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Abstract: Alpert’s correlations of fire ceiling jets have been widely used in the design of heat detectors
and sprinklers since the 1970s. However, these correlations are primarily derived from large fire tests
of 3.8-98 MW, high ceilings, and ideal liquid spraying flames. Thus, the feasibility of Alpert’s
correlations for the smoke ceiling jet in early-stage fire detection with smaller fire sizes is still unclear.
This study constructs a numerical model that is first validated by Alpert’s original ceiling temperature
and velocity data of large fire powers. Then, the numerical model further explores the feasibility of
Alpert’s correlations in predicting the gas temperature and velocity in steady-burning fires with 50-500
kW. Modelling confirms the accuracy of Alpert’s temperature correlations for the ceiling jet region, but
suggests a large uncertainty of assuming a constant turning-region temperature for early-stage fires.
Moreover, the modelled velocity pattern of smoke ceiling jet in the plume region is non-uniform, and
its value in the ceiling jet region is significantly higher than Alpert’s fitting correlation. Finally, the
response time of the heat detector and sprinkler in the ceiling jet region predicted by the numerical
model is shorter than Alpert’s correlations, which suggests the conventional design based on Alpert’s

correlations is sufficiently conservative.
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Nomenclature

CFD computational fluid dynamics Ls mean flame height (m)
FDS fire dynamics simulator r radial distance to the fire centreline (m)
HRR heat release rate 0 heat release rate (kW)
HRRPUA  heat release rate per unit area At time interval (s)
PE polyethylene T temperature (°C)
PS polystyrene Vv gas velocity (m/s)
RTI response time index Subscripts
Symbols g gas
D effective diameter of fuel (m) d device
H ceiling height above fuel surface (m) n time step
1
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1. Introduction

In building fires, a thermal plume rises from the burning fuel due to the upward buoyancy force
until it impinges on the ceiling, where it forms a horizontal flow spreading out rapidly below the ceiling
surface. This type of gas flow is referred to as the ceiling jet [1]. Based on whether the flame reaches
the ceiling or not, it can be further classified into two types. One is the smoke ceiling jet when the smoke
plume generated from fire is obstructed by the ceiling (Fig. 1a), and the other is the flame ceiling jet
when the flame is large enough to impinge the ceiling directly (Fig. 1b). Due to this flow behaviour, the
fire protection products, such as sprinkler and fire (heat and smoke) detectors, are mainly installed at
the ceiling level aiming for an early response. It is then essential to understand the characteristics of

ceiling jet flows to improve fire protection designs and practices [2].
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Fig. 1. Ceiling jet flow below an unconfined ceiling.

In the 1970s, Alpert proposed the first theoretical model of a ceiling jet to predict gas velocities,
gas temperatures, and the thickness (or depth) of a steady fire-driven ceiling jet flow [3]. To confirm
the theory, around 15 experiments were conducted in a very large building so that the ambient effects
and the smoke descending layer formed by the fire product accumulation can be minimized [4]. The
tests were performed under the horizontal and smoothed ceiling, where the depth of the beams or
structures under that ceiling surface was less than 1% of the ceiling height, allowing the interruption of
the structures to the ceiling jet flow to be neglected. Various fire sources and fuels were used in these
tests, such as heptane spray fire and ethanol pool fire, and the ceiling height ranged from 4.6 m to 18
m. The gas temperature and velocity below the ceiling were recorded by thermocouple and hot-wire
anemometers, while most of the measurements were several meters away from the fire but only few
data above the fire source.

It should be noted that the heat release rates (HRR) of these tests at the steady burning stage mainly
ranged from 3.8 MW to 98 MW except for one ethanol pool fire of 619 kW (Table 1). Based on these
experimental data, the thickness of the ceiling jet was found to be approximately 5 to 12 % of the ceiling
height, and semi-empirical correlations were derived, widely known as Alpert’s correlations, to predict

the gas temperature and velocity in the ceiling jet flow at a given position:
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where T is the gas temperature in ceiling jet flow, °C; V is the gas velocity in ceiling jet flow, m/s; T,
is the ambient temperature, °C; Q is the heat release rate, kW; r is the horizontal distance to the fire
centreline, m; and H is the height between ceiling and fuel surface, m.

The correlations are divided into two parts, with one part applying to the plume impinging area or
turning region (Fig. 1), where the plume temperature and velocity are assumed unchanged (r/H < 0.18
for temperature prediction and r/H < 0.15 for velocity prediction). The other part applies outside of the
turning region as the flow spreads away horizontally. These correlations have been widely used to
estimate the response of ceiling-mounted devices [5], despite the transport time of the fire gases from
the source to the detector is ignored [6]. They are also applied to predict the possible fire damage to
ceiling constructions [7] and validate the numerical model for fire research [8, 9]. With the latest
knowledge of the virtual origin source of fire plumes and the convective heat release rate of materials,
Alpert re-analysed experimental data for five materials and introduced revised correlations in 2011 [10].
Nevertheless, the original correlations still remain popular in the fire industry due to their simplicity,
while the revised ones contain more variables to consider.

To address the limitations of Alpert’s correlations, such as the requirements of the smoothed ceiling,
steady-state fire, and unconfined space, a wide range of research has been followed to further explore
the ceiling jet behaviours. Heskestad and Hamada [11] found that, instead of using ceiling height as the
normalizing length scale, an expression of plume radius could better correlate the ceiling jet excess
temperature with the observation radius, while the ratio of flame height to ceiling height is within 2.
Kung et al. [12] conducted 17 experiments with transient growing rack storage fires, which present a
lower excess temperature than Heskestad’s correlation. Mangs and Keski-Rahkonen [13] proposed new
correlations to predict the maximum ceiling jet temperature driven by car fires. Liu ef al. [14] studied
the ceiling jet temperature in a high-altitude environment (3650 m / 64.3 Pa), which was significantly
lower than the predicted values by Alpert’s correlations. The impacts of sidewalls on ceiling jet
behaviour have been studied inside infrastructures such as tunnels and subway stations [15, 16]. The
activation time of sprinkler heads under different ceiling shapes [17] and fire growth rate [18] has been
compared. Experimental data provide a much shorter response time of sprinklers in confined rooms,
due to the accumulation of hot gases, compared to the predictions by Alpert’s correlations [19-21].

With the development of computational models in their capability and accuracy, numerical
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investigation has become more popular in fire research due to its low cost and consistency [2, 9, 22,
23]. Wang et al. [24] use Computational Fluid Dynamics (CFD) model to validate Kawagoe’s
compartment fire correlations, in which the numerically predicted results, e.g., HRR and airflow rate,
were well agreed with the experimental data. Hu et al. [25] constructed the numerical model of a tunnel
to investigate the gas temperature of the ceiling jet, in which the discrepancy between numerical and
experimental results is less than 10%. Johansson [9] built CFD models of ceiling jet fires and proposed
new correlations based on numerical results. Sirvain [26] also simulated the temperature profile of the
ceiling jet for a fire of 1-4 MW. Aleksander et al. [27] and Wegrzynski ef al. [28] used ANSYS Fluent
to study sprinkler activation during complex compartment fires and assess the effects of natural
ventilation on the activation pattern of the sprinkler. More recently, artificial intelligence models that
are trained by a big numerical database have been used to predict the ceiling jet flow and fire detection
time for complex floorplans [29, 30] and false ceilings [31].

Referring to Alpert’s original experiments, it is noteworthy that the correlations were derived based
on large fire tests. However, these correlations are now widely used for early-stage fire detection and
suppression when the heat release rate is relatively low. In room-level experiments, the sprinkler with
a 57-68 °C response temperature can activate with an HRR between 50 kW and 200 kW [32, 33], where
the accumulation of hot smoke contributes to an earlier response. Even for an unconfined space with a
3.5 m ceiling height, an HRR of 180 kW is suggested to be the minimum fire size to activate a heat
detector or sprinkler with 57 °C response temperature [34], while the HRR value is only 0.2% to 30%
of the fire size in Alpert’s original experiments. To the best of the author’s knowledge, the validation of
Alpert’s correlations in early-stage fire has not been conducted yet, as the original experiments were
based on large fire tests.

This study is to investigate whether Alpert’s correlation is still applicable to low-HRR fires by using
numerical experiments. In this paper, the CFD model of the ceiling jet will be first validated by
reproducing Alpert’s original experimental results. With the validated ceiling jet model, the feasibility

of applying Alpert’s correlations are verified for early-stage small fires.

2. Numerical Model of Ceiling Jet
2.1. A brief review of Alpert’s pioneering tests in the 1970s

In the 1970s, Alpert conducted a series of large fire tests with various fire sources and fuels, such
as heptane spray fire (major), ethanol pool fire, wood pallet fire, polyethylene (PE) and polystyrene (PS)
fires, etc. (Table 1). Key features of these high-power tests are:

(1) All experimental data used to derive empirical correlations were recorded during the steady

burning period, but the fire varies with time in real scenarios, especially in the early stage.

(2) The height of the ceiling ranges from 4.6 m to 18 m in these large fire tests, while the typical

value for civil buildings is usually smaller than 3.5 m.

(3) Most of the experimental data were measured during the high-speed spraying tests. These fires
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typically occur in high-pressure gas pipelines or other specialized equipment, which is not the
representative scenario for most real building fires.

(4) As for the steady-state HRR when data were collected, the value ranged from 3.8 MW to 98
MW except for one 619 kW ethanol pool fire. These fires are much larger than normal early-
stage fires before triggering any fire detector.

The measurements from these large fire tests, together with some reduced-scale test results (ceiling
heights of 0.6 - 1.2 m and HRRs of 5-32 kW) and theoretical analysis of buoyancy flow, form the basis

of classical Alpert’s physics-based empirical correlations of Egs. (1-2).

Table 1. Information on fire and fuel in Alpert’s original experiments in the 1970s [4, 10].

Ceiling Fire HRR Diameter Cal. Flame Type of

Fire Source and Fuel ) ) L¢/H o
Height, H (m) MW) of Fuel (m) Height, Ly (m) Ceiling Jet

Ethanol pool 8.61 0.62 1.09 2.0 0.23 Smoke
Cardboard boxes 13.87 3.8 2.94 34 0.25 Smoke
Wood pallet stack 15.54 4.4 1.38 5.4 0.34 Smoke
PE bottles in cardboard boxes 13.41 34.4 2.77 125 0.93  Flame/Smoke
PS jars in cardboard boxes 13.87 98.5 2.94 20.4 147 Flame
Heptane Spray A 7.92 7.2 3.66 4.4 0.56 Smoke
Heptane Spray B 7.92 12.5 3.66 6.5 0.82 Smoke
Heptane Spray C 7.92 17.9 3.66 8.1 1.02  Flame/Smoke
Heptane Spray D 7.92 215 3.66 9.0 1.13 Flame
Heptane Spray E 4.57 7.2 3.66 4.4 0.99  Flame/Smoke
Heptane Spray F 457 125 3.66 6.5 142 Flame
Heptane Spray G 4.57 17.9 3.66 8.1 1.77 Flame

For the experiments with large HRR compared to the space, the flame will be strong enough to
directly impinge the ceiling and form a flame ceiling jet flow, resulting in a different magnitude of gas
temperature compared to the smoke impingement. Heskestad et al. [35] proposed the empirical
correlation to calculate flame height (L) based on HRR (Q) and effective diameter of fuel (D):

Ly = —1.02D + 0.235Q2/5 3)
Based on the ratio of calculated flame height to the ceiling height, it could be primarily predicted that
the portions of the experiment with flame ceiling jet and smoke ceiling jet are approximately 50/50, as
shown in Table 1. When the average flame height is close to the ceiling, the intermittent flame plume
and smoke plume may reach the ceiling periodically, so these borderline cases (L#H = 0.9 ~ 1.1) are
denoted as “Flame/Smoke” in the table.

In Alpert’s theoretical model of the ceiling jet, the turning (or plume) region where the upward
plume turns to horizontal flow below the ceiling is assumed with an unchanged velocity magnitude [1].

The plume temperature and velocity above the fire source are assumed independent of radius, and only
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one temperature measurement was placed in the turning region in the larger fire tests as a flat line. For
tests using heptane spray fuel, only temperature data in Heptane Spray G was presented. Other
measurements were placed in the ceiling jet region, and most of them were positioned at least 4.6 m
away from the fire centreline, as shown in Fig. 2. However, the current sprinkler or fire detectors design
usually has a spacing of 3 to 6 m [36, 37], while the maximum radial distance between fire point and
the device would be around 2 to 3 m. This means the gas temperature in the near-fire region is more

important for the prediction of device response, while the experimental data here are relatively few.
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Fig. 2. Temperature measurements in some ceiling jet experiments [10], while dash lines are the predicted

temperature profile by Alpert’s correlations.

2.2. Numerical experiments

CFD model was built using Fire Dynamics Simulator (FDS) version 6.7.7 and validated by
reproducing four literature experiments: Ethanol Pool test, Heptane Spray C, Heptane Spray E, and
Heptane Spray G (Table 1). These experiments were chosen because the detailed test information was
well specified in the literature as well as the experimental data presented [10] so that the uncertainties
of the computational setting can be minimized. The fuels of ethanol and heptane spray are also better
representations of steady-state fire. These four experiments cover different fire sources, ceiling heights,
HRRs, and types of ceiling jet flow (flame and smoke ceiling jet). Thus, the reliability and accuracy of
the numerical model can be maximized.

The computational settings of each experimental scenario are summarized in Table 2. The default
settings of the FDS are used and any change of the default settings will be specified. The setting of HRR
and ceiling height follow the provided information from the literature. For the fire source of the ethanol
pool test, a 1 x 1 m? burner vent is placed on the floor, while the surface temperature is 300 °C and the
heat release rate per unit area (HRRPUA) is 619 kW/m?. The ramp-up time of the HRR is set as 1 s so
that the fire can quickly reach a steady state. For heptane spraying tests, the fire source setup covers

three parts: nozzle setup, flow setup and fuel property. Eight spray nozzles are evenly positioned at the
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perimeter of a circle with a 3.6 m diameter. The nozzles are placed one mesh above the floor to avoid
possible interruptions to the fuel spraying. The spraying orientation of nozzles is set toward the centre
of the circle and at an angle of 45° from the ground. Flow velocity is 10 m/s and flow ramp-up time is
1 s. The total flow rates of the fuel from 8 nozzles for Test C and G are 38.1 L/min, while 15.2 L/min
for Test E. As suggested by Alpert [10], the heat of combustion is 25.6 MJ/kg for ethanol and 41.2
MJ/kg for heptane. The radiative fraction of ethanol and heptane is 0.26 and 0.33, respectively.

For the boundary conditions, the properties of the ceiling and floor are set as default inertia to
represent a smooth surface, and four vertical boundaries are set as ‘OPEN’ surface property which
connects to the environment in order to reproduce the unconfined experimental space. The
environmental temperature is set as 26.7 °C based on the literature [4]. The turbulence model uses the
Large Eddy Simulation (LES), the radiation is solved by the Optically-Thin model, and fire extinction

is controlled by both critical flame temperature and oxygen concentration.

Table 2. The computational setting of numerical ceiling jet model.

Attributes Ethanol Pool Heptane Spray C Heptane Spray E Heptane Spray G
Size of fire source 1.0 x 1.0 m? 3.6 m diameter circle with 8 spray nozzles
HRRPUA or fuel flowrate 0.62 MW/m? 38.1 L/min 15.2 L/min 38.1 L/min
Heat of combustion (MJ/kJ) 25.6 41.2 41.2 41.2
Chemical HRR (MW) 0.62 17.8 7.2 17.8
Radiative fraction 0.26 0.33 0.33 0.33
Convective HRR

(M) 0.46 12.0 4.8 12.0
Ceiling height (m) 8.6 7.9 4.6 4.6
Calculated flame height (m) 2.0 8.1 4.4 8.1
Simulated flame height (m) 26+0.1 Reach ceiling Reach ceiling Reach ceiling

While the ceiling jet flows symmetrically from the fire centreline, the gas properties are similar in
each direction. Therefore, to save computational resources and speed up the simulation, a restricted
domain is proposed when considering the computational domain. While the full domain means the
domain is extended from the fire source to the distance beyond the furthest experimental measurement
of each experiment at four directions and represents a box shape, the restricted domain is extended with
this distance only in the positive x-direction. The extensions to the other directions will be the distance
of the ceiling height and finally represent a rectangle shape, as shown in Fig. 3. Fig. 4a compares
temperature profiles for the Heptane Spray E test between the restricted and the full domains, where the

modelling results are almost the same.
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Fig. 3. Simulation domain of the experimental scenario and the comparison between numerical model and

experiment picture of high-speed spray fire (see more details in Video 1-4).

The mesh resolution has an impact on the simulation result, while a better resolution of the
calculation can be achieved with more mesh cells [38]. A mesh sensitivity study was conducted for the
Ethanol Pool test (0.62 MW) to find an acceptable minimum mesh size. As shown in Fig. 4b, the
reduction of mesh size from 0.1 m to 0.05 m has a limited influence on the temperature profile. Thus,

0.1 m is considered the most cost-effective setup, so it is used for all modelling scenarios.

(a) Temperature profile with different simulation domains (b) Mesh sensitivity analysis
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Fig. 4. Temperature profile impacted by (a) simulation domain and (b) mesh size.

For the data collection, at the levels of 0.1 m and 0.2 m below the ceiling, temperature and velocity
measurements are made with every 0.2 m horizontal distance at positive x-direction. The height of
measurements is about 1~4% of the room height below the ceiling, so it can be regarded within the
ceiling jet flow [4]. The bead diameter of the thermocouple is 1.0 mm, and the gas velocity result is
recorded with both total velocity and U-velocity (velocity at x-direction). A gas phase device tree is set
in the fire centreline with an interval of 0.1 m to quantify the ‘Heat Release Rate per Unit Length’,
which is the result obtained by performing integration of the heat release rate per unit volume over two
horizontal axes, in order to record the flame length [38]. 2-D slices of gas temperature and velocity are

set at the y-axis across the centre of the fire source to visualize the field distribution. Output interval is
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set as 1 s. Due to the turbulent nature of the fire, the temperature reading at the same position has a

maximum of 5% difference at various times. To minimize this difference, all the presented results are

the average value of a 20 s continuous period during the steady burning state.

3. Model validation results

3.1. Validated ceiling gas temperature distribution

Fig. 5 presents the temperature profile with radial distance. The measurement height is 0.2 m below

the ceiling (2-4% of the ceiling height). Simulation videos are also provided with the flame motion and

temperature/velocity 2-D slices across the fire centre. Before the comparison between experimental data

9

fitting correlation, and numerical simulations, the definition of accuracy shall be clarified:

1) Fire is a very complex phenomenon, so all fire tests and measurements have large uncertainties

inherently. Especially large-scale fire experiments have an uncertainty of at least 10-30%. Alpert’s

papers only presented the average temperature and velocity without giving error bars [3];

2) Alpert’s correlation is a fitting of experimental data, so the discrepancies due to fitting must exist.

As shown in Fig. 5, clear deviations can be found between fitting lines by Alpert’s correlations

(solid line) and experimental data points (markers). The average fitting error is about 12%, which

cannot be ignored when compared with numerical simulations later.
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Fig. 5. Temperature profile with the position in different experimental scenarios, while the markers

indicate experimental data, the solid lines present the fitting results by Alpert’s correlations, and the dash

lines are the predicted results by the numerical model.

Fig. 5 also compares the predicted temperature result by the numerical model (dash line) and

experimental data: in the ceiling jet region (r/H > 0.18), a good agreement can be found between

simulated and measured results, and the average difference is around 15% (Table 3), which is
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comparable to the fitting uncertainty of the Alpert’s correlations. For the Heptane Spray E scenario, the
predicted results by the numerical model are even closer to the measurements than fitting by Alpert’s

correlations.

Table 3. Average temperature differences between experiment, Alpert’s correlations, and numerical model.

Comparison Turning region Ceiling jet region
Experiment and Numerical model (0.6 — 17.9 MW) 11%* 15%
Experiment and Alpert’s correlations (0.6 — 17.9 MW) 5%* 12%
Numerical model and Alpert’s correlations (0.6 — 17.9 MW) 28% 14%
Numerical model and Alpert’s correlations (0.2 — 0.5 MW) 18% 8%

* In the turning region, there are only two experimental data from Ethanol and Heptane Spray G tests.

Fig. 6a further compares the differences between measured results with fitted and simulated results.
In general, the two methods present similar discrepancies compared to the experimental result. Fig. 6b
presents the ratio of predicted results by the numerical model to Alpert’s correlations in different regions,
where both the fitting correlation and numerical model can predict the experiments well in the ceiling
jet region. Specifically, the error of the numerical model, 15%, is also comparable to that of fitting by
Alpert’s empirical correlations, which is about 12% in Table 3. Considering the large uncertainty in

experimental data, the numerical model is sufficiently accurate.

(a) Temperature: predictions vs. experiments (b) Temperature: numerical model vs. fitting
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Fig. 6. Comparisons of temperature result in experimental scenarios by (a) numerical model with

experiment and Alpert’s correlations with experiments; (b) numerical model with Alpert’s correlations.

For the turning (plume) region (r/H < 0.18), only the experimental data for the Ethanol and Heptane
Spray G fire tests are reported [10]. For both experiments, only one measurement has been made in this
area, so the temperature distribution cannot be verified. The difference between the numerical prediction
and experiments is 11%, which is very promising. On the other hand, the average difference between

the numerical model and Alpert’s correlations rises to 28% in this area (Table 3). Among the four
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scenarios, the Heptane G case with a strong flame ceiling jet can still have good agreement between
fitting and simulated results, as shown in Fig. 6b. However, in other cases, the discrepancy keeps
increasing with the decrease of radial distance in the turning region with a maximum difference of 40%.
It raises a more detailed observation of the fire behaviour in the turning region by comparing the
temperature.

Fig. 5 shows that in the scenario of Ethanol and Heptane Spray E, the temperature profiles present
a continuous raising trend in the turning region, different from the uniform profile assumed by Alpert’s
correlations. A similar observation is also found for modelling fire of 1-4 MW in [26]. Fig. 7 presents
the 20-s average temperature fields of each experimental scenario (see the detailed comparison in Video
S1). It shows that the type of fire source (pool fire or spray fire) significantly affects the flame shape.

In pool fires, the flame is driven by the upward buoyancy force and the air entrainment flow towards
the fire from the surroundings. Thus, the fire plume is concentrated on the centre of the fuel bed, as
shown in Fig. 7a. As for the flame formed by the high-speed spraying of liquid fuel, the initial injecting
momentum governs the formation of flame shape. Since the flames are from multiple separated nozzles,
the overall shape is rather dispersed (Fig. 7b and d). With the increase of the ceiling height, however,
the injecting momentum gradually loses, and the surrounding air entrainment flow pushes the individual
flames to the centre leading to the flame mergence at high elevation (Fig. 7c¢). It explains the

discrepancies in temperature profiles in the turning region.

(a)

Ethanol

Height = 8.6 m
HRR = 0.6 MW

(©)

Heptane C
Height =7.9
HRR = 17.9 MW

¢
|

(b)

Heptane G Heptane E
Height = 4.6im R Height =4.6 m
HRR = 17.9MW #88 HRR = 7.2 MW

0/ +, AN

Fig. 7. Temperature fields in the simulation of (a) Ethanol Pool with smoke ceiling jet; (b) Heptane Spray
G with flame ceiling jet, (c) Heptane Spray C with flame/smoke ceiling jet; and (d) Heptane Spray E with

flame/smoke ceiling jet (averaged over 20 s, see more details in Video S1).
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On the other hand, the type of ceiling jet (i.e., the ratio of flame height and ceiling height) also
influences the temperature distribution in the turning region. In the scenario of Heptane Spray G (Fig.
7b), the flame height is much greater than the ceiling height (L#H = 1.77), and the turning region is
fully occupied by the flame. Thus, the temperature distribution tends to be unchanged.

As for the scenarios of Heptane Spray C (Fig. 7c) and Heptane Spray E (Fig. 7d), although they are
both at near-ceiling conditions (L¢#/H ~ 1.0), the flames generated from nozzles in Heptane Spray C have
already concentrated on the centre, resulting in a raising temperature profile in the turning region. For
the Heptane Spray E jet flame in Fig. 7d, instead of merging to the centre, the spraying flames still
maintain separately due to the low ceiling height and large buoyancy flow.

To further demonstrate the effect of fire source type on temperature distribution in the turning region,
an additional scenario was built based on Heptane Spray E while changing the fire source to pool fire.
Fig. 8a presents the comparison of temperature profiles between different fire source types. The pool
fire produces a changing magnitude of temperature in the turning region while the jet fire remains stable,
while the average difference is 69%. It can be explained by the temperature fields while pool fire is
concentrated in the centre and jet fire is separated, as shown in Fig. 8b. Based on the above simulation
results, the simple assumption of an unchanged temperature field in the turning region might not be
reasonable for all fire scenarios, and it could be affected by many factors, including the fire source (i.e.
flow momentum) and type of ceiling jet (i.e. relationship between flame height and ceiling height). To
fully explore the critical situation of the temperature profile change, more simulation works are required
as well as verification by the real fire experiments. In general, the current numerical model can well

predict the temperature in Alpert’s classical experiments.

(a) Effect of for fire source type for Heptane E (b) Comparison of temperature fields with different fire sources
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Fig. 8. Temperature distribution between liquid fuel spray and pool fire (Heptane Spray E), (a) temperature
profile and (b) temperature field (averaged over 20 s).

3.2. Validated ceiling velocity profile

The experimental velocity measurements are mainly from large growing fire tests (e.g., wood pallet
fire) and lab-scale tests [10]. It is noteworthy that the uncertainty of velocity measurement inside the

hot turbulent flame or smoke jet is very large, even under today’s measurement technics. Among the
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four selected experimental scenarios, only the Ethanol Pool fire test and Heptane Spray C test were
reported with velocity measurements, and only one measurement was made in the turning region. We
record both total velocity and U-velocity (velocity at x-direction) in simulations and found that they
have the same up-and-down pattern. Especially in the ceiling jet region, the total velocity and U-velocity
readings are almost the same, as the bulk flow is essentially horizontal. In the turning region where the
flow transits from vertical to horizontal, U-velocity has a smaller reading than total velocity, especially
near the fire centreline. To accurately predict the response of the sprinkler/detector in the further step,
the total flow velocity should be considered as the appropriate indicator experienced by the device.
Therefore, the total velocity results are reported in the following sections.

Fig. 9 compares the velocity results between the experiment (markers), Alpert’s correlations (solid
lines), and simulation (dash lines). In the ceiling jet region, a significant discrepancy can be found
between experimental measurement and predicted gas velocity by the numerical model, while the
predicted gas velocity is higher than measured. Table 4 summarized the differences between the
experiment, empirical fitting and numerical model, where the average difference between the
experiment and simulation is 61%. As for Alpert’s fitting correlation, the average difference to the

measurements (solid line) is 11% far from the fire centreline.

Table 4. Average velocity differences between experiment, Alpert’s correlations and numerical simulation.

Comparison Turning region  Ceiling jet region
Experiment and Numerical model (0.6 — 17.9 MW) 47%* 61%
Experiment and Alpert’s correlations (0.6 — 17.9 MW) 14%* 11%
Numerical simulation and Alpert’s correlations (0.6 — 17.9 MW) 47% 63%
Numerical simulation and Alpert’s correlations (200 — 500 kW) 42% 66%

* In the turning region, there are only one experimental data from the Heptane Spray G test.

As for the turning region, a different trend can be observed in simulated results when approaching
the fire centreline, as shown in Fig. 9a. Instead of being unchanged as assumed by Alpert’s correlations,
the numerical model predicts that the velocity right above the fire source centre is very low. It increases
with radial distance to a maximum value at about 2 m away from the fire centreline. Fig. 9b further
demonstrates the discrepancies (about 47%) between simulated and experimental results. Note that the
experimental measurement of gas velocity is very challenging, especially when the flame is impinging
the ceiling. In other words, these experimental data should have a large uncertainty, so engineers should

be very cautious about the test data rather than believing them blindly.
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Fig. 9. Velocity profile with the position in different experimental scenarios.

Fig. 10 presents the velocity fields of two experiments with vectors. See the detailed comparison in
Video S2. The turning region is where the vertical plume transfers to horizontal flow, and in both
simulation scenarios, gas velocity suffers a dissipation at the plume/ceiling intersection, especially in
the centre of the fuel bed. This explains the low value of velocity in the centre area. However, it still
requires more experimental measurements to verify this finding. In general, the velocity predicted by
the numerical model is larger than the experimental measurements in the ceiling jet region, while

presenting a decreasing trend when approaching the fire centreline.

(b)

Heptane G
Height =4.6m /)
HRR =179 MW “*

. Height =8.6 m
_HRR=0.6 MW

Fig. 10. Velocity fields of experimental scenario: (a) Ethanol Pool with smoke ceiling jet; (b) Heptane

Spray C with flame/smoke ceiling jet (see more details in Video S2).

4. Feasibility of Alpert’s correlations in Early-Stage Fire Scenario
4.1. Establishment of the typical early-stage fire scenario

To verify the feasibility of applying Alpert’s correlations in the early fire stage, fire scenarios with
relatively low-HRRs are modelled to compensate for Alpert’s large fire experiments. Two ceiling

heights, 2.5 m and 3.5 m, were selected to cover the typical room height of a normal building. Fires
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with five different HRRs were modelled with both ceiling heights: 50, 100, 200, 300, and 500 kW.
Ethanol Pool fire is modelled by setting the burner vent as the fire source. HRRPUA is set as 500 kW/m?
and the burner area is determined accordingly, except for the 200-kW fire which is set as 416.7 kW/m?
in order to align the mesh boundary and set up a near-square burner. The mesh size is reduced to 2.5 cm
for 50~300 kW simulations and 5 cm for 300~500 kW simulations to adjust the reduction of HRR. A
restricted simulation domain is applied where the extension in the positive x-direction is 10 m. Other

computational settings are the same as previously validated ones.

4.2. Predicted ceiling gas temperature

For these small fires, the measurement height of gas temperature and velocity is set to 0.05 m and
0.1 m below the ceiling (2-3% of ceiling height) for 2.5 m and 3.5 m ceiling height respectively, which
is consistent with the measurement height ratio in previous model validation scenarios. Fig. 11a presents
the temperature field of the scenario with 2.5 m height and 500 kW HRR, and Video S3 presents
simulation results for all scenarios. Fig. 12 presents the temperature profiles with radial distance with
three different HRRs. In the ceiling jet region, the simulated result agrees well with Alpert’s fitting
correlation, showing only an 8% average difference (see summary in Table 3). Despite this good
agreement, it should be noted that there is potentially a more significant discrepancy if the correlation
is used to predict a growing fire situation. One of the possible reasons is that heat losses to the ceiling
might be larger at the growing stage when the ceiling has not been fully heated up yet.

As for the turning region, the temperature keeps increasing when approaching the fire centreline
instead of being constant, and the maximum temperature is also 18% higher than the calculations. This
phenomenon is the same as what has been found in the experimental scenario of Ethanol and Heptane
Spray E in Fig. 5. Thus, for the fire with a relatively small HRR, the simple assumption of uniform

temperature distribution in the turning region becomes questionable.

(a) Temperature field of early-stage fire

z l 8m/s

Fig. 11. Numerical predicted fields of early-stage fire scenarios with 2.5 m height and 500 kW: (a)
temperature field (average over 20 s), and (b) velocity field (see more details in Video S3-4).
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Fig. 12. Temperature profiles of early-stage fire scenarios with a ceiling height of (a) 2.5 m and (b) 3.5 m.

Fig. 13 presents the temperature ratio of the numerical model to Alpert’s fitting correlation, and the
results concentrate on the 1.0 & 0.2 in both the turning region and ceiling jet region. Based on the above
results, it can be concluded that for early-stage fires with smaller HRR, Alpert’s fitting correlation can
still well predict the gas temperature in the ceiling jet region, while it might underestimate the
temperature in the turning region. It should also be noted that the effect of burner shape is not explored
in this study, which could possibly affect the flame height and subsequently change the temperature

profile in the turning region.

(a) Excess temperature ratio (H=2.5m) (b) Excess temperature ratio (H=3.5m)
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Fig. 13. The excess temperature ratio in early-stage fires with a ceiling height of (a) 2.5 m and (b) 3.5 m.

4.3. Predicted ceiling velocity profiles

Fig. 11b presents the velocity field with vector in an early-stage fire scenario with 2.5 m and 500
kW, where the velocity dissipation can be observed right above the fire centre. Fig. 14 shows the
horizontal velocity profiles with radial distance. The same pattern with previous experimental scenarios

has been found here, where the model predicted velocity is 66% higher than the fitting value in the
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ceiling jet region and suggests a decreasing trend when approaching the fire centreline in the turning

region with 42% discrepancies compared to Alpert’s fitting correlation (Table 4).

(a) Ceiling velocity (H=2.5 m) (b) Ceiling velocity (H=3.5m)
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Fig. 14. Velocity profiles of early-stage fire scenarios with a ceiling height of (a) 2.5 m and (b) 3.5 m.

5. Prediction of Sprinkler/Detector Response

The most important application of Alpert’s correlations is to predict the thermal response of ceiling-
mounted devices, i.e., sprinklers and heat detectors, where the area is large enough to neglect the
accumulation of smoke layer [39]. Schifiliti et al.. [6] have introduced the procedures to model the
response of fire protection devices to fires, where Alpert’s correlations is applied to calculate the
temperature and velocity of fire gases in ceiling jet, and Eq. 3 to analyze the temperature change of the

device:

an/z (Tg,n - Td,n—l) At

ATq =Tagn —Tan-1 = RTI

(3)

where ATy is the temperature rise of the device, °C; Ty ,, is the device temperature at time step n, °C;
T4 n-1 1s the device temperature at time step (n-1), °C; 1, is the gas velocity at time step n, m/s; Ty , is
the gas temperature at time step n, m/s; RT] is the response time index of the device, m"?s"?; and At is
the time interval, s.

The predictions of the sprinkler activation time have been made for early-stage fire scenarios with
an RTI of 80 m'?-s"?and an activation temperature of 57 °C, which are standard values of the sprinkler.
It should be noted that the RTI is actually found to be not constant under low gas velocity situations, as
conductive losses to sprinkler fittings could no longer be neglected [40]. Since the goal of this work is
to demonstrate the discrepancies between Alpert’s correlations and the proposed numerical model
instead of providing an accurate prediction of the device, constant RTI is exercised to simplify the
calculations. Fig. 15 shows the predictions of activation time against radial distance by Alpert’s
correlations and numerical model. It can be observed that in the near-fire region, the numerical model

suggests a slower response of sprinklers than Alpert’s correlations.
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Fig. 15. Predicted activation time against radial distance with a ceiling height of (a) 2.5 m and (b) 3.5 m.

Although the temperature prediction by the numerical model is higher in this area, the predicted
velocity is significantly lower than the value by Alpert’s correlations, which results in a longer response
time. With the increase of radial distance, however, the predicted response time by the numerical model
increases faster than the fitting value by Alpert’s correlations. This is because the temperature
predictions by the two methods are very similar in this region, while the higher prediction of gas velocity
by the numerical model can accelerate the activation of the device.

Fig. 16 presents the analysis of activation time against HRR in both the turning region and ceiling
jet region. For the analysis of the turning region, the sprinkler is assumed to be mounted 0.2 m away
from the fire centreline. For the analysis of the ceiling jet region, a prescriptive design case that complies
with the Chinese fire code is proposed [41], where the maximum spacing of sprinklers is 3.6 m for the
high-rise civil building, e.g., office buildings and hotels. Thus, the maximum horizontal distance
between the fire centre and the sprinkler is 2.6 m. As shown in Fig. 16a, due to the high temperature
above the fire source, the sprinklers activated very soon, which suggests that the minimum HRR to
activate a sprinkler can be as low as 25 kW with a ceiling height of 2.5 m by Alpert’s correlations.
Meanwhile, the delay of the sprinkler activation mainly occurred with high HRR, while the average
difference in activation time in this region is 42%.

Fig. 16b presents the response predictions in the ceiling jet region, where the response time is much
longer and the calculated minimum HRR to activate the device raises to 140 kW. It should be noted that
the calculations based on Alpert’s correlations neglect the time required for the transport of the fire
gases from the source to the detector [6], which is successfully reproduced by the numerical model. It
spends around 11 to 17 s for the ceiling jet gas temperature and 4 to 7 s for the velocity to raise from
the ambient value to a stable state at the 2.6 m radial distance. Nevertheless, the numerical predicted
activation time is 31% quicker compared to the fitted result outside the plume region due to higher

simulated gas velocity at the steady period.
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Fig. 16. Predicted device activation time against HRR in (a) turning region and (b) ceiling jet region.

In general, the numerical model suggests a slower response of the sprinkler/detector in the turning
region and quicker sprinkler activation in the ceiling jet region. In the design of the sprinkler system,
the engineers prefer the worst design fire scenario in which the fire source is as far as possible from the
sprinklers. Hence the calculations are normally done based on the analysis of the ceiling jet region.
While a safety margin of 20% to 50% is commonly exercised in design practices, in this case, the design

based on Alpert’s correlations is sufficiently conservative.

6. Conclusions

This study built the numerical model of a ceiling jet, which was validated by four large fire
experiments (0.6-17.9 MW). The result shows the predicted temperature profiles by the numerical
model have good agreement with the experimental measurements, while the average difference is 11%
in the turning region and 15% in the ceiling jet region. This difference is similar to the difference
between experiments and fitting correlation, which is 5% in the turning region and 12% in the ceiling
jet region. It means the numerical model can predict the gas temperature of the ceiling jet accurately.
Meanwhile, the numerical model shows both the fire source setup and ceiling jet type will affect the
temperature field in the turning region. Thus, the simple assumption of unchanged gas temperature in
the turning region by Alpert’s correlations might not be reasonable for all fire scenarios. As for the
velocity result, the prediction of the numerical model is 61% higher than the experimental measurement
in the ceiling jet region, while it presents a decreasing trend when approaching the fire centreline due
to velocity dissipation at the plume/ceiling intersection, with 47% difference compared to the predicted
value by Alpert’s correlations.

This study further investigates typical early-stage fire scenarios with ceiling heights ranging from
2.5 to 3.5 m and constant HRRs ranging from 50 to 500 kW. The temperature result shows the

discrepancy between predictions by Alpert’s correlations and the numerical model is 8% in the ceiling
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jet region, and the temperature profiles in the turning region present a clear decreasing trend with radial
distance, which suggests a possible under-estimation on the gas temperature by Alpert’s correlations in
near fire field. The velocity result for early-stage fires presents the same pattern as previous large fire
tests, where the modelled value is 42% lower in the turning region and 66% higher in the ceiling jet
region compared to the fitted value.

Modelling results show that the predicted sprinkler response time by the numerical model is 31%
faster in the ceiling jet region. Thus, the current sprinkler system design based on Alpert’s ceiling jet
correlation is considered to be sufficiently conservative, while the proposed CFD model is encouraged
to be applied to investigate ceiling jet characteristics in near-fire region. To further verify the findings
in this study, detailed experimental measurements should be followed, especially in the turning region,

so that revised models can be proposed to better describe the ceiling jet behaviour in early-stage fires.
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