
fluids

Article

Effects of Cross Level Air Interaction within
Multilevel Underground Carparks on Indoor
Air Quality

Rafat Al-Waked * , Abdalrahman Yassin, Abdallah Adwan and Diala Bani Mostafa

Department of Mechanical and Maintenance Engineering, German Jordanian University, Amman 11180, Jordan;
A.yasin1@gju.edu.jo (A.Y.); a.adwan1@gju.edu.jo (A.A.); diala.banimostafa@gju.edu.jo (D.B.M.)
* Correspondence: Rafat.Alwaked@gju.edu.jo; Tel.: +962-6-429-4444 (ext. 4531)

Received: 16 September 2020; Accepted: 8 October 2020; Published: 11 October 2020
����������
�������

Abstract: Ventilation for underground carparks is critical to indoor air quality (IAQ) due to carbon
monoxide (CO) emissions from cars. The IAQ within a multi-level underground carpark of a
shopping mall has been investigated using computational fluid dynamics (CFD) model based on
ANSYS-FLUENT (18.1) software. The effects of car engines types, porosity of supply and exhaust air
louvers and ventilation flow rates on IAQ were examined. A mesh sensitivity study was conducted
and the CFD model was validated against the fully mixed mathematical formulations of IAQ with a
maximum difference in values of 1.5 ppm and an error of 3.4%. The results showed that the ventilation
system must be operated at ACH value of more than 2.7 in order to meet the required CO concentration
of 50 ppm within the carpark and should be based on running cars within each level rather than the
parking capacity of each level. Porosity of louvers affected air flow distribution between parking levels
and led to higher dilution of CO. Therefore, modelling a multilevel underground carpark requires
closer attention to cross level interaction across Ramps which could affect the CO concentration within
a given level.
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1. Introduction

The rapid increase in the population within urban areas and limited ground spaces have increased
the need for multilevel car parking facilities, either aboveground or underground. An underground
carpark is an enclosed space located below ground level due to better utilization of the building space.
Indoor air quality (IAQ) is a critical element when designing an underground carpark as it directly
affects the health of human beings using it. Car emissions are the main source of air pollution in
underground carparks were exposure to high levels of these emissions, such as Carbon Monoxide (CO),
could cause respiratory and heart diseases [1–3]. Car emissions might increase during start-up and at
lower speed and health effects might become worse in poor ventilation, which make underground
carparks not favorable for long-term stays [4,5]. Carpark users may become feel uncomfortable at
temperatures of 32 ◦C to 35 ◦C and air velocity between 0.2 and 0.4 m/s for 80% satisfaction [6].
Therefore, a given underground carpark requires a proper ventilation system to maintain CO levels
within acceptable limits in accordance with regulations and legislations of the related country [7].

Natural ventilation in underground carparks is not common as carparks do not provide sufficient
number of openings of an aggregate area equal to at least 5% of the floor area at a given level, of which
at least half should be in two opposing walls [8–10]. Moreover, a minimum of 3 ◦C difference between
indoor and outdoor temperatures is needed to validate the natural ventilation approach [11]. Sometimes
this is not possible and it is necessary to adopt an alternative approach to natural ventilation [12].
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Therefore, a mechanical ventilation system (ducted (conventional) or ductless ventilation systems) is
necessary to ensure good IAQ that meets standards and regulations of CO exposure limits. Ductless
mechanical ventilation system using jet fans is becoming popular these days due to its success in
controlling fire, resulted in smoke and other contaminants in Tunnels. Within carparks, ductless
system could be achieved through supply fans installed within supply air shaft or side walls openings,
impulse jet fans installed at ceiling level of the carpark to mix and force the air into motion towards the
exhaust shaft or wall openings, exhaust fans installed within exhaust air shaft or side wall openings, a
detection system and a control system [10]. Jet fans could keep smoke at high levels and transfer it to
the exhaust fans or louvers which enhances the extracting process [13]. Using jet fans instead of duct
network increases the total moving air volume to around 10 times of the intake air volume. Therefore,
the extraction capacity must be large enough to accommodate the required flow rates to dilute the
contaminants within the required time, based on the regulated ventilation rates.

The worldwide accepted ventilation requirements of underground carparks are 6 air changes
per hour (ACH) or 5 to 7.6 L/s·m2 in normal CO dilution mode and 10 ACH for smoke clearance in
case of a fire [14,15]. However, these values did not provide healthy environment within carparks
always and the ventilation rate of 7·5 L/s·m2 would provide more than 6 ACH for carparks with heights
less than 3 m. These ventilation rates could work for heavily used carparks if reasonable and even
mixing of the air flow and the contaminant source is achieved [16]. This is confirmed by Chan and
Chow [17] when they investigated the CO levels at occupied zones (0.5–1.5 m) within six carparks in
Hong Kong at peak hours. They reported that carparks with supply and exhaust ventilation systems
have lower CO concentrations than carparks with exhaust systems only, under ventilation rates of 6
ACH during normal operation and 9 ACH during congested hours. Chan et al. [18] reported similar
results when they examined the IAQ within 52 underground carparks in Hong Kong in which 34.6%
of sites exceeded WHO’s 1-h Time weighted average (TWA). Furthermore, the required ventilation
rate could be affected by the adopted CO exposure limits, the cold weather and the city location at
high altitudes might cause an increase from these traditional values.

The WHO recommendation for CO exposures and periods of TWA are [3]: 100 mg/m3 (90 ppm)
for 15 min, 60 mg/m3 (50 ppm) for 30 min, 30 mg/m3 (25 ppm) for 1 h and 10 mg/m3 (10 ppm) for
8 h. In Australia, the following values are enforced [9]: 100 ppm never to be exceeded, 90 ppm for
15 min, 60 ppm for 1 h and 30 ppm for 8 h. According to ASHRAE [10], CO limits of 25 ppm are
accepted for 8 h exposures, 35 ppm for 1 h exposure and a maximum level of 200 ppm to be maintained
within the carpark. The Egyptian code of garages recommends that, for an underground carpark,
the CO concentration should not exceed 50 ppm in the normal operating conditions and 100 ppm in
the extreme peak conditions. Burnett and Chan [16] reported that carpark users perform light work
when carrying objects to and from a vehicle and could be subjected to a very low health risk when
exposed to 100 ppm for a duration of 15 min. These levels are unlikely to affect driving performance
for the 15 min duration expected for customers to remain in a parking facility. They recommended
a maximum CO limit of 200 ppm for a 15-min exposure for carparks within Hong Kong city [16].
However, concentration of 200 ppm could be permitted for 1 h if it is permitted locally at the ceiling
level according to NIOSH/OSHA and the French standard [7]. An agreement on the exposure limits is
not available unanimously among the key regulation authorities. Therefore, setting the acceptable CO
exposure limits needs to be achieved according to a given country local environmental conditions,
location altitude and car fleet profile.

Researchers have been working on simulating carpark ventilation systems using different
approaches to study the CO concentration based on the related local requirements. These approaches
were either field measurements or computational fluid dynamics (CFD) taking into consideration
different factors, such as car types and carpark geometries [19]. Fire studies within carparks, on the
other hand, have focused on smoke visibility and the time needed to extract smoke from the carpark [9].

Field measurements of pollutants within carparks have attracted high attention around the world.
El Fadel et al. [20,21] assessed the IAQ of underground carparks within Beirut. They showed that the
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highest concentrations of CO were observed around 4:00 p.m., which corresponds to the evening peak
hour when employees were leaving at the end of the working day and most vehicles were running
from a cold start. The peak concentration of CO during that period reached 0.14 g/m3 at a ventilation
rate of 1.5 ACH. Chaloulakou et al. [22] surveyed underground carparks in Athens and showed that
CO levels could vary depending on location, time and day of measurements. They reported that
garage employees at indoor sites were exposed to CO concentrations in excess of those permitted by
the long-term occupational standards. Sulaiman et al. [23] surveyed underground carparks in Kuala
Lumpur and focused their findings on how IAQ was affected by the design of the carpark, the type of
ventilation system and time customers spend inside the carpark. They concluded that a mechanically
ventilated carpark with multi inlets and exits and proper signage could improve the IAQ of the carpark
and shorten the time needed by customers to stay inside it.

The use of CFD as simulation tool of IAQ within carparks has enhanced the design process of
the related ventilation systems and provided reasonable predictions of emissions distribution within
the carpark [24]. A steady state CFD simulations of a shopping mall carpark with a capacity of 467
cars has resulted in reducing the ventilation rate by 21% while maintaining a healthy IAQ, which was
reflected on savings of around 50,000 Australian dollars [19]. Ho et al. [25] stated that CFD simulations
of multilevel underground carparks are possible and provide reasonable results with the adopted
average-diffused model based on their simulation of a small underground carpark with 14 car places.
In transient CFD simulations, a simulation period of 15 min was common among researchers. Sittisak
et al. [26] initialized the single floor underground carpark (188 cars capacity) with 120 ppm of CO
and reported that a 4 ACH of ducted system could reduce the concentration to 28 ppm after 15 min.
Similarly, Kong et al. [6] simulated an underground carpark with 300 parking bays where CO emissions
from car were allowed for 3 min before being stopped and starting ventilation fans at full capacity.
They reported that 2 ACH was found to be adequate to ventilate the space when 5% of cars are running
and 6 ACH was required when 40% of cars are running.

The work presented so far showed the importance of utilizing CFD software as a tool to validate
the ventilation strategy of large and complicated underground carparks. The 6 ACH design ventilation
rate has proven to be insufficient for some carparks, which put uncertainties on ventilation systems of
underground carparks for validation purposes. Furthermore, the CO exposure limits were based on
fully mixed conditions within the carpark and does not accommodate for areas with high concentration
that requires jet/mixing fans to be installed. In terms of predicting CO concentration, different CFD
software have produced similar results with preferences given to ANSYS Fluent for mechanical
ventilation studies and to fire dynamic simulator (FDS) for ventilation with fire scenarios. However, the
certain works have reported on simulating a single level of an underground carpark and no work has
covered a simulation of a multilevel underground carpark. Furthermore, CO emissions from cars were
assumed as an initial boundary condition for the carpark and transient CFD simulation were utilized to
estimate the average CO concentration after 15 min. This approach is related to fire scenarios more than
the dominant daily ventilation of the carpark when cars keep moving and emitting CO till evacuating
the carpark for periods longer than 15 min and up to one hour. Cars as pollutant sources move for
much of the time and their distribution depend on the routes they have to take. Other important
aspects of car emissions that needs to be accommodated in CFD simulation are cold and hot start
conditions and changing amounts of CO emissions as the car travelled within the carpark. For all these
reasons, a need for detailed CFD simulations of multilevel underground carpark remains needed.

The current study is concerned with effects of ventilation rates, car fleet distribution and supply
and exhaust louvers porosity on the IAQ of a multilevel underground carpark that serves a shopping
mall in Amman, Jordan. A three dimensional CFD model has been build using Fluent of ANSYS
18.1 software and simulations of the carpark were conducted under steady state conditions [27].
The turbulence of the air flow within the carpark was accommodated by using the shear-stress
transport (SST) k-ω turbulence model due to its advantage of computing flow separation from smooth
surfaces [28]. The quality of the utilized hybrid mesh was examined, a sensitivity analysis was
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conducted and a validation of the CFD model was confirmed. Percentages of simulated gasoline,
hybrid and electric cars were based on the survey of the Jordanian car fleet which could be extrapolated
worldwide. Simulations were based on the assumption of worst case scenario where all parking levels
are full and the carpark is to be emptied in one hour. The results from this study could contribute to
enhancing the control strategy in place of the carpark at variable occupancy rates.

2. Materials and Methods

The CFD simulation of the multilevel underground carpark required the knowledge of the carpark
structure and ventilation system. The CO emissions were based on the car fleet distribution and how
cars move within the carpark. Then, the proper set of governing equations that were utilized are
presented with the proper boundary conditions. The current section details these major requirements.

2.1. Investigated Carpark

The investigated shopping mall has a total area equal to 150,000 m2 and is served by a multilevel
underground carpark with a total capacity of 1477 car spaces as shown by Figure 1. The first level (P1)
is located at the top and the nearest to the ground level where all parking cars have to go through it
to enter or to exit the carpark. Cars need to use ramps to travel downward to the second level (P2)
and the third level (P3) carpark while the fourth level (P4) was converted to a karting track and does
not host parking spaces. However, P4 affects the ventilation system since all levels are connected to
the same supply and exhaust shafts. All parking levels are similar in design with P1 having the least
parking areas due to the existence of carpark entrances and exits within it. P1 with a height of 3.3 m
and an air volume of 42,000 m3 was designed to accommodate up to 346 cars. P2, P3 and P4 with a
height of 2.7 m and an air volume of 43,000 m3 and could accommodate up to 377 cars, each. P2, P3
and P4 have 2 ramps that connect each parking level to the one below it (Ramp 1) or the one above it
(Ramp 2). Furthermore, there are three entrances/exits at P1 on South, West and North sides of the
shopping mall. VIP entrance facing the North side, Valet entrance facing the South side and Ramp 7
entrance facing the West side.

Fluids 2020, 5, 177 4 of 22 

Simulations were based on the assumption of worst case scenario where all parking levels are full 
and the carpark is to be emptied in one hour. The results from this study could contribute to 
enhancing the control strategy in place of the carpark at variable occupancy rates. 

2. Materials and Methods 

The CFD simulation of the multilevel underground carpark required the knowledge of the 
carpark structure and ventilation system. The CO emissions were based on the car fleet distribution 
and how cars move within the carpark. Then, the proper set of governing equations that were utilized 
are presented with the proper boundary conditions. The current section details these major 
requirements. 

2.1. Investigated Carpark 

The investigated shopping mall has a total area equal to 150,000 m2 and is served by a multilevel 
underground carpark with a total capacity of 1477 car spaces as shown by Figure 1. The first level 
(P1) is located at the top and the nearest to the ground level where all parking cars have to go through 
it to enter or to exit the carpark. Cars need to use ramps to travel downward to the second level (P2) 
and the third level (P3) carpark while the fourth level (P4) was converted to a karting track and does 
not host parking spaces. However, P4 affects the ventilation system since all levels are connected to 
the same supply and exhaust shafts. All parking levels are similar in design with P1 having the least 
parking areas due to the existence of carpark entrances and exits within it. P1 with a height of 3.3 m 
and an air volume of 42,000 m3 was designed to accommodate up to 346 cars. P2, P3 and P4 with a 
height of 2.7 m and an air volume of 43,000 m3 and could accommodate up to 377 cars, each. P2, P3 
and P4 have 2 ramps that connect each parking level to the one below it (Ramp 1) or the one above it 
(Ramp 2). Furthermore, there are three entrances/exits at P1 on South, West and North sides of the 
shopping mall. VIP entrance facing the North side, Valet entrance facing the South side and Ramp 7 
entrance facing the West side. 

 
Figure 1. General view of the investigated carpark. 

2.2. Current Ventilation System 

All carpark levels are connected to one supply shaft and three exhaust shafts. Each parking level 
has four louvers: supply louver (18 m × 2.5 m), exhaust louvers 1 and 2 (9 m × 2.5 m) and exhaust 
louver 3 (12 m × 2.5 m). All louvers are designed as perforated façade that has multi-openings with 
the dimensions of 12 cm by 112 cm and a thickness of 15 cm. The design air flow for each parking 
level is 89,775 L/s (6.68 L/s·m2) which is equivalent to 7.6 ACH (3.22 L/s·m2). These design values are 
within the international standards requirements for normal ventilation scenarios. 

The supply and exhaust fans are identical in design (Flaktwood, 160JM/40/6/6/26), each fan has 
a 1.6 m diameter and operates at 985 rpm and has a flow rate of 39,900 L/s. There are 9 fans connected 
to the supply shaft and 16 exhaust fans distributed over shafts 1 (5 fans), shaft 2 (5 fans) and shaft 3 

Figure 1. General view of the investigated carpark.

2.2. Current Ventilation System

All carpark levels are connected to one supply shaft and three exhaust shafts. Each parking level
has four louvers: supply louver (18 m × 2.5 m), exhaust louvers 1 and 2 (9 m × 2.5 m) and exhaust
louver 3 (12 m × 2.5 m). All louvers are designed as perforated façade that has multi-openings with
the dimensions of 12 cm by 112 cm and a thickness of 15 cm. The design air flow for each parking level
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is 89,775 L/s (6.68 L/s·m2) which is equivalent to 7.6 ACH (3.22 L/s·m2). These design values are within
the international standards requirements for normal ventilation scenarios.

The supply and exhaust fans are identical in design (Flaktwood, 160JM/40/6/6/26), each fan has a
1.6 m diameter and operates at 985 rpm and has a flow rate of 39,900 L/s. There are 9 fans connected
to the supply shaft and 16 exhaust fans distributed over shafts 1 (5 fans), shaft 2 (5 fans) and shaft 3
(6 fans). Supply and exhaust fans could be operated automatically as a group or individually as needed
according to the operation conditions. There are three sensors (Sontay- GS/S/SM1000) in each parking
level installed at a height of 1.5 m and distributed over three locations that form three independent
zones. Fans operate as a group at maximum or minimum speed according to the set point specified by
the ventilation strategy based on the sensors feedback. The current carpark ventilation strategy has
three operating conditions:

• Naturally ventilated when the CO concentration is less than 45 ppm.
• Mechanically ventilated at minimum power when the CO concentration is between 45 ppm and

50 ppm.
• Mechanically ventilated at maximum power when the CO concentration is higher than the upper

limit, which is 50 ppm, where the impulse fans will operate at maximum speed.

There are 136 impulse fans (Flaktwood, 31JT/3SP/RDD/TB), distributed over the four parking
levels, used to circulate and mix the air flow from supply to exhaust shafts as shown by Figure 2.
The 34 jet fans in each parking level push the air into three directions to ensure the mixing and the
circulation of air from the supply to the three return louvers and to reduce the concentration of the
exhaust gases in the stagnant air zones. When the impulse fans operate at low speeds, it has a flow
rate of 600 L/s, and when at high speed it has a flow rate of 1200 L/s.
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2.3. Fleet Distribution

The Jordanian car market has plenty of car options, hybrid electrical vehicle (HEV) models are
found side by side with conventional gasoline car models [29]. Electric vehicles (EV) are becoming
more common in the transportation sector in recent times and it is likely to replace internal combustion
engine (ICE) vehicles in the near future [30]. Private owned cars are the main mean of transportation
in Jordan and there has been a rapid increase in the number of cars in the past few years due to the
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increase in population. Based on Jordanian drivers and vehicles license department [31], there are
around 1.2 million registered cars that have been categorized into four main groups based on car age
and are listed in Table 1. Furthermore, cars were categorized based on engine size and are listed in
Table 2. It was found that the average engine size of these groups was found to be around 1.8 L.

Table 1. Car numbers percentages in Jordan based on model year [31].

Car Age Petrol Hybrid Electrical Total
(years) # % # % # % # %

<3 36,112 71.5% 13,833 27.4% 528 1.0% 50,473 4.2%
3–5 78,442 57.6% 50,315 37.0% 7365 5.4% 136,122 11.3%

5–10 187,793 71.3% 75,045 28.5% 532 0.2% 263,370 21.9%
>10 741,639 98.8% 8864 1.2% 71 0.0% 750,574 62.5%

Total 1,043,986 87.0% 148,057 12.3% 8496 0.7% 1,200,539 100.0%

The car distribution shows that electrical and hybrid cars have entered the market around 20 years
ago. This is due to the government regulations and tax incentives that increased the percentage to
reach 13% of the total cars in Jordan. The average car age was found to be 16.3 years which is higher
than the average car age within the European Union of 10.5 years [32].

Table 2. Percentages of car types in Jordan based on engine capacity [31].

Engine Capacity Petrol Electrical Hybrid

Below 1000 2.8%

0.7%

0.0%
1001–1500 36.5% 1.5%
1501–2000 37.4% 5.6%
2001–2500 3.3% 4.9%
2501–3000 1.8% 0.1%
above 3000 5.2% 0.4%

2.4. CO Emissions

Emission standards define the threshold values according to a specific test procedure and apply
for new vehicles. However, real world vehicle emissions differ strongly from values given in the
vehicle-emission standards. The influence of continual fleet renewal and more stringent emission
standards for new conventional vehicles could results in reducing CO emissions by the year 2030 to
0.4 g/km instead of its current 1 g/km [33]. Worldwide emission standards for Europe, Japan and the
USA dominate car emission legislations. The European Commission emission standards have been
implemented in Europe, in many countries of Asia and in a few countries in South America, Africa and
the Arabic countries. A different regulation exists in North America, which is also in use in Central
America, some countries in South America, as well as in South Korea.

Hybrid electric vehicles (HEVs) that combine internal combustion engines with battery power that
don’t have plug-in capability reduce vehicle lifetime emissions by 25-35% compared to conventional
internal combustion vehicles [34–37]. In Canada, the Honda Civic Hybrid, for instance, emits 31%,
less CO2 than the conventional Civic [38]. In Jordan, the lowest CO2 emissions (lowest) was for the
Toyota Prius (111 g/km), the highest was for the conventional Toyota Highlander (292 g/km) [29].
Similar conclusions were reported by O’Driscoll et al. [39] for the European market. They surveyed a
sample of 149 cars that represented around 56% of European cars for CO2 and NOx emissions. The 149
cars consisted of diesel, gasoline and hybrid passenger cars under both Euro 5 and Euro 6 emission
standards. They reported that diesel vehicles outperformed gasoline vehicles by 13–66% in CO2

emissions with emissions of 170.2 g/km for diesel and 210.5 g/km for gasoline under urban driving
conditions. Hybrid cars were found to emit 117.4 g/km of CO2, which resulted in 45% reduction in CO2

emissions when compared with gasoline vehicles. Moreover, it is estimated that compact, mid-size,
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mid-size sport utility, and SUV hybrid cars emits less CO2 than conventional cars by 10%, 15%, 19%, and
21% and fuel savings of 21%, 25%, 31%, and 32%, respectively [32]. The use of HEV is meant to reduce
emissions and to increase energy efficiency when compared with conventional cars. Huang et al. [40]
reported that HEVs could save up to 49% in fuel when compared to conventional cars. However, they
demonstrated that HEVs produced higher CO emissions when compared to conventional cars under
driving tests due to their stop and restart mechanism. Therefore, adopting HEV could lead to higher
CO emissions under certain driver behavior or actual driving conditions [41,42].

Battery electric vehicles (BEVs) are superior to plugged hybrid electric vehicles (PHEVs) in terms
of environmental performance. The findings may not be warranted when the vehicle cycle is counted,
since a larger battery is necessary to be produced for BEVs than a class-equivalent PHEV to overcome
the range limitation [43]. In China, approximately 70% of the total gasoline replacement and 80% of
the total CO2 emissions reduction were contributed to BEVs [44]. Reductions of 85% in air pollutants
could be achieved were EVs charged with 80% renewable electricity or the electricity generated from
the best available technologies of coal-fired power plants, which are futuristic power generation
scenarios [45–47].

Motor vehicle emissions are affected by various factors: the type of vehicle and its age, the fuel
used, how well maintained the vehicle is, how and where it is driven where better roads and less
‘stop–start’ driving reduces emissions. CO emissions from ICE cars are well documented by the
Permanent International Association of Road Congresses (PIARC) [33] and are listed in Table 3:

Table 3. CO emissions from petrol cars [33].

CO Emission Rate (g/min)

Age (years) Starting Driving at 5 km/h Idling

0<3 1.7 1.08 0.33
3–5 2.76 1.8 0.56

5–10 8.43 2.53 1.68
>10 24.2 6.9 4.83

As can been from the above survey, there is no clear agreement on the amount of car emissions
from hybrid cars. This was due to different engine sizes, fuel types and driving conditions. However,
an emission reduction based on engine size would be the most appropriate approach. The reductions
in CO emissions values of 10% for engine sizes less than 2L and 15% for engine sizes bigger than 2L
were adopted for hybrid cars as listed in Table 4.

Table 4. CO Emissions from hybrid cars.

CO Emission Rate (g/min)

Age (years) Cold Start Driving at 6 km/h

Motor < 2000 cc Motor > 2000 cc Motor < 2000 cc Motor > 2000 cc

0 < 3 1.53 1.445 0.972 0.918
3–5 2.484 2.346 1.62 1.53

5–10 7.587 7.1655 2.277 2.1505
>10 21.78 20.57 6.21 5.865

2.5. Car Movement

Running cars are the main factor affecting the ventilation system in underground carparks and
their numbers depend on the facility served which could reach 3%-5% of provided parking spaces for
shopping malls [7]. However, there are many other factors that should be taken into consideration
when designing the carpark such as: Design of the carpark and geometrical dimensions, turn-over rate,
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number of entrances and exits, geometrical designs at entrances and exits, payment method (automatic
pay stations or payment at exit) and mechanical ventilation facilities [12].

The regulations in Jordan, as in many other countries, require that the carpark needs to be
evacuated from cars within one hour. This is translated into one car leaving the current carpark from
each exit every 10 s. Based on a maximum car speed of 6 km/h, the distance travelled by each car
should be estimated. Therefore, the time required by each car to exit the carpark need to estimated
which lead to knowing the total number of running cars within the carpark. The estimated time
required to exit the carpark was divided into four categories. Based on these categories, the total time
for a car to leave the carpark was estimated and summarized in Tables 5 and 6.

Category (A) Time required to start engine, reversing and ready to move. This value was assumed to
be 10 s.

Category (B) Time required for the car to travel from its parking location to the nearest exit or Ramp.
Category (C) Time spend on each Ramp that connecting two parking levels. This value was assumed

to be 5 s for cars moving from P3 towards P2. An extra 5 s delay for all the cars moving
from P2 to P1 to account for additional traffic as P3 and P2 cars use the same ramp to
reach P1 before exiting the carpark.

Category (D) Time required to exit the carpark into the main street. This value was assumed to be 20 s.
At P1, there are three exits open for cars and it was assumed that cars from P3 exited
from VIP exist, cars from P2 exited from Ramp 7 and cars from P1 exited from Valet exit.

Table 5. Time needed by a car to leave the carpark from each level.

Parking
Level

Average Distance (m) Required Time (s)

To Exit To Ramp To Exit To Ramp Category (A) Category (B) Category (C) Category (D) Total

P1 90 0 54 0 10 54 0 20 84
P2 130 127 78 77 10 155 10 20 195
P3 123 127 74 77 10 151 15 20 196

These calculations were iterated for all the cars within all parking levels with a 10 s delay between
each car until the car flow reached a steady state of 49 running cars. This is equivalent to 4.55% of the
simulated 1100 parking cars within P1, P2, and P3. A car distribution of 20 cars in P3, 20 cars in P2 and
9 cars in P1 as listed in Table 6. If time is taken into consideration, the position of cars in minutes 2, 3
and 4 will not be in the same parking level. For P3, the second minute cars will be divided in half
as there will be 3 cars still moving in P3 and 3 cars have reached P2. The same approach applied to
the second minute cars in P2 as half of them will be in P1. For the third and fourth minute cars from
P2 and P3, they will have reached P1. Therefore, the updated actual running cars distribution were
estimated as; 9 cars within P3, 12 cars within P2 and 28 cars within P1.

Table 6. Running cars inside parking levels to evacuate the carpark in one hour.

1st min 2nd min 3rd min 4th min Total

P1 6 3 9 Numbers are based on originated
carpark levelP2 6 6 6 2 20

P3 6 6 6 2 20

P1 6 6 12 4 28
Numbers are based on actual

location of cars
P2 6 6 12
P3 6 3 9

2.6. Governing Equations

The current carpark was modelled using ANSYS FLUENT 18.1 software [27]. A three-dimensional
CFD pressure based solver, steady-state model of the carpark was developed. The volumetric species
transport model was adopted to describe the CO emissions from cars and dry air with the inclusion of
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diffusion energy source options. The governing equations of all fluid flow, including scalar quantities
and pollutant concentrations, could be expressed in the general conservation form of the transport
equation [27]. Species conservation equation for air and CO within ANSYS are based on evaluating
local mass fractions of each species (Yi) for the ith species as defined by Equation (3). The effect of
buoyancy were fully included within the current simulations.

∇·

(
ρφ
→

V
)
= ∇·

(
Γφ∇φ

)
+ Sφ (1)

∇·(
→

V(ρE + p)) = ∇·(keff∇T−
∑

i

hi
→

J i + (
(
τij

)
eff
·

→

V)) (2)

∇·(ρ
→

VYi) = ∇·
→

J i (3)

where ρ is the air density,
→

V is the velocity vector, φ is a scalar quantity for velocity, energy, species and
turbulence parameters, Γφ is the diffusion coefficient and Sφ is a source term. The mechanical energy
E and the enthalpy of mixed air h are needed to solve thermal behavior of air in addition to the air
temperature T and the effective thermal conductivity keff. The other parameters needed for species
behavior were: Ji is the diffusion flux of species i and

(
τij

)
eff

is the deviatoric stress tensor and Yi is the
local mass fraction of each species.

The air or CO diffusion flux under turbulent flow was defined according to Equation (4) and
Equation (5), respectively. The utilized parameters were: turbulent Schmidt number (Sct), turbulent
viscosity (µt), turbulent diffusivity (Dt) and the diffusion coefficient for CO into air (Di,ma) [13] as an
ideal gas behavior:

→

J i = −
(
ρDi,ma +

µt

Sct

)
∇Yi (4)

Sct =
µt

ρDt
(5)

Da,ma = DCO,ma = 12.88× 10−5ρ+
µ

0.7
(6)

Simulating turbulence within carparks is traditionally achieved with the standard k-ε turbulence
model with the standard wall function [13] or the re-normalized (RNG) k–ε model [48]. However, the
shear-stress transport (SST) k-ω model was adopted in the current due to its advantage of computing
flow separation from smooth surfaces [28,49],

∂
∂xi

(ρkui) =
∂
∂xj

[
Γk
∂k
∂xj

]
+ Gk (7)

∂
∂xi

(
ρωuj

)
=

∂
∂xj

[
Γω
∂ω
∂xj

]
+ Gω + Dω (8)

where Gk is the turbulence kinetic energy generation due to gradients in mean velocity, Gω represents
ω generation, the effective diffusivity of k and ω are represented by Γk and Γω, respectively, and
Dω represents the cross-species diffusion term. The default constants values of the model were
kept unchanged.

The porosity of the perforated façade of supply and exhaust shafts and the corresponding pressure
drop (∆p) was estimated based on Darcy law. The pressure-jump coefficient (C) and the thickness
of the façade (∆t = 0.15 m) are provided values whereas the velocity normal to the porous face (v) is
calculated by the software:

∆p = C
ρv2

2
∆t (9)
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The concentration of CO within carpark (Cs) could be estimated theoretically under certain
conditions: zero concentration of ambient CO, constant density of air and at mass averaged values of
fully mixed air [50]. The rate at which air enters or leaves the space (

.
Qt) in L/s was based on the supply

air flow rate and the rate of contaminant generation within the space (
.

N) in L/s was based on the total
CO emissions from running cars within the carpark. Furthermore, the CO ventilation efficiency (β)
was defined as a ratio of mass averaged CO concentration at exhaust shafts (COex) to volume averaged
of CO concentration within the carpark (COcp) [17]:

Cs =

o
N
Qt

(10)

β =
COex

COcp
(11)

Throughout the current study, the CO concentration in part per million (ppm) was estimated
based on Equation (12) based on ambient air temperature (T) in Kelvin, Pressure (p) in mmHg, density
(ρ) in kg/m3, and mass fraction of CO (Yco) in kg/kg:

COppm =
2.228× 106 T · ρ ·YCO

P
(12)

2.7. Boundary Conditions

The actual geometry of the carpark shown by Figure 1 was simplified to accommodate the
limitation of the current simulation and shown by Figure 3. Moving cars were displayed in green
color and as a single car whereas parked cars were displayed in blue color. The parked cars were
combined together as one block as the small spaces between them would make it very difficult to
generate a proper mesh of the carpark. For simplicity, the geometry of a car was modelled as two
rectangular blocks on top of one another. The lower rectangular block dimensions were 4 m by 1.8 m
by 1 m represents the lower part of the vehicle. The upper rectangular block dimensions were 2 m by
1.8 m by 0.6 m which represents the upper part of the vehicle. A squared exhaust was attached to the
car with edge length of 7 cm.
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The utilized boundary and initial conditions were based on internationally reported values and
based on the estimations resulted from the Jordanian car fleet listed in Table 1 to Table 4. It has been
documented that global background concentrations of CO range between 0.06 mg/m3 and 0.14 mg/m3
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(5–12 ppm) [3,51] with typical values of CO concentration are between 1 to 5 ppm [33]. The ambient
conditions in the current study were CO concentration of 0 ppm at 27 ◦C at 1 atm.

The supply shaft inlet boundary was modelled as a mass flow inlet of a design value of 431 kg/s
(359 m3/s) which forces the air velocity and pressure to meet the required flow rates. The exhaust
shafts exit boundaries were modelled as mass flow outlet with exits 1 and 2 having same flow rates 135
kg/s (112 m3/s) and exit 3 has a different value of 161 kg/s (135 m3/s). Furthermore, the three exits at P1
of the carpark were modelled as pressure outlet boundary with ambient conditions values as inputs
in case of a reverse flow through these boundaries. The turbulence intensity of 5% and hydraulic
diameter of 0.8 m was adopted for turbulence calculations.

Cars were simulated as non-moving objects with their bodies modelled as no slip wall boundary.
The car exhaust was modelled as velocity inlet boundary at 60 ◦C and 4.9 m/s with a given CO mass
fraction. For the resulted average engine size of 1.8 L running at 1600 rpm, half the engine capacity will
be emitted every 2 rpm based on a four stroke engine at a speed of 4.9 m/s from an exhaust diameter of
7 cm. Using the weighted average method for estimating CO emissions produced by the Jordanian
cars fleet, results showed that the cars emitted 17.24 g/min of CO at the cold start (first minute) and
5.07 g/min of CO when it‘s moving at 6 km/h (2nd minute and above). These value could be presented
as CO mass fraction of 0.0111 kg/kg at the first minute, 0.0033 kg/kg at the 2nd minute, 11,483 ppm at
the first minute, 3416 ppm at the second minute and 0.287 L/s at the 1st minute and 0.085 L/s at the
second minute. The mass fraction values were changed during the study to accommodate different
percentages of investigated car fleets. The turbulence intensity of 5% and hydraulic diameter of 7 cm
was adopted for turbulence calculations.

The supply and exhaust louvers were not fully opened which resulted in pressure loss that needs
to be considered when running the simulation. The supply and exhaust louvers were modelled as
porous jump boundary with pressure jump coefficient value is provided. Four simulated porosity
values were 40–100% with pressure-jump coefficient values of 400-0, respectively. Moreover, the ramps
that connect P1 with P2, P2 with P3 and P3 with P4 were modelled as interior surfaces that allows air
to flow through it and carrying with it all simulated parameters. Finally, carpark walls, floors and
ceilings and cars bodies were simulated as a no slip wall boundary with adiabatic properties.

3. Results and Discussion

On a typical shopping day, mall visitors could spend up to 30 min inside the carpark and
distributed as: up to 10 min driving in and out of the carpark, up to 15 min for collecting belongings
and having one or two trips into the mall and back to the car to load bought items, and around 5 min
for unplanned issues. Carpark employees, on the other hand, could spend up to 8 h which requires
strict IAQ conditions that is based on proper ventilation. Furthermore, the conversion criteria used for
the current study were: 10−3 for continuity, momentum and turbulence equations and 10−6 for energy
and species (CO) equations.

3.1. Mesh Sensitivity Study

The hybrid (structured and unstructured) mesh with different element sizes was used in meshing
the carpark with results shown by Figure 4. The car body was meshed using tringles with max edge
length of 10 cm and the car exhaust was meshed with tringles with max edge length of 1.5 cm and
maintained fixed for all simulations. The supply and exhaust shafts were meshed with cubical mesh
with max edge element length of 0.4 m. The occupied zones of the carpark were meshed with element
sizes of 1.0 m, 0.6 m and 0.4 m. with total elements number of 3.7, 8.2, and 20.2 million, respectively.

The volume weighted average (VWA) values of the CO concentration for the simulated cases at
four different ACH values are shown in Figure 4. As mesh element sizes became smaller, simulation
results became more accurate. The length of 0.4 m was fine enough to predict the VWA of CO when
compared with the other two lengths plotted based on Equation (10). At 1.6, 2.1 and 3.3 ACH, 0.4 m
case resulted in the lowest value of CO concentration in comparison with 1.0 m case resulting in the
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highest and least accurate value and 0.6 m case placed in between. At 1.1 ACH, 0.4 m case resulted
in the highest and most accurate value with 0.6 m case showing the lowest value and least accurate
value. However, a mesh with 0.6 edge length would produce a reasonable result. The critical zones
within the carpark were the vicinity of CO emitted cars and the supply/exhaust shafts which were
simulated at the same mesh size for the three cases of (0.4, 0.6 and 1.0 m). This has led to, relatively,
small differences between the simulated three mesh sizes. A finer mesh of less than 0.4 m would
increase the simulation time to a prohibiting limits which limited the current study to the minimum
value of mesh edge length of 0.4 m for the air space within the carpark.
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3.2. CFD Validation

The validation of the current CFD model was conducted against the perfectly mixed mathematical
approach of IAQ (Cs) defined in Equation (10) and shown by Figure 5. The presented values from
the CFD simulations were: Volume weighted average (VWA) across all air volumes of the carpark
and mass weighted average (MWA) and area weighted average (AWA) of the air flowing out of the
exhausts shafts and carpark exits. The AWA results were higher than the Cs values with errors ranging
from 4.1% to 23.5% which presents the AWA as an inaccurate approach to adopt. The second accurate
approach was the VWA with errors ranging from 0.6% to 10.3% which highlights the importance of
mesh generation of the carpark in relation to the source of CO generation. The most accurate results
were found in the MWA with errors ranging from 0.8% to 3.4% which put it as the favorite approach to
adopt in presenting the current study results.
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The MWA of CO concentrations within the carpark were within the acceptable limits for the
15-min limit of 90 ppm for all the simulated ACHs. For the 30-min limit of 50 ppm, ACH must be
higher than 2.7. Moreover, the 8-h limit of 25 ppm has needed a minimum of 5.3 ACH to validate
a healthy IAQ which complied with the worldwide adopted 6 ACH as a ventilation requirement.
Carpark employees work near carpark exits/inlets or mall entrances/exits, which expose them to fresh
air most of time with CO concentrations lower than 25 ppm. Therefore, the 50 ppm limit will be
considered the limiting factor for the current study. These limits are based on assumption of fully
mixed air within the carpark which is not realistic unless the jet fans were in operation. Therefore,
running the 34 jet fans within each level of the carpark is a must to get the full mixed air assumption.

The presented values of ACH could be based on averaged carpark value or on an individual
value for each parking level as shown by Figure 6. The ACH value at each level was different due to
the variation in physical volume of each level and the air flowrate supplied to or exhausted from it.
Furthermore, the number of running cars at each level is different with P1 having the highest number
(28 running cars) while P3 having the lowest number (9 running cars). This would require controlling
the amount of fresh air supplied to each level in order to maintain the required average CO exposure
limit of 50 ppm. The average ACH required for the carpark was 2.7, which is higher than values
required for P3 (1.3 ACH) and P2 (1.7 ACH) and lower than the value required for P1 (3.4 ACH).
Therefore, distributing fresh supplied air equally to all levels of the carpark is not recommended and
should be based on the running cars within each level rather than the parking capacity of each level.
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Based on the presented results, it is clear that MWA at the exhaust shaft exits would give a
reasonable and more accurate results. Therefore, the rest of the study will be based on MWA results
and the AWA and VWA results will not be discussed or presented any further.

3.3. Influence of Conventional and Hybrid Cars Fleet Percentages

Effects of car fleet distribution on CO concentration within the carpark are presented in this section
where the CO generation was varied as a function of the suggested fleet distribution. Table 7 lists the
simulated cases with conventional cars representing the fully gasoline engines. The percentage of the
conventional cars could be interpreted in two different ways: Percentage of cars within the simulated
car fleet and percentage of occupied car spaces within the carpark based on conventional cars, only.
Furthermore, Table 7 lists the CO mass fraction for the first and the minute minute corresponding to
the car fleet distribution.

Based on Equation (10), the relation between CO concentration and the CO generation within
the carpark at a constant supplied air flowrate is linear as confirmed by Figure 7. At 3.3 ACH,
the ventilation system of the carpark was capable of maintaining the CO concentration below 50 ppm
for all simulated cases. At 2.1 ACH, the ventilation system was good enough for a distribution of 81%
of conventional cars or conventional cars occupancy percentage. The percentage was les for 1.6 ACH
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and 1.1 ACH where it reached 61% and 44%, respectively. In this way, a proper ventilation strategy
could be build based on the occupancy rate of the carpark as a single unit. However, this is not the
case when considering each parking level as an interdependent unit within the carpark as shown by
Figure 8.

Table 7. CO emissions based on car fleet composition.

Car Fleet
CO Emissions

100.0% 90.4% 82.0% 72.9% 54.3% 54.5% 27.5%

Conventional 100% 75% 75% 50% 50% 25% 25%
HEV - 25% - 50% - 75% -
BEV - - 25% - 50% - 75%

1st min (kg/kg) 0.0112 0.0101 0.0092 0.008 0.0061 0.0059 0.0031
2nd min (kg/kg) 0.0033 0.003 0.0027 0.0025 0.0018 0.0019 0.0009
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The behavior of the CO concentration within P1, P2 and P3 were different at different ACH value.
Figure 8 shows that P3 had a healthy IAQ at 3.3 ACH for all the simulated cases whereas P1 and
P2 were not. The main reason for that is the number of running cars at P3 were the lowest (9 cars)
and the air supplied to it from the supply shaft or P4 through Ramps was fresh. The amount of air
flowing from one level to another depended on the difference between the supplied an exhausted air
through that level as shown by Figure 9. Figure 9 shows that P3 benefited from 46 m3/s of fresh air flew
from P4 through the Ramps which made P3 a level with three supplied air inlets that lowered the CO
concentration (Ccp) throughout the level well below the 200 ppm local limit. The number of cars in P2
was 12 running cars with 14 m3/s and 46 m3/s of contaminated air coming through the Ramps from P3,
and P4, respectively. The amount of fresh air supplied to P2 was 3 m3/s less than the amount exhausted
from the level which leaves around 56 m3/s of contaminated air to flow through the Ramps to P1.
Although the average CO values for P2 were below 80 ppm at 100% emissions, the CO contaminated
air of around 20 ppm came through the Ramps to P2 caused CO to reach unacceptable local levels (200
ppm) at the lower part of the carpark. Furthermore, this result has exposed the low air velocity at the
lower side of P2 level which formed a stagnant air zone and highlighted the importance of running jet
fans. The upper part of the carpark is closer to the supply louver than the lower part which caused
most of the fresh air to flow towards exhaust shaft 1 causing a relatively low CO concentration. Based
on Figure 8, P2 could meet the 50 ppm exposure limit when emissions/occupancy percentages were
less than 60%. Similarly, P1 could meet the exposure limit at emissions of less than 75%. However,
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the IAQ of P1 exceeded the 90 ppm average value at emissions higher than 75% and 50% at 1.6 ACH,
and 1.1 ACH, respectively.
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These outcomes are not in line with the average values reported earlier for the total carpark, which
showed that the current ventilation strategy would meet all simulated cases except for emission rates
of higher than 80% at 1.1 ACH.

The importance of jet fans in mixing the air within the carpark and diluting the CO high
concentrations into acceptable levels was evident based on obtained results and could be evaluated by
the ventilation efficiency defined by Equation (11). Figure 10a shows that efficiency increased when
ACH value decreased. The lower ACH value resulted from lower flowrates and lower air velocities
which enhance CO diffusion. However, there were minimal effects of emission percentages on the
ventilation efficiency at low ACH values (2.6 and 1.1), which resulted in relatively constant values of
69%, and 74%, respectively. The lowest efficiency was found at 3.3 ACH due to air taking less time
to reach exhaust shafts and less time for contaminated air to diffuse. There was an increase in the
efficiency value as the emission percentage increased for the 3.3 ACH where it changed from 58%
to 65%. The 7% increase could be related to the air flowing through the Ramps between the levels
of the carpark and the amount of CO generated within the carpark. The higher CO concentration
enhances the driving force for mass diffusion within the carpark and increases the ventilation efficiency.
The lower the ventilation efficiency, the higher the need for a jet fan to cause better mixing and higher
dilution of CO concentration.
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The parking levels showed different trends of the ventilation efficiency with P1 having the highest
efficiency (84%), P2 the lowest efficiency (33–42%) and P3 around 52%. P1 has one supply louver, three
Ramps openings, three exits and three exhaust louvers which are well distributed across the level.
This enhanced the mixing effect within the level and increased the ventilation efficiency. P2 and P3
did not have exit openings and had three additional Ramps openings with short distances in between
which enhanced air to flow between levels rather than across the same level. The location of one of the
Ramps close to the supply louver caused fresh air to travel through all levels towards P1, which left
the other levels with plenty of contaminated air and increased the CO concentration within the level
that led to lowering the ventilation efficiency. The trend of the ventilation efficiency was similar to the
carpark trend as it presented the average value of the total carpark values.

3.4. Effect of Louvers’ Porosity on CO Concentration

Porosity of a louver affects the airflow rate through it which affects the air distribution within the
carpark and flowrates through Ramps between levels. Car emissions were maintained at the original
case that represented the Jordanian car fleet as listed in Table 1. The CO concentration of the carpark
remained, relatively, unchanged for all simulated porosities as shown by Figure 11. The concentration
increased as the ventilation air quantity decreased regardless of the porosity of the louvers. Porosity
showed no significant effect on the CO concentration when considering the underground carpark as a
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single unit because CO generation and ventilation flowrates did not change. Furthermore, the required
ACH for maintaining the 50 ppm exposure limit remained at around 2.7 ACH.
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Effects of porosity could be seen when considering the individual level of the carpark, as shown
by Figure 12. The variation in air flow rates through supply/exhaust louvers at each level is noticeable
at the simulated porosities and the current running conditions of the investigated carpark. The exhaust
flowrate ratio represents the amount of air flowing through that louver with respect to the total flowrate
from the other exhaust louvers at the same level. The supply air flowrate ratio represents the air
flowing through the louver at a given level to the total supply flowrate of the carpark. Figure 12
shows inconsistent trends of flowrate ratio at different ACH values independent of louver porosity.
The design ratios for the carpark were constant for all exhaust shaft (ES) louvers at all levels (ES1 and
ES2 = 31%; ES3 = 38%). The supply louvers were not constant which highlighted the important issue
of air flowing through Ramps and through parking levels as shown by Figure 13.

Fluids 2020, 5, 177 17 of 22 

change. Furthermore, the required ACH for maintaining the 50 ppm exposure limit remained at 
around 2.7 ACH. 

 
Figure 11. Effects of louvers porosity on CO concentration. 

Effects of porosity could be seen when considering the individual level of the carpark, as shown 
by Figure 12. The variation in air flow rates through supply/exhaust louvers at each level is noticeable 
at the simulated porosities and the current running conditions of the investigated carpark. The 
exhaust flowrate ratio represents the amount of air flowing through that louver with respect to the 
total flowrate from the other exhaust louvers at the same level. The supply air flowrate ratio 
represents the air flowing through the louver at a given level to the total supply flowrate of the 
carpark. Figure 12 shows inconsistent trends of flowrate ratio at different ACH values independent 
of louver porosity. The design ratios for the carpark were constant for all exhaust shaft (ES) louvers 
at all levels (ES1 and ES2 = 31%; ES3 = 38%). The supply louvers were not constant which highlighted 
the important issue of air flowing through Ramps and through parking levels as shown by Figure 13. 

  
(P1) (P2) 

  
(P3) (P4) 

Figure 12. Effects of porosity on air flow rate through supply and return louvers. Figure 12. Effects of porosity on air flow rate through supply and return louvers.



Fluids 2020, 5, 177 18 of 22

The supplied air flowrate ratio increased for P1 and P2 and decreased for P3 and P4 as the porosity
decreased. This is due to increased air pressure in the supplied air shaft due to lower porosity of
supply lovers at each level, which distributed the air uniformly at all supply louvers. Each level has
three exhaust shafts with ES1 being closest to the supply shaft louver (SS) and ES-3 the furthest from
the SS. The amount of air flowing through ES1 was lower than the required ratio for all levels apart
from P1 where it was higher than the designed value. Air flowing via Ramp 2 from P4 to P1 preferred
to exit through ES1 while air flowing via Ramp 1 preferred to exit through ES2 and ES3 as shown
by Figure 13. However, the ratio decreased for P1 and increased for P2, P3 and P4 as the porosity
decreased. The balancing flowrate came through ES2 and ES3 at all levels with porosity of 40% to 50%
provided the closest air flowrate to the design values. The flowrate through P1-ES3 and P2-ES3 were
lower than design value while the other two louvers were higher to maintain the airflow balance for
that level. The same trend was noticed at P1-ES2 and P4-ES2. Air flowing via Ramps decreased as the
louvers porosity decreased with P4 being the main provider and P1 being the main receiver. Therefore,
modelling a multilevel underground carpark requires closer attention to cross level interaction which
could affect the CO concentration within a given level.
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The mass weighted average of CO concentration of air flowing through the Ramps was affected
by the louvers porosity and ACH values as shown by Figure 14. Air flowing from P4 to P3 (R4-3)
showed values close to 0 ppm at all porosities and ACH values due to the absence of running cars
at this level. However, these value assisted P3 in diluting the CO concentration. The Ramp between
P2 and P1 (R2-1) showed the highest sensitivity to ACH values with variation of CO concentration
from 34 ppm at 3.3 ACH to 76 ppm at 1.6 ACH. The high air flowrates through R2-1 with values
more than 20 m3/s and 36 ppm could provide a contaminated air to P1. The CO concentration at the
exhaust shafts decreased as the porosity decreased at 3.3 ACH for P1 and P2 while increased for P3.
The increase for P3 was caused by the reduction in air flowing from P4 through the Ramps at lower



Fluids 2020, 5, 177 19 of 22

porosities. Furthermore, the reduction in porosity was reflected on the uniformity of fresh air flowing
through the supply louvers to each level accompanied with the reduction of contaminated air flowing
through the Ramps.
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engine size of around 1.8 L that emitted 17.24 g/min of CO at the cold start (first minute) and 
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The ventilation efficiency increased as the ventilation flowrate decreased for the carpark at all
porosities as shown by Figure 15. At 6 ACH, the efficiency reached around 90% at a louver porosity of
70% and decreased at higher and lower porosity values. At higher ACH values, the highest efficiency
values were shifted toward lower porosity values because of air flowing across the same level and via
Ramps from one level to another. The contaminated air caused the high concentration of CO to get
into upper levels which increased the efficiency value. At 3.3 ACH, P1 and P2 had the highest value
of efficiency at a porosity of 50% whereas P3 had the lowest value. The short circuit of air flowing
through Ramp 2 near the supply shaft of P4 to P3 and P2 showed the steep trend of the efficiency curve.
As a result, modelling carpark Ramps accurately and significantly affects the CO concentration within
each level of the carpark.
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4. Conclusions

Effects of ventilation rates, car fleet distribution and supply and exhaust louvers porosity on the
IAQ of a multilevel underground carpark were investigated using the CFD approach. The following
main outcomes have been found:

• The car fleet distribution of Jordan showed that HEV contribute to around 13% of the total number
of cars. Furthermore, the car fleet showed an average age of 16.3 years with average engine size of
around 1.8 L that emitted 17.24 g/min of CO at the cold start (first minute) and 5.07 g/min of CO
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when it’s moving at 6 km/h (second minute and above). The number of running cars within the
carpark was found to be around 4.55% of the possible 1100 parking car spaces.

• The mesh sensitivity analysis of three different mesh element sizes (0.4 m, 0.6 m and 1.0 m) was
conducted. It has been found that mesh sizes of less than 0.6 m would produce a reasonable
results provided that a fine mesh of car body and exhaust is used. A mesh element length of 10
cm for car surface and 1.5 cm of car exhaust could be considered suitable for similar simulations.

• The AWA and VWA produced inaccurate results with error up to 23.5%. The MWA values of the
air flowing through the exhaust shafts produced the most accurate results with errors ranging from
0.8% to 3.4%. This methodology is to be adopted when simulating carpark using CFD approach.

• The required ACH value should be estimated for each level within the carpark based on the running
cars within the level to maintain the CO exposure limit within acceptable values. The carpark
estimated value of 2.7 ACH was lower than the 3.4 ACH required for P1 with 28 running cars
rather than the design value of 9 cars. Both values were much lower than the required 6 ACH as
per international regulations.

• The location of Ramps within the carpark affects the air flowing within levels, the local CO
concentration and affects the ventilation efficiency of that parking level. The supply or exhaust
louvers should be will-distributed within each level in accordance with existing Ramps.

• Porosity of louvers showed no significant effect on the CO concentration when considering the
underground carpark as a single unit. However, it affected the amount of air flowing through each
level and each Ramp within the carpark. Decreasing the porosity has increased the uniformity of
air supplied to each level and has decreased air flowing via Ramps to other levels.

Therefore, modelling a multilevel underground carpark requires closer attention to cross level
interactions, which could affect the CO concentration within a given level.

Author Contributions: Conceptualization, R.A.-W.; Data curation, A.Y. and A.A.; Formal analysis, R.A.-W., A.Y.
and A.A.; Investigation, R.A.-W., A.Y. and A.A.; Methodology, R.A.-W.; Project administration, R.A.-W. and D.B.M.;
Resources, R.A.-W. and D.B.M.; Software, R.A.-W. and D.B.M.; Supervision, R.A.-W. and D.B.M.; Validation,
R.A.-W., A.Y. and A.A.; Visualization, R.A.-W.; Writing—original draft, A.Y. and A.A.; Writing—review and
editing, R.A.-W. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Acknowledgments: The support provided by the Deanship of Scientific Research of the German Jordanian
University (GJU), Jordan are gratefully acknowledged. The current work has utilized equipment that was
supported by the German Jordanian University seed Grant Number (SATS 06/2018).

Conflicts of Interest: The authors declare no conflict of interest. Furthermore, the funders had no role in the
design of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the
decision to publish the results.

References

1. NSW Environment Protection Authority. Clean Cars for NSW; Environment Protection Authority: Sydney,
Australia, 2003; pp. 1–9.

2. Chen, B.; Hong, C.; Kan, H. Exposures and health outcomes from outdoor air pollutants in china. Toxicology
2004, 198, 291–300. [CrossRef] [PubMed]

3. World Health Organization. Who Guidelines for Indoor Air Quality: Selected Pollutants; The WHO European
Centre for Environment and Health: Bonn, Germany, 2010.

4. Yan, Y.; He, Q.; Song, Q.; Guo, L.; He, Q.; Wang, X. Exposure to hazardous air pollutants in underground car
parks in guangzhou, china. Air Qual. Atmos. Health 2017, 10, 555–563. [CrossRef]

5. Cui, J.; Nelson, J.D. Underground transport: An overview. Tunn. Undergr. Space Technol. 2019, 87, 122–126.
[CrossRef]

6. Kong, K.H.; Chong, W.T.; Koh, V.L. Human behaviour-dependent and variable-flow-reversible mechanical
ventilation system design in an underground parking facility. Indoor Built Environ. 2019, 28, 1324–1340.
[CrossRef]

7. Krarti, M.; Ayari, A. Ventilation for enclosed parking garages. ASHRAE J. 2001, 43, 52–55.

http://dx.doi.org/10.1016/j.tox.2004.02.005
http://www.ncbi.nlm.nih.gov/pubmed/15138055
http://dx.doi.org/10.1007/s11869-016-0450-z
http://dx.doi.org/10.1016/j.tust.2019.01.003
http://dx.doi.org/10.1177/1420326X19832955


Fluids 2020, 5, 177 21 of 22

8. Ministry of Housing-HM Government. Ventilation: Approved document f. In The Building Regulations 2010;
NBS Part of RIBA Enterprises Ltd.: London, UK, 2010.

9. AIRAH. The Indoor Air Quality Handbook, 2nd ed.; Australian Building Codes Board: Canberra, Australia,
2018; p. 133.

10. ASHRAE. 2019 Ashrae Handbook: Heating, Ventilating, and Air-Conditioning Applications; ASHRAE: Atlanta,
GA, USA, 2019.

11. Ahn, S.J.; Kwon, H.M.; Kim, G.H.; Yang, J.H. Study of securing required ventilation rates and improving
mechanical ventilation systems for underground parking lots. J. Asian Archit. Build. Eng. 2016, 15, 659–665.
[CrossRef]

12. Demir, A. Investigation of air quality in the underground and aboveground multi-storey car parks in terms
of exhaust emissions. Procedia Soc. Behav. Sci. 2015, 195, 2601–2611. [CrossRef]

13. Khalil, E.E.; Gomaa, S.M. Smoke clearance in an underground car park using the jet fan system. Int. J. Therm.
Environ. Eng. 2017, 14, 95–101. [CrossRef]

14. ANSI/ASHRAE. Ansi/Ashrae Standard 62.1-2013, Ventilation for Acceptable Indoor Air Quality; ASHRAE: Atlanta,
GA, USA, 2013.

15. British Standards Institution. Bs 7346-7:2013: Components for Smoke and Heat Control Systems. Code of Practice
on Functional Recommendations and Calculation Methods for Smoke and Heat Control Systems for Covered Car Parks;
British Standards Institution: London, UK, 2013.

16. Burnett, J.; Chan, M.Y. Criteria for air quality in enclosed car parks. Proc. Inst. Civ. Eng. Transp. 1997, 123,
102–110. [CrossRef]

17. Chan, M.Y.; Chow, W.K. Car park ventilation system: Performance evaluation. Build. Environ. 2004, 39,
635–643. [CrossRef]

18. Chan, M.Y.; Burnett, J.; Chow, W.K. Personal exposure to carbon monoxide in underground car parks in
hong kong. Indoor Built Environ. 1997, 6, 350–357. [CrossRef]

19. Al-Waked, R.; Groenhout, N.; Partridege, L.; Nasif, M. Indoor air environment of a shopping centre carpark:
Cfd ventilation study. Univers. J. Mech. Eng. 2017, 5, 113–123. [CrossRef]

20. El Fadel, M.; Alameddine, I.; Kazopoulo, M.; Hamdan, M.; Nasrallah, R. Indoor air quality assessment in an
underground parking facility. Indoor Built Environ. 2001, 10, 179–184. [CrossRef]

21. El Fadel, M.; Alameddine, I.; Kazopouloa, M.; Hamdan, M.; Nasrallah, R. Carbon monoxide and volatile
organic compounds as indicators of indoor air quality in underground parking facilities. Indoor Built Environ.
2001, 10, 70–82. [CrossRef]

22. Chaloulakou, A.; Duci, A.; Spyrellis, N. Exposure to carbon monoxide in enclosed multi-level parking
garages in the central athens urban area. Indoor Built Environ. 2002, 11, 191–201. [CrossRef]

23. Sulaiman, R.; Din, N.B.C.; Ishak, N.H. Indoor air quality in selected underground car park in malaysia:
Studies on ventilation system and the design layout. In Proceedings of the 6th International Conference
on Indoor Air Quality, Ventilation and Energy Conservation in Buildings: Sustainable Built Environment,
Sendai, Japan, 28–31 October 2007.

24. Eshack, A.; Leo Samuel, D.G.; Nagendra, S.M.; Prakash, M. Monitoring and simulation of mechanically
ventilated underground car parks. J. Therm. Eng. 2015, 1, 295–302. [CrossRef]

25. Ho, J.C.; Xue, H.; Tay, K.L. A field study on determination of carbon monoxide level and thermal environment
in an underground car park. Build. Environ. 2004, 39, 67–75. [CrossRef]

26. Sittisak, P.; Charinpanitkul, T.; Chalermsinsuwan, B. Enhancement of carbon monoxide removal in an
underground car park using ventilation system with single and twin jet fans. Tunn. Undergr. Space Technol.
2020, 97, 103226. [CrossRef]

27. ANSYS. Ansys 18: Ansys Fluent User’s Guide; ANSYS Inc.: Canonsburg, PA, USA, 2017.
28. Menter, F.R. Two-equation eddy-viscosity turbulence models for engineering applications. AIAA J. 1994, 32,

1598–1605. [CrossRef]
29. Qawasmeh, B.R.; Al-Salaymeh, A.; Swaity, A.; Mosleh, A.; Boshmaf, S. Investigation of performance

characteristics of hybrid cars. Int. J. Therm. Environ. Eng. 2017, 14, 59–69.
30. Un-Noor, F.; Padmanaban, S.; Mihet-Popa, L.; Mollah, M.N.; Hossain, E. A comprehensive study of key

electric vehicle (ev) components, technologies, challenges, impacts, and future direction of development.
Energies 2017, 10, 1217. [CrossRef]

http://dx.doi.org/10.3130/jaabe.15.659
http://dx.doi.org/10.1016/j.sbspro.2015.06.461
http://dx.doi.org/10.2174/2212717803666160304000753
http://dx.doi.org/10.1680/itran.1997.29379
http://dx.doi.org/10.1016/j.buildenv.2003.10.009
http://dx.doi.org/10.1177/1420326X9700600606
http://dx.doi.org/10.13189/ujme.2017.050402
http://dx.doi.org/10.1177/1420326X0101000310
http://dx.doi.org/10.1177/1420326X0101000203
http://dx.doi.org/10.1177/1420326X0201100403
http://dx.doi.org/10.18186/jte.88079
http://dx.doi.org/10.1016/j.buildenv.2003.07.006
http://dx.doi.org/10.1016/j.tust.2019.103226
http://dx.doi.org/10.2514/3.12149
http://dx.doi.org/10.3390/en10081217


Fluids 2020, 5, 177 22 of 22

31. Jordanian Drivers and Vehicles License Department. Cars Statistics in Jordan; Jordanian Drivers and Vehicles
License Department: Amman, Jordan, 2018.

32. European Automobile Manufacturers’ Association (ACEA). Vehicles in Use—Europe 2018; ACEA: Brussels,
Belgium, 2018; p. 19.

33. Working Group 4 of the Technical Committee C4 of the World Road Association PIARC. Road Tunnels: Vehicle
Emissions and Air Demand for Ventilation; The World Road Association: Paris, France, 2012.

34. Boureima, F.; Messagie, M.; Matheys, J.; Wynen, V.; Sergeant, N.; Van Mierlo, J.; De Vos, M.; De Caevel, B.
Comparative lca of electric, hybrid, lpg and gasoline cars in belgian context. World Electr. Veh. J. 2009, 3, 1–8.
[CrossRef]

35. Helmers, E.; Marx, P. Electric cars: Technical characteristics and environmental impacts. Environ. Sci. Eur.
2012, 24, 1–15. [CrossRef]

36. Samaras, C.; Meisterling, K. Life cycle assessment of greenhouse gas emissions from plug-in hybrid vehicles:
Implications for policy. Environ. Sci. Technol. 2008, 42, 3170–3176. [CrossRef]

37. Sioshansi, R.; Denholm, P. Emissions impacts and benefits of plug-in hybrid electric vehicles and
vehicle-to-grid services. Environ. Sci. Technol. 2009, 43, 1199–1204. [CrossRef]

38. Khan, M.; Kar, N.C. Hybrid electric vehicles for sustainable transportation: A canadian perspective.
World Electr. Veh. J. 2009, 3, 0551–0562. [CrossRef]

39. O’Driscoll, R.; Stettler, M.; Molden, N.; Oxley, T.; ApSimon, H.M. Real world co2 and nox emissions from 149
euro 5 and 6 diesel, gasoline and hybrid passenger cars. Sci. Total Environ. 2018, 621, 282–290. [CrossRef]

40. Huang, Y.; Surawski, N.C.; Organ, B.; Zhou, J.L.; Tang, O.H.H.; Chan, E.F.C. Fuel consumption and emissions
performance under real driving: Comparison between hybrid and conventional vehicles. Sci. Total Environ.
2019, 659, 275–282. [CrossRef]

41. Mishina, Y.; Muromachi, Y. Are potential reductions in co2 emissions via hybrid electric vehicles actualized
in real traffic? The case of Japan. Transp. Res. Part D 2017, 50, 372–384. [CrossRef]

42. Laberteaux, K.P.; Hamza, K. A study on opportune reduction in greenhouse gas emissions via adoption of
electric drive vehicles in light duty vehicle fleets. Transp. Res. Part D 2018, 63, 839–854. [CrossRef]

43. Xiong, S.; Ji, J.; Ma, X. Comparative life cycle energy and ghg emission analysis for bevs and phevs: A case
study in china. Energies 2019, 12, 834. [CrossRef]

44. Zheng, J.; Sun, X.; Jia, L.; Zhou, Y. Electric passenger vehicles sales and carbon dioxide emission reduction
potential in china’s leading markets. J. Clean. Prod. 2020, 243, 118607. [CrossRef]

45. Huo, H.; Cai, H.; Zhang, Q.; Liu, F.; He, K. Life-cycle assessment of greenhouse gas and air emissions of
electric vehicles: A comparison between china and the U.S. Atmos. Environ. 2015, 108, 107–116. [CrossRef]

46. Mansour, C.; Haddad, M.; Zgheib, E. Assessing consumption, emissions and costs of electrified vehicles
under real driving conditions in a developing country with an inadequate road transport system. Transp. Res.
Part D 2018, 63, 498–513. [CrossRef]

47. Requia, W.J.; Adams, M.D.; Arain, A.; Koutrakis, P.; Ferguson, M. Carbon dioxide emissions of plug-in
hybrid electric vehicles: A life-cycle analysis in eight canadian cities. Renew. Sustain. Energy Rev. 2017, 78,
1390–1396. [CrossRef]

48. Lin, Z.; Jiang, F.; Chow, T.T.; Tsang, C.F.; Lu, W.Z. Cfd analysis of ventilation effectiveness in a public transport
interchange. Build. Environ. 2006, 41, 254–261. [CrossRef]

49. Zhang, Y.; Wang, L.; Li, A.; Tao, P. Performance evaluation by computational fluid dynamics modelling of
the heavy gas dispersion with a low froude number in a built environment. Indoor Built Environ. 2020, 29,
656–670. [CrossRef]

50. McQuiston, F.C.; Parker, J.D.; Spitler, J.D. Heating, Ventilating, and Air Conditioning: Analysis and Design, 6th
ed.; John Wiley & Sons, Inc.: Hoboken, NJ, USA, 2004.

51. World Health Organization. Air Quality Guidelines for Europe, 2nd ed.; European Series; World Health
Organization (WHO): Copenhagen, Denmark, 2000; p. 287.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.3390/wevj3030469
http://dx.doi.org/10.1186/2190-4715-24-14
http://dx.doi.org/10.1021/es702178s
http://dx.doi.org/10.1021/es802324j
http://dx.doi.org/10.3390/wevj3030551
http://dx.doi.org/10.1016/j.scitotenv.2017.11.271
http://dx.doi.org/10.1016/j.scitotenv.2018.12.349
http://dx.doi.org/10.1016/j.trd.2016.11.019
http://dx.doi.org/10.1016/j.trd.2018.07.012
http://dx.doi.org/10.3390/en12050834
http://dx.doi.org/10.1016/j.jclepro.2019.118607
http://dx.doi.org/10.1016/j.atmosenv.2015.02.073
http://dx.doi.org/10.1016/j.trd.2018.06.012
http://dx.doi.org/10.1016/j.rser.2017.05.105
http://dx.doi.org/10.1016/j.buildenv.2005.02.011
http://dx.doi.org/10.1177/1420326X19856041
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Investigated Carpark 
	Current Ventilation System 
	Fleet Distribution 
	CO Emissions 
	Car Movement 
	Governing Equations 
	Boundary Conditions 

	Results and Discussion 
	Mesh Sensitivity Study 
	CFD Validation 
	Influence of Conventional and Hybrid Cars Fleet Percentages 
	Effect of Louvers’ Porosity on CO Concentration 

	Conclusions 
	References

