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Past few years have seen a sudden spurt in construction projects
(residential and commercial) that claim to be rated green. As a
result, unique innovative designs are being pursued that rely
heavily on exploiting natural elements to reduce energy

dependence. The best designs would utilize local winds and with
minimum mechanical equipment support, would make building
comfortable, safe & green.

Innovative designs are often linked to buildings that are super-
luxurious and are super-tall. These skyscrapers pose great
challenges for fire safety & ventilation. Typical smoke extraction
methods prescribed in the National Building Code does not
remain applicable (or atleast become vague) for such great
heights and never-seen-before designs. A fresh look on building
design methods is necessary; where hurdles related to achieving
“green” rating are tackled using advanced high end technology

Computer simulations offer an exciting opportunity for validating
aspects of ventilation, smoke movement, natural air flow and
thermal comfort right at the design stage. This paper shares our
experience in working on world’s tallest atrium. This simulation
technology also finds use in shopping malls, cinemas, airports and
industrial facilities.
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Introduction

Fire scenarios are unpredictable & unpreventable. Recent
unfortunate events at Cartlon Tower, Bangalore & Stephan Court,
Kolkata have highlighted the poor implementation of fire safety
standards. It is most disheartening when one thinks of the
condition in smoke filled buildings that forced occupants to jump
from high floors. In both these incidents, none of the fatalities
were due to direct contact with fire but due to exposure to
poisonous fumes and the panic created by loss of visibility. An
effective smoke ventilation system (even if naturally driven) would
have sustained the occupants longer, ultimately to be rescued by

fire fighters.

The importance of smoke ventilation is highlighted by the fact that
fire fighters, on a priority, break glass windows and remove doors
to allow smoke to vent out from as many openings as possible.
The National Building Code insists that building designs should not
allow smoke to accumulate in common spaces or in evacuation
passages. Currently, there exists no established norm on
identifying how good a building design is, with respect to smoke

ventilation.

“Hot Smoke Testing” is one such building completion procedure
adopted in several developed countries. It assesses the
effectiveness of a smoke control strategy and provides an
indication of the problems that need to be overcome. The testing
method uses canisters of non-toxic, non pollutant cold smoke
injected into the plume from specifically sized trays of burning
alcohol. The rise, movement & accumulation of this smoke is

similar to a scenario where smoke is rising from a real fire.
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The results from hot smoke testing are highly definitive and
provide a very descriptive understanding of a problem, if any. But,
more often, they are conducted at a stage when the entire
construction is complete. In case, when a common space fails in
hot smoke testing, the preventive-corrective measures are very
difficult to implement after the building has been completely
constructed. It leads to both time delays and huge cost overruns in

implementing desired design changes.

Computational Fluid Dynamics

Computer simulations using computational fluid dynamics (CFD)
techniques provide the construction industry with an opportunity
to obtain an “assurance” on effective smoke removal at an early
stage when the building design is still on paper. Using high
performance computing servers, it is now possible to conduct a

III

“virtual” hot smoke testing. If problems (i.e. smoke accumulation
beyond acceptable levels) are identified during analysis of results,
building design or ventilation strategy can be quickly modified and
retested. The time & money required to obtain an optimized
smoke ventilation design is marginal compared to what would be

incurred on design changes after completion of construction.

Figure 1 shows a snap of a real smoke test being carried out at an
Australian airport. Figure 2 shows a screen grab of a “virtual”
smoke test on an office with some equipment in a corner set on

fire.
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Figure 1: Instrumentation setup during a hot smoke test

Figure 2: Movement of smoke predicted using CFD simulation

Computational Fluid Dynamics (CFD) is a method of solving the set
of complex non-linear Navier Stokes equations that govern the
flow of hot air and movement of smoke / particles along with it.
Large scale availability of computing resources has now made it
possible to use this technology for a host of applications across

industry verticals.
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The CFD process starts with preparing a three dimensional
computer model of the building from 2D layout drawings. If the
architect uses ‘Revit’ for design, the same 3-D model can also be a
starting point for CFD. The next step in CFD process is prescribing
“boundary conditions” where numbers related to ventilation &
emergency scenario are specified. These include location &
intensity of fire, fresh air cutouts / openings, location of exhaust
shaft & corresponding fan capacities and local wind direction /
speed. This “computational model” is then solved, typically on a
cluster of computers (parallel computing) to generate CFD results.
The CFD results comprise of extremely detailed data (variation in
time & space) of quantities like air speed, smoke concentration &
temperature profiles. Post processing is the last step where
output data is analyzed to produce graphs, images & animations

to verify building design for its ventilation effectiveness.

Apart from “virtual smoke test”, CFD also offers substantial

benefits on the following aspects of building design:

e Validation of natural ventilation strategy for green buildings

e Optimized cost effective layout of exhaust & jet fans in
underground car parking

e Wind load estimation on high rises. It becomes an important
input for structural design calculations. For the world’s tallest,
Burj-al-Khalifa, external shape was optimized to minimize wind
loads. The alternative “wind tunnel tests” are expensive and
time consuming during initial design phase.

e Indoor thermal analysis should be conducted for assuring
occupant’s comfort before ACs and air handling units are

installed.
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Portfolio Project

e India’s tallest building: The 320 meter tall skyscraper being
constructed in Mumbai

e World’s tallest atrium: The 220 meters high atrium is about 40
meters taller than the one in the 7 star hotel, Burj al Arab.

e LEED Platinum rated world’s tallest GREEN residential building

e The building contains six empty refuge levels between height
of 80 m to 280 m. The roof at refuge levels is 4.05 m high for
allowing a large column of smoke to pass through without
affecting the occupants taking refuge there

e There exist openings at refuge levels from where fresh air can
enter / leave the Atrium. Similarly, the skylight atop the
Atrium is designed with large circumferential openings to

allow hot smoke to move out
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Figure 3: (a) Artistic impression of building under construction;
- (b) Cross-sectional view; (c) Plan view at residential floor
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CFD based computer simulations were utilized with an objective
to answers the following questions related to the building’s

ventilation strategy:

=  What is the kind of an occupant
would feel in the Atrium during mean wind
conditions

=  What is effect of on natural Atrium
ventilation

= How effective is our strategy of open refuge
dampers to maintain requisite fresh air changes for
the purpose of ventilation & in the
Atrium?

= |n the event of a fire in the Atrium or corridor, what
would be the & likely
places of it getting accumulated?

=  What would be the temperature levels & smoke
concentration in the areas where occupants would
either take refuge or use during emergency

?
=  What extent of relief from smoke can our planned

provide?
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Natural Ventilation of Atrium

The building is designed to allow fresh air to enter the Atrium
through openings at refuge floors. Through CFD simulations, the
natural air flow inside Atrium was estimated for different wind

speeds & wind directions

Figure 4: (a) Air movement at 4t refuge floor;
(b) Natural ventilation of Atrium

Figure 4 (a) shows the flow pattern on the 4" refuge floor where
we find that air enters through the openings into the atrium,
ventilates the corridors & moves out from opposite openings. The
large columns in the refuge area present significant resistance to
wind flow. Figure 4 (b) shows the magnitude of natural vertical
movement of fresh air during moderate wind conditions. The
green colored region at top of atrium shows it to be well

ventilated.
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lower most refuge and travel the entire way upto the skylight
was ratified. It is now proved that suction at skylight sucks the

fresh air from the top refuge openings.
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Natural Smoke Movement

The skylight is designed to allow natural movement of smoke out
of the atrium during a fire scenario inside the building. The CFD
simulations would identify the region where there is a possibility

of hazardous smoke accumulation
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Figure 5: Smoke out of skylight during (a) 10MW & (b) 40 MW fire
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Figure 6: Time history of smoke accumulation inside the atrium

Figure 6 shows that it takes about 110 seconds for the initial
smoke plume to reach the skylight. Smoke does not enter the
lower three refuge floors. Smoke is also seen concentrated more
on the leeward side than the windward side on the upper refuges.
After the fire of 5 minutes is put out, a gush of fresh air naturally

clears the atrium core but corridors are still filled with smoke.
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Temperature Rise during Fire

Along with smoke, temperature can cause major discomfort to the
occupants during the evacuation. Substantial increase in average
temperature inside the atrium is an indication of poor hot smoke
management. Using CFD analysis on a representative 5 minute

10MW corridor fire, the temperature rise has been brought under

an average of 5°C throughout the atrium (see Figure 7).

19 sec 2 min 4 min 6 min 8 min 10 min

Figure 7: Time history of temperature during 10MW corridor fire

Figure 8: Temperature distribution at atrium mid height after
(@) 4 min; (b) 9.5 min

Analysis of temperature profiles (Figure 8 (b)) inside the atrium
reveal that after the fire is put out, a gush of fresh air clears the
core of the atrium of hot smoke; However corridor area remains
filled with hot gases which is hazardous to occupants. Accordingly,

local ventilation mechanisms in corridors are implemented.

‘ ZEUSNUMERIX



CFD Analysis for Smoke Ventilation in High Rises

Fire Induced Stack Effect

Fire inside the atrium makes it hot compared to the outside
temperature. This introduces stack effect commonly known as the
chimey effect. It makes building suck fresh air from lower
openings and rise through the atrium toward skylight. Chimney
effect is nature’s way for ventilating buildings under fire; building
designers should always benefit from it. Also, while preparing the
evacuation strategy, identification of regions with fresh/polluted
air flow is vital. Using CFD analysis, the quantity of fresh air

movement inside the building is estimated.
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Figure 9: Fire induced flow at (a) Atrium region (b) refuge floors

Based of Figure 9, it was concluded that a 4°C difference in average
atrium temperature creates ~1000 cu.m/sec of fresh air flow. It
effectively generates 60 ACPH in refuge & corridors. To put it in context,
the National Building Code demands only 30 ACPH for smoke ventilation
system. It was also found that such a large volume of fresh air dilutes
the smoke to an extent which addresses our concern of suffocation,

visibility & high concentration of CO.
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Conclusion

One of the most ambitious construction projects in India has

exploited computer simulation technology to obtain:

e A design which permits maximum natural ventilation inside
the building. Reducing the dependence on mechanical
ventilation systems helped towards obtaining LEED green
building accreditation

e A skylight design, such that it does not permit
accumulation of hot smoke. The possibility of loss of

visibility & ensuing panic during a fire scenario is minimum

The study demonstrated that computer simulations are able to
address a large number of non-trivial, unanswered design issues.
Virtual performance modeling for ventilation & fire systems are
taken at the initial stage not only optimize the building design but

also to save on cost of modifications after the construction is over.
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About Zeus Numerix

Zeus Numerix is a computer aided engineering company that
delivers product design, R&D and engineering services to
aerospace, construction, industrial, nuclear and power sector. The
solutions are often through an innovative mix of Computational
Fluid  Dynamics, @ Computational  Structural = Mechanics,
Computational Electromagnetism and Dynamics & Control tools.

Backed by a group of technically strong domain experts, Zeus
Numerix is a competent partner for its clients during their product
design lifecycle. We offer substantial cost and capability benefits
while reducing the design time. Zeus Numerix has developed a
suite of simulation packages that it customizes to offer innovative
bespoke solutions.

Zeus Numerix is headquartered in Mumbai, India and has
presence in Pune and Bangalore.

Contact us at

sales@zeusnumerix.com
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