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Introduction
Pool fires due to liquids leaking from transformers, generators or 

other machinery are significant hazard to industrial facilities.1 The 
importance of modeling smoke movement during pool fires in large 
and complex buildings, e.g. malls and atria either naturally or forcibly 
ventilated, has been a subject of intensive research. Most of the fires’ 
effects are due to the smoke produced by the fire rather than the fire 
itself e.g. decreased visibility, eyes irritation, reduction in the ability 
to identify escape routes, asphyxia and lung inflammation.2 Statistics 
revealed that hot and toxic smoke is responsible for about 85% of 
deaths in such typical events.3 Since there is no relevant provisions on 
atrium geometry, fire load, and smoke exhaust fan start-up time and 
other factors influencing smoke evacuation effect, it is necessary to do 
further studies of the mechanical smoke exhaust systems to improve 
the existing fire technical regulations and propose some feasible 
specifications of atrium smoke evacuation system.4 For fire and smoke 
modeling inside atriums, two numerical approaches were developed: 
the zone model and the field model. In the zone model approach, 
the atrium domain is separated into a hot smoke upper layer, due to 
buoyancy, while underneath is a cold fresh air layer. Both layers are 
assumed to have homogeneous properties.5 Zone models have been 
used for atrium smoke modeling and several researches have been 
done to assess its accuracy.6‒9 In field models, partial differential 
equations expressing flow, species and energy conservation equations 
are all solved on the entire atrium domain that is discretized into 
small control volumes. Field models utilize the CFD technique which 
gives information about the risks within large enclosed spaces. The 
CFD studies the fluid flow problems using computational techniques, 
in contrast with to analytical and experimental methods. The CFD 
technique also provides valuable information on possible design 
strategies and intervention procedures that allows the minimization 
of fire risks.2 The CFD technique has proved to be more accurate 
than zone models that have limitations due to the simplifications and 
assumptions made, yet it is more expensive computationally.1,5,10‒12 

Both zone model and field model were combined in a study to best 
utilize their optimum benefits while simulating complex multi-
compartments.13 CFD techniques vary widely among different models 
used in practice. While some CFD codes assume smoke as a gaseous 
mixture of dissolved gases, i.e. CO2, CO and H2O, other approaches 
assume smoke as solid particulates in a two-phase Lagrangian 
assumption and argued that this better describe smoke coagulation 
and aggregation especially when fire extinguishing is taking place.14 

CFD modelers were also concerned with fire and combustion 
modeling. Two approaches were developed: a non-combustion 
approach that argued that reaction details are not important as far as 
the larger view of atrium smoke transport is concerned, and another 
approach that uses a combustion model to best describe oxygen 
depletion, soot formation, plume turbulence and most importantly 
fire spread.15 CFD proved to be the most preferred approach capable 
of modeling the turbulence associated with pool fires due to its 
ability to enable closer approximation of the underlying physical 
phenomena.16 Numerous studies were done to compare CFD atrium 
models for smoke transport with experimental or empirical results 
and the outcomes were satisfactory. In complex models, Fire is 
usually represented by one of three typical approaches: fixed source 
of heat and smoke, source term that emits fuel or a mixture of fuel 
and oxygen, or a model of materials that have a mass and are the 
source of fuel through pyrolysis and evaporation. Each of them can be 
implemented either as a 2D source (surface) or a 3D source (volume), 
depending on the solver.17 In this study, the first approach is adopted 
in which fire is simulated as fixed source of heat and smoke, which is 
described by its generation rates, with the amount of energy and mass 
of combustion products emitted. The fire scenario, for the design of 
smoke management systems, must be typical to the expected fire in 
the atrium according to the atrium design and use. Two criteria must 
be considered, fire size and fire location. According to Lougheed,18 
the minimum fire for fuel-restricted atrium is 2MW. The fire location 
is either on the atrium floor or in a communicating space; with the 
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Abstract

Pool fires are the most common hazard in many industrial applications. Therefore, 
automated fire control systems and occupational safety design codes and procedures 
are of major importance in industrial building systems design. Smoke is the main 
factor that causes deaths and casualties in fires. Thus, fire safety engineering (FSE) 
considers smoke management system as one of the most important factors. In this 
study, smoke generation during pool fire is numerically simulated to optimize the 
smoke management system. The smoke and temperature distributions inside a 
mechanically ventilated atrium are simulated using a computational fluid dynamic 
(CFD) transient model after initiating a diesel pool fire in the worst case scenario. 
Four numerical models are simulated and their results are compared to choose the 
model that optimizes smoke control. The models enable better approximations of the 
underlying physical phenomena in smoke transport for a single phase gas mixture. A 
velocity field approach is predicted using a turbulent standard k-ε model to study the 
domain with smoke plume. The ability to demonstrate and predict the flow field inside 
the atrium while the roof exhaust fans are operating is also investigated. The study 
aids in smoke management systems’ design and helps to better understand of smoke 
plume behavior inside large spaces.
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fire on the floor in the center representing the worst case scenario (the 
symmetry of the smoke plume will entrain air on all sides producing 
the greatest volume of smoke). The most commonly used approaches 
in designing smoke management systems assume a steady state design 
fire or a fire that grows over time. A system that handles a steady 
state fire design, in which the fire is always the same, is able to deal 
with growing fires and also gives a large factor of safety as it assumes 
the largest possible fire from the time of ignition.18 The combustible 
material has a significant impact on the heat release rate (HRR) 
evolution and propagation,19 e.g. gasoline generates high temperature 
and polluting smoke.20 In this study 1m diameter diesel pool fire of 
HRR=3MW/m3, in the worst case scenario, is initiated. 

The Industry codes have been issued to aid in smoke management 
designs. In its effort to introduce the most widely used fire safety 
codes, the National Fire Protection Association (NFPA), has issued 
the 92B code “Guide for Smoke Management Systems in Atria, 
Malls and Large Areas” that provides important recommendations for 
smoke ventilation design engineers on smoke layer formation, plume 
properties, smoke layer location and smoke exhaust methods by 
mechanical ventilation that is the main issue in this research.21 Smoke 
is mainly managed either by naturally venting it from roofs/ceilings or 
by mechanically extracting it by forced ventilation methods. The main 
intent of mechanical smoke exhaust is to prevent the hazardous hot 
smoke layer that is initially formed at the ceiling of the atrium from 
descending downwards to the level of occupants’ walking zone and 
being mixed with the air in the atrium and connected communication 
spaces and stories, thus, enabling safe evacuation and refuge. When 
using a mechanical system to control smoke, the capacity of smoke 
exhaust fans should be carefully determined to prevent plug-holing; 
the smoke vent does not pump smoke, but pumps a great deal of air 
under the smoke layer due to high exhaust rates.20 Smoke exhaust 
efficiency will decrease significantly when ceiling extraction 
increases to draw directly fresh air beneath the smoke layer. The 
smoke plug-holing possibility decreases with increasing the number 
of extraction opening.22 The degree of openness and ventilation of 
the atrium is also a critical factor in the design of the system, since 
the fire burning rates is the starting point of any fire safety analysis. 
It should be noted that the burning rate in confined spaces, possibly 
coupled with mechanical ventilation systems, can be significantly 
different from the open atmosphere.23 In simulating pool fire, the most 
important parameter that determines the overall structure of a pool 
fire is turbulence. Turbulence determines the extent of interaction 
of various parameters including combustion; wind velocity and the 
entrainment of the ambient air.16 

Pool fires have a specific physical behavior as discussed in many 
literatures.24‒28 Fire was widely simulated using a combustion model 
that captures certain pool fire flame characteristics. Combustion 
models have proved to be more accurate in terms of simulating 
flame detailed physics and associated exhaust gases’ concentrations. 
Meanwhile, such models still make important assumptions involving 

simple chemical kinetics. Other approaches10 have simulated the 
pool fire with a volumetric heat source in a natural convection 
scenario that will enable buoyant forces to from the flame structure. 
Such non-combustion models, though providing less accurate 
fire representation, are more robust and flexible when it comes to 
engineered solutions or predictions where detailed flame physics are 
not of concern in the designed system (i.e. fixed fire sources without 
fire spreading). So, instead of using a combustion model, fire is 
modeled with a different technique that has been reported acceptable 
in a previous benchmark comparison with a compartmented fire 
experiment.29 Recently, the performance of several k-ε turbulence 
models was assessed. It was shown that the standard k- ε model 
enabled the closest CFD simulation of the experimental results.16 The 
available safe egress time (ASET), the amount of time that elapses 
between fire ignition and the development of untenable conditions 
(obscuration, high temperature, and toxicity) are calculated according 
to tenability criteria, e.g. visibility must remain above a certain height, 
temperature must remain below a specified value, or carbon monoxide 
concentration must remain below the permissible parts per million 
(ppm).30 Recently, Wegrzynski and Vigne17 investigated ASET related 
to smoke visibility, with increasing soot yield, and translated it to 
fire safety engineering design process, qualitative assessment of the 
results was performed with k-ε turbulence model. This study focuses 
on two factors that affect tenability criteria: the concentration of 
carbon dioxide and the temperature. Carbon dioxide, as a fire product, 
though non-toxic at concentrations lower than 5%, it stimulates 
breathing. Thus, at 3% the volume of air breathed during a minute 
is approximately doubled and at 5% tripled. This hyperventilation 
increases the rate at which other toxic fire products, such as carbon 
monoxide and hydrogen cyanide, are inhaled, reducing remarkably 
the time to suffocation and death.31 Protracted exposure for more than 
15 minutes to high temperature may cause heat stroke (hyperthermia). 
Even for short durations, exposure to hot smoke at high temperatures 
may cause skin and respiratory tract burns without direct contact.30 
The study determines the optimum number of smoke exhaust fans 
and the smoke extraction rate to increase the ASET, by decreasing 
the temperature and the carbon dioxide concentration, not only for 
workers to evacuate, but also to give them time to clear any flammable 
or combustible materials in the atrium. In this article a fire event with 
mechanical smoke exhaust will be simulated in an atrium space in 
an industrial facility using a CFD tool. The steady pool fire in an 
atrium space has been simulated in the three dimensional domain 
shown in Figure 1. Through transient analysis, smoke transport, heat 
transfer and flow dynamics will be simulated using a CFD model 
while fire and smoke extraction by the roof exhaust fans is taking 
place. Four numerical models will be simulated and their results are 
compared to choose the model that optimizes smoke control. For the 
three-dimensional approach adopted herein, this research assumes 
an axisymmetric smoke plume that is valid in atria with high aspect 
ratios. 

Figure 1 Configuration of the atrium’s domain and cross section planes.
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Brief theoretical background
The fundamental governing equations of fluid dynamics (the 

continuity, the momentum and the energy equations) are the basis 
of CFD. The finite control volume is either moving with the fluid or 
fixed in space with the fluid moving through it. The PDEs obtained 
from the finite control volume moving with the fluid are called the 
non-conservation form of the governing equations. While the PDEs 
obtained from the finite control volume fixed in space are called the 
conservation form of the governing equations. The modelling of fluid 
flow leads to the solution of unsteady, non-linear partial differential 
equations (PDEs) representing conservation laws for the mass, 
momentum, and energy. The strong conservation form of the Navier-
Stokes PDEs in compact vector differential form is given by 

( ). 0
t
ρ

ρ
∂

+ ∇ =
∂

V ,

( ) ( ). .p g
t
ρ

ρ τ ρ
∂

+ ∇ × = −∇ + ∇ +
∂

V
V V ,

( ) ( ) ( ). . . . .
et e T ptt

ρ
ρ κ τ

∂
+ ∇ = ∇ ∇ + ∇ + ∇

∂
V V V ,

where, j+ ku i v w= +V is the velocity vector, ρ is the scalar 
density field, p is the pressure, T is the temperature, κ is the thermal 
conductivity,   τ is the viscous stresses, g is the gravity acceleration 
vector,  te is the total energy ( the sum of the internal energy and the 
kinetic energy per unit mass) and 

t
∂
∂

 is the local derivative, i.e. the 
time rate of change at a fixed point. For modelling turbulent flows, 
Reynolds-averaged Navier-Stokes equations (RANS) are employed. 
They are used to give approximate time-averaged solutions to NS 
equations. The instantaneous quantity is decomposed into its time-
averaged and fluctuating quantities; under the assumption that the 
time dependent turbulent velocity fluctuations can be separated from 
the mean flow velocity. The decomposition of the NS equations to 
RANS equations facilitates the simulation of the practical flows used 
within the CFD. The CFD decomposes a fluid domain into a mesh and 
then solves the RANS and conservation laws in each cell, by replacing 
the PDEs with a set of algebraic equations. The accuracy of the CFD 
simulation is determined by the mesh resolution and the turbulence 
model. The stress created by turbulent motion of vortices can be 
considered analogous to the viscous stress caused by molecules’ 
random motion. The viscous stress is the product of the viscosity and 
the velocity gradient. A model that computes the eddy viscosity only 
from the RANS is called the zero equation model, a model that utilize 
a transport equation that is solved simultaneously with the RANS is 
called a one equation model, and the model that uses two parameters 
is called the two equation model. For a two equation model, numerous 
models were proposed depending on how the parameters are chosen. 
The most widely used model is the k-ε model, where k is the turbulence 
kinetic energy, and ε is the rate of kinetic energy dissipation per unit 
mass.32 

Numerical model 
Description of the simulated atrium

The present study focuses on the smoke movement model and 
investigates the temperatures achieved in an industrial atrium with 
20m x 20m x 10m dimensions under the conditions of mechanical 
ventilation. The shape coefficient ζ= A/H2 = 4 is considered as the 
atrium geometry aspect factor. This factor is of particular concern due 
to its influence on the prediction of the smoke layer. The atrium space 

is opened in the ground level with two opposite doors 10m length×3m 
height. At the ceiling, the roof exhaust fans are installed with 1.5m 
diameter equally spaced from side walls. The ground is assumed to 
have a ceramic tile finishing. Walls and ceiling are assumed to be of 
concrete with plaster layer.

Fire representation 

The simulated fire is a circular pool fire placed at the center of the 
ground with a steady fire of 3MW/m3 at 0.5 m above ground. The 
pool is slightly elevated to ensure its insulation. Thus, there is no 
fire spread in this scenario. Ignoring a combustion model has been 
accepted for the fire modeling community though it would provide 
less but practically acceptable accuracy,15 The temperature inside the 
atrium is 27 ºC.

Boundary conditions 

An atmospheric pressure boundary is assumed and it is kept 
fixed, the occurrence of a reverse flow is permitted at each opening 
without an implied velocity (inlet velocity to the doors), i.e. Dirichlet 
Conditions. Given the walls and ceiling materials, adiabatic boundary 
conditions are assumed at all the walls, i.e. Neumann Conditions. 
Previous research disregarded the radiation portion; the full heat 
release rate is presented as 100% convective. This agrees with the 
experimental results and the scenarios in which radiation would not 
augment the spread of fire like the case presented here. In an atrium, 
plume temperatures are relatively low, so radiative losses are negligible 
within the atrium. When modeling the walls as adiabatic, no heat is 
lost by conduction through the walls.33 The expected inaccuracy from 
disregarding radiation would result in differences in temperatures of 
walls and room interior. In addition, this assumption is argued to be 
rational according to some recommendations.15 

Simulated domain	

The computational domain considers the atrium interior space 
being enclosed by three different boundary surfaces, namely the 
walls, the door vents and the fans. The fans are considered open vents 
with pressure outlets, while the door vents at the side walls of the 
atria are considered pressure inlets. The exhaust fans are modeled by 
applying an outward negative gage pressure. This will account for the 
fans’ flow rates and velocities under different operating conditions to 
force the smoke flow out to the exterior of the atrium domain. The 
Grid is constructed by a cluster technique that enables a resolution of 
8 cm at the fire surface and of 30 cm at the walls. The grid gets denser 
when approaching the ceiling to resolve the flow field of the buoyant 
smoke layer with operating roof exhaust fans. Two crossing planes 
passing through the pool fire and the door vents on both sides are 
taken to compare the predicted results as shown in Figure 1. Transient 
simulation of flow, energy, turbulence and species equations are 
solved for the atrium domain. A control volume approach is utilized 
for discretizing the whole domain into finite volumes (cell faces in 
3D), while an iterative algorithm is utilized to solve the linearized 
set of equations. Temporal derivatives are solved for each time step 
by an implicit scheme with second order accuracy. Pressure-velocity 
coupling is obtained by utilizing an algorithm that is a member of 
the SIMPLE family of pressure-velocity coupling algorithms which 
is modified to better suit transient calculations. A second order 
discretization scheme is used with momentum, density, temperature, 
turbulence and species transports. Since air and smoke flow inside 
the domain is buoyancy dominated, body force has been accounted 
for in turbulence production/dissipation and in pressure interpolation 
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among cell faces. For the introduced model, the flame is simulated as 
a flow rate of exhaust CO2 gas that is dispersed in air inside the atrium 
(single phase) in accordance with the published experimental pool fire 
tests.25 Meanwhile, transient simulation was carried out to investigate 
the compartment’s environment change due to the steady fire. The air/
smoke domain is modeled as an ideal gas whose properties depend 
only on temperature as specific heats, viscosity, thermal conductivity, 
mass diffusivity and thermal diffusivity. Despite being recommended 
by previous research work in buoyancy-driven flow, Boussinesq 
approximation is not used due to the presence of high temperature 
gradient in the smoke plume and the expectation of high body forces 
from buoyancy;15 while Boussinesq approximation ignores variation 
in fluid properties other than density, and density appears only when 
multiplied by gravity acceleration. Standard near wall function is used 
to resolve turbulent hot smoke jet near the ceiling and the side walls. 
An earlier research used the CFD model to compare the predicted 
results, based on 2D approximations, with those from an experiment 
conducted in a compartment fire facility at the United States Coast 
Guards’ (USCG). Outcomes from that comparison regarding 
temperature and flow field have shown satisfactory agreements and 
demonstrated an accepted validity of the CFD model.28 

Results 

Pool fire was simulated in the middle of the floor level in a barrel 
of 1m diameter and whose volume is 0.785m3 filled with diesel fuel 
of mass 670kg and density 850Kg/m3. The total HRR of the fire 
is limited to 3MW/m3. A 3D CFD model was constructed to solve 
the fluid flow governing equations of smoke from a fire in a small 
volume industrial facility atrium with Shape Coefficient ζ=4. Detailed 
simulation was performed for the four numerical models shown in 
Table 1 with different number of operating exhaust fans and different 
out mass flow rates for the smoke through the fans. The HRR (3MW/
m3) and the CO2 emission rate (2Kg/sec/m3) are kept fixed. The fire 
and all the exhaust fans are initiated at 0t = . The study focuses 
on optimizing the mechanical smoke control system to achieve the 
desired performance in terms of the domain temperature and the smoke 
ventilation rate Table 1. The contour plots of the concentration of CO2, 
the total temperature and the velocity of the air within the domain 
are illustrated using two planes. One of the planes passes through the 
door vents while the other passes through the fans. The curves of the 
CO2 concentration, total temperature, and velocity values versus the 
height are plotted at four locations presented by vertical line segments 
whose Cartesian coordinates are indicated in Table 2. The results are 
taken when the simulated domain reaches the steady state condition. 
This is achieved after 10 minutes. At the 10th minute, the results of the 
numerical analysis were as follows. 

The concentration of carbon dioxide 

The CO2 concentration in model 1 was homogeneous all over 
the smoke layer and the domain with an average value of 1575 
ppm at 3m height. As seen in Figure 2, the contours show that the 
CO2 concentration at the door vents’ cross section is less than its 
concentration at the fans’ cross section due to the entrainment of 
air with high velocity at the height level of the door vents. Model 2 
showed significant difference in the CO2 concentration as the flow rate 
increased to 36.2m3/sec versus 21.8 m3/sec in model 1, for the same 
number of operating fans. The concentration differs among the four 
locations with the highest concentration at location 1. The average 
value of CO2 concentration is 950ppm at 3m height which is less than 

that of model 1. This is due to the increase in the speed of the fans, so 
the fans extract CO2 from the smoke layer with higher rate Figure 3. 

Table 1 Different simulated models.

Models flow rate/ fan Number of fans 

Model 1 21.8 m3/sec 2

Model 2 36.2 m3/sec 2

Model 3 21.8 m3/sec 3

Model 4 36.2 m3/sec 3

Table 2 Cartesian coordinates and locations of the line segments.

Lines Start and end points Location

Line 1 (4, 0, 4), (4, 10, 4). In the corner beside the left 
door

Line 2 (5, 0, 10), (5, 10, 10) In front of the door vent

Line 3 (10, 0, 16), (10, 10, 16) Beside the exhaust fan vertical 
operating line

Line 4 (10, 0, 17), (10, 10, 17) Passes vertically through the 
operating fan. 

Figure 2(A) Door vents section.

Figure 2(B) Fans section.
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Figure 2(C) CO2 at the four vertical lines
Figure 2 CO2 concentrations for model 1.

Concentration contours show no significant improvement in model 
3 than model 2. The CO2 concentration recorded an average value of 
920 ppm at 3m height. Yet, it should be noted that CO2 concentration 
becomes less than model 2 at line 4 under the operating fan. Figure 
4(C) shows the improvement in the CO2 concentration for the location 
near the fans Figure 4. By increasing the flow rate of the extracted 
smoke and the number of operating fans, less concentration of CO2 
was recorded in model 4, with an average value of 500 ppm at 3m 
height, but inhomogeneity was observed in the smoke layer Figure 5. 

The temperature

In model 1, at the door section, the air temperature increases with 
time vertically downwards within the domain to reach an average 
value of 47ºC (at the 10th minute) at a height of 3m above the ground 
level except at the fire core zone. The same behavior was observed at 
the fans section but with a higher average temperature value of 51ºC. 
This is due to the atrium’s geometry and the absence of ventilation 
at the corners. At line 4, the outflow temperature was 81ºC while the 
temperature of the fire core reaches 1617ºC Figure 6. By increasing 
the outflow rate of the two operating fans in model 2, it was observed 
that plug-holing happened between the 30th second and the second 
minute. After the second minute, plug-holing disappeared causing an 
unexpected reduction in the temperature of the fire core to record 1497 
ºC. The average temperature of the door section was 37 ºC and of the 
fan section was 44 ºC at a height of 3 meter from the ground with 
an exhaust temperature of 60 ºC Figure 7. Homogeneity is achieved 
in model 3 by operating three exhaust fans. An average temperature 
of 39 ºC was recorded at the door and fan sections at a height of 3m 
above the ground level. Exhaust air temperature is reduced to the 
value of 51 ºC due to the increase in the amount of entrained air. At 
the same time the fire core temperature increased to 1667 ºC Figure 
8. By increasing the flow rate in model 4, the average temperature at 
the door vent section was 31 ºC and at the fans section it was 37 ºC at 
a height of 3 m from the ground. The exhaust air temperature reached 
38 ºC. Yet, the temperature of the fire core increased to the value of 
1777 ºC Figure 9. 

		  Figure 3(A) Door vents section. 			   Figure 3(B) Fans section.

					     Figure 3(C) CO2 versus the height
Figure 3 CO2 concentration for model 2.
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		  Figure 4(A) Door vents section. 				    Figure 4(B) Fans section.

					     Figure 4(C) CO2 versus the height.
Figure 4 CO2 concentration for model 3.

			   Figure 5(A) Door vents section. 			   Figure 5(B) Fans section.

						      Figure 5(C) CO2 versus the height.
Figure 5 CO2 concentrations for model 4.
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		  Figure 6(A) Door vents section. 				    Figure 6(B) Fans section.

					     Figure 6(C) Temperature versus the height.
Figure 6 Temperature contours for model 1.

			   Figure 7(A) Door vents Section. 			   Figure 7(B) Fans Section.

					     Figure 7(C) Temperature versus the height.
Figure 7 Temperature contours for model 2.
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			   Figure 8(A) Door vents section. 			   Figure 8(B) Fans section.

					     Figure 8(C) Temperature versus the height.
Figure 8 Temperature contours for model 3.

			   Figure 9(A) Door vents section. 			   Figure 9(B) Fans section.

					     Figure 9(C) Temperature versus the height.
Figure 9 Temp contours for model 4.
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The velocity of air in the atrium

The velocity predictions for the four models show the entrainment 
of the outdoor air to the domain through the doors vent and the outflow 
through the fans in the ceiling. The rate of the inflow air depends on the 
fans’ speed. Two different fans’ speed, with implemented air velocity 
of 10 m/sec and 18 m/sec, were used in the examined four models. 
From the predictions, it was observed that the outflow velocity for 
model 1 and model 3 was 10 m/sec and for model 2 and model 4 was 
18m/sec. These values caused variation in the velocity values in front 
of the door vent and also in the circulation zones. By increasing the 

fans’ speed, the maximum velocity of the entrained air was achieved 
at line 2, in the lower half of the atrium, at heights which is higher in 
model 2 than in model 1 due to the air flow pattern suction upwards. 
This causes a reduction in the concentration of CO2 in the lower levels 
in model 2. By increasing the number of operating fans in model 3 
and model 4, with the same fans’ speed as in the first two models, 
the entrained air increases. This increase dilutes the concentration of 
CO2 and lessens the temperature near the floor levels. These outcomes 
will facilitate the evacuation during fire situations. The velocity 
contours for the four models are shown in Figures 10‒13.
		

		  Figure 10(A) Door vents section. 			   Figure 10(B) Fans section.

					     Figure 10(C) Velocity at the four vertical lines.
Figure 10  Velocity contours for model 1.

Discussion 

From the results, it is observed that model 1 with two exhaust 
fans of flow rate 21.8 m3/sec, recorded the highest concentration of 
carbon dioxide (1575ppm) and the highest temperatures (47ºC-51ºC). 
Increasing the flow rate of the two fans in model 2 to 36.2 m3/sec 
improved both the concentration of carbon dioxide (950 ppm) and 
the temperatures (37ºC-44ºC), but with the occurrence of plug-holing 
which might compromise the effectiveness of the smoke exhaust 
system. Increasing the number of exhaust fans to 3 with flow rate 
21.8 m3/sec in model 3, the reduction in the concentration of carbon 
dioxide (920ppm) and the temperatures (39ºC) was not remarkable, 

but homogeneity was achieved in both of them with no indication of 
plug-holing. Model 4, with 3fans and flow rate 36.2 m3/sec, recorded 
the minimum decrease in the concentration of carbon dioxide 
(500ppm) and in the temperatures (31ºC-37ºC) , but it also recorded 
the maximum increase in the fire core and the smoke layer was non-
homogeneous. This is due to the effect of high flow rates of the fans 
on the increase of the fire release rate, despite having the advantage 
of reducing the temperature and decreasing the toxicity. Then, high 
flow rates encompass the risk of fire growth and the destruction of 
any smoke stratification.34 Then, model 3 is considered the optimum 
model for smoke evacuation in an atrium of the given dimensions. 
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		  Figure 11(A) Door vents section. 			   Figure 11(B) Fans section.

					     Figure 11(C) Velocity at the four vertical lines.
Figure 11 Velocity contours for model 2.

			   Figure 12(A) Door vents section. 		  Figure 12(B) Fans section.

					     Figure 12(C) Velocity at the four vertical lines.
Figure 12 Velocity contours for model 3.
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		  Figure 13(A) Door vents section. 			   Figure 13(B) Fans section.

					     Figure 13(C) Velocity at the four vertical lines.
Figure 13 Velocity contours for model 4.

Conclusion 

Based on the conducted investigations for the performance of 
smoke extraction systems in an industrial atrium, this study provided 
numerical measurements for the smoke removal effectiveness during 
fire situations. A fire event with mechanical smoke exhaust was 
simulated in an atrium space in an industrial facility using a CFD tool. 
Four numerical models were tested and their results were compared 
to decide the optimum number of smoke exhaust fans and the smoke 
extraction rate to increase the ASET, not only for workers to evacuate, 
but also to give them time to clear any flammable or combustible 
materials in the atrium. The predictions show an improvement in 
the atrium indoor environment at the lower levels by increasing the 
number of extracting points with adequate flow rate due to the renewal 
of the atrium’s air to meet the requirements. 
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