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Buildings with large internal spaces, such as vertical shafts or atria, are widespread nowadays. In
the case of fire, internal air currents may generate devastating fire whirls that can cause severe
damage due to intensive heat release rate (HRR) and temperatures. This work presents the
generation and evolution of fire whirls in a full-scale atrium experiment and their comparison
with a numerical approach. A set of numerical models using FDS 6.7.5 are tested to assess the
influence of the HRR curve and the impact of intrusive methods of temperature measurements on
the prediction of whirls. The results show that the Burgers vortex model is well reproduced,
although the continuous flame and plume regions can only be distinguished with fine grids.
However, the periodic evolution of the whirls is better predicted with a time-averaged HRR curve,
showing its influence on the flame height. The use of the experimental HRR curve presents more
accurate results only in the temperatures far from the flame, with errors lower than 8.5% even for
coarse grids. In addition, a small obstacle above the flame is observed to affect the formation of
the whirls, which consequently impacts the grid sensitivity and computational cost.
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Nomenclature

Constant of Burgers vortex (m_z)

Radial distance (m)

Maximum tangential velocity radial distance (m)

Temperature core radius (m)
Tangential velocity (m/s)

Maximum tangential velocity (m/s)
Characteristic diameter of the plume

Ambient Pressure (Pa)
Temperature (K)
Ambient temperature (K)
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AT Maximum excess temperature (K)
A Element size (m)
o Circulation (m?/s)

1. Introduction

The current trend in the construction of high-rise buildings with complex designs and innovative architecture constantly challenges
the analysis of possible risks. Large inner spaces, like vertical shafts, atrium, and spiral staircases, are widespread, and circulation
currents may be formed due to airflow entrainment. In case of fire, devastating swirling can be generated, as has been already observed
in recent high-rise fire incidents, like the Beijing Television Cultural Center and Plasco Building [1]. Fire whirls are concentrated vortex
structures that release high amounts of heat, which causes spotting fire, and accelerates fire spread significantly [2]. Although these
fire whirls may remain stable over a brief time, they can cause human fatalities and severe damage [3].

They have been broadly investigated using burners, small-scale pools and gaseous fuel fire whirls, with research mainly focused on
their quasi-steady behaviour. Different types of facilities have been used, like fixed-frame facilities where the airflow enters the test
region tangentially [4-11] and rotating screen types [12-15], where an advantageous control of the circulation strength can be varied
through adjustment of the angular velocity of the screen. However, the experimental methods present some inevitable limitations, such
as the use of intrusive measuring techniques that may alter the flow dynamics or the flame behaviour. Temperature is generally
measured in fixed thermocouple trees and flow velocity with bidirectional venturi tubes [1], located at a discrete number of specific
locations. Moreover, the accuracy of non-intrusive methods, like optical-based measuring techniques, highly depends on optical
properties, which are challenging to acquire [16].

Numerical models have also been widely developed as a fundamental approach to understanding the whirls’ behaviour. The first
experiments of fire whirls [17] were numerically modelled with Fire Dynamics Simulator (FDS) in Ref. [18]. They carried out Large
Eddy Simulations (LES) with a fixed fire strength and a variable circulation to understand the plume dynamics and combustion.
However, they highly recommended further research on a variable heat release rate input to their models. Also, the influence of the
vent conditions on the possible appearance of fire whirls within atria was analysed with Fluent in Ref. [19]. Later, Snegirev et al. [20]
conducted CFD simulations and experiments in an asymmetric medium-scale compartment, obtaining an unsteady fire whirl char-
acterised by its periodic formation and consecutive destruction and flame precession. This flame precession, which increases the
difficulty of experimental measuring, could expand the intense burning area and cause more damage [21].

Due to randomly distributed flame sources in natural circumstances, spontaneous fire whirls were firstly simulated in Ref. [22].
They proved that the interaction effects among multiple flame sources caused the formation of fire whirls. Later, Zhou [23] proposed a
method for spontaneous fire whirl analysis and prediction due to non-regularly distributed flame sources, supported by numerical
simulations with FDS. The authors provided an adapted criterion based on an equivalent gap fraction, which could assess real fire
disasters and could allow the prevention of fire whirls.

In addition, most studies of fire whirls generation within buildings are focused on the vertical shafts of tall buildings [24-26]. These
studies mainly focus on evaluating the flame’s height, shape, and velocity fields through theoretical analysis and experimental
comparison. Recently, Yan et al. [10] numerically studied the fire whirl development in a medium-scale fixed-frame facility to
satisfactorily propose a hybrid swirling vector and tangential velocity refinement approach to precisely identify their vortex cores.

The present work analyses the generation of fire whirls in an atrium where the inlet air enters as in a fixed-frame facility. However,
compared to that, the outer walls are at a much larger distance with respect to the fire location. The influence of the measured heat
release rate (HRR) as input data on the numerical models with FDS 6.7.5. is assessed. The numerical prediction of the evolution of
whirls generated from a pool fire under cross-ventilated conditions is clearly affected by the measured intensifications of HRR. A time-
averaged HRR allows more accurate results, despite the far-field temperatures are underpredicted, allowing the evaluation of different
possible fire scenarios. In addition, the intrusive way of measuring temperatures in these types of full-scale experiments is also
numerically verified to impact the formation of whirls, affecting the definition of the models in terms of computational cost.

The paper is arranged as follows: a brief description of the experimental setup and tests conditions are initially presented, followed
by the definition of the numerical models. Then, a description of how fire whirls can be numerically characterized is made. Subse-
quently, numerical results are compared with the experimental measurements and assessed with different ways of introducing the heat
release rate. The influence of the HRR nominal value is also numerically evaluated and finally, the last section is devoted to the
conclusions.

Table 1
Fire experiments and time-averaged HRR.
Test Pan diameter Heptane weight HRR Tamb Pamp
(m) (kg) (MW) (9] (Pa)
1 1.17 36 2.66 21.5 101,651
2 0.92 29 1.54 20.1 101,651




A. Cantizano et al. Case Studies in Thermal Engineering 41 (2023) 102513

2. Materials and methods

2.1. Experimental setup

The fire experiments were conducted in the Fire Atrium of Murcia, Spain [27-29] and their main characteristics are outlined in
Table 1.

The Fire Atrium isa19.5m x 19.5m x 19.5 m facility (Fig. 1a) with a pyramidal-shaped roof of thin steel walls. The pool fires were
placed at the centre of the ground, with the pans filled with heptane, over a thin layer of water. The time-averaged HRRs were
evaluated by the fuel mass loss rate measured with three load cells placed underneath the pan. A constant mechanical exhaust of 18.32
m>/s was generated by only two of the four fans at the central section of the roof. Two air inlet vents of 4.88 m x 2.5 m were opened at
the atrium base in an asymmetric layout.

As can be seen in Fig. 1b, two existing horizontal cables of 8 cm diameter crossed the central section of the atrium at different
heights. These cables were used to locate some of the thermocouples, and the flame reached only the cable located at the height of 5.1
m. The thermocouples were used to measure the temperature in the fire plume and near the walls.

2.2. Numerical models

Numerical simulations have been carried out with Fire Dynamic Simulator (6.7.5) [30]. The models used to account for com-
bustion, turbulence, and radiation were the Eddy Dissipation Concept (EDC) with a thermal extinction model, the Deardorff model (C,
= 0.1) and the radiation transport equation with 100 radiation angles, respectively. The pool fires have been simulated firstly by
introducing the experimental HRR values estimated from the measured mass loss rate curves, with a radiation fraction for the heptane
of 0.35 [31]. Additionally, the time-averaged HRR curves are also assessed.

The numerical model of the atrium geometry defines the make-up air inlets as open vents. Extended domains at the inlet vents are
required to precisely predict the inner fire-induced conditions with circular flow patterns [32]. Thus, two extensions of 3.2 m x 22.6 m
x 5.0 m upstream of the inlets are added to the atrium geometry. A constant exhaust flow rate has been introduced at the fan locations,
and the external conditions are set as a quiescent atmosphere.

The analysis of the influence of the HRR curve is coupled to a grid sensitivity study only for Test 1, since the influence of the whirls,
both in the far and near fields, is expected to be larger than Test 2. For the Large Eddy Simulation (LES) method, a spatial resolution
between 5 < D*/A < 20 is recommended, where D* is the characteristic diameter of the plume, and A is the element size. To properly
analyse the element size influence on the fire whirls generation, three different element sizes in the flame region have been chosen.
Considering the time-averaged HRR value of 2.66 MW (D* = 1.42), the coarsest grid corresponds to a simple model with a constant
element size of A = 0.2 m, which gives a spatial resolution of 7. Then, the medium grid is obtained with an element size of A = 0.1 m,
only defined in a central prism of dimensions 6 m x 6 m from the bottom to the top of the atrium. And finally, in the finest grid a
smaller element size of A = 0.05 m has been specifically defined near the flame and in the fire plume, i.e. a central prism of 3m x 3 m
from the bottom to the top of the atrium, surrounded by a region with elements of A = 0.1 m up to a distance of 6 m from the centre,
and then a region of A = 0.2 m up to the external walls.

As aforementioned above, due to the observed whirls formation and their interaction with one of the existing cables at the Fire
Atrium, two numerical models were defined: with and without the cable. The cable is positioned at 9.75 m from the walls with the
inlets, and at a height of 5.1 m. The grid resolution influences the cable thickness assumed in the simulations, and thus, to compare
with all the models, a constant thickness of 0.2 m has been used. With the finest grid, two other thicknesses have been evaluated for the
central section: 0.1 m and 0.05 m.

The total number of elements for the coarsest, medium and finest grids are 1,025,282, 1,964,416, and 3,737,432 respectively.
Finally, it is essential to note the computational cost of the simulations. They all have been completed in a multi-parallel process, with a
noticeable difference between them (Table 2).
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Fig. 1. a) Fire experiment layout and b) indoor photography of the Fire Atrium.
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Table 2
Computational cost of the numerical models (Test 1).

N° of cores N° elements Computational cost (h)
No cable Cable
A=02m 11 1,025,282 12.5 12.8
A=01m 11 1,964,416 58.7 58.6
A =0.05m 13 3,737,432 134.0 141.8

2.3. Fire whirls characterisation

Circulation is the key factor that characterises fire whirls, as the velocity and temperature fields depend on it. Also, the flame height
can be considered a function of circulation. In liquid pool fires, the base part of the flame approaches the pool due to the radial
imbalance of pressure gradient and the reduced centrifugal force because of the viscous stresses near the ground, i.e. Ekman-like
boundary layer. The heat input to the fuel is then increased, and consequently, the fuel evaporation rate is enhanced, causing sig-
nificant growth in the flame height [33]. Nevertheless, there are agreed concerns characterising fire whirls over liquid pools, such as
the precession of the flame or the heat release rate behaviour [34].

Assuming a constant circulation I'y far from the vortex, the tangential velocity uy around a fire whirl is characterised by a Rankine
vortex or a Burgers vortex [2], as defined in Equations (1) and (2), respectively.

I
= () 1<

(€3]
uy(r) = (g—;) %., r>r,
Iy k2
up(r) = (2—”) (1 —e ) )

The radial distance r, is measured where the maximum tangential velocity uy, is reached. In the case of a Burgers vortex, the
constant k can be obtained considering that the maximum tangential velocity ug, is at:

ro = 1.1209k %3 3)

The vortex is described by an inner viscous core where vorticity is involved and an outer free vortex that lacks vorticity. The
transition between the inner and the outer cores is sharp for the Rankine vortex and smooth for the Burgers vortex. The latter is
accepted throughout an exhaustive amount of experimental studies to be the best representation of the velocity field of a whirl [4,16,
34,35].

Fire whirls have a fuel-rich core with no active combustion reaction. This significantly influences the radial temperature distri-
bution throughout the continuous flame region [11]. The core radius is considered the location where the maximum temperature is
achieved. Outside this core, the temperature decreases. Above the intermittent flame region, i.e. the fire plume, the maximum excess
temperature (AT, = T — Tgnp) moves towards the centre of the whirl, behaving as a Gaussian profile. Thus, the temperature core
radius rr is defined, in this case, where the excess temperature is reduced to half of its maximum value.

3. Results and discussion

In this section, for Test 1, the influence of the HRR curve in the fire whirls generation is analysed by studying both the experi-
mentally measured and the time-averaged values with different grid resolutions, Fig. 2. The temperatures in the vicinity of the flame
and in the far-field, i.e. near the walls, are assessed. The tangential velocity and the excess temperature behaviours are also evaluated
to verify the formation of whirls. Additionally, it is shown how the presence of the lowest cable influences the whirl formation. Finally,
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Fig. 2. Measured and time-averaged mass loss rate and HRR curves: a) Test 1; b) Test 2.
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for both experimental tests and two additional numerical scenarios, a qualitative numerical analysis of how the time-averaged HRR
values affect the predicted whirls is performed.

3.1. Measured heat release rate curves

The heat release rate curves evaluated by the measured mass loss rate and also, for the sake of clarity, the proposed time-averaged
curves, are shown in Fig. 2. The latter have been modelled as piecewise linear functions: starting with a value of 0 for the initial time,
62.4% of its time-averaged value at 10.7 s, 89.1% at 81.5 s, and 100% at 200 s. This maximum value remains constant until the end of
the fire [36,37].

In Test 1, five main fire whirls were observed, which corresponds to the peaks of the measured heat release rate curve (Fig. 2a). In
Test 2, also five whirls were observed (Fig. 2b). However, the second whirl generated, at 320 s after ignition, did not stabilize. A
periodic flame wander, self-rotation, around the centreline was observed before the stabilisation of each of the formed fire whirls. For
both tests, an average period of 60 s was needed for the generation of every whirl. Then, a self-rotating flame and its simultaneous
rotation around the centre of the pool was noticed. During the experiments, the cable influenced the generated fire whirls differently,
as shown for Test 1 in Fig. 3a—e and for Test 2 in Fig. 3f-j. The acquired rotation around the centre was reduced, and three different
behaviours were observed: the flame was tilted (Fig. 3a-b, f-g), the continuous flame region was interrupted (Fig. 3c—d, h-i), and the
height of the flame was enhanced when the contact with the cable was avoided (Fig. 3e, j).

The whirls have been verified by visual inspection, as can be seen in the videos (Test 1: whirl#1_1, whirl#1_2, whirl#1 3,
whirl#1_4, whirl#1_5; Test 2: whirl#2_1, whirl#2_2, whirl#2_3, whirl#2_4, whirl#2_5) included in the online version of the paper.
They were recorded with a video camera Fujitsu with a frame size of 1980 x 1080 pixels, and 25 frames per second. From them, the
flame height of Test 1 cannot be properly assessed because the camera was focused to reach a maximum height of about 6 m. As it can
be observed from the videos, this maximum height was exceeded by the flame at some instants, although due to their instabilities this
value is relatively close to the end of the flame. For Test 2, the flame height is estimated from video image processing, and the five
whirls present averaged heights from 4.1 m to 4.9 m, which correspond with averaged HRRs from 1.9 MW to 2.4 MW and reach
maximum heights from 5.5 m to 6.1 m.

The near flame behaviour is always difficult to analyse and compare due to the slow thermal response of the thermocouples and the
fast variation of the predicted temperatures obtained from the simulations. However, this numerical-experimental comparison is
needed here to account for the fire whirl formation by observing the temperature peaks during the test. The temperature near the flame
is measured by a sensor located in the fire plume at the height of 4.6 m. The temperature behaviour of the different whirls is not
repeated due to their non-stability and deviations from the central location of the sensor.

As commented above, the following analysis is only performed with Test 1. Thus, focusing on the time interval when the whirls
appear, i.e. 200 s-500 s, the numerical results show how the temperature differs from the experimental measurements at this height
due to the proximity to the flame (Fig. 4a-b). When the cable is not included, the relevant reduction in the values of the numerically
predicted temperature proves how the rotation of the flame around the pan is slower than in the experiment (Fig. 4a). Despite the high
values of HRR, and the measured behaviour of periodic straight swirling flames, only a notorious stable and centred fire whirl is
noticed, generated at time 463 s with the element size of 0.1 m. With the other two element sizes, some whirls are also predicted,
although they are tilted and deviated from the centre. In the simulations with the cable, more repeated peak temperatures are

Fig. 3. Fire whirls interaction with the cable: a-e) Test 1; f-j) Test 2.
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Fig. 4. Numerical-experimental comparison of the temperatures in the near-field.

predicted (Fig. 4b), particularly for the coarsest mesh. In the same way, more unstable but straight flames are developed with the finest
grid during the first 400 s. With A = 0.1 m, a relevant fire whirl is predicted at 290 s, but its stability is clearly much lower than the one
obtained when the cable is introduced. From these results, it can be concluded that the input of the measured HRR data (Fig. 2a) does
not guarantee the formation of the fire whirls at the same time instants as in the experiments. Nonetheless, fire whirls are also
numerically generated, as will be proved by the evaluation of the tangential velocity and radial excess temperature behaviour in Fig. 5.

The azimuthal or tangential velocity and the excess temperature are evaluated to numerically assess the fire whirl behaviour for
those instants with a peak temperature in the near-field. The models without the cable are only considered to obtain a better estimation
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of the maximum height that the whirls can reach, Fig. 5. The ratio of the tangential velocity with respect to the maximum value
(ug /ugm) is represented at different heights as a function of the normalised radial distance (r /r,). These curves are compared with the
theoretical Burgers vortex model (denoted as B.V.), where the parameter k has been obtained for an averaged r, calculated from the
values evaluated at every height (Fig. 5a, c, e). The ratio of the excess temperature (AT) and the maximum excess temperature (ATy,) is
also shown as a function of the normalised radial distance (r /rr) for different heights (Fig. 5b, d, f). It has to be mentioned that for
every element size, only one fire whirl has been represented. The corresponding time instants are 493 s, 464 s and 426 s for the element
sizes of 0.2 m, 0.1 m and 0.05 m, respectively.

The tangential velocity reproduces well the Burgers vortex for each of the three meshes, with a duration of a few seconds. With the
coarsest grid (Fig. 5a), it can be observed how the tangential velocity is reduced gradually, with respect to the maximum value, as the
height increases. The temperatures behave with the same trend for all the heights, which does not allow to distinguish the continuous
flame region from the plume region, i.e. the maximum temperature seems to be at the centre of the whirl. For the other two numerical
models with a higher density of the grid, the tangential velocity shows a closer approach to the theoretical curve. For A = 0.1 m, the
Burgers vortex is rather followed up to a height of 5.8 m (Fig. 5¢). However, the predicted temperatures corroborate this only up to the
height of 3.2 m (Fig. 5d). The excess temperature behaviour clearly shows the two regions, i.e. the continuous flame and the plume. But
for the sake of clarity, only the former region is represented, noticing that the maximum temperature is not located at the centre of the
whirl. With the finest grid, uy reproduces the averaged theoretical curve only up to the height of 4.0 m (Fig. 5e). In the same way, the
continuous flame region is shorter, reaching a height of 2.8 m (Fig. 5f). It is important to note that the results herein evaluated
correspond to different values of HRR, as for every grid size, the most relevant whirls were not generated according to the highest
values of the measured HRR values. The tangential velocity fields with their temperature core radius for the same fire whirls are
represented in Fig. 6. The heat release rate values correspond to 4.8 MW, 7.3 MW and 3.6 MW for the element sizes of 0.2 m, 0.1 m and
0.05 m, respectively. As previously commented, the whirl is not well predicted with the coarsest grid, as both the maximum tangential
velocity and the temperature are below the expected values. The maximum tangential velocity and temperature are similar to the other
two smaller element sizes. In the case of the A = 0.1 m, the HRR introduced is very high, which substantially increases the temperature
core radius. With the finest grid, the predicted whirl centre is at the farthest distance from the central axis of the atrium base, as can be
noticed by the small temperature rise (Fig. 4a).

The influence of the fire whirls on the smoke production can be studied by comparing the temperature in the far field. The far-field
behaviour is assessed by the temperature measured at 30 cm away from the walls, at heights of 7.5 m and 15.0 m. The results obtained
with both models, with and without the cable, show that neither the element size nor the cable has an impact on the gas temperature at
these locations. The temperature increases smoothly as time grows and the numerical predictions can be all considered to be within the
expected uncertainty for the three numerical models. The maximum temperatures achieved are shown in Table 3, reaching a maximum
relative error lower than 8.5%.

The previous results indicate that both numerical models, with and without the cable, properly predict the temperature behaviour
of the far field. This is useful when defining the smoke behaviour and filling of this large volume. Thus, the coarsest grid is a reasonable
choice and relatively fast. But only with smaller element sizes fire whirls are properly predicted, or at least, the flame behaviour is
closer to the experimental observations. Nonetheless, due to the continuous variation of the HRR input, the generated fire whirls
become more unstable with respect to time. The computational cost for these finer grids is a major concern when defining the nu-
merical models of these types of fire scenarios. In addition, a small obstacle related to the intrusive temperature measurement methods
may affect the inner conditions’ results, which increases the computational cost for the most refined grid (Table 2). When modelling
the cable, the number of numerical straight fire whirls seems to increase, and the results are closer to the observed behaviour during
the experiment.

3.2. Time-averaged HRR

For Test 1, six numerical models with a time-averaged HRR value are carried out, with and without the cable, and with the same
element sizes as in the previous section.

The temperatures in the near-field, obtained for the sensor located in the fire plume at 4.6 m high, are shown in Fig. 7. The lack of
HRR peaks in the time-averaged HRR clearly influences the temperatures obtained during the flame wander or flame revolution
around the pan. In the simulations with the cable, and particularly with the coarsest grid, fire whirls are not really appreciated except
for the one generated at 428 s (Fig. 7b). With A = 0.1 m, the predicted temperatures can be considered quite reliable for the models
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Table 3
Maximum temperatures in the far-field (Test 1).

Temperature (°C)/Error (%)

Height
clg Exp. A=02 A=01 A =005
7.5m No cable 08.6 105.6/7.0 104.0/5.5 98.2/0.4
Cable : 104.0/5.5 93.9/4.8 92.7/6.0
15m No cable 109.1 114.5/5.0 118.4/8.5 105.9/2.9
Cable : 116.3/6.6 110.1/0.9 99.9/8.4
a) No cable b) Cable
700 700
Fire Plume: 4.6 m Fire Plume: 4.6 m
600 Exp. 600 Exp.
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Fig. 7. Temperature near the flame with an averaged value of the HRR.

without and with the cable, after 350 s and 250 s, respectively. As can be seen in both models, with this element size, the frequency of
their generation is reproduced with fairly good precision. Finally, for the most refined grid, the temperature is underpredicted as a
consequence of the flame rotation around the pan. Only one centred and straight fire whirl is generated during the complete simulation
for both numerical models. It has to be mentioned that when considering the cable, this fire whirl is less stable, as was observed in the
experiments.

Therefore, the results obtained with A = 0.1 m seem to be reasonably reliable when assessing the temperatures in the near-field.
However, with this size, the flame does not reach the cable, mainly due to the smaller value of the introduced time-averaged HRR
value. This can be easily verified, in the numerical model with the cable, for the observed last whirl (421 s), which is the numerically
most noticed in terms of circulation, as can be observed by the absolute value of the tangential velocity at different heights (Fig. 8.). An
almost constant circulation is obtained up to a height of 2.4 m. At higher locations, the circulation starts to vanish, and the velocity
begins to decrease at 3.2 m high.

Despite the higher discrepancy in the temperatures obtained with A = 0.05 m, the height reached by the fire whirls is much more
realistic when compared with the experiments (Fig. 3.). Again, in the numerical model with the cable, this height is deduced by the
normalised tangential velocity and radial excess temperature represented in Fig. 9. When the whirl does not interact with the cable
(456 s), the Burgers vortex is precisely predicted up to a height of 4.4 m (Fig. 9a). In the same way, the height of the whirl can be
distinguished by the continuous flame region which reaches a height of 3.2 m. These results are quite similar to those obtained in the
previous section for the same element size.

The velocity vortex is affected by the proximity of the cable, as its centre is observed to be far from the location of the pool as the
height increases. Moreover, the tangential velocity is higher than expected for r > 2r, (Fig. 9.), mainly because of a slower deceleration
of the flow around the inner core. Values of the tangential velocity greater than 10 m/s are obtained in the simulations.

In Fig. 10, different instants of the numerical fire whirl can be observed. As commented above, when the inner core is not aligned
with the pan centre, the height of the flame reached is above the cable. However, for the periods of time when it is centred, the

A=0.1;z=1.6 m

A=0.1;z=2.4 m

A=0.1;z=32m

[m/s] 5

9.7 9.7

8.3 9 9.7 104 " 8.3 9 9.7 104 11 83 9 97 10.4 11

Fig. 8. Tangential velocity at different heights; with cable and for A = 0.1 m (421 s).
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Fig. 10. Numerical fire whirls; with cable and A = 0.05 m.

influence of the cable is notable. The numerical model reproduces well some of the behaviours described in Fig. 3.

A further refinement in the thickness of the cable is also assessed. In the finest grid, two other thicknesses for the central section are
considered, i. e. 0.1 m and 0.05 m. Only one single straight fire whirl was formed for every model, and their duration was similar to
those predicted in the previous model with the cable (Fig. 7b) and also as it was observed during experiments. It has to be highlighted
that when the cable is not introduced in the numerical models, more stable straight whirls are predicted with this grid resolution. This
confirms the need to introduce small obstacles that may interact with swirling flames, although their definition depends on the
sensitivity of the mesh and the computational cost that can be afforded.

Finally, to assess the numerical performance of the model in the far-field, temperatures in the sensors located at 7.5 m and 15 m
high close to the wall are again analysed. The numerical results follow the increasing trend of the measured temperatures up to 350 s
with differences lower than 5%. Then, the predicted growth diminishes, with the temperatures being underpredicted. In Table 4, the
final temperatures can be seen with a maximum error of 17.7% for the finest grid. As the HRR is equivalent to the previous case, this
change might be explained by the decrease in the turbulence produced by smaller whirls (A = 0.1 m) or by the formation of a lesser
number of whirls (A = 0.05 m), as shown in Fig. 7.

Time-averaged heat release rates allow the simulation of more stable fire whirls, but the already known increase in the heat release
rate is not introduced. Thus, fire whirls are weaker, and the possible turbulence that can generate may reduce the amount of smoke
production. This means that the far-field temperatures can also be influenced. This analysis also proves the impact of the intrusive
methods in the experiments and in the numerical models.

These results highlight that special attention should be paid to the mesh resolution when performing numerical assessments of fire
scenarios within large spaces with possible circular currents. Coarser grids are useful in performing analysis of smoke behaviour.
However, when considering fire spread related to elongated fire whirls, fine grids should be considered, despite the increase in the
computational cost of the models. In this regard, although the transient evolution of fire whirls generation might not be well captured,
their impact in the near field is properly predicted.

Table 4
Maximum temperatures in the far-field (Test 1).

Temperature (°C)/Error (%)

Height Exp. A =02 A =01 A =0.05
7.5m No cable 08.6 89.8/8.9 88.2/10.6 80.3/18.6
Cable : 89.0/9.7 90.3/8.4 81.1/17.7
15m No cable 109.1 94.8/13.1 101.7/6.7 95.0/12.9
Cable : 95.7/12.3 97.5/10.6 90.2/17.3
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3.3. Influence of the HRR nominal value

Following the results from the previous grid analysis, an element size of A = 0.1 m is chosen to assess the influence of the HRR
nominal value when simulating the four fire scenarios presented in this section. Firstly, Test 2 is evaluated by comparing the maximum
far-field temperatures with both numerical models, with and without the cable. As can be seen in Table 5, and as previously com-
mented, the smaller severity of the whirls imply that the temperatures are only slightly underpredicted, with a maximum errror of
7.8%.

The influence of the HRR nominal value is numerically assessed by a qualitative comparison between two additional numerical
models that do not include the cable, i.e. 3.5 MW and 5 MW. Firstly, fire whirls are predicted in the four numerical scenarios but the
formation frequency varies for every case due to the high flame instabilities observed. The tangential velocity fields and the tem-
perature core radii are analysed for 1.54 MW (Fig. 11a—c), 2.66 MW (Fig. 11d-f), 3.5 MW (Fig. 11g-i), and 5 MW (Fig. 11j-1). As can be
observed, at the lowest heights of 0.4 and 2.4 m (Fig. 11a-b, d.-e, g-h, j-k), for some time instants, there are no significant differences in
the values of maximum circulation. At the height of 4.4 m, the maximum circulation slightly decreases, except for the case with the
maximum HRR, that remains nearly constant. It is important to note that these numerical whirls are very unstable and the numerical
values highly differ during their evolution. In the same way, except for the case of 5 MW, the temperature core radii increase with
height. As the HRR grows, the size of the whirls increases and their inclination and deviation from the pan centre are more relevant,
particularly for the maximum HRR. In addition, the total maximum flame heights can be qualitatively defined from the temperature
fields. As it was observed in the experiments, the total flame heights did not show a substantial elongation, then being classified as
medium scale fire whirls, i.e. from 1 to 10 m [34]. In that way, the numerical models of Test 1 and Test 2 behave similarly to the
experiments. Thus, considering the temperature fields, with 550 °C as the maximum temperature of the flaming region as in Ref. [25],
the flame heights can be qualitatively obtained as: 4.5 m, 5.0 m, 7 m and 7.5 m for 1.54 MW, 2.66 MW, 3.5 and 5 MW respectively. It
important to note how the flame height is in accordance with the experimental observations from both Tests. For Test 1, even though
the flame height could not be experimentally measured with enough precision, the results can be considered slightly underpredicted.
For Test 2, the numerical results are very close to the observed values.

4. Conclusions

The spontaneous generation and evolution of fire whirls in two full-scale atrium experiments, with time-averaged heat release rate
values of 1.54 MW and 2.66 MW are presented. The tests were carried out with a mechanical exhaust of 18.32 m3/s and an asymmetric
layout of distant inlet vents, as in a fixed frame facility. Above the pool fires, a horizontal cable was used to locate the thermocouples
and was observed to impact the swirling flames.

Numerical models with FDS 6.7.5. have been performed to reproduce the temperature both in the near and the far fields. Two types
of input for the heat release rate have been assessed: the measured experimental curve and a time-averaged value. In addition, two
numerical models of the atrium have been generated, i. e., with and without the mentioned cable. The major findings of the present
work are summarized as follows:

- With both types of heat release rate inputs, fire whirls are numerically predicted. Circulation is well predicted, and the Burgers
vortex model is followed. The obtained temperatures can distinguish between the continuous flame and plume regions. However,
this is only possible with element sizes of 0.1 m and 0.05 m for the flame region.

- When introducing the real HRR curve as an input to the models, fire whirls are not reproduced in the same instants as expected. The

temperatures in the far-field are very well predicted, but the number of whirls is reduced compared to the experiments.

The time-averaged HRR curve reproduces a higher number of whirls, particularly when the cable is introduced. However, a higher

discrepancy in the far-field temperatures is obtained, with a maximum of 17.7%, mainly due to the smaller value of HRR. In this

case, the finest grid (A = 0.05 m) is required to fairly reproduce the observed height of the whirls, despite its relevant difference in
the periodicity of their formation and slight discrepancies in the far-field temperature values. An optimum element size of 0.01 m is
suggested for this HRR, although the heights of the fire whirls are underpredicted.

The introduction of small obstacles near the flame clearly affects the transient results, which might be relevant when considering

possible fire spread mechanisms. However, the consideration of these more complex numerical models implies a substantial in-

crease in the computational cost of the numerical models.

The numerical models capture the influence of the HRR nominal value, mainly in the flame height. In the range tested, the nu-

merical results show good agreement with the observed range of flame heights, without any noticed significant elongation.

Fire whirls can be generated indoors like in vertical shafts of tall buildings, atria with mechanical ventilation, or even spaces with
venting conditions considered in the current regulations. It is then relevant to highlight how these swirling flames may enhance
propagation and produce devastating damage if they are not considered during the fire safety design process.
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