a single tem
perature for the sources of heat along with defined heat transfer co
efficients (e.g., convective heat transfer coefficient) [67]. When 
assuming an optically-thick gas medium during the heating phase, a 
single gas temperature defines both radiative and convective heat 
transfer from the compartment gases. Thus, the heat flux to compart
ment elements in a post-flashover compartment fire is generally asso
ciated with the temporal evolution of the compartment gas temperature 
(Tg). 

3.2. Cooling phase 

Energy considerations as shown in Equation (2) can also be 
expressed for the cooling phase, as shown in Fig. 4. The exchange of 
gases at the compartment opening (i.e., inflow and outflow) plays a key 
role in the cooling phase, and the difference ˙(Qflow,out − Q̇flow,in) has to be 
considered. In addition, the compartment linings gradually cool down 
and the heat transfer Q̇wall flows from the linings into the compartment 
gases (i.e., it has a negative value). If the compartment is once again 
assumed to have a homogeneous temperature, for the cooling phase, 
Equation (1) can be written as follows: 

dQCV

dt
= Q̇flow,in − Q̇flow,out + Q̇wall (3) 

As for the heating phase, the presented differential equation can be 
solved by adopting different assumptions and simplifications. The 
compartment gas temperature is primarily governed by advection into 
and out of the enclosure and the thermo-physical material properties of 
the compartment linings. 

During the heating phase, heat exchange by the flow at the opening is 
dominated by the static pressure difference between the compartment 
(hot) and the external environment (cold). In this case, the mass flow 
rate through a vertical opening (and resulting energy transfer) can be 
estimated using simple formulas and typical flow velocities are in the 
order of a few meters per second [59]. During the cooling phase, the 
temperature difference between the hot compartment linings and the 
cold air results in natural convection. By considering buoyancy as the 
dominant force, the velocity of these convective flows can be approxi
mated as 

̅̅̅̅̅̅
gH

√
, taking the compartment height H [m] as characteristic 

length and g as the gravitational acceleration (9.81 m/s2). Considering 
typical compartment heights in the order of a few meters, the charac
teristic velocity can again be estimated to be of the order of a few meters 
per second. This corresponds to a characteristic residence time (tk [s]) in 
the order of a few seconds [68]. Therefore, the convective cooling of the 
control volume is typically a very rapid phenomenon. 

The compartment elements gradually cool down. The rate of cooling 
depends on the individual element’s physical and thermal properties as 
well as the convective velocity. A characteristic time for this process can 
be estimated from the expression of the thermal propagation depth (Lth 
[m]) [69]. Accordingly, the characteristic time (tk [s]) is proportional to 
L2

th/α, where α [m2/s] is the thermal diffusivity of the compartment 
linings. For typical construction materials, this value can be estimated to 
be in the order of hours. 

This confirms that, after flames quench, the entire cooling process of 
the compartment elements is much slower than the cooling of the gases 
in the control volume. After a rapid transition period, the smoke inside 
the compartment is released and fresh air continuously enters the 

Fig. 3. Side view schematisation of heating phase.  

Fig. 4. Side view schematisation of cooling phase.  
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enclosure through the opening and leaves carrying energy from the 
compartment elements. The gases inside the compartment quickly 
become optically thin and radiative exchange between gas and the solids 
can be considered negligible. A possible simplification, given the short 
time scales associated with advection, is to assume that the gas tem
perature is that of ambient (Tg ≈ Ta). This eliminates the need for 
Equation (3) and allows simply to estimate Q̇wall using a convective heat 
transfer coefficient and radiative exchange between the surfaces of the 
enclosure. This will be explored in Section 5.2. 

As in the heating phase, the concept of adiabatic surface temperature 
[67] can be applied to lump the thermal boundary conditions into a 
single temperature. However, in the cooling phase, the theoretical 
adiabatic surface temperature cannot be readily interpreted as corre
sponding to a physical gas temperature because of the significantly 
different contributions of convection and radiation. 

4. Thermal boundary conditions and compartment fire tests 

The literature review highlighted that engineering tools and models 
for natural fires are generally based on the outcomes of large-scale fire 
tests. In fire tests, thermocouples of various types and sizes are typically 
employed with the intention of measuring the evolution of the gas 
temperature within the compartment during heating and cooling 
without a clear consideration of the distinction between convective and 
radiative heat exchanges. However, as described in Section 3.2, during 
the cooling phase, there is a clear difference between the compartment’s 
gas temperature and the linings’ surface temperature. This distinction is 
not captured by current measurements because the thermocouples are 
strongly influenced by radiation from the hot compartment linings (see 
Fig. 5). During cooling the gas phase is optically thin, so to obtain the gas 
phase temperature, significant corrections for radiation are necessary 
[55,70,71]. Without a precise correction, thermocouples provide an 
estimation of the combined effects of the gas phase temperature and the 
radiative heat being transferred from the surface of the compartment 
linings. The effect of radiative exchange with the linings increases in 
importance when thermocouples of larger characteristic dimensions are 
used, like in the BRE Cardington fire tests [53,55] or in the case of plate 
thermometers. 

Confusion on the definition of the thermal boundary conditions 
during the cooling phase has nevertheless prevailed. The cooling phase 
is normally characterised by a parabolic/exponential decreasing branch 
matched to measured temperatures, see Fig. 1 [39,53,72–75]. Gas 
temperatures measured using thermocouples have led to various for
mulations of the cooling phase in engineering models like the Swedish 
fire curves [39,40]. These temperatures have been interpreted as an 
opaque gas phase temperature for heat transfer calculations, neverthe
less, there is no evidence of appropriate corrections for radiative ex
change between the thermocouple and the linings. In contrast, when a 
radiative correction has been implemented [55], it has been demon
strated that the correction is negligible when the gas phase is optically 
thick but extremely important when it is optically thin, like in the 

cooling phase. The lack of comprehensive research studies on this topic 
has allowed for highly simplified models to prevail despite being 
frequently criticised [41–43]. 

5. Simplified numerical model 

Based on the considerations and energy balance equations presented 
in Section 2 on the heating and cooling phases of natural fires, a 
simplified numerical model is formulated here. This model aims at 
estimating the thermal conditions inside a compartment (as any other 
internal compartment element) during a natural fire, with a special 
focus on the evolution of the cooling phase. In particular, special 
attention is paid to the temperature evolution of the inner gases and 
linings surface within the compartment. 

5.1. Heating phase 

Within the scope of this research study, the fire heating phase 
(growth and fully-developed) is estimated according to the Eurocode 
parametric fire curves, currently the most widely adopted methodology, 
where the temperature history can be calculated starting from a few 
input parameters, namely the fuel load density, compartment geometry 
and characteristics (i.e., ventilation and linings’ thermal inertia) [4,5,7, 
8,10,11,14,21,36,43]. 

As a result, a temperature-time curve of the compartment gases (Tg) 
during the heating phase is obtained. In the case of Eurocode parametric 
fire curves, this temperature can be used as a thermal boundary condi
tion. This is appropriate because for optically thick smoke including the 
effect of the radiation coming from the heated compartment linings is 
not necessary, and a single gas temperature controls both convection 
and radiation heat transfer to the compartment elements [55]. The 
boundary condition can therefore be defined as: 

Q̇wall =Awhc
(
Tg − Tw

)
+ Awεwσ

(
T4

g − T4
w

)
(4)  

where Aw [m2] is the compartment linings surface, εw [− ] is the linings 
emissivity, and σ is the Stefan–Boltzmann constant (5.67 × 10− 8 W/ 
m2K4). Assuming an optically thick smoke, the compartment gases 
emissivity is not included in the expression, as it is assumed equal to 1. 
The constant value of 35 W/m2K for natural fire models recommended 
by Eurocode is used for the convective heat transfer coefficient hc [36]. 
This value is an object of intense discussion, underlying the fact that the 
low velocities assumed in the compartment during the fire 
fully-developed phase should lead to lower values (values above 25 
W/m2K are typically considered to relate to forced convection) [54]. 
However, given the high temperatures and radiation-dominated heat 
transfer, the convective heat transfer coefficient has a limited impact 
during the heating phase. 

The end of the fully-developed phase (tmax [s]) is a function of the 
compartment fuel load density (q″

f [MJ/m2]), opening factor (O [m0.5]) 

and resulting burning rate (ṁ″
f [kg/s]). For ventilation-controlled fires, 

the burning rate can be calculated from the opening factor using 
Kawagoe’s correlation [54]. The opening factor (O [m0.5]) is usually 
expressed as: 

O=
Ao

̅̅̅̅̅̅
Ho

√

At
(5)  

where Ho [m] and Ao [m2] are the compartment opening height and 
surface area, and At [m2] is the total surface area of the compartment 
enclosure. 

Under the assumption that the total fuel load is consumed during the 
heating phase (fully-developed fire) and a steady state burning rate, the 
following expression can be derived to obtain the commonly used 
expression for the time to burnout: 

Fig. 5. Schematisation of using a thermocouple to estimate the fire conditions 
during the cooling phase. 
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q″
f =ΔHc

∫ tmax

0
ṁ″

f dt (6)  

tmax =
q″

f

ΔHc ṁ″
f

(7)  

where ΔHc [MJ/kg] is the fuel effective heat of combustion. In order to 
consider a consistent heating period, it is important to introduce these 
equations. However, this part of the solution will not be implemented 
any further, since similar empirical expressions can be found in various 
methodologies, like the Eurocode parametric fire curves [36,41]. 

Using these thermal boundary conditions, the evolution of the sur
face and in-depth temperatures of the compartment linings can be 
estimated until the end of the heating phase (here burnout, since all fuel 
is assumed consumed in the heating phase). The temperatures are 
calculated using a simplified finite-difference conductive heat transfer 
model (explicit scheme) [69]. 

5.2. Cooling phase 

Given the description of the cooling phase in Section 3.2, the 
compartment environment is assumed to be an optically thin, smoke- 
free, environment and the temperature of the gas phase is assumed to 
be that of ambient (Ta, i.e. outside). The temperatures of all compart
ment surfaces evolve due to convective cooling by the gas inside the 
compartment, as well as by radiation exchange between the various 
compartment elements. The boundary condition for a specific 
compartment element (j) of surface temperature Tw,j and area Aw,j for the 
cooling phase can thus be written as: 

Q̇wall,j =Aw,jhc,j
(
Ta − Tw,j

)
+ Aw,j

∑n

i=1
Fijεσ

(
T4

w,i − T4
w,j

)
(8)  

where Fij [− ] is the view factor between the specific compartment 
element (j) and another compartment element (i), and ε [− ] is the 
effective emissivity (ε = 1/[(1 − εi) /εiAi + 1 /AiFij + (1 − εj) /εjAj]) 
[69]. The total value can be estimated by summing the contribution of 
all the single elements within the compartment. This formulation as
sumes that the view factor to the outside is small. 

With regards to the conduction heat transfer, the same simplified 
finite-difference conductive heat transfer model can be used as in the 
heating phase. However, in the case of compartment elements charac
terised by different thermo-physical properties, the heat transfer Q̇wall,j 

in the cooling phase needs to be estimated for each element. 
Different from the heating phase, the estimation of the convective 

heat transfer coefficient (hc) has a key role in the quantification of the 
thermal boundary conditions during the cooling phase. Convective heat 
transfer has a primary importance because it controls the cooling of the 
compartment linings, and therefore the heat fluxes within the 
compartment. Typical values for free convection are in the range of 5–25 
W/m2K [54]. Considering the compartment walls as vertical hot flat 
surfaces subjected to natural free convection, empirical correlations 
based on the Nusselt number can be used to obtain a first approximation 
of the convective heat transfer coefficient [69,76]. It is certain that more 
refined approaches can be followed, nevertheless, the precision by 
which the heat transfer coefficient is estimated is not the subject of this 
study. Further refinements could follow but will require a more detailed 
characterisation of the regimes being explored as has been done by 
multiple authors for several specific regimes [55,63,64,66]. Assuming a 
characteristic length of 1–4 m (assumed as compartment height) and 
surface temperatures of 200–1200 ◦C, Fig. 6 shows that the convective 
heat transfer coefficient has limited variability for these conditions 
(6.4–7.6 W/m2K). Due to recirculation flows, higher velocities and 
convective heat transfer coefficients could be expected in the enclosure. 
However, for simplicity, the convective heat transfer coefficient for the 

cooling phase is set equal to 7 W/m2K [77]. 
With regards to the radiative heat transfer, the simplified model 

assumes that rapid cooling of the compartment gases at fuel burnout 
leads to a transparent (optically thin) environment inside the enclosure. 
Thus, the surfaces are free to exchange heat. Compartment surfaces can 
have different linings with different thermal properties. This can result 
in different surfaces temperatures and thus radiative heat exchange 
within surfaces. Any precise calculation of the temperature histories 
within structural elements will require the inclusion of these property 
differences. This study does not aim to deliver such level of precision, 
but rather an illustration of the impact of convective cooling. Therefore, 
as a simplification, all the compartment linings will be assumed to be 
made of the same material and, given the assumed uniform gas tem
perature and convection coefficient, therefore will follow identical 
temperature evolutions. Accordingly, the second term in the right-hand 
side of Equation (8) can be completely eliminated. However, if the 
analysis focuses on the thermal evolution of a compartment element that 
is highly sensitive to the temperature of the surrounding surfaces, the 
radiation exchange must be included into the calculation. This aspect is 
discussed in detail in Section 7.2. 

6. Modelling results 

6.1. Case study 

The presented numerical model is analysed to estimate the thermal 
conditions from a natural fire, with a specific focus on the cooling phase. 
A case study is defined: a square compartment of 7.5 × 7.5 m2 in plan, 3 
m in height, with an opening factor of 0.04 m0.5, a fuel load density per 
unit floor area of 720 MJ/m2 and compartment linings with a thermal 
inertia of 1160 J/m2s0.5K (typical value for lightweight concrete), sur
face emissivity of 0.8, and thickness of 0.20 m. All compartment linings 
are the same, so heating and cooling rates are the same as well, 
considering uniform convection coefficients and 1D heat transfer. This 
case is chosen to provide a heating phase of 1 h similar to the standard 
fire curve according to the Eurocode parametric fire curves methodology 
(scaling factor Γ equal to 1) [36]. To solve the simplified numerical 
model, the spatial discretisation finite-difference conductive heat 
transfer model inside the linings is set equal to 1 mm and the time step as 
0.01 s. It has been confirmed that these settings result in numerical 
stability. The ambient temperature is specified as 20 ◦C. With the 
described assumptions and input parameters, the numerical model en
ables the evaluation of the temperature-time histories of the compart
ment gases and linings. These outcomes are shown in Fig. 7, which also 

Fig. 6. Convective heat transfer coefficient hc as a function of characteristic 
length and surface temperature. 
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reports the ISO 834 standard fire curve and the corresponding Eurocode 
parametric fire curve. In addition, Fig. 8 reports the calculated heat 
fluxes of various natures between the compartment gases and linings, 
and Fig. 9 shows the in-depth temperature profiles within the 
compartment linings during heating and cooling. 

With regards to the heating phase, the gas and linings surface tem
peratures rapidly increase until they reach a maximum value, achieved 
at fuel burnout. The gas temperature is higher than the surface tem
perature, but they follow a very similar trend, defined by the thermo- 
physical properties of the linings material (i.e., its thermal inertia). In 
this phase, there is a significant net heat flux entering the compartment 
linings from the hot gases (q̇net

’’), where the radiative component (q̇rad
’’) 

dominates the heat transfer compared to the convective (q̇conv
’’) 

component. The net heat flux absorbed at the linings surface (q̇net
’’) is 

conducted in-depth into the material (q̇cond
’’), so these fluxes are equal 

(with opposite sign) at all times. 
At fuel burnout, the gas temperature is set to ambient conditions, 

while the linings surface temperature gradually decreases. This 
temperature-time curve is characterised by decreasing cooling rates 
(high for elevated temperatures and low for lower temperatures, see 
Fig. 7 after 60 min), and it is determined by the convective cooling of the 
compartment linings surface temperature and their thermo-physical 
properties. For this example, and given that all the linings are the 

same, the net radiative exchange between them is zero. The radiative 
heat flux between the gases and linings (q̇rad

’’) also decreases to zero, 
while all the heat conducted through the linings surface (q̇cond

’’) is 
transferred to the compartment gases due to surface convective cooling. 
Fig. 8 highlights how, in the heating and cooling phase, the direction of 
heat transfer (i.e., signs positive/negative) is opposite. Due to the strong 
assumption of full fuel consumption in the heating phase (no gradual fire 
decay phase) and consequent simplification of compartment gases at 
ambient temperature during the cooling phase, there is a significant 
discontinuity between the two phases, but the simplified numerical 
model provides a correct phenomenological description of the 
compartment conditions during cooling. The results could certainly be 
improved by including a transient phase that considers the gradual 
decrease of the fire heat release rate, as well as the gradual cooling of the 
compartment gases. 

6.2. Parametric study 

To investigate the influence of various assumptions and input pa
rameters on the numerical model, a parametric study is carried out 
focusing on the cooling phase. Fig. 10 presents the results obtained from 
the parametric study on the evolution of the compartment gases and 
linings surface temperatures with varying convective (cooling) heat 
transfer coefficient (hc), opening factor (O), linings’ thermal inertia (b), 
and fuel load density (q″

f ). 
Fig. 10 highlights how a higher convective (cooling) heat transfer 

coefficient produces a faster surface cooling. However, the difference 
between 5 and 10 W/m2K is quite limited. On the other hand, Fig. 10 
underlines that the other variables affect the cooling phase in a more 
significant manner, particularly because they have an important impact 
on the heating phase. This emphasises how there is a strong relationship 
between the heating and the cooling phase, and the two phases cannot 
be fully decoupled. For instance, a higher compartment opening factor 
generally creates a higher maximum gas temperature at fuel burnout, 
but a shorter fully-developed fire with a higher heating rate: this leads to 
a higher compartment linings temperature at the end of the heating 
phase, reduced thermal penetration depth and faster cooling. As regards 
the compartment linings material, higher thermal inertia does not affect 
the fully-developed fire duration, but it results in lower maximum gas 
temperature (higher convection losses at boundaries), a lower heating 
rate, and lower compartment linings temperature at burnout. However, 
in all cases, the surface temperature follows temperature trends similar 
to each other, even if they start cooling at significantly different 

Fig. 7. Evolution of the compartment gases (Tg) and linings surface tempera
tures (Tw) obtained from the simplified model, compared to the standard fire 
curve (TSFC) and the corresponding Eurocode parametric fire curve (TEPFC). 

Fig. 8. Evolution of the convective (q̇conv
’’), radiative (q̇rad

’’), net (q̇net
’’), and 

conductive heat fluxes (q̇cond
’’) between the compartment gases and linings. 

Fig. 9. In-depth temperature profiles within the compartment linings at 
different instants. 
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temperatures. This is related to the thermal inertia because, similarly to 
the heating phase, the linings material responds to surface thermal 
conditions changes according to its thermal inertia: the lower the ther
mal inertia, the faster the surface responds to a gas temperature change. 
Finally, a higher compartment fuel load density prolongs the heating 
phase with the same heating rate, and it leads to a higher maximum gas 
temperature and compartment linings temperature at burnout. 
Accordingly, the surface cooling is slower due to the deeper heat 
penetration. A similar effect can be also created by a larger compartment 
size, if the compartment opening factor is fixed. 

7. Discussion 

7.1. Comparison with the eurocode parametric fire curve methodology 

The majority of research studies available in the literature that focus 
on the decay phase and cooling phase effects of the post-flashover 
compartment fires on structural elements typically define the thermal 
boundary conditions by the Eurocode parametric fire curves [4,5,7,8,10, 
11,14,21,43]. The effect of imposing different boundary conditions in 
the cooling phase becomes evident if the simplified numerical model is 
compared to the Eurocode parametric fire curves methodology [36]. 

It is important to highlight that, despite a different common belief, 
the Eurocode parametric fire curves methodology assumes that the total 
fire heat is released during the fully-developed phase, therefore the end 
of this phase corresponds to the beginning of the cooling phase, without 
any decay phase [56]. Indeed, the duration of the fire fully-developed 
phase is calculated considering the total fuel load, in analogy with 
Kawagoe’s theory [54]. Accordingly, the temporal evolution of the fire 
heat release rate underlying the presented simplified model and the 
Eurocode parametric fire curves is the same. 

This section provides a comparison between the model and the 
Eurocode approach to illustrate any potential differences: the case study 
discussed in Section 6.1 is solved according to the two methodologies, 

given identical heating phases. 
Fig. 11 first evidences the considerable difference between the evo

lution of the compartment gases (Tg) and linings surface temperatures 
(Tw) during the cooling phase following the two methodologies. The 
linings surface temperature for the simplified model reproduces a clas
sical non-linear cooling down evolution, while the parametric curve 
shows that linings and gas phase temperature do not differ much. 
Indeed, the evolution of the linings surface temperature (Tw) according 
to the Eurocode parametric fire curves methodology was calculated 
using the prescribed Eurocode thermal boundary conditions starting 
from the evolution of the compartment gases (Tg) [36]. 

Fig. 10. Parametric study on the evolution of the compartment gases (Tg) and linings surface temperatures (TW) with varying convective heat transfer coefficient (hc 

[W/m2K]), opening factor (O [m0.5]), linings’ thermal inertia (b [J/m2s0.5K]), and fuel load density (q″
f [MJ/m2]). 

Fig. 11. Compartment gases (Tg) and linings surface temperatures (Tw) ac
cording to the simplified model and the Eurocode parametric fire curve 
methodology. 
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Similarly, the in-depth temperature profiles within the compartment 
linings (Fig. 12) and the conductive heat fluxes at the linings surface 
(Fig. 13) differ significantly. Based on the defined conditions for the 
cooling phase in the simplified numerical model, the fuel burnout (60 
min) corresponds to the beginning of the compartment gases and linings 
cooling. This can also be confirmed by the positive conductive heat 
fluxes at the compartment linings surface (heat transfer from solid into 
gases). In contrast, the Eurocode parametric fire curves methodology 
imposes thermal boundary conditions that lead to negative heat fluxes 
for an additional 40 min (until about 100 min). Indeed, for this period 
following the end of the heating phase, the compartment gas tempera
ture is still higher than the linings surface temperature, causing a net 
heat flux into the solid. Only when Tg < Tw, the compartment linings 
commence the cooling process with the surrounding environment, 
yielding positive conductive heat fluxes (refer to Fig. 13). Consequently, 
the two different thermal boundary conditions lead to an important 
difference in the in-depth temperature distributions. 

To investigate the effects of the thermal boundary conditions defined 
according to the two methodologies on the thermal energy of the 
compartment elements, the evolution of the total in-depth thermal en
ergy (per unit area) accumulated within the compartment linings was 
calculated as: 

E″
th(t)=

∫ d

0
ρcpΔT(x, t) dx (9)  

where ρ is the mass density [kg/m3], cp is the specific heat capacity [J/ 
kgK], and ΔT(x, t) [K] is the time-varying in-depth temperature rise 
within the thickness of the solid (d [m]). For simplicity and in analogy 
with the case study described in Section 6.1, the material properties are 
kept constant. 

Fig. 14 underlines how, during the cooling phase, the total thermal 
energy differs significantly between the two methodologies. With 
regards to the simplified model, the end of the heating phase corre
sponds to the beginning of thermal energy decrease, as the model as
sumes fuel burnout and convective cooling after this point. On the 
contrary, in the case of the Eurocode parametric fire curves, the end of 
the heating phase does not constitute the end of thermal gain for the 
solid. For these specific conditions, there is an additional thermal gain in 
the system during the cooling phase, until when the conductive heat flux 
at the compartment linings surface is positive, hence only when Tg < Tw. 
Given that the fire has burnt out, this is physically incorrect and rep
resents an unnecessary over-dimensioning of the thermal load. In the 
Eurocode case, the thermal state (i.e. total in-depth thermal energy) at 

the end of the heating phase is reached again at about 150 min, creating 
a “cooling delay” of about 1.5 h compared to the simulation results from 
the simplified model. After this point, the cooling is faster than the 
simplified model, due to the contribution of the imposed radiation losses 
and larger convective (cooling) heat transfer coefficient (35 W/m2K vs. 
7 W/m2K). 

This analysis highlighted the impact of the definition of the thermal 
boundary conditions and the significant differences between the two 
approaches. It has been shown how, according to the Eurocode para
metric fire curves methodology, which does consider fuel burnout at the 
end of the heating phase, the end of the heating phase does not corre
spond to the end of thermal gain within the solid. By defining these 
thermal boundary conditions, the thermal energy in the solid continues 
to grow for a significant amount of time. This leads to a delay in the 
onset of cooling of the compartment elements and, possibly, an over- 
estimation of the impact of post-flashover fires. Indeed, if the duration 
of the heating phase is estimated assuming that all the fuel within the 
compartment is consumed at the end of the heating phase (i.e., burnout), 
it is incorrect to consider an additional thermal gain during the cooling 
phase. 

Fig. 12. In-depth temperature profiles within the compartment linings at 
different instants according to the simplified model and the Eurocode para
metric fire curve methodology. 

Fig. 13. Conductive heat fluxes (q̇cond
’’) at the compartment linings surface 

according to the simplified model and the Eurocode parametric fire curve 
methodology. 

Fig. 14. Total in-depth thermal energy within the compartment linings ac
cording to the simplified model and the Eurocode parametric fire curve 
methodology. 
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It is recalled that the present model: (i) does not consider a decay 
phase, thus releases all energy as contained in the combustible materials 
during the heating period, (ii) assumes the absorptivity of the gas to be 
zero and its temperature to be equal to ambient during the cooling 
phase, and (iii) fully captures the radiative heat exchange between 
surfaces, assuming a uniform temperature for each surface. Because of 
these simplifications, the temperature evolution of the structural ele
ments will introduce errors, but there is no heat added into the 
compartment after completion of fuel burnout, thus avoiding a non- 
physical heat flux into the structure. 

7.2. Including the radiative heat exchange 

In the presented simplified model, no radiative heat exchange has 
been estimated between the compartment elements during the cooling 
phase because, for simplicity, equal surface temperatures were assumed 
for all compartment surfaces. To obtain a more realistic result, the ra
diation feedback and heat transfer during the cooling phase should be 
included, particularly considering how various compartment elements 
(and surfaces) would cool down and exchange heat through radiation 
within the enclosure. To do so, the thermal boundary conditions 
described in Equation (8) (final term) must be solved considering the 
view factor, temperature and area of each single element within the 
compartment. Thus, gas phase and radiative heat transfer between the 
various compartment surfaces (e.g., structural elements and linings) 
need to be determined in a coupled manner. This process might be 
computationally intensive as it requires solving the entire coupled heat 
transfer problem at each instant in time (i.e., surface and in-depth 
temperatures, as well as thermal boundary conditions, for each 
element within the compartment). This approach might prove imprac
tical for complex building geometries and compartments composed of 
multiple linings materials. It is therefore useful to explore a simplified 
approximation for the evolution of cooling compartment surfaces in 
order to estimate and incorporate the radiative heat exchange. 

Given that convective and radiative heat transfer are much faster 
than conductive cooling of the solid, convection and radiation can be 
treated as steady processes, while conductive cooling of the solid re
mains the only transient process. Convection has already been decou
pled by assuming a constant convective heat transfer coefficient, while 
quasi-steady radiative heat exchange can be estimated from a repre
sentative temperature evolution of the compartment linings surface. 

An analytical expression of the cooling branch can be obtained by 
adjusting the well-known analytical solution for transient conduction in 
a semi-infinite solid with convective thermal boundary conditions 
through a variable transformation [69]. The analytical solution is typi
cally used for heating or cooling of semi-infinite solids, given a 
convective heat transfer coefficient, ambient temperature, and initial 
temperature. In this case, the solution is altered to estimate the surface 
cooling of the compartment linings, starting from a given convective 
heat transfer coefficient and in-depth temperature profile (i.e., achieved 
at the end of the heating phase). As in the numerical model, the 
convective (cooling) heat transfer coefficient can be set equal to 7 
W/m2K. On the other hand, the thermal gradient within the compart
ment linings at the end of the heating phase is defined as a function of 
the thermal penetration depth (Lth [m]): 

Lth = n
̅̅̅̅̅̅
αtk

√
(10)  

where n [− ] is a multiplication factor for the estimation of the thermal 
penetration depth (typically 4 for most applications [69]), α [m2/s] is 
the thermal diffusivity of the compartment linings, and tk [s] is the 
characteristic time, assumed equal to the duration of the heating phase 
[69]. The extremes of the thermal gradient are defined by the 
compartment linings surface temperature at the end of the heating phase 
(maximum temperature) and ambient temperature (see Fig. 15). To 
obtain a simple analytical solution, the thermal gradient is assumed to 

be linear to avoid a second-order derivation of the transformation 
equation different from zero. The transformed solution is obtained by 
removing the convective cooling contribution from the initial thermal 
gradient estimated at the end of the heating phase. The derivation of the 
analytical solution and the variable transformation are explained in 
detail in Appendix A. 

Accordingly, starting from the compartment linings surface tem
perature at the end of the heating phase and knowing the thermo- 
physical properties of the compartment linings, the thermal gradient 
at the end of the heating phase can be estimated according to the ther
mal penetration depth Lth (Equation (10)). Starting from this gradient, 
the thermal gradient within the compartment linings is decreased by 
adding the convective cooling contribution estimated according to the 
analytical solution with variable transformation (refer to Appendix A). 
This methodology produces an approximation of the surface cooling of 
the compartment linings, as shown in Fig. 16. Different values of n 
produce various levels of accuracy compared to the temperature curve 
obtained from the numerical model. This aspect is closely related to the 
approximation of the thermal gradient within the compartment linings 
at the end of the heating phase. As highlighted in Fig. 15, this thermal 
gradient acts as a starting point for the approximation of the in-depth 
temperatures during cooling, and it directly depends on n because it 

Fig. 15. Comparison between the in-depth temperature profiles within the 
compartment linings during cooling obtained using the numerical model 
(continuous lines) and the analytical approximation (n = 2, dashed lines). 

Fig. 16. Surface cooling of compartment linings for different n obtained using 
the analytical approximation (dashed lines). 
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defines the thermal penetration depth, hence its slope. Fig. 16 evidences 
how higher values of n produce slower cooling due to the deeper thermal 
penetration depth and a less steep thermal gradient within the solid. The 
choice of the value n is key because it generates an over- or under- 
estimation of the temperature evolution of the compartment linings 
surface and this choice strongly depends on the application of the pre
sented methodology. For structural fire engineering problems, the over- 
estimation of the thermal exposure generally produces a conservative 
solution. However, it is also important to estimate realistic thermal 
conditions and to consider which temperature ranges are relevant for 
the construction material and structural system under analysis. For 
instance, the case study presented in Fig. 16 (n = 2) offers a good 
approximation of the cooling branch for temperatures above 350 ◦C. 

In general, this methodology offers an analytical approximation for 
the surface cooling of the compartment linings, which can be used to 
estimate the radiative heat exchange to an element inside the 
compartment (Equation (8)) during the cooling phase of a post-flashover 
compartment fire. 

8. Conclusions 

The current study focused on describing the main characteristics of 
the cooling phase of post-flashover compartment fires, evidencing the 
differences in the manner the thermal boundary conditions are 
expressed when contrasted with the heating phase. The heating phase is 
typically characterised by optically thick smoke with high temperatures 
and the thermal boundary conditions can be correctly approximated by 
a single (gas) temperature. After fuel burnout, the compartment gases 
quickly become optically thin and tend to ambient temperature, while 
the compartment linings gradually cool down. The different character
istic time scales of convective cooling of the compartment, convective 
cooling of the solid, radiative heat exchange between solid surfaces and 
conductive heat transfer within the compartment require a more 
detailed mathematical representation of the thermal boundary 
conditions. 

Accordingly, a simplified numerical model was formulated to esti
mate the thermal conditions during the cooling phase. The heating 
phase is defined according to the Eurocode parametric fire curves 
methodology, while the thermal boundary conditions during the cooling 
phase are defined by a detailed analysis of all heat transfer modes and 
simplifications consistent with the different time scales. A constant 
convective (cooling) heat transfer coefficient can be defined to charac
terise natural convective cooling of the compartment linings, while the 
evolution of the linings surface temperature characterises radiative heat 
exchange between the compartment linings and the construction 
element under analysis. The time-history of the linings surface temper
ature can be also approximated transforming the well-known analytical 
solution for transient conduction in a semi-infinite solid. 

The application of the numerical model evidenced the importance of 
defining the thermal boundary conditions of the compartment structure 
during the cooling phase. Moreover, a parametric study underlined how 
the heating and the cooling phases are closely related and cannot be 
fully decoupled. Indeed, key parameters (convective heat transfer co
efficient, opening factor, linings material and fuel load density) that 
have an important impact on the heating phase also affect the cooling 
phase in a significant manner. 

The simplified model suggests various simplifications to estimate the 
convective and radiative heat transfer during the cooling phase of post- 
flashover compartment fires. In particular, it shows how the system 

starts cooling immediately after burnout. In contrast, the thermal 
boundary conditions (based on a single temperature) recommended by 
the Eurocode parametric fire curves methodology lead to energy and 
temperature increase in the solid beyond fuel burnout and therefore an 
unphysical delay in the onset of cooling of the compartment elements. 
This can possibly cause an over-estimation of the impact of post- 
flashover fires on load-bearing elements. 

The presented simplified approach was proposed to provide a first 
example of how the cooling phase of post-flashover compartment fires 
can be thermally characterised. Indeed, the present study does not 
provide a distinction between the decay phase and the cooling phase of 
post-flashover compartment fires, and it actually delivers an averaged 
representation of the different surface temperatures of a compartment at 
the limit where all combustible materials are consumed during the 
heating phase. This is the case because it relies on two important sim
plifications: the end of the fully-developed phase is assumed as fuel 
burnout and therefore the beginning of the cooling phase, and during 
the cooling phase the compartment gases are assumed to have an ab
sorptivity of zero and to remain at ambient temperature. This is the 
reason for the evident discontinuity in the compartment gas temperature 
evolution at the (sudden) transition between the heating and cooling 
phase. Increasing the complexity and challenging the model assump
tions (e.g. introducing a decay phase for the fire heat release rate) will be 
addressed in future work, also investigating existing experimental data 
from large-scale compartment fire tests. 
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APPENDIX A 

Analytical solution [69] 

General transient conduction problem 

∂T
∂t

=α ∂2T
∂x2 

Boundary conditions for semi-infinite solid with surface convection (convective heat transfer coefficient hc and ambient temperature Ta) and initial 
temperature Ti. 
⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

for t = 0,T = Ti

for t > 0 and x = 0, − k
∂T
∂x

= hc[Ta − T(0, t)]

for t > 0 and x→∞, T = Ti 

Analytical solution for in-depth temperature evolution T(x, t) at time t and depth x. 

T(x, t) − Ti

Ta − Ti
= erfc

(
x

2
̅̅̅̅̅
αt

√

)

−

[

exp
(

hcx
λ

+
h2

cαt
λ2

)][

erfc
(

x
2

̅̅̅̅̅
αt

√ +
hc

̅̅̅̅̅
αt

√

λ

)]

Analytical solution for surface temperature evolution T(0, t) at time t. 

T(0, t)=Ti + (Ta − Ti)

[

1 − exp
(

h2
cαt
λ2

)

erfc
(

hc
̅̅̅̅̅
αt

√

λ

)]

Variable transformation 

Variable transformation: analytical solution T(x, t) for semi-infinite solid with surface convection and initial temperature subtracted by a known 
function f(x), which represents the initial thermal condition (i.e., in-depth thermal gradient achieved at the end of the heating phase) 

T(x, t)= T(x, t) − f (x)

Boundary conditions of the function f(x). 

f (x)=
{

x = 0, 0
x→∞, − Ts,max + Ta 

Function f(x), with first and second derivative, defined based on the ambient temperature Ta, the maximum surface temperature Ts,max (achieved at 
the end of heating phase) and characteristic thermal penetration depth Lth (i.e., define the in-depth thermal gradient achieved at the end of the heating 
phase) 

f (x) =
Ta − Ts,max

Lth
x

∂f (x)
∂x

=
Ta − Ts,max

Lth
∂2f (x)

∂x2 = 0 

Characteristic thermal penetration depth Lth defined based on the material thermal diffusivity α, a characteristic time tk (heating time), and a 
multiplication factor n (discussed in Section 7.2): 

Lth = n
̅̅̅̅̅̅
αtk

√

Derivation of transformed variable 

∂T
∂t

=
∂T
∂t  

∂T
∂x

=
∂T
∂t

+
∂f (x)

∂x
=

∂T
∂t

+
Ta − Ts,max

Lth  

∂2T
∂x2 =

∂
∂x

(
∂T
∂x

+
∂f (x)

∂x

)

=
∂2T
∂x2 +

∂2f (x)
∂x2 =

∂2T
∂x2 

Derivation of boundary conditions for t > 0 and x = 0. 

− λ
∂T
∂x

= hc[T(0) + f (0) − Ta ] +
∂f (x)

∂x  

− k
∂T
∂x

= hc

{

T(0) −
[

Ta −
λ
hc

∂f (x)
∂x

]}

= hc

{

T(0) −
[

Ta −
λ
hc

Ta − Ts,max

n
̅̅̅̅̅̅αtk

√

]}
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Analytical solution with variable transformation 

Transient conduction problem with transformed variable 

∂T
∂t

=α ∂2T
∂x2 

Boundary conditions of transient conduction problem with transformed variable 
⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

for t = 0, T = Ts,max

for t > 0 and x = 0, − k
∂T
∂x

= hc(T − T∗) with T∗ = Ta −
k
hc

Ta − Ts,max

n
̅̅̅̅̅̅αtk

√

for t > 0 and x→∞,T = Ts,max  

Analytical solution for in-depth temperature evolution T(x,t) at time t and depth x 

T(x, t) − Ti

Ta − Ti
= erfc

(
x

2
̅̅̅̅̅
αt

√

)

−

[

exp
(

hcx
λ

+
h2

cαt
λ2

)][

erfc
(

x
2

̅̅̅̅̅
αt

√ +
hc

̅̅̅̅̅
αt

√

λ

)]

⎧
⎪⎨

⎪⎩

Ti = Ts,max

Ta = Ta −
k
hc

Ta − Ts,max

n
̅̅̅̅̅̅αtk

√

T(x, t)= T(x, t) + f (x)

Analytical solution for surface temperature evolution T(0,t) at time t 

T(0, t)=Ti + (Ta − Ti)

[

1 − exp
(

h2
cαt
λ2

)

erfc
(

hc
̅̅̅̅̅
αt

√

λ

)]

⎧
⎪⎨

⎪⎩

Ti = Ts,max

Ta = Ta −
λ
hc

Ta − Ts,max

n
̅̅̅̅̅̅αtk

√

T(0, t)=T(0, t)
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