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Abstract

Abstract

The concepts of green buildings and sustainablielibgs are promoted actively in the
developed countries. Targets are on protecting etm@ronment, using less energy
through natural ventilation provisions and daylighitization, developing better waste
management and taking resource conservation irtouat. Architectural and building

design, electrical and mechanical systems, anddibgil management have to be
upgraded. However, there are problems in dealinth ire safety, especially in

complying with the existing prescriptive fire codes hot argument is that smoke
control system design in the green or sustainalildibgs with an atrium.

Since the physics of air entrainment is not yeaidjeunderstood, most of the fire plume
expressions reported in the literature was derieexbirically. Experiments and CFD
simulation were used to study the different typds tleermal plumes such as
axisymmetric plume, wall plume, corner plume antday spill plume in this report.

As many large space buildings such as cinema, spoenas containing the sloping
floor are designed to meet the function and adsthetquirement. The smoke
movement in atrium with sloping floor is also dissad in this report.

Computational Fluid Dynamics and scale model expenits are two possible methods
for the determination of mass transport, contantim@msport, smoke movement and
energy transport in large building. The scale moesperiments and FDS (Fire
Dynamic Simulation) are used in this report.

Three axisymmetric plume equations and two balcmlf plume models are assessed
by comparing with the CFD and experiment resultsestigations in this report are
useful for fire engineers in designing smoke cdrdystems.

This thesis also describes many significant atrismoke movement and smoke
management research, related efforts and futurearels, the major topics are as
follows: types and configurations of atrium builggy approach to atrium smoke
management design calculation in NFPA92B and comsgarof two methods of

calculating smoke layer interface heights; smokkaest system modes and smoke
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exhaust effectiveness; atrium smoke filling proceasd its time constant;
pre-stratification and detection ; airflow for sneokontrol between the atrium and
communicating space; sprinkler effect, etc.

This report was written as a work report of my sttythe department of civil
engineering of Aalborg University from January 20@7 June 2007. As the time
limitation the further analysis of the result iseded when | go back to Chongqging
University.
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1 Introduction

1 Introduction
1.1 Background

Over the last few decades, large undivided volumillings such as atrium buildings,
covered shopping malls, airport terminals and sparénas have become increasingly
popular. These buildings typically contain largeasgs or voids which can occupy
many storey in height. The term ‘atrium’ can belegapto the large spaces within these
types of buildings.

The concept of an atrium dates back to Roman timksen used as an entrance hall in
a typical house. An atrium within a building is @de open space created by an
opening or series of opening in floor assemblikgs tconnecting two or more stories
of a building that is closed at top. The sidesmfa&rium may be open to all floors, to
some of the floors or closed to all or some of fleors by unrated or rated
fire-resistant construction. As well, there maytb® or more atria with in a single
building, all interconnected at the ground flooora number of floors.

Developments in architectural techniques now akmwatrium to be an integral part of
large buildings (e.g. covered shopping malls). Maodatria are designed with the
intention to provide a visually and spatially exi@renvironment in doofd 2.

In terms of fire protection, floors, ceilings andrfitions are traditionally used to
provide space to limit the spread of fire and smwkéin a building. However, atrium
buildings violate this fundamental approach in terof horizontal space and vertical
separation. With a fire on the floor of an atriumiro any space open to it, smoke can
fill the atrium and connected floor spaces. The firsks of atrium building are
different from those of traditional buildings, atite associated problems related to
smoke should be dealt with carefully.

‘Green buildings’ are of great interest to the deped countries towards the end of the
last century. Now, this is extended further to tausable buildings’ similar actions are
taken in big cities of China and Denmark. Althougk concepts behind the two are
different, the assessment procedure is roughlys#imee. A ‘relative scale’ to a typical
building in a region will be applied for a greenilding. Sustainable building is more
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‘absolute’ on controlling energy and mass flowsinationally. Indoor environment,
environmental protection, energy-saving through tevetprovisions of natural
ventilation and utilization of daylight, water camsption and waste management are
the common approaches to satisfy the assessmartacfor those green or sustainable
buildings.

Normally, three items will be covered:

1) Architectural features including building consttion element.

2) Electrical and mechanical systems to give a ooable environment, but the
system would use energy directly or indirectly.

3) Management including energy management, enviemtah management and fire
safety management.

However, some architectural features of those mgkimight not be satisfied with the
fire safety codes. There are problems in dealirth Vire safety, especially in the green
or sustainable buildings with an atrium. Smoke agiey would give problems and
smoke control was identified to be a key issue.viding enough evacuation time,
smoke filling or no smoke exhaust system is goothotto be designed to keep the
smoke layer above the safety height. An alternaseRition is to install a smoke
control system, a mechanical ventilation systematural vents have to be designed.
Therefore smoke movement and smoke control in @onatis very important and
investigation smoke movement and smoke controltilura buildings becomes the
objective of this thesis.

1.2 Types and Configurations

Atrium buildings can be classified into five typasterms of theirs configurations
closed atrium; open-sided atrium; linear atrium;ltidateral atria; partial atrium as
shown in Fig. 1.£31,

According to their fire protection designs, atridmildings can be divided courtyard
atrium (with fire resistant glass), closed atriuna ainrestricted atriuf.

In order for a suitable smoke control design to ibentified, Morgan et af®
categorized atria into the following groups depegdupon the type of enclosure:
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Sterile tube atrium; closed atrium; partially ogrium, and fully open atrium.
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Fig. 1.1 Atrium Classification from structure rédets

The sterile tube atrium is where the atrium spaceparated from the remainder of the
building by a facade which is both fire and smoésisting. This facade will act as a
barrier to fire and smoke spread between the atandthe adjacent spaces. The ideal
sterile tube atrium would contain no flammable mateon the atrium floor. The
atrium space would generally have no functional aysart from as a circulation area
for the occupants of the building.

A closed atrium in which, the atrium is separateaf the remainder of the building by
a non fire resisting facade. This facade may noes®arily be smoke resisting. The
atrium space may possibly have a functional use.

A partially open atrium is when there are commutimcaspaces between the atrium
space and the adjacent areas on some of the ldarer.sA non fire resisting facade
provides separation between the atrium and adjareas on the upper storey.

A fully open atrium is when large openings existieen the atrium and adjacent areas
on all stores.
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From the results of a survey geometrical shapabefitrium spaces in Hong Kong,
three main types of atria are classified for theappse of analyzing the fire
environment inside to produce a general pictureatential fire risk! . Such a
classification is discussed in this thesis. Firaudations in those three types of atria
are also discussed. The three types of atria a&ited below.

1.2.1 Atrium Type 1 Cubic

The atrium space is of cubic shape and the desigornmonly found in Hong Kong.
About 60% of the atrium spaces can be classifigtliagype. They are smaller in scale
(i.e., usually of length less than 20 m) and mdsthem are integrated into the
shopping center. They can be characterized as dpalimensions (length * width *
height) of L*L*L, as shown in Fig. 1.1.

1.2.2 Atrium Type 2 Flat

The atrium has large transverse dimension in coisgramwith its height, and this type
is often found in large multi-level shopping makgout 25% of the Hong Kong atria
can be classified as the flat type. They are chamaed by having dimensions of
2L*L*L, as shown in Fig. 1.2.

1.2.3Atrium Type 3 High

This is the kind of atrium with a height-to-widtbr(length) ratio of more than two.
They are usually found in prestigious office builgk and luxurious hotels. About 15%
of local atria are this type. Their characterigtimensions are L*L*3L, as shown in
Fig. 1.2.

cubic flat high
Fig. 1.2 Configuration of the atria
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1.2.4 Atrium Fire Environment Simulation

Simulations that are on the fire environment in tiiwee different types of atria using
the zone models have been presented by Chow and.Wbae simulations show that
the potential fire risks in atrium buildings areitgunigh with smoke being the major
cause of hazard. The predicted hot gas temperptofge indicates that flashover is
unlikely to occur if 60QC is the criterion for flashover. Also, the smokél wot be hot
enough to activate sprinklers installed at thedbiine atrium unless it is a very big fire.
It is shown that different atrium geometrical cgufiation (same volume) will give
different fire behavior. The smoke development ratethe flat type atrium is the
slowest, but the one for a high atrium will be vargh. It is illustrated that specifying
only the volume of the atrium space is not goodughao determine whether a smoke
extraction system has to be installed. The geonatcbnfiguration is recommended to
be specified in the code as well. In addition, datians on the effect of smoke
extraction indicate that installing a smoke eximctsystem will reduce the smoke
layer thickness and the hot gas temperature.

1.2.5Atrium Typesin Mainland China

Obviously, the height of atrium is one of the mimsportant parameters, which affect
smoke movement. With the same cross-sectional #reasmoke in the high atrium
flows more difficultly than the one in the low atn. In the lower atrium, smoke flows
through then window in the ceiling, while in thegher atrium, smoke is pulled out
mechanically, and its efficiency decreases with hieght increasing. The height of
atrium cannot be only one factor which effects mmoke movement.

Both height and cross section area can affect snmoégement. Atrium geometry
aspect factor is defined as the ratio of the atramass-sectional area and the square of
the atrium height is given by:

£ =A/H? (Ais atrium area,’nH is atrium height, m.)

This geometry aspect factor reflects the degreeooffined plume. With the same
atrium height, if atrium shape factor is large ttheeans atrium cross-sectional area is
large and the degree of confined plume is smallti@rcontrary, if atrium shape factor
is small, atrium cross-sectional area is smalltaeddegree of confined plume is large.
Therefore atrium shape factor, which shows the ekegof confined plume and
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classifying the types of atrium according to thesiepe factor for studying the different
atrium fire, is reasonable and scientific.

A survey of the geometrical shapes of the atriuacep in China mainland was made.
Thirty buildings with atrium in China mainland westudied. Statistic Figures show
that the geometrical shape of the atrium spacee hestangle, ladder-shaped, circle
and irregular shape and so on. For the geometslcapes, there are twenty-five
rectangle atriums that are the 83 percent of tte¢ s&md irregular shape atrium such as
circle and pentagon are less. The scale of theststastrium area is between 9.4 and
1000 nf. There are twenty-one atriums whose areas areeleetd00 and 100@, that

is 70 percent of the total. Atrium geometry asgactor H/A is between 0.002 and
11.2. There are 40% atrium, whose factor is betwkérand 2; there are about 36%
atrium, whose factor is smaller than 0.4; and theee 23% atrium whose factor is
larger than two.

Fig. 1.3 shows the types of atrium aspect fackay ttan be classified into three types:
atrium whose shape factor is smaller than 0.4irs and high type, the atrium whose
shape factor is between 0.4 and 2, is cubic typd,the atrium whose shape factor
cubic atrium is commonplace in China mainland ansd 40 percent of the totalthin
and high atrium is 36 percent and this type is asmmonplace While flat and even
atrium is less than the other two types and iBipercent.
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Fig. 1.3 Geometric Aspect Factors of Atria in Mamdl China
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1.3 Smoke Control

Knowledge on fire environment with in a buildingasvital element of architectural
design. Research results show that smoke is thedird the most rapidly developed
threat to life in fire on a atrium, smoke will bgrmany problems, and controlling
smoke is essential to providing safety in the atrapacéed' %,

1.3.1 Objectivesfor Smoke Control

Some form of smoke control (known as smoke managenmethe USA) is often
required in atrium buildings primarily for life st purposes. Milké'! gives five
design objectives for smoke control systems iruatrbuildings:

1) Maintain a tenable environment in the meansgoéss in the atrium during the time
required for evacuation.

2) Confine the smoke in the atrium to a limitedioagn that space.

3) Limit the migration of smoke into adjacent sgafrem the atrium.

4) Provide conditions in the atrium that will assesnergency response personnel in
conducting search-and-rescue operations and |gcatid controlling the fire.

5) Contribute to the overall protection of life arediuction in property loss.

Milke states that a design may be to achieve eitimer, or a combination of, these
objectives. Milke also lists a number of ‘hazardgmaeters’ in which the design
objectives can be evaluated in measurable terroh, @& smoke layer depth; visibility
through the smoke layer; carbon monoxide conceotratemperature rise in the
smoke layer.

1.3.2 Smoke Control Systems

Smoke control systems are defined as engineeristersg that includes all the
methods that can be used singly or in combinaioretduce smoke production or to
modify smoke movement (ASHRAE and NFPA). The olyest of a smoke control

system are reduce deaths and injures from smottecegoroperly loss.

Methods to reduce smoke production in atria incltice installation of automatic
sprinklers and limitation on the quantity of comtioie materials used in the
construction of the building and located on theofl@f the atrium Sprinklers are



1 Introduction

effective in suppressing fires in floor spaces Mithited ceiling heights, but, because
of delayed response, sprinklers may not be effedtivsuppressing fires in space with
ceiling heights greater than 11 to 15 m or in adglfitrg fires in atria exceeding 20 m in
height. Sprinkler effect is discussed in sectic¢h 1.

Passive methods to modify smoke movement includeisie of smoke barriers or draft
curtains to limit smoke incursion into communicgtispaces and egress routes.
Another passive method is to allow the smoke {otHigé upper portion of the atrium
space while the occupants evacuate the atrium.|dtter approach applies only to
large-volume spaces where the smoke-filling timesudficient for both occupant
response and evacuation.

For those cases in which passive smoke managemethitods produce insufficient
time for occupant response and evacuation, uppyer laechanical exhaust systems
are frequently used to maintain the smoke levelalthe occupants until they are able
to evacuate. This system decreases the rate ahwiecsmoke layer descends in the
atrium. A common approach for the design of an uppechanical exhaust system for
atrium smoke management is to design a systemwtiiatnaintain the smoke at a
steady clear height assuming a steady-state désegibuch a system can be designed
using a calculation method based on plume equatiomd-PA 92B. This method is
included in the BOCA (1996) and ICBO (1994) builglicodes. It is the method that
discussed in section 1.4.

There are a number of different smoke control egias available for atrium buildings.

1) Smoke filling

This approach can be applied to atria which havgelarzolumes, such that smoke
ventilation may not be necessary. This strategyimes viable when smoke can be
contained in a roof void for the duration of theyuged safe egress time for the
occupants of the building. In this case, the heajlthe smoke layer may not reach an
unacceptable value before the fire consumes thigablafuel. This approach assumes
that the fire grows at a predictable rate. Fig.shdws a smoke filling.

Klote and Milke*? 3! provide empirical relationships to determine theoke layer
height above the fire with respect to time for batteady and growing fires.

8
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Calculations of smoke layer height are discussdtiduin section 1.4.
This strategy should only be used if the smoke robmtesigner can demonstrate by
calculation that smoke ventilation is not necessary

Fig. 1.4 Smoke filling of atrium space

2) Smoke clearance
This approach provides sufficient ventilation tonteve smoke from the atrium after
the fire has been suppressed.

3) Smoke and heat exhaust ventilation from theuri

This strategy uses the buoyancy of the smoky dasesthe fire to form a layer above
the occupants of the building, providing a safe mseaf escape. This form of smoke
control is the main work of this research and iscdbéed in detail in the following
sectionl1.3.3.

4) Temperature control ventilation from the atrium

This strategy is used when the height of the sntayer above the floor is not a critical

design parameter. In this case, smoke exhausteasdd to achieve a maximum value
of the temperature of the layer of smoky gasess Hpproach allows the use of
materials which would otherwise be damaged by hateg (e.g. atrium facade

materials which are not fire-resisting).

5) Smoke and heat exhaust from each storey selyarate

In some cases it may be impractical to provide smekhaust ventilation from the
atrium space if the height of rise of the smokeetayom the floor is too large. It may
be beneficial to prevent smoke from entering theuat altogether (particularly for
fully open atria). This can be achieved by the afsgtrategically placed smoke curtains
around the atrium space at each storey, and praysinoke exhaust ventilation from
each storey separately.
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6) Atrium depressurization

Where the boundary between the atrium space analdjpeent areas is linked by small
openings (e.g. doors gaps, leaky facade), it isiptesto prevent smoke from traveling
through these openings by reducing the pressutieeofases in the smoke layer. This
approach is known as depressurization. The purpbghis technique is to prevent

smoke from traveling into the adjacent spaces aes ahot provide protection to the
atrium space. This technique is similar to that lewygd for natural environmental

ventilation in atrium buildings.

7) Combination of above strategies (hybrid smokerob)
Various combinations of the above strategies cao &l applied, such as atrium
depressurization with smoke and heat exhaust agpofil.

1.3.3 Smoke and Heat Exhaust Ventilation Systems (Smoke Exhaust System)

Smoke and Heat Exhaust Ventilation Systems foumttuildings provides smoke and

heat exhaust from the upper regions of a buildmgreate a clear layer beneath a
buoyant stratified smoke layer, thus providing abads for safe means of escape. For
this approach to be effective, it is necessaryttiertemperature of the gas layer to be
high enough to remain buoyant when at the desigghheSmoke Exhaust System may
be naturally driven or mechanically driven (meclcahexhaust fans).

For the smoke exhaust to be effective, it is nerge® provide an adequate amount of
inlet air to replace the hot gases being removed.

Smoke control design in codes and guides is basdteozone fire model concept. In
the zone model, smoke forms an upward-flowing fiteme reaches the ceiling and is
considered to form a perfectly mixed layer under ¢kiling of the room of fire origin.
Smoke production depends on the heat releasefrtiie ire and the height of the fire
plume. Fig. 1.4 depicts the development of the fitene, the formation of the smoke
layer interface, and the descent of smoke layer i@sult of a heat source located in a
position where the fire plume does not meet the afahe enclose. Klote explains the
physical concepts of the steady fire, unsteady fiome fire model, and the fire plume
that are the basis of atrium smoke control. Infdromaabout those is not described
further in this report.
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In order to properly design smoke exhaust systema farge space, one needs to know
the heat release rate of the expected fire in aaldetermine the fire size. From that,
one can estimate the amount of smoke. It is thesiple to calculate the time needed
for smoke to reach a point that could endangeotoeipants and to compare that time
to the egress time. If the smoke layer time is lgms the egress time, a smoke
management system should be provided to exhaustesataa minimum of the rate at
which the smoke is produced. This is approach bged8OCA (Building Officials and
Code Administrators) National Building Code. Itadtshes a design criterion that the
smoke management system keeps the smoke layefaodent or above the six-foot
(1,828mm) level for not less than 20 minutes (128DOBOCA contains a calculation
method base on NFPA 92B to evaluate compliance entérion.

1.4 Steady Smoke L ayer Interface

In fact, there are two calculation methods to prethe location of the smoke layer
interface in NFPA 92B'. One is based on a predictive correlation thaegeerd a
smoke layer interface position at any given timee ther is based on a mass
flow-based calculation correlation to predict thesiion of a smoke layer interface.
The (BOCA) Building Code codified the NFPA 92B appch. The 1996 BOCA
National Building Code presents two calculation moels for determining the position
of smoke layer interface. They are referred toragular” ceiling method to be utilized
for flat-ceiling spaces, and the “irregular” cegimethod, indicating the method to be
utilized for spaces with varying horizontal crogsttoonal areas. Two methods are
briefly described as follows:

1.4.1 Regular Ceiling Method

The position of the smoke layer interface, Z, iedicted at any time using the
following equation:

V3 2/3
Z=1.1H - 0.28 |{tQTH} (1.1)

Where:

Z--height from the floor to the smoke interface, m;
t--time, s;

H--ceiling height above the fire, m;

11
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Q--steady-state heat release rate, kW,
A--cross-sectional area of the atriunt. m

Equation 1.1 is derived from the steady smoke-filigguation in NFPA 92B. Equation
1.1 is based on plume that has no contact with vilafls and for a constant
cross-sectional area with respect to height. Thismtion is appreciated for A/H2 from
0.9 to 14 and for values of Z greater than or egual% of H.

It is straight using Equation 1.1 to determine agipoint (Z) in a defined time period.
The regular ceiling method is presented as a sipgjiet “test” to determine if the
smoke layer interface has reached the criticalttdadesign objective level) in a given
period.

1.4.21rregular Ceiling Method

The volume of smoke produced at any height Z isipted by the following equation
(BOCA):

Ve=0.050QY°Z%°+ 0.001Q, (1.2)
Where

Ve-volumetric rate of smoke production?sy
Qc--convective portion o the heat release rate, KW0.7Q)

For a particular height, /defines a volume of smoke produced per unit ofetim
Smoke is assumed to be deposited on the ceilingifiorm thickness across the entire
surface. No transit time from the fire to the awgli or radically from the center of
plume contact to the perimeter walls, is incorpedanto the equation.

Equation 1.2 is derived from NFPA 92B’s mass flayuation:

m=0.07RY°Z?°+ 0.0018), (1.3)

Where
m--mass flow rate in plume at height Z, kg/s.
Mass flow is converted to volume flow using thddwling relationship:

Ve=m/p (1.4)
Where
p--density of smoke, kg/n

12
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By making assumption of the density of smoke td I#kg/n? corresponding to 2@,
the mass flow equation from NFPA 92B (Equation &) be converted to volume flow
equation. Equation 1.2 would represent the “slowBling time for an atrium (no
increase in layer temperature above ambient).aose@se in layer temperature will
result in faster filling rates than would be predacby Equation 1.2.

Calculating the layer position by Equation 1.2 @ as straightforward as was the case
for the regular ceiling method. The first iteratioses H as the value for Z. This
method, intended for use in spaces where the hdaka@ross-sectional area varies
with height, is to be used in an iterative manmar,opposed to the single-point test
described for the use of the regular ceiling method

Use of Equation 1.2 is limited to values of Z thet above the limiting elevation. For

information about this, the reader can be refetoeBrooks (19974,

1.4.3 Comparison of Methods

Comparison of the two calculation methods for ageanf atrium areas and aspect
ratios has been presented by Brooks (1947 Assuming that:

(1) Atrium A/H? aspect ratios are between 0.9 and 14;

(2) Fire size are limited to 2110 kW and 4640kW,

(3) The ceiling of the space is flat;

(4) The space has a constant horizontal crosseseatea.

Two different building areas were selected andefirh cases both calculation methods
were used to predict the position of the smokerlayerface as a function of time for
two different atrium aspect ratios. The resultasiliate that the two methods are not
equivalent and will not produce comparable resUitere are foreseeable conditions
where the use of the regular ceiling method witjuiee a smoke management system
and the use of the irregular ceiling method wilt.nbhe irregular ceiling method is
likely to predict a slower than observed smoke daygerface descent, while the
regular ceiling method is likely to predict a fastean observed descent. Further
analysis was then conducted to reconcile the twthods and develop an approach
that will permit designers to produce comparableahé analyses regardless of the
method used. A suggested series of adjustmentevaded to align the regular ceiling
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and irregular ceiling calculation method resultsroa broad range of interface heights.

For “irregular” calculation method, use of a plugenterline temperature correlation
to adjust the maximum expected layer temperatursuggested as a reconciliation
technique. Equation 1.2 produces the slowest dillsince the density correlation
inherent to the coefficient on the right side o€ tequations is for air at 2T.
Equationl.2 must be adjusted to reflect layer teatpees higher than 21 (ambient
temperature). Brooks recommends that the averagpet@ture of smoke layer is the
temperature of the smoker plume centerline temperatmeasured at the critical
height. A density correlation based on'(Z4smoke layer temperature (approximation
of automatic sprinkler activation temperature)uggested.

For “regular” calculation method, it is necessany reevaluate the fundamental
correlation used as the basis for the regularngeitalculation method, in order to
bring it into agreement with the mass flow usedha irregular ceiling calculation
methods. Brooks argues that six sets of test datslanmarized as forming the basis
for the development of the regular calculation rodtland only two of the test was
conducted in rooms large enough to be considered aftith heat release rates
comparable to expected design fires. Equation sldredicting smoke layer interface
descent based on a much higher temperature th&h T Equation 1.1 is to be
continued in use, it will have to be modified tdleet the lower layer temperature in
current atrium design.

1.5 Smoke Exhaust Rate

1.5.1 Equation

Smoke extraction systems are designed to keepntbkeslayer high enough to give a
greater clear height. For a steady fire, it isxbagist smoke from the top of the atrium
in order to achieve a steady clear height. Condiuatr the only flow into the smoke
layer is from the plume, and the only flow from #$maoke layer is the smoke exhaust.
From the principle of conservation of mass foremady process, the exhaust flow must
equal the flow from the plume. The mass flow equa{iNFPA 92B 1995) listed above
can be used to calculate the exhaust flow rate atirebatic exhaust temperature is

Q.

p

T, =T, +

p a

(1.5)
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Where

Tp--adiabatic exhaust temperature;;
Ta--ambient temperature’C;

m--mass flow of exhaust air, kg/s;
Cy--specific heat of plume gases, kJ/(kg: )

Using the calculated adiabatic temperature anddi& gas law, the volumetric flow
rate of smoke can be estimated by Equation 1.4.80ses the following equation to
determine the minimum exhaust rate:

Ve=QY®Z27°+0.001%), (1.6)

Where
V- volumetric rate of exhaust air’fs.

BOCA uses 74 as the temperature of the smoke being exhausteztnatively one
can use ambient temperature as an approximatioa. ekinaust rate is then to be
adjusted in accordance with a table to allow farease in time for the smoke layer
interface to reach the critical height. The voluneeflow rate defined by Equation 1.6
is used to determine the capacity of the mechaeidahust system.

1.5.2 Discussion

The basic calculation methods in this section are application when the design
exceeds the range of applicability of the equatjmesented.

The calculation method above is only for an ax swmim plume (a fire located in the
atrium). For a fire located in the communicatioras® a balcony spill plume or a
window plume is formed. The information about thesther plumes, they are
discussed in NFPA 92B (1995) and Chow and Lau.

The design fire has a major impact on the atriurnkssrmanagement system. The fire
size is expressed in terms of the rate of heaaseleDesigns may be based on either
steady or unsteady fires. It is the nature of fieebe unsteady, but the steady fire is a
useful idealization. A steady fire has a constagdtirelease rate. An unsteady fire is
one that varies with respect to time. Fire protacengineers often use a “t-squared”
approximation for an unsteady fire. A ‘t-squarade fis one in which the burning rate
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varies proportionally with the square of time s@uared’ fires are classed (by speed of
growth) as ultra-fast, fast, medium, and slow, dase the time to reach a heat release
rate of 1,055 kW. A ‘t-squared’ fire can be desedlas follow:

Q=at’ (1.7)

Where
a--growth coefficient. Four types of t-square fire ahown as in Fig. 1.5.

In many applications, use of a steady design fead$ to straightforward and
conservative design. Klot&' recommends three typical steady design fires @0,
kW, 5,000 kW, and 25,000 kW for atria as list irbleal.1.

Table 1.1 Steady design fire size

_ Heat release
Fire scene
Q/kwW
minimum fire of combustible is limited in the atria 2000
minimum fire of combustible is not limited in th&ia 5000
maximum fire of combustible is not limited in thiia 25000

For a t-squared fire, the location of the smokestapterface can be estimated by the
unsteady filling equation from NFPA 92B. The mosheenient method of analysis for

the unsteady design approach is by a computer fe@nmodel, and it is not discussed

further in this research report.
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Fig. 1.5 t-square fire

Smoke control system design for atria is more caraf@d because of the number of
factors that affect air and smoke movement. Atreammoke management systems have
been mandated by building codes since early 198&dy requirements were based on
the air change rate methods, whereby the totalnvelaf the enclosed space was used
to determine airflow rates. Formerly smoke congqpécifications only use the volume
of atrium space as a criterion for designing smekiaction system. Obviously it is
not reasonable. Fire size and the risks poseddpadkition of a smoke layer interface
are not documented in these earlier editions.

The National Fire Protection Association (NFPA)agdished the Technical Committee
on Smoke Management Systems in 1985. Its first cibi@enproject became NFPA
92A, Recommended Practice for Smoke Control Systemich was published in

1988. The second project was the development of AN#EB, Guide for Smoke

Management Systems in Malls, Atria, and Large Aréest published in 1991.

1.6 Smoke Extraction System Modes and Smoke Exhaust Effectiveness

To protect atrium and all communicating space fremmoke, mechanical extraction
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system is common installed. There are two possib&thods known as ‘smoke
extraction through atrium’ and ‘smoke extractioregvirom atrium*®.

The method of ‘smoke extraction through atrium’asconventional method that
provides vents located at the top of the atriumglsencan be extracted by natural or
mechanical means. The method of ‘smoke extractwayarom atrium’ is a method
that provides extraction system located withinwtlial shops and arcade area at each
floor.

Two methods have been compared by Xiffig The results show that advantages of
the method of ‘smoke extraction through atrium’ &eereliable performance, easy
control and convenient commissioning. But its dffemess is not good, when a fire
locates in the shopping mall adjacent to the atraud the fire size is very large. For
extracting smoke from the shopping mall adjacerhé&atrium, the method of “smoke
extraction away from atrium” is effective. But this not a effective mean for
extracting smoke provided by a fire in the atriumnagrated into the atrium when a
fire occurs in the compartment connected to arumtriYin " suggests that the
combination of the two methods is a better method.

There are a number of situations that may detriedgnimpact the effectiveness of the
smoke management system. These include obstrudtioti'e smoke plume or the
formation of a pre-stratification layer in the atri. Under some conditions, another
phenomenon may impact the effectiveness of a smoké&ol system: air from the
lower (cold) layer can mix with the smoke in thepaplayer as it is being exhausted
by the smoke management system. This phenomenacegdhe effectiveness of the
smoke management. As a result, the clear heighieimtrium is reduced and people in
some spaces may be exposed to smoke and toxic. Jassetudy the effects of this
phenomenon on a mechanical exhaust system usedriom smoke management, a
project was initialed by ASHRAE and the NationalsBarch Council of Canada in
1995. The project applied both physical and nunaérncodeling techniques to atrium
smoke exhaust systems to investigate the effedsgerof such system$®. The
experimental facility is a large compartment witmdnsions of 9 m by 6 m by 5.5 m.
The design of exhaust system in that study is basethe correlation in NFPA 92B.
The research results demonstrate that, when thausklsystems operate near or just
below their design capacity, they are effectiveeitracting gases from the hot layer
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without drawing in air from the lower layer. As eqted, when the systems operate
well above the required flow rates, fresh air frtme lower layer enters the system.
This, however, does not make system ineffectivethaslever of the smoke layer

remains at an acceptable height.

There is concern about exhaust effectiveness fatively thin smoke layers. There is

possibility of pulling some air from below the sneolayer into the exhaust, and such
reduced effectiveness would result in a smoke layterface going below the design
value and could expose occupants to smoke. Therdferproject outlined above also
studied the depth of the smoke layer required &vemt atrium exhaust from pulling

air from the lower layer. If the exhaust inlets eéwcated well above the clear height,
the location of the exhaust inlets did not impd effectiveness of the mechanical
exhaust system. If the exhaust inlets were locateat below the height for which the

mechanical system had sufficient capacity to mairdeclear height, the relatively thin

smoke layer formed below the exhaust inlets. Thieaest gases will include both

entrained air from the lower cold layer and the kenproduced by the fire. Further

research will be needed to determine the paramgtatsaffect the depth of the smoke
layer below the exhaust inlets and scaling of deigth to full scale.

1.7 Smoke Filling Processes and Time Constant

The smoke filling processes in an atrium, simuldigdising four zone models, have
been reported by ChoW®. Zone modes FIRST, CFAST and CCFM.VENTS,
developed at Building and Fire Research LaboraadvrdIST, U.S.A., and the NBTC

one-room and two-room hot layer models of the FIREC, developed at the CSIRO,

Australia, were used to simulate the smoke fillimgcess. Experimental results on full
scale atrium smoke—filling processes available e titerature were used for

comparing the results on the transient variationsofoke temperature and the
development of the smoke layer predicted by ther foone models. That study

illustrated that a smoke layer would be formecdhat ¢eiling of atrium space and zone
models could be applied to simulate the smoken§lpprocess in an atrium building.

As described above, a survey on the geometricgdeshaf atrium spaces in Hong
Kong showed that they can be classified into thmeén types: cubic, flat, and high.

Simulations of smoke filling processes in thoses¢htypes of atria using the zone
model FIRST have been reportéfiand the smoke filling times in different types of
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atria with the same volume would be very differdhiwvas recommended that a time
constant is to be used for specifying the develagné smoke and the smoke filling

time in the atrium space. A time constamj, describing how fast the atrium will be

filled up with smoke was defined by Chow using #mepirical air entertainment rate
equation for an atrium space of volume V, flooraafe, height H, perimeter of fire p
and smoke density.

i :(o.igaoj(gj 0.8

The geometrical aspect factér,of the atrium space is given by:

H2
= | 1.9
'3 A (1.9)

Note that there are two parts in the expressionh@itime constant. The first is related
to the properties of a fire and the second pathiéayeometry of the atrium space.

A correlation of constant time with the timg, required to fill 80% of an atrium with
smoke was found. Comparison with experimental datéull-size atria available in the
literature was made and fairly good correlation whkained:

t =ar, (©=1.04+0. 2) (1.10)

r

It is common in design to assume the time of estafee 2.5 minutes (150 seconds),
and the time required to fill 80% of the atrium kvémoke is suggested to be longer
than this value. Therefore, whether a smoke extmractystem has to be installed can
be determined by the value of the time constatiterahan by the volume only.

Chow (1997) argued that the time constant, was defined through the use of the

empirical equation expressing the mass entrainmaatto the 3/2 power of the clear
height. The equation holds only when the flametdjppches the smoke layer, and the
flame temperature was taken to be 1100 K {827Another time constant using the
plume equation proposed by Zukoski was defined lhovC

(3 ) A
’2‘(272}(@} W
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Where
K, = %ﬂpmapchr

And
Y3
_ g 3
K =C|—2—
! V(cpprwJ Q

The entrainment coefficient,,, of the plume lies between 0.0980 and 0.1878, {Qes
heat release rate in kW. Putting in expressi¢qgand K, with the numerical Figures
of p,(1.2111kg/m), g(9.81m/9, C,(1,015J/(kg-K)), T, (290K), T, (1500K), and

C, (1.11) would give:

_6.245( A
I, = ale/3 (H 13} 12)

The second time constant was further evaluated hgwCusing three other zone
models—CFAST and CCFM.VENTS developed in U.S. aRid2Bdeveloped in Japan.
Results of the zone modeling simulation supporedfact that the time required to fill
80% of the atrium space with smoke is related4dirhe constant. A correlation qf t
with the time constant predicted using the zoneehBtRST is given by:

t =0.79, (1.13)

The correlation relation is supported by the sirmataresults of three other zone
models—CFAST, CCFM.VENTS, and BRI2. Experimentaladan the smoke filling
process available in the literature were used &buaxe this time constant. The value of
time constant was recommended to specify the srillikg time for an atrium space
for design purposes. Whether a smoke extractiotesyfias to be installed can be
determined by checking whether the atrium with gabe time constant will give a
time required to fill 80% of the atrium with smoltet is less than 2.5 minutes (150s)
using Equation (1.13).
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1.8 Airflow for Smoke Control between Atrium and Communicating
Spaces

Airflow can be used to prevent smoke flowing frorfira in a communicating space to
atrium and also can be used to prevent smoke fgpwiom the atrium to the
communicating space. If it is desired to use awfto prevent smoke producing in the
communicating space from flowing into the atriuhee &ir needs to be exhausted from
the communicating space. The exhaust flow rate :xeedbe sufficient to result in an
average air velocity in the opening between thernanicating space and the atrium to
prevent smoke flow. NFPA 92B (1995) recommends ftiewing equation for the
limiting velocity to prevent smoke backflow:

gH (Tf _To)

V =0.64 (1.14)

f
Where
V--average air velocity, m/s;
g--acceleration of gravity, nffs
H--height of opening, m;
Ti--temperature of heated smoke, K;
To--temperature of ambient air, K.

Air can be supplied to a communicating space toeaeha specific average velocity at
the opening to the atrium. This velocity should saech that smoke flow to the
communicating space is prevented. For openingilmtabelow the smoke layer and 3
m above the base of the fire, the equation (NFHA3) 9@r this velocity is

Y3
V= 0.057(% 1.15)

Where

V--average air velocity, m/s;

Q--heat release rate of the fire, kW,

Z--distance above the base of the fire to the botidthe opening, m.

If the velocity calculated from the above equai®greater than 1 m/s, then a velocity
of 1 m/s should be use. This limitation was madeodwioncern that greater velocities
could disrupt the plume flow and have an advertxebdn atrium smoke management.
For openings above the smoke layer interface, Egudth should be used to calculate
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the velocity.

Klote (1997) addressed that research should beedeeahcerning use of airflow for
smoke control between the atrium and communicasipgces. There is insufficient
information to evaluate whether these systems geowany significant level of
protection to life or if their sole benefit is pray protection. The issue of evaluation
of the potential benefit of these systems is furtt@mplicated by the concern about
airflow supplying combustion air for a fire and enfnation is needed to evaluate the
potential benefits of these airflow systems. If bemefits support use of these systems,
research is needed to develop new approachesrfokiggal fires.

1.9 Sprinkler Effect

Automatic sprinkler systems are installed in maniidings including atria to control

fire. Chow™ indicates that there are three key points to bsidered in assessing the
performance of an atrium sprinkler: the possibilil actuating the sprinkler in a
pre-flashover fire; the thermal response of theingpr head and the interaction
between the water spray and smoke layer.

Theoretical analysis is as follow. The gas tempeeatise at the ceiling can be roughly
estimated by the expression:

_0.220%°
Where

AT, --gas temperature rise at ceiling, K;

Q--rate of heat release from the fire plume, kW,
H--height of atrium, m.

Normally, the sprinkler heads would have a tempeeatating between 57 and 68

C. If the ambient air temperature is‘@0and the heat release rate is 5 MW, then the
sprinklers will only be actuated if the atrium Haigs less than 20m. A normal
sprinkler head installed by a fire is of less thadW. For an atrium of 30m height, the
value of Q actuating a sprinkler head would be 17k&Mhore.
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The time required for actuating a sprinkler headapn excess temperature of G0
is:

AT
t, =188In| —2—
AT, -50

Where
t--actuation time, s;

(117

T--time constant, ifs®2. (for the normal sprinkler heacs188)

For an atrium of height 15m with a 5 MW fire, thmé required for actuation (normal
head) is about 6 minutes. Therefore, normal spnnkkad is not suitable for the
purpose. A fast response sprinkler head seems tmdre appropriate as the time

2 the actuation

constant,, in the Equation 1.18 will drop to a value aboutrat’s®
time becomes much shorter. Similar ceiling height®m requires only 1 minute for

actuation.

Even when the sprinkler head is actuated, the snsoéeoled by the discharged water
spray and loses its buoyancy. This together withrélaetion force due to the air drag
experienced by the water droplets would pull theolsenlayer downward and give
adverse effects on the occupants still stayingdenghe atrium space. If a smoke
extraction system is installed, the effectivendssmight be reduced due to this strong
downward force acting on the smoke layer. Theretbeeprovision of a mechanical
smoke extraction system seems essential. It istldulwhether sprinkler should be
installed in a high headroom atrium.

Chow and Chau (1994) also indicate that automatimiders installed at the atrium
ceiling might not be good in controlling an atridfire. Mawhinney (1994) suggests
that a review of current, strategies and assumgtatrout the behavior of cold smoke
in atria in sprinkled building should be conductddhe scenario of smoke from a
shielded, sprinkled fire in a floor area adjacemtan atrium could be considered.
ASHRAE has a research project to study the hazatdetoesulting from sprinkled
fires in a communication space.

1.10 Research Objective
Currently, there are a number of calculation meshenhilable to designers for smoke
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control of atrium buildings. And there are also magsearches on smoke movement in
atrium building. Different geometrical arrangemeaitsire inside a building could lead
to different entrainment, and hence different pllerpressions.

The amount of air entrained into the plume will deppen the configuration of the
plume produced. Milke identified five configurat®onf smoke plume which may exist
within atrium buildings, these are:

1) Axisymmetric plume

An axisymmetric plume is generally expected frofiralocated near the centre of an
atrium floor. This type of plume is typically remdtem any walls and air is entrained
around all sides of the plume. Entrainment of alt @gcur over the full height of the
plume until it reaches the interface with a smakeet which may have formed above.
A classical analysis of axisymmetric plumes hasnbesried out by Morton, Taylor
and TurneP.

2) Wall plume

A plume which is generated from a fire against dl veaknown as a wall plume.
Zukoski?? developed a wall plume entrainment correlation edan “mirror
symmetry”. Work by Poreh and Garrad has highlighteat further research on wall
plume entrainment is desirable.

3) Corner plume

A plume which is generated from a fire located he torner of a room, where the
walls form a 98 angle, is known as a corner plume. ZukdéKitreated the corner
plumes in a similar manner to a wall plume with tiee of “mirror symmetry” for
plume entrainment. Again, work by Poreh and Gatrad demonstrated that further
research is desirable for corner plume entrainment.

4) Spill plume

A spill plume is a vertically rising plume resulginfrom an initially horizontally
moving smoke layer which then subsequently rises spill edge (e.g. at an opening
onto an atrium space). This type of plume is theomé&pcus of this work as is
described in detail in the following section 6.
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5) Window plume (door plume)

A window plume is a plume which flows from a winddar doorway) into an atrium
space. Typically, window plumes are generated frpost-flashover fires. An
entrainment correlation was developed by Heskebtadpmparing the air entrainment
for a window plume with that of an axisymmetric pile@. The window plume
entrainment correlation is given by Klote and Mili&

Full-scale burning tests were performed to defineeglume expressions empirically.
However, widespread use of this approach is nat@woically feasible and
experimental data are limited. With the rapid depetent of computational fluid
dynamics (CFD), it is now possible to assess thmplequations, and CFD might be
regarded as a useful tool in solving some plume&dlm buildings. There had been
earlier works on assessing the temperature and floasermulae for some expressions
on axisymmetric plumes and balcony spill plume$ @D packages.

However, there is less research on the effectref lbcation on plume entrainment,
balcony plume entrainment and smoke movement gelapace with the sloping floor.
There are three specific objectives which this repons to address, these objectives
are described below:

1) Plume entrainment in a large space with diffefiea location

2) Balcony plume in a large space building with caumicating compartment

3) Smoke movement in a large space with slopingyflo

Computational Fluid Dynamics and scale model expenits are two possible methods
for the determination of smoke movement in theddygilding.
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2 Governing Equations and Large Eddy Simulation

2 Governing Equationsand Large Eddy Simulation

Smoke and fire movement in a building is usualljudbulent flow with significant
density variation due to large temperature gradieht the field of fire protection
engineering, zone models are frequently used foysbf fire hazards or design of
protections systems. In recent years, however, oatatipnal fluid dynamics (CFD)
has shown great value as a tool to study smokefismdnovement. In the CFD
approach a limited number of assumptions are madedigh-speed digital computer
are used to solve the resulting governing fluidadyic and heat transfer equations.
CFD is divided into three types:

(1) Direct numerical simulation (DNS);

(2) Reynolds averaged Navier-Stokes equation (RANS)

(3) Large eddy simulation (LES).

DNS requires the grid resolution to be as fine asseously determined scale. Using
DNS with simple geometry and a low Reynolds (Rejnbar flow provides very
valuable information for verifying or improving tulence models. However, the
number of DNS grid points required for the resalntiof all scales increases
approximately as Re. This creates difficulty in Harglhigh Re numbers with strong
buoyant flows, such as fire and smoke movementlgnabin realistic conditions.
Large-eddy-simulation (LES) for solving the fluid rdamic equations of 3D elliptic,
reacting flow.

LES is considered somewhere between DNS and k-aleimbe model computations.
The basic idea behind the LES technique is that edti@ account for most of the
mixing is large enough to be calculated with readds accuracy from the equations of
fluid dynamics. The small-scale eddy motion can helely accounted for. The LES
approach systematically captures more and moreeofiynamic range contained in the
Navier-Stokes equations as the spatial and tempesdlution is improved. This
approach to the field modeling of fire phenomenagleasizes high enough spatial and
temporal resolution with an efficient flow solvitgchnique.

In a LES calculation where the grid is not fine egiotio resolve the diffusion of fuel
and oxygen, an adjusted mixture fraction-based cmtdn model is used. The
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2 Governing Equations and Large Eddy Simulation

large-scale transport of combustion products casirbelated directly, but combustion
processes occurring at small length and time s@akesepresented in an approximate

manner.

2.1 Governing Equation

Smoke movement is a compressible physics phenomambit should be satisfied by
the following compressible flow equations:

Jop 0

Y +—(pu)=0 2.D

ot ax(p')

0 0 op 0 du Ou || 20 [ Ou

—(pou)+—(puu. |=—+—| y| —+— | |-=—| u—L |+ pg (2.2

a4) axj(p' =5 ax[/”’(axj 6)§H 3a>g(”axjj 9

0 0 _ 0 oT

a(pCpT)"'%(pUijT)—&(/‘&]'Fq (2.3
j j j

0

Here, all symbols have their usual fluid dynamioaaning: is the density, u the
velocity vector, p the pressure, g the gravity ggctp the constant pressure specific
heat, T is the temperaturg, is the thermal conductivity, t is the time, q Iset
prescribed volumetric heat release, R is the gastaat equal to the difference of the
specific heats R=£C,.

2.2 Turbulence M odd

LES solves the large eddy motion by a set of Bilerequations governing the
three-dimensional, time-dependent movements. Theallseddies are modeled

independently from the flow geometry.

The filtering operation decomposes a full fiqﬁc(,x,t), into a resolved component
@(xt) and a sub-grid scale componegi(x,t) *. The resolvable-scale component,

@ (x.t), is obtained from its full field,g (x,t), by employing a filterG(x,A) of

specified width A:
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2 Governing Equations and Large Eddy Simulation

p(x.t) =J'G(x—x’,A)¢)(x',t)dx’ (2.5)

Where, Q is the interested domain. The unresolved fieldnmnent,w(x,t) is
given by:
d(xt)=g(x,t)-@(xt) (2.6)

With the finite volume method used in the LES fotation, it seems natural to define
the filter width as an average over a grid volumhe< (AxAyAz)m).

In most LES involving compressible flows, the vates are Favre-filtered (i.e. density
weighted) by f = pf /p (f is a variable, ang is the density) in order to consider

density fluctuations.

Applying the filtering operation to each term irethonservation equations of mass,
momentum, energy and species, and decomposingfiendent variables (u; v; w; p;
etc.) into resolved and subgrid components resultie filtered governing equations,
shown below:

a_;'+—a;'u_' =0

(2.7
ot 0x
dpu. - or,
pluj +i(plu]ul_p _O_'ij):—i (28)
ot 0x 0x;
dlph) olpuh|l 50 o0 —aD _
( )+ ( )+%_%—u_@—5}:QHR— E_rld-'-zv (29)
ot ox ox ot 'ox ox

Where u; is the filtered velocity, o is the filtered density,p is the filtered

pressure,ﬁ is the filtered enthalpy per mass, CV the constahtme specific heat,

and GHR the filtered volumetric heat release rate thateigresented the following
section. Here, the diffusive fluxes are given by:

R
Uij:2/JSj _5 5.,3« (210
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2 Governing Equations and Large Eddy Simulation

g = -k — (2-11)

Where 7 is the molecular viscosity, and k is the thermaiductivity corresponding

to the filtered temperature T. The effect of theSSterms appears through the SGS
stresses ;5 the SGS heat flux Qthe SGS pressure dilatatidi,, and the SGS

contribution to the viscous dissipatioi ;. These quantities are defined as,

ry =p(uy, -ug,) (22

2, =0;§ ~ 0, 12b)

2.3 Sub Grid Scale Models

The sub grid scale (SGS) models for the unresoteechs in the momentum and
energy equations must be carefully treated. Ambegr/arious SGS turbulence models,
such as the mixed model and the two parameter miredel for compressible
turbulence offered the best trade off between awmyuland cost. In the thesis, the
modeling of the SGS stresses has received compagathore attention than the other
unclosed terms (2.2b) for compressible flows. This@ropic part of the SGS stresses
is treated using the Smagorinsk model, while thkisSknodeled with a formulation
developed by Yoshizawa],

J 5 J
T -g’fkk =-C2A |s|(sj —Es«j =Cgd; (2.13a)
T« =G 2ph*|§8°=Cp (2.13b)
N2 = dlj N2=|ql?
g =-2A p|s|(sj _33*} B=20°p|Y (2.13c)

Where G and G are model constants

Yoshizawa proposed an eddy -viscosity model forklyeeompressible turbulent flows
using a multi-scale, direct-interaction approxiroatimethod and suggested that
Cr=0.0256 and =0 based on theoretical arguments.
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2 Governing Equations and Large Eddy Simulation

The SGS heat flux (2.12b) needs to be closed. Alsirapproach is to use an eddy
diffusivity model of form
— 52

] :—&G_T:—CRﬁa_T (214)

Pr. 0x Py 0x;

The turbulent Prandtl number-an be fixed (e.g P+0.7, P§=0.4)

2.4 FDS Introduction

The CFD model used in this study was Fire DynanSicaulator (FDS) which has
been developed by McGrattan et al of the Natiomdatitute of Standards and
Technology.

This model numerically solves a form of the Nav#okes equations appropriate for
low-speed, thermally driven flows typically genedtby smoke and heat transport
from fires. The fundamental equations and the nigakealgorithm within the model
are given by McGrattan et al and are discusseadtios 2.2 and 2.3. In this study,
FDS was set to treat turbulence by means of theg8nmsky form of Large Eddy
Simulation (LES).

A complete description of the FDS model is givemdference&®.Inputs required by
FDS include the geometry of the structure, the aatatpnal cell size, the location of
the ignition source, the energy release rate ofghiéion source, thermal properties of
walls, ceilings, floors, furnishings, and the sitecation, and timing of door and
window openings to the outside which criticallylugnce fire growth and spread.

The results of the model have been visualized usiegpost processing tool called
Smokeview (version 3.1) developed by Forney and Mt@n. Smokeview is a
3-dimensional imaging software tool which can shisesurfaces (e.g. temperature,
mixture fraction) and 3D data files (e.g. tempemtwelocity and pressure).

Smokeview is a scientific visualization programttineas developed to display the
results of an FDS model computation Smokeview altive viewing of FDS results in
three dimensional snhapshots or animations. Smokewan display contours of
temperature, velocity and gas concentration in glaslices. It can also display
properties with isosurfaces that are three-dimevaiprofiles of a constant value of
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2 Governing Equations and Large Eddy Simulation

the property. Iso-surfaces are most commonly usegrovide a three-dimensional
approximation of the flame surface where fuel argigen are present such that flames

may exist.

From the predicted airflow pattern and temperatiglds, the smoke layer interface or
thermal stratified layer, height is obtained bypesting the positions where there are
sharp changes of temperature in the vertical doecfThe hot layer temperature is
taken to be the average value over all at the abo#ills in the smoke layer.
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3 Similar Theory and Dimensionless Numbers

Scale model experiments are based on the similarityciple. Similarity criterion
numbers can be found from the governing equatibsmoke flow.

3.1 Similar Theory

The governing equations for mass flow, energy flowd contaminant flow in a room
will be the continuity equation, Navier-Stokes efiss, the energy equation and the
mass transport equation, respectively.

The continuity equation for an incompressible flagv given by the following
expression:
@ +@ +a_W = (31)

ox o0y 0z

u, v, and w are the instantaneous velocities inthihee coordinate directions x, y, z. It
means velocity is the sum of a mean value andbaulemt fluctuation, such as u is the

sum of a mean valué& and turbulent fluctuationu’ (u=u+u").

The Navier-Stokes equation in the direction of ggdy-direction) is given by the

expression:

ov ov ov oV ap 0°v ov  ov

— +Uu—+VvV—+W—)=——""+ + + - T-T (3.2
Pl ox ay o7 dy ”(axz oy* dzzj POA(T =)

p, T, t are temperature and time, respectively, Byig a reference temperature (supply

temperature). Angh, 8,4 and g is density, volume expansion coefficienscusity

and gravitational acceleration, respectively. Thengity and the viscosity are in
principle functions of the instantaneous tempegraiiyrbut except for the gravitational
term the effect is ignored due to the level of temagure differences that occur in

practice. The term(T —TO) expresses the influence of the temperature in the

gravitational term in a formulation called Boussgapproximation.
The energy equation is given by the expression:
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PC (-+u—+v NPy + 37 (3.3)

oT odT  oT 0T, ,(0°T  9°T o°T
—+wW—) = + +
ot ox oy 0z
Cp, A, and q are specific heat, thermal conductivity bedt release rate of heat source.
Where, in the fire location there is a heat sowmeéd its power is g, otherwise in the

other areas q is equal to zero.

The equations (3.1) to (3.3) describe the velagjty, w, the temperature distribution T
and pressure distribution p. The variables can alsaused for calculation for air
volume flow, convective air movement.

It should be noted that radiant heat transfer, vic&an be an important part of the heat
flow in a building, has not been considered.

According to the similarity principles, the govergi equations in a no dimensional
form can be developed. The defining dimensionlesigpendent variables as:

X =x/h, y =ylh Z =z/h (3.4)

Where, i is a characteristic length of interest in the peoh A typical characteristic
length in ventilation problems is the height of glypslot iy or the square root of the
supply area. The height of a hot or a cold surfza® also be used as characteristic
length in situations where free convection is thesmimportant problem as for
example in the case of cold downdraught in an @itréd low outdoor temperatures. In
fire smoke movement, a typical characteristic larffl is the height of the model.

The velocities:

u =ul/u,v =viu, W =w/u, (3.5)

Where y is a characteristic velocity, normalized by thppy velocity u0 found from:

u, =Ve,/ A, (3.6)
Where \j is the volume flow rate to the inlet ang & the supply opening area of
inlet.
=TT (3.7)

T —Tp

Where, T, Tr is supplement temperature, exhaust temperatupecteely.
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Pressure p, heat source Q and the independenbhatime t are normalized by the
following expressions:

P =p/ou (3.8)
=Qg (3.9)
t' =tu,/h (3.10)

Where, @ is a characteristic heat release of the fire saurc

Equations (3.5), (3.6), (3.7), (3.8), (3.9) andL(3.are substituted into equations (3.1)

to (3.4) and the following dimensionless governeogiations are obtained
ou  ov  ow

—+—+—=0 ®1
ox o0y o0z

—+U —+V —+ =

N L v N dp gv _ov oV h :
v v Vaew o H ( e Vj—’gg"(TR—TO)T (3.12)

+
ot’ ox oy 0z oy phuloX oy o7 d,
or° .97 . oT . oT A d1T 617 9T ‘
——+tU —/+V —/—+wW )= — At —— |+ % —Q (3.13)
ot 0X oy 0z = cphu\ox oy 07 ) pcuTh

It is obvious that the following dimensionless nwerdbappear in the equations:

ar = BT To)

; @)1

Re=* r/'juo (3.15)

pr:”TCp (3.16)
RS M (3.17)

CACUTNG pg, g T

A;, Re and Pr DIl are called Archimedes number, Rieigmaumber, Prandtl number
and Damlohler's ratio respectively.

The Archimedes number may be considered as a oétibermal buoyancy force to
inertial force, while the Reynolds number may bekkd upon as a ratio of inertial
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force to viscous force. The Reynolds number capn aks considered as a ratio of
turbulent diffusion to laminar diffusion. The Prandumber is the ratio of momentum

diffusivity to thermal diffusivity. Damlohler's rat is the ratio of heat release rate by
burning to convection.

3.2 Similarity Principles and Conditionsfor Model Experiments

The general conditions for scale model experimetits flow in a room are:

1) Identical dimensionless sets of boundary coownl#j including geometry, in room
and in model.

2) ldentical dimensionless numbers, equations §3tb0(3.12), in the governing
equations for the flow in the room and in the model

3) The constanis, S, u in the governing equations (equation (3.1) to)j3should

only have a small variation with in the applied parature and velocity levels.

The requirements of identical dimensionless boundanditions are met when the
model is geometrically similar to full scale in tketails that are important for the
volume flow and the energy flow.

In smoke movement experiments the problem can dkevdth the Reynolds number is
high and the flow pattern is governed mainly byullyfdeveloped turbulence. The
Archimedes number or Froude number is the only mamb dimensionless number
and they can both be fulfiled by an appropriatenbmation of velocity and
temperature difference.

In the fire small scale model experiment designyri®éds number is large enough that
the movement is turbulent flow with fully developdéldw. The experiments are
characterized by the Archimedes number and Danmishiatio:

- /tho (TR _TO)

Ar =idem (3.18)
Uy
| =L2=idem (3.19)
pocpuoToho

The reduced scale model is geometric similaritgheofull scale model. The geometric
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scaled is as follow

— =1 =const. 3.20)
Xy =% (L /Ly ) 3.71)

L--length;

x--location;

Subscripts;

F--full-scale;
m--reduced-scale model.

The temperature is the same in the correspondicefit;m between the reduced scale
model and full scale model.

T =T, (3.22)

According to the equatiof8.16),velocity and volumetric rate scaling relationshs@s

follow:
LY

vm=vf(—m] =v, A Y? (3.23)
Lf
L 52

Ve, =Ve, {L—mj =Ve, A ¥? (3.24)
f

Where

v--velocity, m/s;
Ve-volumetric inlet air supply rate or smoke exhaase, ni/s.

According to the equation (3.17) and (3.20), thee fheat release rate scaling
relationship is as follow:

Qum =Qur (Ln/ L )™’ (3)25

Where
Qc--convective heat release rate, KW.
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Scaling relationships for the physical modeling sttewn as in Table 3.1.
Table 3.1 Scaling relationships for the physicatieimg

location X, = X (Lm/ Lf)
temperature T,=T,

2
velocity Vin = Vs (Lm/ L )]/

52
heat release rate Qm=Q.; (Lm/Lf)
volumetric rate Ve, =Ve, (L, /Lm)E/2 =Ve A %2
Where
X--position;

L--length, m;

T--temperature, K;

v--velocity, m/s;

Ve--volumetric exhaust rate, KW;
Qc--convective heat release rate, KW.
Subscripts

F--full-scale;

m--reduced-scale model.
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4 Scale M odel Experiment: Appar atus and M ethodology
4.1 Physical Scale M odel

The experimental facility used for this study i®wi in Fig. 4.1. The physical model

is designed to be a 1/15 scale model of a theatreh has a length, width and height
20*20*30 m .The facility is a compartment with intg# dimensions of 1.335 m length

by 1.335 m width by 2.055 m height with an exhamséning on the center of the

ceiling. The exhaust opening has a diameter of @1@vhich is connected with an

exhaust duct. The ceiling, floor and one of waleyevmade of wood. Three walls were
made of Perspex (glass). The two inlets were dedigm the bottom of every side wall

as shown in Fig. 4.1. These inlets connected wteupply duct, had a width 300-mm

and height 200 mm, which had holes on, with 40 greiage areas available for air
supply. To allow for visual observation within tbempartment, one glass observation
was remained, and the two were shielded by shdthesinlet duct and smoke exhaust
duct were connected with an orifice flow meter anfdn respectively as shown in Fig.
4.1.

The physical scale model is shown in Fig. 4.2.

micro manometers

Smoke exhaust

digital themomeyer

camera system

micro manometers
W p— :K

o _
ﬁ electrical heater
Air inlet FH@FH —
| smoke box {%

data monitor system

Fig. 4.1 Sketch of the model
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Fig. 4.2 The physical scale model

4.2 | nstrumentation

In the test compartment there were thermocoupés ti@ test the smoke temperature.
The electrical heater was used as the fire soditte.smoke was produced by smoke
box using fuming liquid.

Frequency conversion method was used to changéatiserotation speed. The two
transducers were used for the air supplement fdnsaroke exhaust fan respectively.
And then the designed inlet air volume rate andaashrate could be obtained by
changing the electric frequency.

The volume flow rate was measured using the tleragplerture mounted in the each air
supply duct and smoke exhaust duct. Firstly theottler aperture ducts were
standardized. The rate of the smoke exhaustionirdatl air were deduced from the
static pressure difference measured by the microomaters and the temperature
measured by the thermocouple. There is a rulempilte model to measure the smoke
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layer height.

The two sets of throttle duct were used in the grpent. One is large and the other is
small. Their equations for calculating the volurieetate are as follow:

For the small duct set, the relationship betweenpttessure difference and volumetric
rate are as follow:

Ap = 0.00998Ve* 47 1.
Ve =9.465Ap"*"° 4.2)
Where,

Ap--mmH0;

Ve--m?/h.

For the large duct set, the pressure differencevahanetric rate are as follow:

Ap =0.0059578), > (4.3)
Ve =12.329Ap*4%0%¢ 0.4
Ve, =VeE</l—7 (4.5)

Yo,
Ap--Pa
q,--m/h;
Ve--m*/h;

Ve, --the practical volumetric rate in the test.

The volume rate can be calculated by the presstiezethce tested in the experiment.
Inlet air velocity may be calculated by the volurreetate and actual inlet areas.

V, =
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4.3 Test Methods

Before the test, the exhaust and inlet fans weeneg. The transducers were adjusted
to ensure the designed air supply rate and smokausk rate according to the
experimental cases. The smoke producer and elgctneater were turned on for
several minutes. When the air flow in the modeldretp the steady, then carefully
made the smoke filled the smoke box, and the amgwas switched on at a fixed
voltage to obtain a uniform outlet velocity.

In the experiment beginning the smoke enteredthleacompartment, the smoke plume
rose quickly up to the ceiling, then the plume agrhorizontally and down, eventually

formed steady smoke depth and then stopped atarcheight in several minutes. The

smoke layer height, smoke temperature and inlg¢eaiperature were measured during
the test.

The smoke layer height was deduced from the terhpergorofile collected by
thermocouple and the smoke image observed or cdnghideo. Temperature data
were recorded every ten seconds during the teststion a multi-channel data
acquisition system. The conditions in the test spaere observed by a video camera.
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5 Experiment and FDS Simulation on Plume Entrainment for
the Different Fire L ocation

The volume of smoky gases generated from a firbivéin atrium is highly governed
by the mount of air entrained into the rising smpkeme. The volume of smoke must
be calculated in order to determine the requiredcipacity or vent area for a smoke
ventilation system. The amount of air entrained itite plume will depend on the
configuration of the plume produced. Milke idergdi five configurations of smoke
plume which may exist within atrium buildings.

The axisymmetric plumes were discussed in this@ecthe series of experiments and
FDS simulations with the steady-state fire weredtmted to study the effect of the fire
location on smoke movement or entrainment ratesrdfom the surroundings.

The fire source was placed in the four differemtlons on the floor, shown as in Fig.
5.1 and Table 5.1. The inlet air supply rate andlsrexhaust conditions in each fire

location experiments were shown in Table 5.1.

Table 5.1 Different fire location and designed fi@ver in experiment

Scheme A(center) B(beside the wall)  C(corngrD(Between a and C)
Heat release rate(W) 300/500 300 300/500 300
X position(m) 668 668 85 376
Y position(m) 668 85 85 376

All dimenson in mmr

668

899

9/€

668

85 B
L
i N

O Heat source

Fig. 5.1 Location of heat source on the floor
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Three trees of the thermocouple were collocatetierdiagonal of the model shown as
Fig. 5.2. A set of 6 thermocouples with 380mm inéds was vertically placed at the
center of the compartment over the fire sourcee@ond set of 6 thermocouples with
38-mm intervals was also vertically placed at tener of the compartment, and a
third set of 3 thermocouples with 380mm, 155mmrirdés was also vertically placed
at the other corner of the compartment, as showign5.2.

tree2
o 23 —_

treel tree3 3
9 15 w ¥
w0
3 8 o 14 R
All dimensiol in mmr 2
™
o 2 o7 ° 20 B

. g |1
tree3 —— «
334 ®
668 o o o o e
———————tree2 ™ 10 5 12
o (‘:)‘ o
o
o™
© z 18 o 17 4 o 11  19¢+

N
=
=
o
E
=
380

1
1335 e 125 -
022 1335

X

Fig. 5.2 The arrangement of thermocouples

5.1 Experimental Conditions

The series of experiments with the steady-stat dim filling (no ventilation) and
ventilation condition were conducted. The smokeagsih rate and inlet air supply rate
were designed in order to get a steady smoke faight.

The inlet air supply rate and smoke exhaust camtivere summarized in Table 5.2.

5.2 Smoke Filling

Smoke filling experiments has been conducted tmatsteady-state fire located in the
four different location on the floor with heat rate 300W and 500W.
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Table 5.2 Inlet air supply rate and smoke exhaistin the experiment

Inlet air supply rate| Inlet air velocity | Smoke exhaust rate Smoke exhaust velocity
case (m3/s) (m/s) (m/h) (m/s)
1 0.006 0.031 22.9 0.811
2 0.009 0.044 32.6 1.154
3 0.012 0.060 44.2 1.564
4 0.016 0.079 57.8 2.046
5 0.020 0.097 71.2 2.517
6 0.025 0.122 89.8 3.178
7 0.030 0.147 108.2 3.828
8 0.044 0.215 157.9 5.585
9 0.058 0.283 207.6 7.342
10 0.071 0.350 257.3 9.099
11 0.085 0.418 307.0 10.856
12 0.099 0.486 356.6 12.614

To obtain more information about the smoke moveméntarge space building, CFD
simulations were finished by adopting large eddyuation (LES) technique. In the
simulations, the smoke movement was simulated sgady fire, and the combustion
stoichiometry is similar to polyurethane. The mlittemperature was set according to
the temperature measurements in the experiments.

Fig. 5.3 shows the measured results of verticalperature distribution of the

thermocouple tree 1 located in the southwest comeea function of the time for the
300W fire located in the center (Fire 1).
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Measured
30
P e
” //d'i/';::':
20 F————--—0u o
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Fig. 5.3 Test vertical temperature distributiométl) versus time in smoke filling (Center fire)

It is obvious that at the beginning of the ignitiohe temperatures are almost constant
from the bottom to the top of the thermocouple .trikeshould be noted that the
experimental data taken from the measurements gliri8.5 minutes show that the
temperatures close to the ceiling increase markeadly then all the temperatures
increase uniformly. The descent of the smoke |&y/gery quick at the first period but
slows down later. This is attributed to the fa@ttthe rate of air entrainment from the
lower layer decreases as the smoke layer descenitierf The vertical temperature
distribution with smoke tends to be non-uniformhnét temperature gradient from the
floor to the ceiling. Temperature continuously gased with height up to the region
near the ceiling. Stratification effect can be dreed from the temperature changes
along the vertical direction at given times. Thenperature distribution indicates a
distinct interface between the hot upper layer thedrelatively cool lower layer, being
thick transition zone. The hot gas temperatureotstoo high. It also indicates that it
takes about a litter less than 3 minutes for sntoldescend the floor in the model.

The photographs of smoke filling prediction captulgy a digital camera for the fire
located in the center and corner are shown inFig.Appendix A.
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Fig. 5.4 Simulated vertical temperature distribnt{tree 1) versus time in smok#ing (Center

fire)

Fig. 5.4 shows the temperature profile of the treouple on tree 1 simulated by FDS

in smoke filling process. It shows the same trenfidthe smoke filling with the

experiment. However the temperature distributioresdanot indicates a distinct

interface between the hot upper layer and theivelgtcool lower layer.

Fig. 5.5 shows a comparison of smoke temperatungomit 1 and 3 on the tree 1

between experiment and FDS simulation. Accordintheéoresults of experiments and

simulation, the following conclusions can be madenf Fig. 5.3. The smoke

temperature tested in experiment is little higtamntthat FDS simulation. But it shows

relatively good coincidence in FDS result and eipent.
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Fig. 5.5 Comparison of temperature between expetimhelada and FDS predictions in smoke

filling (Center fire)

a7



5 Experiment and FDS Simulation on Plume Entrairtrf@nthe Different Fire Location

The photographs of smoke filling prediction simatatby FDS for the fire located in
the four locations are shown in Fig. 2 in Appenilix

Table 5.3 Smoke filling time and its entertainmemefficient

Fire A Fire B Fire C Fire D
Heat power
300 500 300 500 300 500 300 500
(W)
Filling time (s) 120 90 180 150 210 180 150 120
entertainment
0.0727 0.0459 0.0388 0.0562
coefficientoy

The filling times simulated by FDS are shown in [€5.3. According to filling time

constant equation (1.12) and (1.13), the entrainroeefficientr , of the plume lies

between 0.0388 and 0.0727. For the center fir@ntertainment coefficient, 0.0727, is
the maximal one. And the entertainment of fire e corner is the minimal one.
Results are accord with the plume theory. Jushadite was put near the corner, its
coefficient is not quarter of the fire in the cante

5.3 Center Fire (FireA)

1) Experimental result

Fire placed on the different position in the télse volume rate of the air supplement
and smoke exhaust are chosen in Table 5.2. Thisosediscusses the center fire
results.

For the center fire with heat release 300W and 5a0@/smoke layer height, inlet air
temperature, exhaust smoke temperature, and Ardesn@umber calculated are

shown in Table 5.4 and Table 5.5 respectively.

Table 5.4 The experiment result for the fire plaitethe center (300W)

. Dimensionless| Archimedes
Case| Layer height/m T/ C Tod C
height Z/H number
Al 0.350 20.9 33.3 0.170 837.203
A2 0.400 20.9 325 0.195 383.763
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A3 0.500 20.7 29.3 0.243 154.379
A4 0.600 21.3 28.7 0.292 77.461
A5 0.700 21.4 28.6 0.341 49.715
A6 0.800 21.6 28.1 0.389 28.116
A7 0.900 21 27.9 0.438 20.545
A8 1.100 20.8 27.4 0.535 9.219
A9 1.300 20.9 26.3 0.633 4.362
A10 1.500 211 25.7 0.730 2.418
All 1.700 21 25.3 0.827 1.587
Al12 1.850 21.4 24.5 0.900 0.848

Table 5.5 The experiment result for the fire platethe center (500W)

Case| Layer heightm T TJC Dimensionless| Archimedes
height Z/H number
Al 0.300 20.4 34.5 0.146 951.981
A2 0.400 20 33 0.195 430.079
A3 0.450 21 32.4 0.219 204.642
Ad 0.550 20.6 31.8 0.268 117.238
A5 0.600 20.9 31.1 0.292 70.430
A6 0.700 21.4 30.6 0.341 39.795
A7 0.800 21.1 29.5 0.389 25.011
A8 1.000 20.8 29.6 0.487 12.292
A9 1.200 21.2 28.6 0.584 5.977
Al10 1.350 21.1 27.8 0.657 3.522
All 1.500 21.1 27.2 0.730 2.252
Al2 1.650 21.1 26.5 0.803 1.476

The relationship between the dimensionless smoker l&aeight and Archimedes
number from the heat release rate 300W experinsesthawn in Fig. 5.6. A trend line
is added on the Figure which expressing the reialip between dimensionless smoke
layer height and Archimedes number. In order tafyéine equation 5.1, the test result
from the 500W fire is also put in Fig. 5.6. It iBvdous that the experiment points from
500W fire are distributed around the trend line.
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The relationship between Archimedes number and nbinaless smoke layer height
can be described as a formula as follow:

ﬁ = 0.9104A 0254 15.
Which Z is the smoke layer height; H is the heigihthe room.

Correlation coefficient is 0.99R° = 0.9969)

With the believable level 99%, so the confidenceeleof the relationship between
Archimedes number and dimensionless smoke layghhes very high.

Fire in the center y = 0.9104x 02543
R? = 0.9969
1
0.8 i‘
|
T 0.6 ‘\‘
N 0.4 Fh
[~
= = -
0.2 = =
0
0 200 400 600 800
Ar
300W = 500W Power(300W)

Fig. 5.6 Dimensionless smoke layer height vs. Arehdes number, the fire located in
the center of the floor

2) FDS Simulation

To obtain more information about the smoke layertloe smoke exhaust condition,
CFD simulations were finished by adopting largeyedunulation (LES) program. In
the simulations, the smoke movement was simulated Isteady fire, the initial
temperature and air inlet volume and smoke exhaaist were set according to the
measurements in the experiments.

Fig. 5.7 shows a comparison of smoke temperatwglgiat the corner of the model
(tree 1) between experimental and numerical tentperaimulated by FDS. The CFD
simulation seems to over predict the temperaturar riee ceiling and shows a
temperature gradient within hot layer, while thepexmental data indicate that the
temperature in the hot layer is uniform. Despite thfference in the temperature
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values between the simulation and experimental, dhire is a good agreement
between the experimental and numerical hot layghhé the compartment.
Comparison of experimental data with CFD model jtezhs indicate that, while a
one to one comparison of temperature does not\gixge good results, the CFD model
was able to predict the level of the hot layer & as the average temperature in this

layer.
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Air supply rate 0.03 fits
Smoke exhaust rate 108.3/m

Air supply rate 0.006 f¥s
Smoke exhaust rate 22.9/m
Fig. 5.7 Comparison of temperature rise betweermxental dada and FDS predictions (300W

center fire)

The smoke layer interface height photo obtainedlibgo and FDS are shown in Fig. 3
and Fig. 4 in Appendix A.

54 Wall Fire (FireB)

1) Experimental result

For the fire near the wall with heat release r&@\V8, the smoke layer height, inlet air
temperature, exhaust smoke temperature, and Ardesn@umber calculated are
shown in Table 5.6.

Table 5.6 The experiment result for the fire plabedide the wall (300W)

. Archimedes
Case| Layer height/m T/ C Tod C Z/H
number
B1 0.450 21.2 29.7 0.219 573.889
B2 0.600 21.7 29.1 0.292 244.814
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B3 0.700 21.4 28.4 0.341 125.657
B4 0.800 21.7 27.9 0.389 64.900
B5 0.900 21.8 27.1 0.438 36.596
B6 1.100 21.6 26.4 0.535 20.763
B7 1.200 21.5 26.1 0.584 13.696
B8 1.500 21.9 25.6 0.730 5.168
B9 1.750 21.6 25.3 0.852 2.988
B10 1.950 211 25.1 0.949 2.103
B11 2.000 21.7 24.8 0.973 1.144
B12 - - - 1 -

The relationship between the dimensionless smoker l&aeight and Archimedes
number from the heat release rate 300W experinsestiown on Fig. 5.8. A trend line
is added on the Figure which expressing the reialip between dimensionless smoke
layer height and Archimedes number.

The relationship between Archimedes number and nbinaless smoke layer height
can be described as a formula as follow:

ﬁ =1.0894Ar 0240 Fis

2) FDS Simulation

For the fire near the wall in scale model with hed¢ase rate 500W, the smoke layer
height on the different smoke exhaust was simulétedrDS. Inlet air temperature,
exhaust smoke temperature, and Archimedes numbeulai®d are shown in Table
5.7.

In order to verify the equation 5.2, the FDS sirialaresult of the 500W fire is also
put on the Fig. 5.8. It is obvious that the expermtpoints from 500W fire are
distributed around the trend line.
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Fire beside the wall y = 1.0894x0.2448
R? = 0.9941
1.0 4
1]
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Fig. 5.8 Dimensionless smoke layer height vs. Angides number, the fire located beside the wall

Table 5.7 FDS result for the fire placed besidewth# in the scale model (500W)

Dimensionless| Archimedes
Case| Layer height/m Tin/C Toul C
height Z/H number
B1 0.450 20 30.4 0.195 702.170
B2 0.520 20 29.7 0.253 287.822
B3 0.650 20 28 0.316 143.608
B4 0.750 20 27.7 0.365 80.601
B5 0.850 20 27.4 0.414 51.096
B6 0.950 20 26 0.462 25.953
B7 1.100 20 24.5 0.545 13.399
B8 1.320 20 25.1 0.672 7.124
B9 1.610 20 24.5 0.783 3.635
B10 1.820 20 24.1 0.886 2.155
B11 1.960 20 23.5 0.954 1.292
B12 - - - - -

5.5 Corner Fire(FireC)

1) Experimental result
For the corner fire with heat release 300W and 500/smoke layer height, inlet air
temperature, exhaust smoke temperature, and Ardesn@umber calculated are
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shown in Table 5.8 and Table 5.9 respectively.

Table 5.8 The experiment result for the fire puthie corner (300W)

Dimensionless| Archimedes
Case| Layer height/m T/ C Tod C
height Z/H number
C1 0.500 20.9 30.3 0.243 634.65
C2 0.600 20.9 29.5 0.292 284.51
C3 0.750 20.7 29.2 0.365 152.58
Cc4 0.900 21.3 28.8 0.438 78.51
C5 1.000 21.4 27.6 0.487 42.81
C6 1.150 21.6 27.1 0.560 23.79
Cc7 1.300 21 26.9 0.633 17.57
Ccs8 1.650 20.8 25.4 0.803 6.43
C9 1.900 20.9 24.3 0.925 2.75
C10 2.000 21.1 23.5 0.973 1.26
Cl1 - - - - -
C12 - - - - -
Table 5.9 The experiment result for the fire plaicethe corner (500W)
Case| Layer heightm T T Dimensionless| Archimedes
height Z/H number
C1 0.450 21.2 33.7 0.219 843.95
C2 0.550 20.6 32.7 0.268 400.30
C3 0.700 21.1 31.9 0.341 193.87
C4 0.800 20.9 30.6 0.389 101.54
C5 0.900 21 29.3 0.438 57.31
C6 1.000 21.3 28.8 0.487 32.44
C7 1.150 20.8 27.9 0.560 21.14
Ccs8 1.500 20.6 26.2 0.730 7.82
C9 1.750 20.8 25.8 0.852 4.04
C10 2.000 20.8 24.8 0.973 2.10
Cl1 - - - - -

C12
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Fig. 5.9 Dimensionless smoke layer height vs. Angdes number, the fire located in the corner of

the floor

The relationship between the dimensionless smoker l&aeight and Archimedes
number from the heat release rate 300W experinsestiown on Fig. 5.9. A trend line
is added on the Figure which expressing the reialip between dimensionless smoke
layer height and Archimedes number.

The relationship between Archimedes number and nkinaless smoke layer height
can be described as a formula as follow:

ﬁ =1.1585Ar 025 i3

In order to verify the equation 5.3, the test restithe 500W fire is also put on the Fig.
5.9. It is obvious that the experiment points frb@OW fire are distributed around the
trend line.

Fig. 5.10 shows a comparison of smoke temperatuf@gat the corner of the model
(tree 1) between experimental and numerical tentperaimulated by FDS. The CFD
simulation seems to over predict the temperaturar riee ceiling and shows a
temperature gradient within hot layer, while thepexmental data indicate that the
temperature in the hot layer is uniform. There igad agreement between the
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experimental and numerical hot layer height indbmpartment. The CFD model was
able to predict the level of the hot layer as \aslthe average temperature in this layer.

The smoke layer interface height obtained by vided FDS are shown in Fig. 5 and
Fig. 6 in Appendix A.
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Air supply rate 0.006 f¥s Air supply rate 0.03 fits

Smoke exhaust rate 22.9/m Smoke exhaust rate 108.2/m
Fig. 5.10 Comparison of temperature rise betwe@emrxental dada and FDS predictions (300W

corner fire)

5.6 Comparison

The Table 5.10 and Fig. 5.11 show the smoke lageghth of the three fire location
schemes on the same ventilation condition. It igias that the smoke layer height
with the fire located on the position C that istba corner, is higher than the others, on

the same air volumetric and smoke exhaust rateitiomsl

If the fire located in the center a symmetry pluarefree plume is formed and the
ambient air is entrained through the plume boundHmg decrease in temperature with
height is accompanied by broadening of the pluntkaareduction in the upward flow

velocity.

With the unconfined plume, there are no physicali&s to limit vertical movement or
restrict air entrainment across the plume boundatie fire (source) is located close
to the wall, or in the corner formed by the intetgm of two walls, the entrainment
will be reduced compared to the entrainment in ee fplume and the resulting
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restriction on free air entrainment will have arsiigant effect. In a buoyant plume,
temperature will decrease less rapidly with heightthe rate of mixing with cold
ambient air will be significantly less than for thebounded case.

The dimensionless smoke layer height vs. Archimedasber for the three fire
location is shown on Fig. 5.6.

Table 5.10 Comparison of smoke layer height orsdme ventilation condition (300W)

Layer height/m A B C

1 0.350 0.450 0.500
2 0.400 0.600 0.600
3 0.500 0.700 0.750
4 0.600 0.800 0.900
5 0.700 0.900 1.000
6 0.800 1.100 1.150
7 0.900 1.200 1.300
8 1.100 1.500 1.650
9 1.300 1.750 1.900
10 1.500 1.950 2.000
11 1.700 2.000

12 1.850

|BFireA BFireB OFireC |

Fig. 5.11 Smoke layer height
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Fig. 5.12 Comparison of three fire location

The order to analyze the smoke layer interfacetiposand air entrainment coefficient
of the three fire location cases, the test resatess compared with the algebraic
equations of plume entrainment.

As reported in the literatufe! ??1 B BY 3 fire plume can be divided into three distinct
regions. Those are the ‘continuous’ and ‘intermiftéame regions close to the source,
and a ‘conventional buoyant plume’ region aboveftame tip. Experiments indicate
that entrainment rates of air into the plume wdgddifferent for those three regions.
Therefore, different models and correlation paramseaire required for these regions.
The flame region is very complex with buoyancy-icéd turbulence, chemical
reactions, and thermal radiation. The entrainmentgsses are not as well-understood
as the other regions. Even the factors affectirg glume behavior are not clearly
identified.

Experiments have been carried out to get some aabpaorrelation, but very different
results were obtained by different researchers.p®&inempirical equations on mass
flow for a ‘large fire’ based on roof venting expeents were reported by Thomas et al.
The mass flow rate was found to be independertieheat output, but proportional to
the perimeter of the fire source and clear layeghteto the power of 3/2. Although
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there is little theoretical justification for thiafge fire’ equation, it was validated to be
consistent with existing experimental data by Hiykf?. This equation has the same
form as that by Zukoski et al. on the mass flowe iatthe continuous flame region.

Only the thermal plume behavior is considered ia thesis. This is taken as a natural
convective problem. Four axisymmetric plume equetiare commonly used to
calculate the mass flow rate m (in kg/s) at heigh{in meters) above a fire of
convective heat release rate Qc(in kW):

NFPA-92B equatiof®:

m=0.070."°2%3+ 0.0018), (5.4)

for z>z, where zis the luminous flame height.

Equation by Zukoski :

CT

p-a

Y3
m=C,_ (M] Qlez9? (5.5)

for z>z, where zdepends on Qand the diameter of the pool fire D, and

C,=0.21

Equation by McCaffrey! 34

Z 1.895

for % >0.2

C

Equation by Thomas et al. and Hinkley :
‘Small fire’ equation

Y3
m=0.1530{%} (z+1.8,%°)" (5.7a)

a~’p'a
for Z,Y?andZ, <H ,Z<H+A*-d
‘Large fire’ equation:

m=0.1882%* (5.7b)
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for A/*>(H-)/2, Z, >(H-d) and Z<(H -d)

wherep,, C,, and Ta are the density, specific heat, and teatyer of the ambient air,

H is the ceiling height, P is the perimeter of tine, d is the depth of the layer of hot
gas beneath the ceiling, andigthe areas of the fire.

The equilibrium smoke layer interface position ¢enestimated for a particular heat
release rate and exhaust rate using the testrdatgeriment.

The basic principle of such an estimate is basea statement of conservation of mass
applied to the upper smoke layer:

m=m,, (5.8)
Volumetric smoke exhaust from the upper layer is:
m,, = oNe (5.9)

Where
Ve-volumetric flow rate of exhaust gases’(si;
ps-density of smoke exhaust (kgindetermined based on the ideal gas law as:

353

= 999 5.10
=T (5.10)
Where

Ts-temperature of exhaust smokeY

The temperature of the exhaust smoke was testibe iexperiment.

The experimental results on a mass flow rate ofctger fire case are shown in Fig.
5.13. The results predicted by the existing theegyanmetric plume equations are also
shown in the Figures.

It is observed that experiment predicted resultshenmass flow rate agreed well with
the equations listed in NFPA-92B, the equation regab by Zukoski. The results

deviated from the equation due to McCaffrey. Ndtat tthis equation described the
induced behavior of the strong plume near the flamevith turbulent effects. Higher

entrainment rates resulted due to turbulences.
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Fig. 5.13 Variation of mass flow rate with height

The experimental results on a mass flow rate oftlinee different fire location cases
are shown in Fig. 5.14.
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Fig. 5.14 Comparison of Entrainment Coefficients

It is obvious that the plume entrainment coeffitseare about 0.0707, 0.0478, and
0.0376 for the fire located in the center, nearthte wall and near to the corner
respectively. It shows that the flow rate is 64%haf flow in a free central plume if the

fire is located near to the wall, and the flow retet8% of the flow in a free central

plume if the fire is located near to the corner.
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6 Experiment and FDS Simulation on Balcony Plume

In order to study the smoke flowing from a fireancommunicating space to atrium
and smoke flowing from a fire in the atrium to tt@nmmunicating space, the one half
of the test compartment was used as communicatdgdasided into four parts in
vertical direction by three clapboard as shown Eid.

Fig. 6.1 Test compartment with communicating cortipant

The communicating space dimension and thermocoupl® shown as Fig. 6.2.
There are four trees of thermocouple.

A set of experiments that fire put on the floor &done. Fire location on the floor was
shown as Fig. 6.3 and Table 6.1.
Table 6.1 Fire location

case X(mm) Y (mm)
AA 668 668
AB 85 85
AC 668 85
AD 668 1001
AE 668 1250
AF 85 1250
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Fig. 6.2 Model dimension and thermocouple Fig.Far8 location on the floor

6.1 Smoke M ovement from Atrium to Communicating Space

Smoke experiments with heat release rate 300W demne that fire put on the three
different location of the atrium floor as shownrFig. 6.3.

The smoke exhaust rate and inlet air supply rate wesigned in order to get a steady

smoke layer height. The inlet air supply rate antblee exhaust conditions were
summarized in Table 6.2.
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Table 6.2 Inlet air supply rate and smoke exhaistin the experiment

) Inlet air Smoke exhaust
case Inlet air supply velocity Smoke exhaust velocity
rate(n/s) rate (m/h)
(m/s) (m/s)
1 0.006 0.031 22.9 0.811
2 0.009 0.044 32.6 1.154
3 0.012 0.060 44.2 1.564
4 0.016 0.079 57.8 2.046
5 0.020 0.097 71.2 2.517
6 0.025 0.122 89.8 3.178
7 0.030 0.147 108.2 3.828
8 0.044 0.215 157.9 5.585
9 0.058 0.283 207.6 7.342
10 0.071 0.350 257.3 9.099
11 0.085 0.418 307.0 10.856
12 0.099 0.486 356.6 12.614

The fire placed in the center of floor that is c&g¥ fire near to the communicating
space, case AB fire in the corner of atrium, ca€efife beside the wall in the atrium.
At the test beginning the inlet and exhaust fartstae smoke box were opened.

Case AA Case AB
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Air supply rate 0.03 fits
Smoke exhaust rate 108.2/m

Case AC

Fig. 6.4 Experimental smoke layer height recordgditeo

For the case AA, at the test beginning the smolienplquickly rose up to the ceiling
and the plume spread horizontally and down, anchmkée some of them spread into
the second and third communicating space in thekemwove up process. Eventually
formed steady smoke depth in atrium and then stbgpea certain height in several
minutes. Meantime some smoke spread in the commitimicspace. Even if smoke
exhaust rate was very larger and smoke layer haigdirium was also high, but there
was smoke spread into the second communicatingesgmshown in Fig. 6.4. That is
the fire close to the communicating space so smiekeasy to spread into the
communicating space in the process of smoke move up

For the fire located in the corner or near the wathe atrium that is case AB and AC,

smoke move up to the ceiling and down, and spneiadtihe communicating space. But

steady smoke layer height both in the atrium aedcttmmunicating space is the same
as shown in Fig. 6.4.

During the test, the inlet air temperature, smaokieaast temperature and smoke layer
height in atrium were measured.

The tested inlet air temperature, smoke temperataneoke layer height, and

Archimedes number for the case AA, AB and AC a@shin Table 6.3, Table 6.4 and

Table 6.5 respectively. The smoke layer heighhmtables is the smoke height in the
atrium of the model.

The dimensionless smoker layer height vs. Archireedenber and inlet air volumetric
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6 Experiment and FDS Simulation on Balcony Plume

flow rate are shown in Fig. 6.5 and Fig. 6.6. Tést result of the case FA, that is fire
located in the center of the compartment withouhiemnicating space, is also shown
in the Figures.

Table6.3 Inlet air and exhaust smoke temperature, sriaylee height, and Archimedes number
for the case AA

AA300W
Measured
Calculated )
Oin Tin Tout smoke dimensionless| Archimedes
m¥s]| [c] C] Yer 1 peightzm | MM
height Z []
m] [-]
0.006 20.5 33.3 0.500 0.243 863.66
0.009 20 32.6 0.700 0.341 416.85
0.012 20.1 32.2 0.800 0.389 217.21
0.013 20.2 31.6 0.900 0.438 176.64
0.020 20.8 29.9 1.100 0.535 60.96
0.030 19.9 29.1 1.250 0.608 27.27
0.044 195 26.5 1.400 0.681 9.75
0.058 19.7 25.1 1.500 0.730 4.35
0.071 19.8 24.9 1.600 0.779 2.68
0.085 19.7 24.3 1.800 0.876 1.70
0.099 19.7 24.1 1.900 0.925 1.20

Table 6.4 Inlet air and exhaust smoke temperasumeke layer height, and Archimedes number for

the case AB
AB300W
Measured
Calculated .
smoke . . Archimedes
Oin Tin Tout dimensionless|
layer ) number

[M3/s] [°C] [°C] : height Z/H

height Z 2 [-]

[m]

0.006 19.2 304 0.700 0.341 756.18
0.009 19.8 30.1 0.800 0.389 307.67
0.012 20.0 29.4 0.950 0.462 168.74
0.016 20.2 28.6 1.100 0.535 98.40
0.020 20.7 27.3 1.300 0.633 59.38
0.025 18.7 26.2 1.500 0.730 22.33
0.030 19.5 25.8 1.650 0.803 8.80
0.044 19.4 25.8 1.750 0.852 5.17
0.058 19.7 25.2 1.850 0.900 2.89
0.071 21.3 24.9 1.900 0.925 2.81
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0.085 - - 2.000 0.973 -
0.099 - - - - -

Table 6.5 Inlet air and exhaust smoke temperasumeke layer height, and Archimedes number for

the case AC
AC300W
Measured
Calculated .
smoke . . Archimedes
Qin Tin Tout dimensionless
layer ) number
[M3/s] [°C] [°C] : height Z/H
height Z [ []
[m]
0.006 20.3 31.3 0.600 0.292 607.65
0.009 20.4 30.5 0.750 0.365 301.06
0.012 20.4 29.4 0.850 0.414 161.56
0.016 20.8 29.2 1.000 0.560 87.93
0.020 20.4 29.0 1.150 0.657 59.38
0.025 20.7 28.7 1.350 0.730 34.60
0.030 19.5 28.0 1.500 0.779 25.31
0.044 19.8 26.5 1.600 0.827 9.36
0.058 20.1 26.1 1.700 0.876 4.85
0.071 19.8 25.7 1.800 0.925 3.10
0.085 20.7 26.3 1.900 0.925 2.07
0.099 - - - - -
1.0
0.9 ‘
0.8 \
0.7 u
0.6 }_\ .
% 05 x\.\\
0.4 X X ]
0.3 ) :
0.2 * 7.3
01 F
0.0
0 100 200 300 400 500 600 700 800 900
Ar
‘ AA = AB AC x FA power power—power‘

Fig. 6.5 Dimensionless smoke layer height vs. Angdes number
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Fig. 6.6 Dimensionless smoke layer height vs.ra@tisupply rate

It is obvious that the smoke layer height for theec AA is lower than the case AB and
case AC on the same air volumetric and smoke exmatesconditions. That is fire in

the center of the compartment, the plume entrarathbient air. If the fire (source) is
located close to the wall, or in the corner fornbgdthe intersection of two walls, the
entrainment will be reduced compared to the entraimt in a center plume and the
resulting restriction on the air entrainment wiiMe a significant effect.

Compare to the case FA that is the fire locatethencenter of the compartment, the
smoke layer height is higher in the case AA. Teatdme of the smoke spread into the
half of compartment with the balcony in the case AA

6.2 Smoke M ovement from Communicating Space to Atrium
6.2.1 Experiment Result

In order to study the balcony plume entrainment #rel effect of fire location on
entrainment coefficient, smoke experiments withthetease rate 300W were done
that fire put on the three different location oé tlecessed ground level room as shown
in Fig. 6.3. The fire placed in the center of theassed ground level room is case AD,
which is the fire located in the center of the camminating space. The case AE is the
fire in the corner of the ground level communicgtspace, case AF is that the fire
beside the wall in the ground level communicatipgce. At the test beginning the
inlet and exhaust fans and the smoke box were opene

The smoke exhaust rate and inlet air supply rate wesigned in order to get a steady

smoke layer height. The inlet air supply rate amblee exhaust conditions were
summarized in Table 6.2.
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During the test, the inlet air temperature, smaokieaast temperature and smoke layer
height in the atrium were measured.

The tested inlet air temperature, smoke temperataneoke layer height, and
Archimedes number for the case AD, AE and AF amwshin Table 6.6, Table 6.7 and
Table 6.8 respectively. The smoke layer height#d % in the tables are the smoke
height in the atrium of the model and the levelgpaespectively as shown in Fig. 6.7.

Smoke exhaust

Ceiling

—™ Airinlet

Fire

Fig. 6.7 Typical balcony plume

Table 6.6 Inlet air and exhaust smoke temperasumeke layer height, and Archimedes number for

the case AD
AD300W
Smoke
q;n vi[m/s] Tin Tout Iayer dim.ensionless Zp Zu/hs Archimedes

[m°/s] [°C] [°C] height height Z/H [m] number

Zp[m]
0.006 | 0.031 21.0| 294 0.400 0.195 0.40D0 0.524 567.14
0.009 | 0.044 21.2| 29.6 0.500 0.243 0.45D 0.590 277.90
0.012| 0.060 21.4| 294 0.550 0.268 0.46p 0.603 143.61
0.016 | 0.079 21.3| 29.2 0.600 0.292 0.46p 0.603 82.69
0.020| 0.097 21.3| 29.0 0.650 0.316 0.47D 0.616 53.17
0.025| 0.122 21.8| 28.7 0.750 0.365 0.48p 0.629 29.85
0.030| 0.147 20.6| 25.7 0.800 0.389 0.50p 0.655 15.19
0.044 | 0.215 20.7| 25.7 0.850 0.414 0.50D 0.655 6.98
0.058 | 0.283 20.9| 25.5 0.900 0.438 0.50p 0.655 3.72
0.071| 0.350 21.1| 25.3 0.950 0.462 0.50p 0.655 2.21
0.085( 0.418 21.2| 25.2 1.000 0.487 0.50p 0.655 1.48
0.099 | 0.486 21.3| 249 1.050 0.511 0.50p 0.655 0.98
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Table 6.7 Inlet air and exhaust smoke temperasumeke layer height, and Archimedes number for

the case AE
AE300W
Smoke
q;n vi[m/s] Tin Tout Iayer dimfensionless Zy Zu/hs Archimedes
[m°/s] [°C] [°C] height height Z/H [m] number
Zp[m]
0.006 | 0.031 20.8| 27.2 0.500 0.243 0.500 0.655 432.10
0.009 | 0.044 | 20.7| 275 0.600 0.292 0.550 0.721 224.96
0.012 | 0.060 21.1| 27.8 0.650 0.316 0.580 0.760 120.27
0.016 | 0.079 21.2| 27.9 0.700 0.341 0.600 0.786 70.13
0.020 | 0.097 21.6| 27.8 0.750 0.365 0.600 0.786 42.81
0.025 | 0.122 21.9| 27.6 0.800 0.389 0.600 0.786 24.66
0.030 | 0.147 22.2| 28.2 0.850 0.414 0.600 0.786 17.86
0.044 | 0.215 21.9| 27.9 0.900 0.438 0.600 0.786 8.38
0.058 | 0.283 21.9| 27.0 0.950 0.462 0.600 0.786 4.12
0.071 | 0.350 22.1| 26.4 1.000 0.487 0.600 0.786 2.26
0.085 | 0.418 22.3| 25.7 1.050 0.511 0.600 0.786 1.26
0.099 | 0.486 22.0| 25.0 1.100 0.535 0.600 0.786 0.82

Table 6.8 Inlet air and exhaust smoke temperasumeke layer height, and Archimedes number for

the case AF
AF300W
Smoke
q;n Vi [/s] Tin Tout Iayer dim_ensionless Zy Zu/hs Archimedes
[m7/s] [°C] [°C] height height Z/H [m] number
Zp[m]
0.006 | 0.031 20.8| 27.6 0.550 0.268 0.550 0.721 459.11
0.009 | 0.044 | 21.2| 27.6 0.650 0.316 0.580 0.760 211.73
0.012 | 0.060 21.0| 28.2 0.700 0.341 0.580 0.760 129.25
0.016 | 0.079 21.4| 28.0 0.750 0.365 0.600 0.786 69.09
0.020 | 0.097 21.3| 29.2 0.800 0.389 0.600 0.786 54.55
0.025 | 0.122 21.6| 28.2 0.850 0.414 0.600 0.786 28.55
0.030 | 0.147 209| 27.1 0.900 0.438 0.600 0.786 18.46
0.044 | 0.215 21.4| 26.8 0.950 0.462 0.600 0.786 7.54
0.058 | 0.283 21.3| 26.5 1.000 0.487 0.600 0.786 4.20
0.071 | 0.350 21.5| 26.2 1.050 0.511 0.620 0.813 2.47
0.085 | 0.418 21.4| 25.9 1.100 0.535 0.650 0.852 1.66
0.099 | 0.486 21.7| 26.0 1.150 0.560 0.650 0.852 1.18

The dimensionless smoker layer height vs. Archireedenber and inlet air volumetric
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flow rate are shown in Fig. 6.8 and Fig. 6.9 far tase AD AE and AF.
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Fig. 6.8 Dimensionless smoke layer height vs. Angdes number
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It is obvious that at the same Archimedes numbdraansupply rate the smoke layer
height is the lowest for the case AD. It is that tfire at the center of the
communicating space it is an axisymmetric plume @nds entrained around all sides
of the plume. In case AE and AF the fire placedrr@ewall or the corner of the wall

Fig. 6.9 Dimensionless smoke layer height vs.ra@tisupply rate

and their entrainment are restricted.

6.2.2 FDS Simulation

To obtain more information about the smoke layertloe smoke exhaust condition,
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CFD simulations were finished by adopting largeyedudnulation (LES) program. In
the simulations, the smoke movement was simulated Isteady fire, the initial
temperature and air inlet volume and smoke exheaaist were set according to the
measurements in the experiments.

Table 6.9, Table 6.10 and Table 6.11 show the trédsulthe 300W fire simulated by

FDS.

Table 6.9 Inlet air and exhaust smoke temperasumeke layer height, and Archimedes number for
the case AD by FDS

AD300W

Smoke
q;n vi[m/s] Tin Tout Iayer dimfensionless Zy Zu/hs Archimedes
[m°/s] [°C] [°C] height height Z/H [m] number

Zp[m]
0.012 | 0.060 20.0| 235 0.584 0.284 0.414 0.543 62.83
0.016 | 0.079 20.0| 234 0.613 0.298 0.450 0.590 35.59
0.020 | 0.097 20.0| 23.1 0.664 0.323 0.46] 0.604 21.41
0.025 | 0.122 20.0| 23.1 0.698 0.340 0.46] 0.604 13.41
0.030 | 0.147 20.0| 23.0 0.720 0.350 0.468 0.613 8.93
0.044 | 0.215 20.0| 225 0.734 0.357 0.482 0.632 3.49
0.058 | 0.283 20.0| 22.1 0.765 0.372 0.500 0.655 1.70
0.071 | 0.350 20.0| 21.8 0.802 0.390 0.501 0.657 0.95
0.085 | 0.418 20.0| 21.6 0.822 0.400 0.504 0.661 0.59
0.099 | 0.486 20.0| 21.3 0.884 0.430 0.509 0.667 0.36
0.012 | 0.060 20.0| 21.3 0.925 0.450 0.510 0.668 0.33
0.016 | 0.079 20.0| 21.3 1.020 0.496 0.512 0.671 0.26

Table 6.10 Inlet air and exhaust smoke temperasmneke layer height, and Archimedes number
for the case AE by FDS

AE300W

Smoke
q;n vi[m/s] Tin Tout Iayer dimfensionless Zy Zu/hs Archimedes
[m°/s] [°C] [°C] height height Z/H [m] number

Zy[m]
0.012 | 0.060 20.0| 24.5 0.597 0.291 0.508 0.659 80.78
0.016 | 0.079 20.0| 24.4 0.638 0.310 0.578 0.758 46.06
0.020 | 0.097 20.0| 24.3 0.661 0.322 0.628 0.817 29.69
0.025 | 0.122 20.0| 24.2 0.706 0.344 0.635 0.832 18.17
0.030 | 0.147 20.0| 23.8 0.725 0.353 0.583 0.764 11.31
0.044 | 0.215 20.0| 23.7 0.769 0.374 0.567 0.743 5.17
0.058 | 0.283 20.0| 23.6 0.777 0.378 0.597 0.782 2.91
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0.071 | 0.350 20.0| 235 0.803 0.391 0.594 0.779 1.84
0.085 | 0.418 20.0| 235 0.916 0.446 0.560 0.734 1.29
0.099 | 0.486 20.0| 23.3 0.975 0.474 0.509 0.667 0.90
0.102 | 0.500 20.0| 231 1.030 0.501 0.568 0.744 0.80
0.116 0.569 20.01 22.9 1.100 0.535 0.568 0.744 0.58

Table 6.11 Inlet air and exhaust smoke temperasaneke layer height, and Archimedes number
for the case AF by FDS

AF300W

Smoke
q;n vi[m/s] Tin Tout Iayer dim_ensionless Zy Zu/hs Archimedes
[m7/s] [°C] [°C] height height Z/H [m] number

Z[m]
0.012 | 0.060 20.0| 23.2 0.627 0.305 0.565 0.740 57.44
0.016 | 0.079 20.0| 23.0 0.653 0.318 0.632 0.828 30.36
0.020 | 0.097 20.0| 22.9 0.685 0.333 0.637 0.835 20.02
0.025 | 0.122 20.0| 22.9 0.715 0.348 0.658 0.856 12.11
0.030 | 0.147 20.0| 22.8 0.755 0.367 0.61Y 0.809 8.04
0.044 | 0.215 20.0| 22.7 0.760 0.370 0.627 0.822 2.65
0.058 | 0.283 20.0| 21.9 0.821 0.400 0.652 0.855 1.53
0.071 | 0.350 20.0| 21.9 0.886 0.431 0.653 0.856 0.79
0.085 | 0.418 20.0| 215 0.933 0.454 0.657 0.861 0.55
0.099 | 0.486 20.0| 215 1.060 0.516 0.597 0.782 0.41
0.102 | 0.500 20.0| 21.3 1.100 0.535 0.607 0.796 0.33
0.116 0.569 20.0 21.2 1.180 0.574 0.615 0.806 0.24

Fig. 6.10 shows a comparison of smoke temperaturi@eat the center of the model
(tree 1) between experimental and numerical tenperasimulated by FDS for the
case AD. The CFD simulation seems to over pretliettétmperature near the ceiling
and shows a temperature gradient within hot laybile the experimental data indicate
that the temperature in the hot layer is unifornespite the difference in the
temperature values between the simulation and empetal data, there is a good
agreement between the experimental and numerical l&ger height in the

compartment.
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Fig. 6.10 Comparison of experimental and Simulatiire located in the center of communication
space, (case FD)

Fig. 6.11 shows a smoke layer height for the c&sedptured by video.

Air supply rate 0.006 f¥s Air supply rate 0.03 fifs
Smoke exhaust rate 22.9/m Smoke exhaust rate 108.8'm
Fig. 6.11 Experiment photos for the case FD

Fig. 6.12 shows the temperature and smoke layaitr@mulated by FDS for the case
FD in the condition of air supply rate 0.008/snand smoke exhaust rate 22.3tm
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Fig. 6.12 Temperature and smoke FDS simulatiothi@icase AD

The smoke layer interface height obtained by vided FDS for the case AE are
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shown in Fig. 1 and Fig. 2 in Appendix B.

The smoke layer interface height obtained by vided FDS simulation for the case
AF are shown in Fig. 3 and Fig. 4 in Appendix B.

6.3 Balcony Plume Entrainment

Different geometrical arrangements of fire insidédwlding could lead to different
entrainment, and hence different plume expressiBasically, three types of plumes
are commonly encountered in designing smoke coaysiem.

Axisymmetric plumes: for a fire placed at the cendé a big hall, ambient air is
entrained from all sides along the height of they®. The research on this section sees
section 5 in this report.

Balcony spill plumes: for a fire in a shop adjacenthe atrium, scenarios with balcony
spill plumes involve smoke rising above the fiaching the ceiling, balcony, or other
significant horizontal projection; then travelingrlzontally toward the edges of the
balcony.

Door plumes: plumes issuing from openings, suchdasrs and windows, into a
large-volume, open space.

A typical balcony spill plume due to a fire locatatla recessed ground level room is
shown in Fig. 6.7. Hot smoke generated by therfges up to the ceiling of the room,
forms an elevated layer of thickness Db under thgewalcony, spills into the atrium
and then rises due to buoyancy. More ambient &nigined into it. The estimation of
the air entrainment rate is very important for gasig the smoke control system in an
atrium. Entrainment into the smoke flows at thecbal edge and into the rising plume
might be calculated by plume equation. For exangRE spill plume model and
plume model of Thomas detailed descriptions of thisthod can be found in the
literature.

Plume model of Thomas

Plume model of Thomas was taken as a ‘far pluns@gi from a line source of zero
thickness some distance below the void edge. Aivelg simple plume equation with
virtual source correction on mass flow rate mpeght Zp can be given as

2 7 022z +2a)1"°
m, = 058p, {QQTW} (z, +A){1+ #} (6.1)
Yo,

g-pa

WhereA is the empirical height of the virtual source vekhe balcony, ¢is the height
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above the balcony, and W is the width of the plasét spills under the balcony. For
small Z/W, the main term is consistent with Lee and Emmmiesiel'”®.. The results
would be reduced to the conventional point soutemp theory for g>>W.

Spill plume model of Poreh et al

By assuming that the entrainment into the curvedi@e of the spilling plume is
approximately equal to the entrainment into a ealtfree plume rising through the
same height, a very simple model was proposed bghRet al. for calculating the mass
flux of free plumes in relatively wide atria. Theags entrainment rate mp of the spill
plume at 7 is given by:

m, =m,+CQ"*(Z,+D,) (6.2)

Where, m is the mass flow of gases beneath the balcopis he depth of the smoke
layer beneath the balcony, and C is a constanthwkidefined as:

C=0.3C_pW?* 6.%)
Where, G, is the dimensionless entrainment coefficient, mheireed experimentally to
be 0.44 for a free plume.

Spill plume model of Thomaset al. "

Applying dimensional analysis without taking thesasmptions on similarity or

constant entrainment coefficient into account, atragnment coefficient of 0.11 was
deduced, rather than assumed for the larger hdwelvalue is consistent with the more
recent studies of line plumes. The mass entrainna@tmp at Zp can be estimated by:

m, =1.20m, + 0.15Z, Q,W* ¥*( 0.0023,) (6.4)
Taking the entrainment into both free eraisp as:

Am, =1.20m,+ 0.15& ) QW? 3*( 0.0023,) (6.5)
The total entrainment rate becomes:

m, =1.2m + 0.1&, QW? §° 0.002Q, + 0.0®,(Q,/W)** (6.6)

NFPA spill plume equation

Based on the interpretation of the small-scale exymnts by Morgan and Marshall, a
good linear relationship between mp ang #as found by Law®®. The mass
production rate can be expressed as:

m, =0.36QW? }*(Z, + 0.2%,) (6.7)

Where, R is the height of the balcony, Zs the height above the balcony,$Z,-hy)
and Q is the heat release of the fire.
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Although all these models were based on the saimef &xperimental data, different
mass flow equations were derived. The differencguis to the method for estimating
the air entrainment into the plume while hot smakepilling underneath a balcony
edge and rising into the large atrium void. Furtsterdies of these models are needed.
Three cases, AD, AE and AF, that is a fire locatethe center, beside the wall and the
corner of a recessed ground level room, as showkign 6.3, were considered for
studying the mass entrainment rate of the balcpiy@umes.

The experiment was designed to test the smoke lagght on the steady fire and
smoke exhaust rate condition. The equilibrium smialer interface position can be
estimated for a particular heat release rate ardhiest rate using the test data in
experiment.

The basic principle of such an estimate is basea statement of conservation of mass
applied to the upper smoke layer. The mass entebmate is obtained by the
following formula:

m=m,, (6.8)
Where, m is the mass flow rate of the balcony gpilime.

Volumetric smoke exhaust from the upper layer is:

rnout = psve (69)

Where
Ve-volumetric flow rate of exhaust gases*(si;
ps-density of smoke exhaust (kgindetermined based on the ideal gas law as:

353
- 6.10
P T (6.10)
Where

Ts-temperature of exhaust smoKe (. )

The temperature of the exhaust smoke and volumfiiicrate of exhaust gases were
tested in the experiment.

FDS simulation and experiment results of the caBe AE, and AF with the heat
release 300W are compared with those by differpifit ume models shown in Fig.
6.13. It is obvious that a linear relationship betw the numerical mp ang £an be
observed. The coefficient of the mass flow rat¢hefbalcony plume is between 0.342
and 0.468. A good agreement is found between theltseof CFD simulation and
experiment in this report and those predicted lyNRPA plume equations.

Larger discrepancies among the simulation, experimesults and those estimated by
the Thomas equation were found.
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The possible explanations are:

NFPA equation was derived from experimental datae E€quation of Thomas was
derived from two-dimensional plumes. The plume rigbt be two-dimensional and
there might be end entrainment.

0.30
0.25 | M
<. 020
; /. ’/(){ * ®
S 0.15 — * v g [] X )
= o | | X [ J
2 010 | g//x: X e
[ X [ ]
0.05 W&‘ﬂ & °
053} % $
0.00 ‘
0.5 0.6 0.7 0.8 0.9 1.0 11 1.2 1.3
Z,
¢ AD300W FDS = AD300W Experiment AE300W FDS
x AE300W Experiment AF300W FDS e AF300W Experiment
—+— Thomas ——NFPA

Fig. 6.13 Relationship between @nd m/(Q.W?)"?in three cases for the FDS simulation and
experiment (300W fire)

The smoke temperature and smoke layer height testibé experiment and simulated
by FDS for the 500w fire are shown in Table 6.18 &able 6.13.

FDS simulation and experiment results of the caBewith heat release 500W are
compared with those by different spill plume mod&iswn in Fig. 6.14. It is obvious

that a good agreement is found between the 5008\tésults and those predicted by
the NFPA plume equations.

Fig. 6.15 shows a comparison of CFD and experimesatlts for case AD, AE, and AF
are compared with that by spill plume models in NFR is obvious that the balcony
plume entrainment coefficient is independent of fireelocation. And compared with

the NFPA model, the error range of the results frodra experiment and FDS
simulation data in this report is between -0.08 @h. The balcony equation in NFPA
would give good predictions on the mass flow rate.
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Table 6.12 Inlet air and exhaust smoke temperasmneke layer height, and Archimedes number
for the case AD 500W

AD500W
Smoke
q;n vi[m/s] Tin Tout Iayer dim_ensionless Zy Zu/hs Archimedes

[m7/s] [°C] [°C] height height Z/H [m] number

Zp[m]
0.006 | 0.031 21.0| 30.7 0.450 0.219 0.40Q 0.524 654.91
0.009 | 0.044 21.3| 33.7 0.500 0.243 0.40Q 0.524 410.23
0.012 | 0.060 21.3| 33.7 0.550 0.268 0.40Q 0.524 222.59
0.016 | 0.079 21.5| 34.6 0.600 0.292 0.40Q 0.524 137.13
0.020 | 0.097 21.8| 324 0.650 0.316 0.40Q 0.524 73.19
0.025 | 0.122 21.8| 31.8 0.700 0.341 0.40Q 0.524 43.26
0.030 | 0.147 21.1| 275 0.750 0.365 0.40Q 0.524 19.06
0.044 | 0.215 21.4| 275 0.800 0.389 0.50Q 0.655 8.52
0.058 | 0.283 21.2| 27.2 0.850 0.414 0.50Q 0.655 4.85
0.071 | 0.350 21.5| 27.0 0.900 0.438 0.50Q 0.655 2.89
0.085 | 0.418 21.4| 26.4 0.950 0.462 0.50Q 0.655 1.85
0.099 | 0.486 21.7| 26.0 1.000 0.487 0.50Q 0.655 1.18

Table 6.13 Inlet air and exhaust smoke temperasaneke layer height, and Archimedes number
for the case AD 500W by FDS

AD500W

Smoke
q;n vi[m/s] Tin Tout Iayer dimfensionless Zy Zu/hs Archimedes
[m°/s] [°C] [°C] height height Z/H [m] number

Zp[m]
0.012 | 0.060 20.0| 25.8 0.579 0.282 0.414 0.543 104.12
0.016 | 0.079 20.0| 25.6 0.591 0.288 0.450 0.590 58.62
0.020 | 0.097 20.0| 25.0 0.610 0.297 0.46] 0.604 34.52
0.025 | 0.122 20.0| 24.8 0.685 0.333 0.46] 0.604 20.76
0.030 | 0.147 20.0| 24.7 0.697 0.339 0.468 0.613 13.99
0.044 | 0.215 20.0| 24.6 0.739 0.360 0.482 0.632 6.43
0.058 | 0.283 20.0| 24.0 0.781 0.380 0.500 0.655 3.23
0.071 | 0.350 20.0| 23.9 0.800 0.389 0.501 0.657 2.05
0.085 | 0.418 20.0| 23.2 0.819 0.399 0.504 0.661 1.18
0.099 | 0.486 20.0| 225 0.854 0.416 0.509 0.667 0.68
0.012 | 0.060 20.0| 22.3 0.891 0.434 0.510 0.668 0.59
0.016 | 0.079 20.0| 21.9 0.963 0.469 0.512 0.671 0.38
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7 Experiment and FDS Simulation on Smoke Movemehgirge Space Building with Sloping Floor

7 Experiment and FDS Simulation on Smoke M ovement in
L arge Space Building with Sloping Floor

As many large space buildings such as cinema, spoenas containing the sloping
floor are designed to meet the function and adsthretjuirement. In this chapter,
smoke movement in this kind of building is discukse

The scheme of the compartment with sloping flooshswn in Fig. 7.1. The half of
floor is designed as the sloping floor shown in.Fig. The sloping floor was made of
the filter.
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Fig. 7.1 Scheme of model with Sloping Floor
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7 Experiment and FDS Simulation on Smoke Movemehgirge Space Building with Sloping Floor

Fig. 7.2 Sloping floor

In the test compartment there were three thermdeduoges. A set of 6 thermocouples
with 380mm intervals was vertically placed at tlemter of the compartment over the
fire source. A second set of 7 thermocouples w@Bn3m intervals was also vertically
placed at the corner of the compartment, and a thét of 3 thermocouples with

380mm, 155mm intervals was also vertically placedthe other corner of the

compartment, as shown in Fig. 7.3.
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Fig. 7.3 Thermocouple in the sloping floor space
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Three degree sloping floor are designed as showimgin/.4.
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Fig. 7.4 Scheme of the sloping floor with differel@igree

7.1 Experiment Condition

The series of experiments were conducted. The swpetal schemes for the different
degrees of the sloping floor are shown in Table Fdr the 20 degree sloping floor
five cases have been designed to study the fieditotand other heat source on smoke
movement. One of them was that there was a calite lwdat source 100W on the
sloping floor, and the inlet air was induced frone topening in the two side of the
model as shown in Fig. 7.1b. The other two cases e heat power with 300W and
500W. And the inlet air from the opening in the t8ide of the model was induced into
the compartment through the sloping floor as showig. 7.1a.

Table 7.1 Degree of sloping floor and experimehesae

case angle location heat cables Air supq
SA 20 floor 300 0 slope
SB 50 floor 300 0 slope
SC 72 floor 300 0 slope
SD 20 floor 300 100 slope
SE 20 slope 300 0 sides
SF 20 slope 300 100 sides
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In the experiment beginning the fire source produsoke and the smoke plume rose
quickly up to the ceiling and then the plume sprbadzontally and down, eventually
formed steady smoke depth and then stopped attaircéreight in several minutes.
During the test, the inlet air temperature, smakieaast temperature and smoke layer
height were measured.

7.2 Experimental Result of the Sloping Floor with Different Angle

On the condition of 300W fire in the center of thedel, three sets of experiment were
conducted for the different angle sloping floor,sa®wn in Table 7.1. The tested inlet
air temperature, smoke temperature, smoke layghheand Archimedes number for
the sloping floor are shown in Table 7.1.

The smoker layer height vs. Archimedes number aled air volumetric flow rate are
shown in Table 7.2, Table 7.3 and Table 7.4. Tisaltdrom the center fire without
sloping floor is also shown in the Figure. It isvaus that smoke layer height of the
case SC is the lowest on the same inlet air sugde, That is that the compartment
volume is smaller as the degree sloping floor ggér. But the discrepancy is not very
distinct. The same dimensionless smoke layer héighArchimedes number is bigger
for the case SC, as the inlet areas is biggertamdthe inlet air velocity is smaller.

Table 7.2 The experiment result for the 20 degiaarsy floor (300W center fire)

~ | Smoke
Inlet air _ _ _
Oin exhaust| Layer Dimensionless Archimedes
Case 5 velocity _ Ti/ C | ToudC _
(m°/s) (mis) rate heighZ(m) height Z/H number
m/s
(m/h)
SAl | 0.006| 0.011 22.9 0.350 184 257 0.170 4115
SA2 | 0.009| 0.016 32.6 0.400 185 254 0.195 1907
SA3 | 0.012| 0.021 44.2 0.500 189 253 0.243 960
SA4 | 0.016| 0.027 56.3 0.600 19 25.2 0.292 571
SA5 | 0.030| 0.053 108.5 0.900 19.6 2438 0.438 129
SA6 | 0.037| 0.065 133.4 0.950 19.9 245 0.462 75
SA7 | 0.044| 0.077 158.1 1.150 19.1 242 0.560 59
SA8 | 0.058| 0.101 207.8 1.300 19.1 23.1 0.633 27
SA9 | 0.071| 0.126 257.4 1.400 19.3 228 0.681 15

85



7 Experiment and FDS Simulation on Smoke Movemehgirge Space Building with Sloping Floor

SA10| 0.085| 0.150 307.1 1.450 19.6 23.2 0.706 11
SAl11| 0.099| 0.174 356.7 1.650 19.7 215 0.803 4

Table 7.3 The experiment result for the 50 degiearsg floor (300W center fire)

Smoke
Inlet air Layer _ _ _
Oin _ exhaust _ Dimensionless| Archimedes

Case 5 velocity height | T{/C | To/C _

(m°/s) rate height Z/H number

(m/s) 5 Z(m)
(m°/h)

SB1 | 0.006 | 0.008 22.9 0.450 19.0 28.3 0.219 9068
SB2 | 0.007 | 0.009 25.4 0.450 18.9 28.1 0.219 7431
SB3 | 0.009 | 0.012 32.6 0.500 19.0 27.1 0.243 3958
SB4 | 0.012 | 0.016 44.2 0.600 19.3 26.5 0.292 1909
SB5 | 0.016 | 0.021 56.3 0.700 19.3 26.0 0.341 1092
SB6 | 0.025| 0.033 89.8 0.850 19.7 24.8 0.414 326
SB7 | 0.030 | 0.040 108.5 1.100 18.3 22.9 0.535 201
SB8 | 0.037 | 0.049 133.4 1.150 18.3 22.9 0.560 133
SB9 | 0.044 | 0.058 158.1 1.300 18.0 22.7 0.633 97
SB10| 0.058 | 0.076 207.8 1.450 18.7 22.5 0.706 45
SB11| 0.065| 0.086 234.2 1.500 18.8 22.3 0.730 33
SB12| 0.071| 0.094 257.4 - - - - -
SB13| 0.085 | 0.113 307.1 - - - - -
SB14| 0.099 | 0.131 356.7 - - - - -

Table 7.4 The experiment result for the 72 degiegarsg floor (300W center fire)

Smoke
Inlet air Layer _ _ _
Oin | exhaust] _ Dimensionlesg Archimedes

Case 5 velocity height Tin/C Toud C _

(m’/s) rate height Z/H number

(m/s) 5 Z(m)
(m°/h)

SC1 | 0.006| 0.004 22.9 0.400 18.4 27.1 0.195 40172
SC2 | 0.007| 0.004 254 0.450 18.3 26.9 0.219 32137
SC3 | 0.009| 0.005 32.6 0.500 185 26.5 0.243 20464
SC4 | 0.012| 0.007 44.2 0.550 18.5 26.3 0.268 10826
SC5 | 0.016| 0.009 56.3 0.600 19.0 26.3 0.292 6228
SC6 | 0.025| 0.014 89.8 0.700 194 25.8 0.341 2145
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SC7 | 0.030| 0.017 108.5 0.850 175 24.1 0.414 1512
SC8 | 0.037| 0.021 133.4 1.000 17.8 23.6 0.487 878
SC9 | 0.044| 0.025 158.1 1.200 18.0 22.1 0.584 442
SC10| 0.058| 0.033 207.8 1.450 18.2 22.6 0.706 274

SC11| 0.065| 0.038 234.2 - - - - -

SC12| 0.071| 0.041 257.4 - - - - -

SC13| 0.085| 0.049 307.1 - - - - -

SC14| 0.099| 0.057 356.7 - - - - -

The dimensionless smoker layer height vs. Archireedenber and inlet air volumetric
flow rate are shown in Fig. 7.3 and Fig. 7.4. Thsuit from the center fire without
sloping floor (case FA) is also shown in the Figuteis obvious that smoke layer
height of the case SC is the lowest on the sanet &t supply rate. That is that the
compartment volume is smaller as the degree slofiogr is bigger. But the
discrepancy is not very distinct. At the same disi@mess smoke layer height the
Archimedes number is larger for the case SC, asntaeareas is larger and then the
inlet air velocity is smaller.

The relationship between Archimedes number and nbinaless smoke layer height
for the 20, 50, and 72 degree sloping floor caddseribed as equation (7.1), (7.2) and
(7.3) respectively.

2 =187 % 1
2 =1.6003y %% ay
Z

£ =2.4378AP%"

H 3y

87



7 Experiment and FDS Simulation on Smoke Movemehgirge Space Building with Sloping Floor

1.0

0.9

0.8

0.7

RS
| '\\\.\__

Z/IH

0.2 ° *
0.1
0.0
0 200 400 600 800 1000 1200 1400 1600 1800 2000
Ar
‘ e SA = SB SC e FA power—power—power—power‘

Fig. 7.3 Dimensionless smoke layer height Vs. Arades number

10
09 |
08
07 . .

0.6

Z/IH

05 °

0.4 "
L]

0.3 = o
*

0.2

0.1

0.0

0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08
q(m®/s)

[#SA uSB 4SC e FA]

Fig. 7.4 Dimensionless smoker layer height vstialeflow rate for the different degree sloping

floor (300W)

The photos of the smoke layer interface heightiobthby the video for the sloping
floor are shown in Fig. 1 in Appendix C.

7.3 Experimental Result of the Sloping Floor with 20 Degree

1) Fire on the center of the floor
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In order to analyze the effect of other heat sounrtesmoke movement, the fire was
located on the center of the model and 100W cabkeput on the sloping as case SD.

The tested inlet air temperature, smoke temperataneoke layer height, and

Archimedes number for the heat source on slopingrfland fire in the center of

compartment are shown in Table 7.5.

Table 7.5 The experiment result for the 20 degiaarg floor (300W floor fire, 200W cable)

.| Smoke
Inlet air Layer ) ) ,
Case q;n velocity exhaust height | T,/C | TudC D|m§n5|onless Archimedes
(m°/s) (m/s) rate Z(m) height Z/H number
(m*/h)
SD1 | 0.006| 0.011 22.9 0.001 20.9 29.2 0.000 4679
SD2 | 0.009| 0.016 32.6 0.100 21.2 30.9 0.049 2681
SD3 | 0.012| 0.021 44.2 0.200 21.3 30.5 0.097 1380
SD4 | 0.016| 0.027 56.3 0.450 21.3 30.5 0.219 848
SD5 | 0.025| 0.044 89.8 0.550 21.9 29.1 0.268 261
SD6 | 0.030| 0.053 108.5 0.550 20.4 27.5 0.268 176
SD7 | 0.037| 0.065 133.4 0.550 20.7 27.8 0.268 116
SD8 | 0.044| 0.077 158.1 0.750 20.5 26.6 0.365 71
SD9 | 0.058| 0.101 207.8 0.850 20.9 26.6 0.414 38
SD10| 0.071| 0.126 257.4 1.000 20.9 26.2 0.487 23
SD11| 0.085| 0.150 307.1 1.150 21.2 26.9 0.560 18
SD12| 0.099 | 0.174 356.7 1.300 21.2 25.8 0.633 11

The dimensionless smoker layer height vs. Archireedenber and inlet air volumetric
flow rate are shown in Fig. 7.5 and Fig. 7.6. Thsuit from the center fire without
cable (case SA) is also shown in the Figures.
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It is obvious that the smoke layer height desce@sply with Archimedes number for
the case SD. When there is a cable on the slofpoog the heat release rate produced
by the cable disturbs the smoke movement. Espgcladl inlet air comes through the
sloping floor. The smoke layer height captured lolew is shown in Fig. 2 in Appendix
C.
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The relationship between Archimedes number and nbinaless smoke layer height
for the case SD can be described as equation (7.4).

ﬁ =1.3037Ar 0248 4y

2) Fire on the center of the sloping floor

In order to analyze the effect of the other heatr@® and fire location on smoke
movement, the fire was located on the center oskyging floor as the case SE and SF
in the Table 7.1. In these two measurements thet ait was supplied from the side
vent as shown in Fig. 7.1b.

The tested inlet air temperature, smoke temperataneoke layer height, and
Archimedes number for the fire on the sloping flaoe shown in Table 7.6 and Table

1.7.

Table 7.6 The experiment result for the 20 deglearyg floor (300W slope fire)

.| Smoke
Inlet air Layer ) ) ,
Case q;n velocity exhaust height | T'C | ToC D|m§n5|onless Archimedes
(m°/s) rate height Z/H number
(m/s) Z(m)
(m3/h)
SE1 | 0.006| 0.062 22.9 0.450 20.1 27.1 0.219 127
SE2 | 0.009| 0.088 32.6 0.550 19.9 26.8 0.268 61
SE3 | 0.012| 0.120 44.2 0.650 20.2 26.9 0.316 32
SE4 | 0.016 | 0.153 56.3 0.700 20.7 26.9 0.341 18
SE5 | 0.025| 0.244 89.8 0.950 215 26.5 0.462 6
SE6 | 0.030| 0.295 108.5 1.000 19.9 25.3 0.487 4
SE7 | 0.037| 0.363 133.4 1.100 20.4 25.8 0.535 3
SE8 | 0.044| 0.430 158.1 1.300 20.4 25.4 0.633 2
SE9 | 0.058| 0.566 207.8 1.450 20.6 25.1 0.706 1
SE10| 0.072| 0.701 257.4 1.600 20.3 24.6 0.779 1
SE11| 0.085| 0.836 307.1 1.700 20.5 24.3 0.827 0
SE12| 0.099| 0.972 356.7 - - - - -
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Table 7.7 The experiment result for the 20 deglegaryg floor (300W slope fire, 100W cable)

. | Smoke
Inlet air Layer ) i )
Gin ) exhaust ; . . Dimensionless Archimedes
Case 3 velocity height T/ C Toud C .
(m°/s) rate height Z/H number
(m/s) Z(m)
(m3/h)

SF1 | 0.006| 0.062 22.9 - - - - -

SF2 | 0.009| 0.088 32.6 - - - - -

SF3 | 0.012| 0.120 44.2 0.550 21.3 29.7 0.268 40.4
SF4 | 0.016| 0.153 56.3 0.650 21.4 28.8 0.316 21.9
SF5 | 0.025| 0.244 89.8 0.800 21.8 28.1 0.389 7.3
SF6 | 0.030| 0.295 108.5 0.900 20.4 26.9 0.438 4.9
SF7 | 0.037| 0.363 133.4 1.100 20.6 26.9 0.535 3.3
SF8 | 0.044| 0.430 158.1 1.150 20.5 26.2 0.560 2.1
SF9 | 0.058| 0.566 207.8 1.400 20.5 25.6 0.681 11
SF10| 0.072| 0.701 257.4 1.650 20.6 24.8 0.803 0.6
SF11| 0.085| 0.836 307.1 1.700 20.6 24.4 0.827 0.4

SF12| 0.099| 0.972 356.7 - - - - -

The dimensionless smoker layer height vs. Archirmedamber and inlet air volumetric
flow rate are shown in Fig. 7.7 and Fig. 7.8. Thsuit from the center fire without
cable (case SA) is also shown in the Figures.
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It shows that the effect of the cable on smokeoisvery distinct while the fire on the

center of sloping floor and the inlet air supplyedtly comes in the compartment from
the side vent. On the condition of the same inllesapply the dimensionless smoke
layer height is almost same compare to the firthencenter of the compartment. But
the Archimedes number is different as the inletagrare smaller than that in the
sloping floor supplement.

The relationship between Archimedes number and nbinaless smoke layer height
for the case SE can be described as equation (7.5).

ﬁ = 0.6903Ar 022 gy

The photos of the smoke layer interface heightinbthby video are shown in Fig. 3
in appendix C.

7.4 FDS Simulation

1. 20 degree sloping floor simulation and experitakeresult

Fig. 7.9 shows the temperature and smoke layeltr@swlated by FDS for the case A

and case E in the condition of air supply rate 660 and smoke exhaust rate 22.9
3

m°/h.
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Fig. 7.10and Fig. 7.11 show a comparison of smekeperature profile at the corner
of the model between experimental and numericap&rature simulated by FDS for
the case SA and SE respectively. The CFD simula@ems to show a smoke layer
temperature gradient, while the FDS simulation exygerimental data indicate that the
temperature in the hot layer is uniform.
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Fig. 7.11 Comparison of experimental and Simulati€ire located in the center of the 20 degree

sloping floor, inlet air supply from side vent (eaSE)

2. Side Vent Simulation
FDS was used to analyze the effect of the air suppde on the smoke. Fig. 7.12

shows the result that inlet air comes in the cotmpant through the side vent directly.
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7 Experiment and FDS Simulation on Smoke Movemeihirge Space Building with Sloping Floor

There are two schemes to simulate as showed i TaBl One is that there is no heat
source on the sloping floor. The other is thatehierlOOW heat source on the sloping
floor. Fire is located in the center of the model.

Slice
_temp

BO.0
56.0
52.0
480
44.0
400
360
32.0
280
240

200

FDS simulation for the case SG, Air supply raté8réf/s, Smoke exhaust rate 223m

Fig. 7.12 shows the model that inlet air comefhi@xdompartment through the side vent directly

Table 7.8 FDS simulation case

case angle location Heat(W) Cables(W)| Air supply
SG 20 floor 300 0 side
SH 20 floor 300 100 side

The simulated inlet air temperature, smoke tempezatsmoke layer height, and
Archimedes number for the case SG and SH are shoWable 7.9 and Table 7.10.
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7 Experiment and FDS Simulation on Smoke Movemehgirge Space Building with Sloping Floor

Table 7.9 The FDS result for the 20 degree slofiowy (Case SG)

.| Smoke
Inlet air Layer ) ) ,
Case q;n velocity exhaust height | To/C | TudC D|m§n5|onless Archimedes
(m°/s) (m/s) rate Z(m) height Z/H number
(m/h)
SG1 | 0.006 | 0.059 22.9 0.390 20.0 25.3 0.190 105.83
SG2 | 0.009| 0.088 32.6 0.480 20.0 25.0 0.234 44.37
SG3 | 0.012| 0.118 44.2 0.513 20.0 24.8 0.250 23.96
SG4 | 0.016| 0.157 56.3 0.540 20.0 23.9 0.263 10.95
SG5 | 0.030| 0.294 89.8 0.568 20.0 23.9 0.276 3.11
SG6 | 0.037| 0.363 108.5 0.632 20.0 23.6 0.308 1.89
SG7 | 0.044| 0.432 1334 0.682 20.0 23.3 0.332 1.23
SG8 | 0.058 | 0.569 158.1 0.732 20.0 22.6 0.356 0.56
SG9 | 0.071| 0.697 207.8 0.795 20.0 22.5 0.387 0.36
SG10| 0.085| 0.834 257.4 0.834 20.0 22.0 0.406 0.20
SG11| 0.099| 0.971 307.1 0.939 20.0 21.6 0.457 0.12
Table 7.10 The experiment result for the 20 degleging floor (Case SH)
.| Smoke

Oin Inet ?Ir exhaust La.yer . . Dimensionless Archimedes

Case 3 velocity height | T,//C | To/C )
(m®/s) rate height Z/H number
mis) | 5 Z(m)
(m°/h)

SH1 | 0.006 | 0.059 22.9 0.202 20.0 25.3 0.098 129.79
SH2 | 0.009| 0.088 32.6 0.252 20.0 25.0 0.123 55.02
SH3 | 0.012| 0.118 44.2 0.306 20.0 24.8 0.149 28.95
SH4 | 0.016| 0.157 56.3 0.417 20.0 23.9 0.203 15.72
SH5 | 0.030| 0.294 89.8 0.467 20.0 23.9 0.227 3.91
SH6 | 0.037 | 0.363 108.5 0.559 20.0 23.6 0.272 2.21
SH7 | 0.044| 0.432 133.4 0.600 20.0 23.3 0.292 1.49
SH8 | 0.058 | 0.569 158.1 0.629 20.0 22.6 0.306 0.75
SH9 | 0.071| 0.697 207.8 0.669 20.0 22.5 0.326 0.46
SH10| 0.085| 0.834 257.4 0.704 20.0 22.0 0.343 0.29
SH11| 0.099| 0.971 307.1 0.817 20.0 21.6 0.398 0.18

The photos of the smoke layer interface heightiobthby FDS are shown in Fig. 4 to
Fig. 7 in Appendix C.

The smoker layer height vs. Archimedes number aled air volumetric flow rate are
shown in Fig. 7.13 and Fig. 7.14. The result frdra tenter fire case SA that is the
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7 Experiment and FDS Simulation on Smoke Movemehgirge Space Building with Sloping Floor

inlet air supply from sloping floor is also shownthe Figure. The smoke layer height
is lower while there is heat source on the floor ksl effect is not very distinct. It is
obvious that smoke layer height of the case SAéslttighest on the same inlet air
supply rate. This is that the inlet air velocitylasver as the inlet areas in case SA is
larger than that in case SD.
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Fig. 7.13 Dimensionless smoke height vs. Archimedesber simulated by FDS, fire in the center

of the floor
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Fig. 7.14 Dimensionless smoke height vs. inleflaw rate simulated by FDS, fire in the center of

the floor

The relationship between Archimedes number and nbinaless smoke layer height
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7 Experiment and FDS Simulation on Smoke Movemehgirge Space Building with Sloping Floor

for the case SE can be described as equation (7.6).

ﬁ = 0.3403Ar 01145 qy.
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8 Conclusion

8 Conclusion

For the axisymmetric plume, CFD and experiment Itesagree well with the results
estimated by the NFPA-92B equation and Zukoski ggnaThe mass entrainment rate
might be overestimated by McCaffrey's equation. phene entrainment coefficient of
the wall plume and corner plume are 64% and 48%hef axisymmetric plume

respectively.

The coefficient of the mass flow rate of the balcpiume is between 0.342 and 0.468,
and the balcony plume entrainment coefficient idependent of the fire location.
Compared with the NFPA model, the error range efrdsults from the experiment and
FDS simulation data in this report is between -Ga@8 0.05. The balcony equation in
NFPA would give good predictions on the mass flater

On the same air supply and smoke exhaust conditiensmoke layer height is lower
while the angle of the sloping floor is larger; thmoke layer height is lower while
there is a heat source on the sloping floor. Aredttipe of ventilation also affects the
smoke layer height.

As the limit of the experiment condition, the fugtlhresearch is needed for the wall and
corner plume.

This report was written as a work report of my sttythe department of civil

engineering of AAU from January 2007 to June 2@G¥the time limitation the further
analysis of the result is needed.
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Nomenclature

Nomenclature

Z--the height of the room, m;

t--time, s;

H--ceiling height above the fire, m;
Q--steady-state heat release rate, kW;

A-- cross-sectional area of the atriunf, m
Ve-volumetric rate of smoke production /sy
Qc--convective portion o the heat release rate, KWs=0.7Q)
m--mass flow rate in plume at height Z, kg/s;
p--density of smoke, kg/fn

T,--adiabatic exhaust temperatuie, ;
Ts-ambient temperaturé;

m--mass flow of exhaust air, kg/s;
Cy--specific heat of plume gases, kJ/(kg- );
a--growth coefficient;

g--acceleration of gravity, nffs
T;--temperature of heated smoke, K;
To--temperature of ambient air, K;

ATg-gas temperature rise at ceiling, K;
to--actuation time, s;

T--time constant, s>

ps-density of smoke exhaust ,kgfm
Ts-temperature of exhaust smoke;

Cmi--the dimensionless entrainment coefficient;
hp--the height of the balcony, m;

Zy--the height above the balcony, mytZ,-hy)
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Appendix A

Center fire (Fire A ,300W)

Fig. 1 smoke filling in experiment (300W)

Corner fire (Fire C, 39D
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Air supply rate 0.006 f¥s Air supply rate 0.03 fifs
Smoke exhaust rate 22.9/m Smoke exhaust rate 108.3/m

Fig. 3 Smoke layer height caught by video, ceriter f
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Air supply rate 0.006 fs Air supply rate 0.03 fifs
Smoke exhaust rate 22.9/m Smoke exhaust rate 108.%/m
Fig. 1 Smoke layer height caught by video, case AE
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Air supply rate0.03m’/s, smoke exhaust rate  Air supply rate 0.03 fifs, smoke exhaust rate
108.5n°h, 20 degree sloping floor 108.5n°h, 70 degree sloping floor

Fig. 1 smoke layer height caught by video (300 iiir the center)

Air supply rate 0.03 fits, smoke exhaust rate 1083m 20 degree sloping floor

Fig. 2 smoke layer height caught by video (300W iiir the center, 1L00W cable on the sloping
floor)

113



Appendix C

Air supply rate 0.03 fifs Air supply rate 0.03 fifs
Smoke exhaust rate 108.5/m Smoke exhaust rate 108.5/m
100W on the sloping floor

Fig. 3 Fire on the center of 20 degree slopingrflBOOW
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