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The Fire Dynamics Simulato=DS) developed by the National Institute of
Standards and Technology (NIS$plvesa form of the NavieStokes equations
appropriate for lonspeed (Ma< 0.3), thermallydriven flow with an erphasis on
smoke and heat transpartd has been shown to be capable of simulatiefiow and
temperature conditiona the vicinity of a fire [1] In the present study, we evaluate the
ability of FDS to simulate pressure dynamics in higle buildingsa prerequisite to
the correct simulation of smoke transport far from the fire.

The objective of this study is to test the accuracy of FDS for determining the
conditions throughout the entire expanse dbsatory high-rise buildingfeaturing an
elevator shaft and four stairwellBhe output from FDS iirst compared to the results
generated by network model calle@ OSMQ The comparison of the two outputs

shows that correct resulise predictedhy FDS. Additionally, more realistiscenarios



aresimulatedwith FDS and the results are compared with those of a network model
called CONTAM and an #nouse MATLAB program. The network model CONTAM

and the MATLAB program do not represent the tidependent thermal mixing
process taking pke inside the elevator shaft and the stairwells whereas FDS does. The
comparison shows the importance of this thermal mixing process that impacts the
pressure dynamics and smoke movement inside the building, with implications for the

evacuation capabilitprovided by the stairwells
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Chaptlemtdoducti on

1.1 Background

With the rapid development of urbanization and civil engineering technologies,
hugenumbers of people moved into metropolitan areasnaoie high-rise buildings
areconstructingn large citiesAccording to The Skyscraper Centettlog Council on
Tall Buildings and Urban Habit¢€CTBUH) [13], there are 348high-rise buildings (>
150 m) that have been constructed globbé§ore 20D, and 685underconstruction
high-rise buildings (> 150 m) will be completed all over the world in the nexiyiaes
(2021- 2026). Although the increasing quantity of higee buildingscan meet the
demands of urbanization, it increases the difficulty of fire protectioneaaduation.
When a fire is occurred in a higtse building, the smoke generated by the fian
easily migrate inside the building and
heat. Thereforat is important to understand the mechanism of smoke movement inside
thesebuildings and develop smoke control strategiegprotect livesTo adieve ths
goal,somelargescale experiments have been conducted. However, for the purpose of
beingcostefficient, many computer prograrhave beenlevelogd Andaccording to
W.Z. Black, these prograntan be classified intfour broad categories: zomeodels,
network modelsdifferential model&nd CFD mode[d].

Zone modd, such as COMI$5], typically divided fire room intdwo regions: a
lower zonewithout smokeandan upperzonefilled with hot smoke They aremostly

used to simulate the conditions within a fire room astew adjacent compartments

end



Network modetd, such asCONTAMI[3] and AIRNET[6], assume that every
enclosurewithin the bulding has a unifornset of propertiesso that they arsuitable
to beused to determine conditions inside large buildjrmg they areusually error
prone owing to the lack of a detailed heat transfer model.

Differential models, such as COSNHK), are based atfie network modeling/zone
modeling approacland combine the advantagestbésetwo methodsso they are
popular to baused to predict and quantifite movement of smoke during a higbe
building firein fire safety and HYAC communities.

CFD (computational fluid dynamig¢snodelsare based on the governing equations
of fluid dynamicswhich utilizes numerical analysis methods and algorithms to solve
problems involving fluid flowsTheydivide the domain of the problem into numerous
cells andsolvethe equations for each cellvhich could ensuremoreaccuratesolution
if the size of cellss appropriately specified.

Fire Dynamics Simulator (FD$)], a CFD model of firedriven fluid flow, will
be used to simulate the fire smoke moventlerdughout the entire expanseaohigh

rise building in this study.

1.2 Objectives

The computational complexity of solving a form of the NaxB#&wkes equations
appropriate for lonspeed (Ma<0.3), thermaligriven flow with an emphasis on smoke
and heat transport makes the application of FD&l ide determining the properties in
the vicinity of a fire [1], but some argue that it is impractical for FDS to predicting the

conditions in every part of a higise building due to its high computational expense
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with increased cells. However, with tleentinuously rapid advancement of High
Performance ComputingHPC) Cluster and Personal Comput@?C) nowadays,
simulations with FDS can be ran quicker and quicker.

Therefore, the objective of this study is to test the accuracy of FRIStiEnmining
the conditions throughout the entire expanse d&tory highrise building. The
output from FDS is compared to the results generated by COSMOcomparison of
the two outputs shows that correct results were reported by FDS. Additionatly, m
realistic scenarios were simulated by using Eb&the results ammpared witlihose
of CONTAM and a MATLAB progranto demonstrate the thermal mixing process in
FDS andincrease our basic understanding of smoke movement and management in

high-rise huildings.

1.3 Pressure and Smoke Criteria

There are different ways taljust the pressure andntrol fire smoke inside high
rise buildings, such as pressurization systems, zoned smoke control systems and
combined systems. No matter what systems are installed in the buildingss(aina
system is usedjafe evacuation normally requirdsat esape stairwell doors can be
easily open at any time by occupanfsthie pressure difference across the stairwell
escape doors excesdl certain value suggested in smoke control standards, it indicates
that the evacuation of the occupsimside the buildigs will be difficult.

NFPA 92 and Handbook of Smoke Control Enginegfi@gboth introduce the
equation belovshowingthecalculaton ofthe maximum allowable pressutiference

between the escape stairwell and the floor sp&mgzending on different properties of



escape doors and different total daxgrening forces, the corresponding maximum
pressuralifferencecan be calculated. Typically, the totaleragedooropening force

is around 133 N for human, so considering a 1.22 m wide and 2.13 m high escape door
with 25 N door closer force and 7.62 cm length between the doorknob to the knob side
of the door, the maximum pressure difference across the door is calculatdelean 78
addition, the International Building Code (ICC 2018, Section 909.20.5) requires that
eachinterior exit stairway should be pressurized no more than 87 Pa (if the building is
equipped throughout with an automatic sprinkler systétehce, fom a conservative
perspective78 Pawill be treated as a threshold value to determine whether evacuees

will have a hard time opémg theexit doors in this study.

. C ®W Q OO0
Yo - — P

where:
A i escape door area fn
d 71 distance from doorknob to knob side of door (m)
F T total dooropening force (N)
"O 1 door closer force (N)
W 1 door with (m)

Y0 i maximumpressure difference (Pa)

Another important factaio ensure safe evacuation and the safety of occuants
thatsome spaces, such as stairwells and occupied spaces, inside thgehogiidings

need to be free of fire smoKEhere are two ways to indicate the presence of the smoke
4



in FDS. Onemethodis to use the visibilitydiagnosic function and another one is to
use the temperatuiagnosticfunction. Since it is difficult to have an accurate soot
prediction of the design fire in FDS, monitoring visibility might not be a good approach
to suggest where the hot smoke is. Hence, it is better to use a certain threshold
temperature value to repesd the indication of the hot smoke. According to some
studie$l15][16], the upper layer smoke temperature in an enclosure can range from
35 to 500 depending on different compartment configuradjofire sizes,
ventilation conditions, boundary conditions and so on. For this sthéyfire smoke
will be defined as the regm where the temperature takes values above a critical
threshold of 40 degrees Celsius

Therefore, m addition to test the accuracy of FDS for predicting the conditions
inside the entire expanse of the higge building, the other two objectives of the
simulations are: (1) evaluate whether hot air/fire smoke is spreading into the stairwells
and will thereby endanger evacuebyg (nonitoring the mass flow rate from the fire
floor to the stairwells; and by monitoring the temperature inside the staw@ls
evaluate whether the pressure difference between the stairwells and the different floor

spaces is more that8 Pa and will thereby make door opening difficult.



Chapt®ode@l Construction

2.1 ModelGeometry

To perform a reasonable comparison, the conditions and configuration of the high
rise building in FDS are specified practically as same as in the COSMO program
example demonstrated in Rgf]. The floor plan shown in FigureX2depicts that the
building has an open construction style with 200Damea on each floor, an eight
integrated elevator shaft in the center, and four stairwells located in each corner. Figure
2.2 provides a 3D outline of the 4fory building in Smokeview showing that the
elevator shaft and the stairwells extend from the first floor to the top of the building.
Note thatthe building is considered without pressurization systiemthe stairwells
and thus may not be compliant with codes and standa@lasleaks and openings
connecting the inside of the building to the atmosphere were specified uniformly in the
surface of the building in the COSMO example. However, it is not necessary to specify
the same leak distribution in FDS for the purpose of the simplification of the model
construction and results analysis process. All leaks and openings were specified by
using the HVAC network model in FDS. Air can enter the vertical shafts through these
leaks and openings. In Addition, only one leakage path is specified between each
individual space and all the leakage paths are located at the middle of ea¢hHor
leakage path areasecalculated in Appendix P This is to guarantee the same effect
as wiform leak distribution has. The advantage of using the HVAC network model is
that it can determine the mass flow rate through a leakage path based on the pressure

difference on the two sides, especially when leaks are extremely small compared to the



sizeof computational cells and cannot be resolved by them. Pyrfd2iya graphical
user interface for FDS that helps to quickly create and manage the detaifaméx
models, is used to construct the configuration of the -higgh building. All the
computational cells used in the following cases ar€ tuhes and the computational

domain for each case is uniformly divided to 41 meshes calculated via an HRE. clus

2.2 Model Assumptions

The fire conditions in the COSMO program example are quantified by assuming
that the pressure rise on the fire floor is 10 Pa above the gteuweldatmospheric
pressure and that the temperature of the combustion gases oe ft@ofirs 700
To achieve the same fire conditions in FDS, a 70Giot air supply with a constant
mass flow rate is imposed on the first floor. The constant 10 Pa gauge pressure (defined
as the absolute pressure with respect to the atmospheric predsmeat the same
elevatior) on the first floor at 2 meters elevation was achieved through trial and error.

Other major assumptions that are applied in this case are:

The fl ow of air throughout the building
The thickness| albs al$ adeumédotro be negl i
the floor height (4 m), and they are adi
openings in(Nobée thaortéeliabsoll pdwputt he c o
i may not be afnudl Irygtda aveswtreact, e t he bui l di ng r
i's assumed to bepecmftyhitdk rmodr demttso by
mo d e |

The exterior surface of the building is
7



around the building owing to heat transf e
The interior wall surface of tthhee baaillldsi ng
on the first floor are al/l adiabatic for
pressureNobadithiaont he temped atuwel b$ avad
el evat(o40 shatfebddom rnphwet ddfdori ncoRepfari son |
thismagl mnet be weal dsbhecmdrre realistic).
Ei ght el evator shafts are considered as
obtructions.

There are no stairs (oNottreultteshiage stpf i b hied
stairwell si s(Maclodmpgr 8d myvi th tdhieze yp3 cal byt
6 m)

There is only one | eakagel patalh odi sthraif ki u tae
four stairwells on each fl oor, respectiv
stairwells connect to the atmosphere onl
The building has 40 identical .I|ndar s. Th
details regarding the elevatorl.shaft and

SW SW
50 m
40m ES
SW SW

Figure 2.1: The floor plan of the highise building.
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All the FDS inputs for the case that are used to compare with the COSMO example
are listed in Table .2. All the values were selected to model a realistic frigimg
building and a severe, groufidor fire that could possibly exist in the real world.
According to Table 4, the mass release rate per unit area for the hot air is only 0.0565
kg/(sm?2). This is to enste the accuracy of the calculation, since FDS is only suitable
for low-speed (Ma < 0.3) flow. Additionally, the atmospheric conditions and the
constructions of the building, the elevator shaft, and the stairwells described in Table
2.1 are applied to evergase in this paper. It is no doubt that changes in any of the
parameters that have a major impact on the movement of air/smoke will lead to
different results. Therefore, conclusions drawn from each case discussed below should
only be attributed to the sgific building configuration (including the elevator shaft
and the stairwells)and the atmospheric conditions shown in Tahle \&ith their
individual fire condition (e.g., hot air, fuel lean, fuel richpundary conditions (e.g.

adiabatic prescribedemperaturesand scenario (e.g., closed/open doors).

Figure 2.2: The outline of the highise building shown in Smokeview. The highe
building has 40 floors with a lumped elevator shaft in the center and four stairwells in

each corner.
9



Table 2.1:Input conditions to FDS for hot air case.

l nput wvariabl e Val ue

At mospheric conditions

At mospheric temperaturil? (winter
i

At mospheric pressure 8101.30 kPa
OFired6 conditions

Mass flow rate per uniO.05652?%kg/ (sl
Surface area of the hcb54n
Temperature of hot air700

I nitial temperature at700

Buil ding construction

Buil ding height 16m

Fl oor earcena filmor 20006 m

Hei ght of each fl oor 4 m (40 fl oot
Area of | eak openings 0. 25%72fIlmor

Il nitial temperature of22

Surface temperature of22

El evator shaft constru

Numbeeal eoMfat or shafts 8

Number of cars in shafo

Surface temperature of40
Surface roughness of €25 mm
Area of vent at top of10.224 m
Area of | eak openings 0.21%441 mor
Emi ssivity of elevator0O. 3

I nterior I ength and wi8 m I 6 m
Stairwell construction
Number of stairwell s 4

Surface temperature of40
Surface roughness of s500 mm
Areavenft at top of stai0O. f m
Area of | eak openings 0.01%1l mor
Emi ssivity of stairwelO. 3

I nterior length and wi3 Im 3 m

10



2.3 Design Fires

Apart from the surrogate fire cadescribed above, more realissicenarioswere
also considered in this study. The design of fire is of great importance in designing
realisticscenariosand itrequires the understanding of fgeowth and thereasonable
selection oHeat Release Rate (HRRalues.

Thecurve ofthetime variations of HRFRn fire growth stage catakemany shapes,
but t-square fireequation is commonly used to describes this relationship among fire

protection engineers. Thequation is showbelow:

~

v | O P
where:
0 i heat release rate (kW)
| i fire growth coefficient (kW/&
01 time from ignition (s)
The different fire growth coefficients are descrilbedable 2.2

Table 22: Fire growth constants for-Bquare fire

Fires | ( KW s
Sl ow 0.002931
Medi um 0.01127
fast 0.04689
Ul tFraass t 0.1878

In FDS,the variableTAU_Q that is used t@ontrol the timefor t-squarefire to

reach the fully developed stage carchkulated by the equation below:

11
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0 | &
where:
0 1 time fort-squardire to reach the maximum heat release rate (kW)
0 T maximumheat release rate of design fire

There are totajl seversimulationghatwereconducted in this study and they are
listed in Table 2.3FDS cases 1 to 5 has a simulation time of 3600 s and FDS cases 6
and 7 has a simulation time of 600 s.

Table 23: Summary of scenarios that were specified in different cases.

Cas Fire Cond Fire Door s Boundar
Locat Condi ti
1 No fire/ hclsftl o All ose Fi x temg
(Tabl e
2 Hot air 1sftl o Al l ose Fi x temg
(Tabl e
3 10 MW qtuar ¢ 1sftl o AlI'l clI All adi
4 2.5 tMWuar . 1sftl o All ¢l All adi
5 2.5 EWYutar« 35t h All c¢cl All adi
floc
6 2.5 EWutar  1stl o Al l cl Al l adi
(60 s de
7 2.5 MEWYutar 1stl o Only t All adi
(60 s de stairwe
tohe fi
are of

12



ChaptRes@lL ts

The results and graphs that appear in this paper were generated by FDS-for a 40
story building with 2000 rharea on each floor that has a large eigtégrated elevator
shaft and four stairwells during winter weather conditions. In addition to test the
accuracy of FDS for predicting the conditions inside the entire expanse of thaskigh
building, the otheitwo objectives of the simulations are: (1) evaluate whether hot
air/fire smoke is spreading into the stairwedisd thereby endanger evacuebg (
monitoring the mass flow rate from the fire floor to the stairwells; and by monitoring
the temperature insidine stairwelly (2) evaluate whether the pressure difference
between the stairwells and the different floor spaces is mor@&Raand will thereby

make door opening difficult.

3.1 Casel: No Fire/Hot Air

Stack effect is the movement of air through leaks and openings into and out of
buildings (or structures) due to air buoyancy resulting from the temperature difference
between inside air and outside air. The greater the difference of air temperature, the
greater the difference of air density, and thus the greater the buoyancy force leading to
a greater stack effect. During winter season, the warmer indoor air rises up through
stairwells, elevator shafts, leaks and openings inside the building and esctpes in
upper part of the building. This rising warm air reduces the pressure in the lower floor
spaces, thus drawing cold air from atmosphere into the building through leaks and
openings. During summer season, the stiaek is reversed, but usually weakeriagy

to lower temperature differencfl].

13



A terminology called neutral pressure plane (NPP) is directly related to the stack
effect. It is defined as the elevatiofi a horizontal plane where there is no pressure
difference between the inside and the outside, and thus the magnitude of mass flow
rates would be zero in leakage paths at its location. Note that, in this study, the NPP for
the floors is in terms of the ggsure difference between the floors and the atmosphere,
but the NPPs for the elevator shaft and the stairwells are in terms of the pressure
difference between a given shaft and the floors (instead of being in terms of the pressure
difference between a gin shaft and the atmosphere).

This section is to test whether FDS can simulate the stack effect for thiedingh
building with the conditions shown in Tablel2 but wi t hout the o6fir e
representative sample of time evolutions of pressuce tamperature inside the
building is plotted in Figure.3. It takes about 3000 s for the quatgady state to be
established in the entire building. (It is not true steady state, because the temperature
inside the building is still slowly changing afted00 s because of cold inflow at the
base of the building. However, it is slow enowggithat it can be treated asqaast
constant numerical value. The more evident temperature change on the ground floor is
due to the greater mass flow rate through |éakstrated in Figure 3.) All the results
analyzed here are takenaatime 0f3600 s.

According to the gauge pressure and the absolute pressure distributions inside the
building shown in Figure.d and 35, it is apparent that the gauge pressure inside
floors is negative in the lower part of the building and positive in the upper part of the
building. This leads to the air infiltration at the bottom of the building and air

exfiltration at the top of the building which is consistent with what is shiowFigure

14



3.2and Figure 3. Moreover, the pressure inside the floors is greatertbepressures
within both shafts in lower part of the building, but less than the pressures within both
shafts in the upper part of the building. Hence, it encouragds spread into both
shaftsin the lower part of the building and be forced back into the floors in the upper
part of the building as shown in Figur and Figure 3. Also, the gauge pressures at
the topmost of the elevator shaft and the stairwgtieed zero, so it is logical to predict
that air will escape the building through the top vents in both shafts, and this conclusion
is confirmed after examining the pressure on the two sides of these top luents.
addition,Figure 3.7 demonstrates tithe maximumpressure difference between the
escape stairwells and the floass91 Pa and the pressure difference across the exit
stairwell doorexceeds 78 Pa abovetB8oor, so it would be difficult for the occupants

on the topmost two floors to open the escape doors. Hence, some pressure control
systems are suggestedte implemented in the building even if under the normal
condition (no fire).

Moreover, Figure 3 shows the temperature distribution inside the iiga
building. Due to the adiabatboundary condition and stronger stack flow on the first
floor, the temperature inside the first floor space has a more dramatic decline and hence
the stairwells and the elevator shaft also have a lower temperature. The temperature
inside the stairwellithe upper part of the building reaches 37 degree Celsius, because
of the 40degree Celsius boundary condition dreht transfer between the gases and
the walls. However, even though the elevator shaft has a same boundary condition as
the stairwells doeghe elevator shaft has a lower temperature in the upper part of the

building. It is because that there is more cold air entering into the elevator shaft than

15



into the stairwells from thiewerfloorsas shown in Figure 3.2\dditionally, owing to
the warm air inside the stairwells pushed into the upper fltoesemperature inside
the upper floors becomes higher thiainitial condition (22 degree Celsius).

Taken together, it is reasonable to conclude that FDS ig@int®del the stack
effect in the higkrise building. Consequently, the success of simulating the stack effect
for this highrise building in FDS provides the basis for the smoke movement modeling

and further validations are discussed in the following secti
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or leak passagand the direction is determined by examining tfesgureonthe two

sides of each leaks and veritee dotted lines indicate the locations of NPPs for the
elevator shaft and the stairwells. Note that, for simplicity, only one stairwell is
represented (all four stairwells are identical and play the saleérthe flow

pattern).
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Figure 3.3: Elevation versus mass flow rate for each floor for the case without hot
air/fire. Note that: (1) the black curve indicates the mass flow rates between the floors
and the outside; (2) the red curve represents the fioassates between the floors
and the elevator shaft; (3) the blue curve represents the mass flow rates between the
floors and thdour stairwells (4) Negative values are inflow; positive values are

outflow.
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3.2Case 2 Hot Air Supply Case (Surrogate Fire Case)

The gauge pressure and temperature as a function of time within the floors, the
elevator shaft, and the stairwells at the heights of 0.5shbfl¢dbr), 80.5 m (2%tfloor),
156.5m (4¢n floor) for the conditions given iable 21 are illustrated in Figure.&
According to Figure B-(f), the temperature inside the fufdbor space reached the true
steady state after 1000 s. However, it is apparent that the temperature inside the other
floors is still subjected to slowhange after 1000 s due to the gases with different
temperatures (compared t obeihgdmwnfintodheses 6 curr
floors. Additionally, the change in the temperature has an influence on the pressure.
Therefore, the gauge pressure atrgwpart of building reached a quaseady state
instead of a true steady state resulting in that the condition inside the entire building is
also a quassteady state after 1000 s. Nevertheless, the-gteaily state is a situation
that is changing sloly enough so that it can be considered to be constant. Hence, the
state of the mass flow rates through leaks between each individual space can be
considered to be steady after 1000 s based on Hg,. §@cause the loss coefficiek (
and the area of leakpenings A) are constant; and due to the relatively slow changes
of the temperature, the density of gaggsand the pressure difference between the two
sides ¥0) are also nearly constant. The FDS results that are plotted in this section are

chosen 13600 s of the simulation time.

e d

¢ YU

4 ua’jo .
“ vJ

op

The mass flow directionthirough the roof vents at the top of the stairwells and the

top of the elevator shaft, and through the leak passages between each floor space and
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theoutside the stairwells, and the elevator shaf drawn in Figure.8 by comparing

the absolute pressaion the two sides of leaks and vents provided by FDS. It can be
seen that the hot air generated on the ground floor enters the stairwells and the elevator
shaft and all the way leaves the building though the top vents, and thereby the fire
escape stairwkl arepotentially ursafe for occupants to evacuate. According to the red
arrows, the floors above thetB4loor are contaminated by the hot air, thus leading to

the fact that occupants need to evacuate out of these floors due to the polluted
environment.Furthermore, the floors above thétl3 floor is contaminated more
seriously, because not ondpeshot air from the stairwells but also from the elevator
shaft travel into these floor spaces, and no fresh air is drawn into these floor spaces
through thelbor leaks from the exterior. However, the floors below tht ##6or (and

above the ground floor) are free of the heated air in accordance with the blue arrows.
In this regard, these floor spaces are expected to be safe, unless the structure of the
building is damaged by the fire. (Commonly, the structure of the second floor can be
damaged by a real large fire happening on the ground floor, because the floor slab made
usually by concrete for highse buildings can quickly absorb heat from the fire and
then fail to work properly. Consequently, it is also important for the occupants on the
second floor to evacuatéMoreover, as discussed above, the temperature inside most
floors is still changing after 1000 s. Due to the fact that only the cold air fiem t
atmosphere is drawn into the floors below the 25th floor (and above the ground floor),
it is reasonable to predict that the temperature inside these floors will eventually reach
T 17  which is identical with the temperature of the atmosphiérine baindary

condition inside the floors is adiabajic
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The examination of the mass flow rate variation in and out of both shafts and the
floors versus elevation shown in Figurd@reveals thathte massflow rates inthe
elevatorshaftarefar greatethanthemasdlow rates inthestairwelk. Thus, it is logical
to concludethat the elevator shaft carries more hot gases than the stairfedls.
elevationof the neutral pressure plang apparenin this figure wherethe curvedor
the elevatorshaftand stairwellspassthroughthe zeromassflow rateaxis. Based on
this figure, it is evident that the conservation of mass is satiafiedery floor of the
building. For instance, below the NPP for the stairwells, the rate at which ayases
transferred from the outside to each floor is equal tor#te at which gases are
transferrednto the elevator shaft amdlto the stairwell§rom eachfloor; and above the
NPP for the elevator shaft, tmate at which gases are transfernm@d each floor from
the elevator shaft anftom the stairwells is equal to theate at which gases are
transferredrom eachfloor to the atmosphere.

Figures 312 to 3.14 compare the rests provided by FDS and COSMO showing
that the magnitudes of the variations in mass flow rates obtained with F&ade
to beslightly smallerthan those obtained with COSM(\ote thatwe did not run
COSMO but used the data from Rjefl.) This could result from the minor differences
in the loss coefficient) used in the two models. In the COSMO program, it is called
thedischarge coefficien©® ), and the relationship betwetheloss coefficient anthe
discharge coefficient is:

P
io

P

The correlation between the pressure differetie and the lossaefficient is:
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And the relationship between the pressure differet¥te and the discharge

coefficient is:

-
co

whereu is the velocity of flow in the leakage pathis the density of the flow in
the leakage path.

In the FDS siulation,K is specified as equal ta778correspondingo thatd is
equal to 0.6However,0 is notindicatedexplicitly in the COSMO example. Therefore,
this could explain the discrepancies observed in FgBI2 to 3.14. Also, it would be
reasonable to suggest thiatis greater than 0.6 in the COSMO examffleY0 and”
are consstent in both modelssincethe grater thed , the greater thé that will
thereby lead to a larger value wifass flow ratfor COSMO example as shown in
Figures3.12to 3.14.

Another possible reason that may explain shwllernumerical values for the
mass flow rates in the FDS simtitan could be due to differences in the specified
leakage areas between the two modetording to Eq(3.1), because the crosgction
area of leaks is dependent on the wall afehe elevator shaft and the stairwells, and
there is no information regardirtge exact dimensions of the elevator shaft and the
stairwells in the COSMO exampl€inally, thediscrepanciesould be attributed to the

difference in the absolute pressur¢amied bytwo models that will be discussed in the

following paragraphsegarding the pressure comparison
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Figure 3.10: Elevation versus mass flow rate for each floor for the hot air supply
case. Note that: (1) the black curve indicates the mass flew lbatween the floors

and the outside; (2) the red curve represents the mass flow rates between the floors
and the elevator shaft; (3) the blue curve represents the mass flow rates between the

floors and the stairwells. Negative values are inflow; positalaes are outflow.
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Figure 3.11: Elevation versus mass flow rate for each floor for the COSMO example
[4]. Note that the data in Rd#] is only availableabovethe second flooiSee the

caption of Fig. 3.
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Figure 3.13: Comparison of results obtained with FDS and COSM®@ass flow rate
between the floors and the elevator shatft.

29



40

FDS
COSMO

3B

30F

Floor.

Stairwells

-0.8 -0.6 0.4 0.2 0 0.2 0.4 0.6
Mass Flow Rate (kg/s)

Figure 3.14: Comparisorof results obtained with FDS and COSNI@nass flow rate

between the floors and the stairwells.

Figure 315 compares the total vertical mass flow rates of the gases throughout the
elevator shaft and the stairwells. It is obvious that the vatidical mass flow rates
much more in the elevator shaft than in the stairwells. Additionally, the amount of air
thatis carriedto theupper parbf the building(Note that the upper part of the building
heremeans the part that is above their respective NBRgproximatelyseventimes
greater in the elevator shaft than in the stairwells which is similar to the outputs of the
COSMO case shown in FigurelB. Thus, the elevator shaft providing the preferred
path for the gases is the maj oedictighpforl | ut er o
the vertical mass flow rates inside both shaftsstghtly smallerthan those obtained
in the COSMO example. This is consistent with the results presented ing3gite

to 3.14 wherelower numerical values of mass flow raéee obtained ly FDS. The
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elevationof the NPPsfor eachshaftis located wherehe respectivecurvesreachthe
maximum value and the flow betweenthe shaftsand the floors reversesdirection.
Furthermore, COSMO predicts the locations of the NPPs to bahatl®a and24th

floor for the elevator shaft and the stairwells, respectivalyd the NPP for the
stairwells in FDS is located at thetBdloor which is the same as in COSMidowever,

the locatios of the NPPfor the elevator shaftalculated in FD&nd COSMO are not
exactly thesame In the FDS simulation, the NPP for the elevator shaft is located
between the @&h floor and the 3th floor which is a floor higher thathat in the
COSMO exampleThis could be attributed to the fabit thelowertotal vertical mass
flow rate in elevator shaft calculated by FDS diminishes the accumulation process in
the upper part of the elevator shaft so that the pressure in the elevatas sinift

higherthanthe pressure insidée topmostour floors (37h to 40th floor).
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Figure 3.15: Elevation versus vertical mass flow rate inside the elevator shaft and
stairwells for the hot air supply case.
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Figure 3.16: Elevation versus vertical mass flow rate inside the elevator shaft and

stairwells for the COSMO examp4].
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Figure 3.17: Comparison of results ¢dined with FDS and COSMODelevation

versus vertical mass flow rate inside the elevator shatft.

32



160

140

120 1

Elevation (m)
@ =]
o o

(=2}
Q

40

20

Stairwells

0 2 4 6 8 10 12
Mass Flow Rate (kg/s)

Figure 3.18: Comparison of results obtained with FDS and COSMgIevation

versus vertical mass flow rate inside the stairwells.

The distributions of theabsolute pressuregauge pressure inside the floors, the
elevator shaft and the stairwelland the pressure differences across the escape
stairwells for the hot air supply case are plotted in Figure®,33.25 and 326.
According toFigure 325 and Figure 3.26he maximum pressure difference between
thestairwells and the floorabove the neutral pressure plane for the stairwells is about
92 Pa.And the oveipressure across the fire escape doors exceeds 78 Pa abowha the 38
floor. In addition, he open direction of fire escape doors is normally designed toward
fire escape stairwells, thus resulting in the fact that it would be difficult for the
occupants at the topmasto floors (3%th floor and 4@h floor) to open the fire escape

doors and eva@aie. Moreover, the pressure within the flosit®wer than the pressure
33



inside the elevator shaft above the NPP for the elevator shaft. Therefore, the hot air is
forced into the upper floor spaces from the elevator shaft. Below their respective NPPs,
the absolute pressure in the floors is much higher than in both shafts because of the
strong stack effect augmented by the grefladr fire. Consequentlyboth shaftsare

filled with hot air from the fire floor and the lower floors will not be contaminated by
hot air from the two vertical shafts.

According to Figure 39 and Figure 20, the trends of the absolute pressure
distribution presented here looks nearly the saméaseshown in the COSMO
example. And the comparisons of the absolute pressurebdigin are plotted in
Figures 21 to 324. Based on these figures, it is apparent that the atmospheric
pressures obtained with FDS and COSMO tire same. However, thabsolute
pressure reported by FDS fitre floors, the elevator shaft and the stairwelis less
than those obtained by COSMO. This could be explained by the temperature disparities
reported by the two models, since the temperature plays a significant role in impacting
the pressure inside buildirapd nore detail information will be discus$én the next
few paragraphs regarding the temperature compaiisoreoverjn the COSMO case,
the pressurdifferences between the fire floor and the stairwells and the elevator shaft
are around 400 Pa and 600 Pa, respectively. HoweveheiRDS simulation the
pressure differences between the fire floor and the stairwells and the elevator shaft are
only around 310 Pa and 360 Paespectively Additionally, the pressure differences
across the stairwell doors and the elevator doors are always less in the FDS case than
in the COSMO case throughout the entire height of the buil@irgept the pressure

differencecross thestairwell doorsat its NPP locatiordue to the same NPPs for
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stairwells inboth cass). Hence, according to Eq. (3.1), this explaims lower values

of themass flow rate provided by FDS.
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Figure 3.19: Elevation versus absolute pressure ingigehighrise building for the

hot air supply case.
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Figure 3.20: Elevation versuabsolute pressufer the COSMOexampl€4].
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Figure 3.21: Comparison of results obtained with FDS and COSN#bsolute

pressure distribution inside the floors.
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Figure 3.22: Comparison of results obtained with FDS and COSMEbsolute

pressure distribution inside the elevator shaft.
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Figure 3.23: Comparison ofesults obtained with FDS and COSN@bsolute

pressure distribution inside the stairwells.
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Figure 3.24: Comparison of results obtained with FDS and COSM#@mospheric
pressure distribution.

37



160

——Floors
140 | Elevator shaft | NPP — elevator shaft
Stairwells
120
'g 100 .
£ NPP - stairwells
s
= 80
©
>
9
W 60
40
20+
0 1 n n e I
-400 -300 -200 -100 0 100 200

Gauge Pressure (Pa)

Figure 3.25: Elevation versus gauge pressure (defined as the absolute pressure with
respect to the atmospheric pressure taken at the same elevation) inside-tige high

building for the hot air supply case.
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Figure3.27 showsthe distributions of temperature within the floors, the elevator
shaft, and the stairwells. Tihemperatureariations inside the floors drop rapidhpm
the groundfloor temperaturescold air enters the floors from the atmosphere. Above
the NPP for thdloors, the temperature inside floors are increased as hot air is drawn
from the elevator shaft atidestairwells and escapes to the outside atmosphere through
the floor leaks. In additionhe temperature ofjasesin the elevatorshaft and the
stairwellsgradually decreases from the lower floors to the upper floors, because the
higher pressure within the floor spadedow NPPfor the stairwells results in cold air
spreading into the shafts. Moreowehen the hot air reaches about the sixth fldwe,
temperature inside the four egress stairwells decreases to a point which is less than 80
meaning that it will not cause hyperthermia in a short amount of time (10 mifitgs)
However, the temperature throughout the entire height of the stairwells is always
greater than 40 , so the smokdills in the stairwells meaning that evacuees are
potentially hurt by the toxicity of the fire smoke. Indsitbn, the increasetemperature
inside the elevator shaft and the stairwells enhances the air buoyancy force, and thereby
strengthen the stack effecinside the building Therefore,greater mass flow rates
between each space are observed in the hataag (Figure 30) than in the case

without fire (Figure 3.3).
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Figure 3.27: Elevation versus temperature inside the gk building for the hot air

supply case.
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Figure 3.28: Elevation versus temperature for the COSMO exaifdléNote that the

distribution oftemperature inside the floor space is not provided in[REf.
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According to Figures 32to 330, thetrendsof the temperature for the stairwells
and the elevator shaft illustrated heme practically identical as the profgefor the
COSMO casgbut there is significant difference in the magnitude of the tempesature
obtained with two modelsThis could be attributed to three reasons. First, the
assumptiongnd theradiationheat transfer modethat applied in the two modedse
different. (For instance, the COSM@odel assumes that the flow of smoke in all
vertical shafts within the building isnedimensional and varies only with vertical
height,whereas=DSwhich is based on CFD calculates the flow itheeedimension
way. In addition, the temperature change of gases through openings is assumed to be
negligiblein the COMSO simulatiarbut the HVAC network model in FDS solves the
equation for the conservation of energiso, the radiation heat transfenodels are
different in FDS and COSMOThe absorption coefficient of combustion gas can be
specified in the COSMO simulation, but the absorption of thealrotannot be
specified in FDS.Second, the boundary conditions taedspecified in the two model
are different. All the interior surfaces of the building in the COSM®@del are
isothermal whereas only the interior surfaces of the wallssatkermalin the FDS
model (The floors and ceilings are treated as adiapatid is reasonable to suggest
thatthe output ofhe temperaturmside the lower floor spaceslowerin FDSresulting
in the facthatthe temperatuseinside both vertical shafts are also los@mpared with
the COSMO exampleNote that (1) this adiabatic boundary condition is sified for
the purpose of avoiding any errors that would exist at the interédecaeshesluring
the FDS simulation(2) the boundary conditi@inside both shafts areearly thesame

for the FDS case and the COSMO examplecause there are not any floors and
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ceilingsinside themexcept for the building ground floor atttke building top ceiling)

Finally, the different constructions of the two models, such as the areas of the elevator
shaft and the stairwells, the distritmn of the leaks and the locatmofthed i agnosi s6s
devices could potentially impact the calculation for temperaturkerefore, taken

together, it is observdatiatthetemperature dragmore dramaticallyrom the fire floor

to the elevator shaft andagtwellsin the FDS simulatiofimore energy lossand the
temperatures for the stairwells and the elevator shaft reported by FRBvaysless

than those reported by COSMO throughout entire height of the builimdnermore,
thesdowertemperature vales could lead to less pressurethe elevator shaft and the

stairwells and toa weakerstack effectcompared to the COSMO examps we

discussed above.
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Figure 3.29: Comparison of results obtained with FDS and COSM@mperature

distribution within the elevator shatft.
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Figure 3.30: Comparison of results obtained with FDS and COSM@mperature

distribution within the stairwells.

In conclusion, the outputs proviidy FDS and COSMO are gqualitatively the
same suggesting that the hot air/fire smoke spreads to the elevator shaft, the stairwells,
and the upper floor spaces from the ground fldadditionally, the discrepancies
between results obtained with the FDS &©@SMO modelsemain small andan be
explained by the differences in theodeling assumptionisetween the two programs

and slight differences between the model geometnesbhoundary conditions
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ChaptEerCdses

4.1Case 3: 10 MW Design Fire

We now turn to the simulation of more realistic fire conditioAscording to the
conservation of energy, a prmefire with an HRR of 3.4 MW would beexpected to
createthe same condition as tserrogatedire conditiors described aboveas long as
the coniguration of the highrise building and the atmospheric conditions are kept
unchangedand the oxygen inside the fire floor is infiitdhe hand calculations are

as follows:

The firstfloor areawithout the elevator shaft and the stairwells is chosehes
control volume. For the hot air case, according to conservation of mass, at steady
state, the total amount of air that is imposed into theffoet space per unit time

is equal to the total amount of air that leaves thefliostr space per uniirhe:

G G G ™M ewT o8l @M

According to the conservation of energy, at steady state, the rate of the total amount
of energy that is added into the control volume by the hot air is equal to the rate of

the total amount oénergy that is reduced by outflow:

a ® Y 4 o Y «q @ Y
OBV PPP T PXXTMTCX O 00 @R 080
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I The First FloOr et To the atmosphere ]'
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Figure 4.1: Mass flow directions for the firdtoor control volume at steady state

for the hot air case.

Assume thiathere is only outflow through leakage paths in the control volume
under the design fire conditiosg based on the conservation of the energy:

0 «a O Y 080w
Therefore, a design fire with a HRR of 3.4 MW would cresteilar conditiors
inside the fire floor. However, consideritige depletion of the oxygemhen the
condition inside the control volume becomes ste#tigre woull becold fresh air
enteringinto the control volumeTherefore, in the real simulatignthis fire will
not producesimilar conditions inside the buildingnd thereby a fire with higher
HRR value is required to keep the similar conditions inside thdldioe. (This
calculation is to give a senséthe energy released by the hot air supply and the
correspondingire sizeto readerg
By assuming that the first floor is a shopping center and according {@ Redn
ultra-fastt-squarelO0 MW fire is going tobe specified inside the fire flooand the
fuel selected here is propafeemical formula: gHs). According to Eqg. (2), the

time to reach 10 MW can be calculated:
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moxy 0P

So, TAU_Q isspecified agqual to 231 in the FDS cagle

Now, let us estimate when the oxygénside the control volume will be
completely consumed:

Assume that the oxygen malessto the stairwells, the elevator shaft and the
outside is neglectable and that undentilation condition would not occur prior
to the oxygen level going to O, tkiene required to consume the initial amount of
oxygen contained inside the fifbor control volume can be calculated:
The total volume of the control volume is:

@ TMUTT T T T P Y T XTCAt
Assume ideal gas conditions, the total amount of oxyggde the control volume
is:

€ i XTCT TP GUNGEaowoaiEa
From O s to 231 s, the total energy released by the design fire is:

- o] .
0 MTNMTA—QO T T
p &5 p X X

And during this time, the amount of oxygen that is be consusned
& i X X TTHQOT™ @ QFQ 0 TG € & p P oA &
After 231 s, the oxygen thetleft in the control volume is:
€ F QwoUHAP YRE AQXX PE QA
The simplified combustion equation (ignore the soot) for propane is:
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60 uvb ©060 TOOU
FDS reports that the mafisw rate of the fuel is 220 g/s, so 5 mol/s of propane is
consumed corresponding to the fact that 25 mol/s of oxygkrbe consumed.
Hence, the time for consuming the rest of the oxyger 2&1 s is:
O OXXPEaquwWélm qxpm
Therefore, the totaime required for consuming the oxygen is:
0 GOp CXPTMCWTC

So, after 2942 s, there witlefresh air entering into the fire floor.

The development of the heat release of the design fire is shown in Figureet.2.
fully developed state is reached at 231 secasdspecifiedbut the HRR declines
evidentlyafter around 700 seconds due to the depletion of the oxygen and the design
fire becomes underentilatedfollowed by a phase in which th¢RR reachsback to
around 10 MWdue to the flames migrating to oxygeoh locations(see below) At
3600 s of the simulation timdjased on the results provided by FDI&e global

equivalence ratiof the design fires:

o T QoL c@y
0] O T 1 o8
0j O c8
& G

So, the design fire is undehne fuel rich/undesventilation conditionat 3600 s
Furthermore, it is noticed that in Smokeview the flame leaves the specified burner
surfacemigraes to thdire floor leak towards the outside, and intrudes into the elevator
shaftwhen the design fire becomes undentilatedfor the purpose of having more

oxygen.
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Figure 4.2: The time variations of the heat release rate of the-fdsttsquare
10 MW fire.

For this fuelrich case, the time evolutions of the gauge pressure and temperature
within the floors, the elevator shaft, and the stairwells at the heights of Osifo¢t),
80.5 m (2%t floor), and 156.5m (4t floor) are shown in Figure.d. According to
Figure4.3-(c), the pressure inside the fire floor reaches a peak value at around 245 s of
the simulation time which is after a few secomd®enthe HRR reaches theaximum
value. The decline of the pressureiging tothe fact thathe oxygen inside the fire
floor is not enough for supporting the design fire and the HRR is thereby decreased.
Hence,the huge amount of outflow from fire flooto the outsidealong with the
decreasediRR drops the pressure inside the fire floor, and the cold fresh thiems
drawn into fire floor until thenside gaugepressurdbecomes negativé@dditionally,
from these graphshe quasisteady state of the entire building is approximately
achieved afteR000 s.Considering the different phenomena at different stage of the
design fire, he graphs that are demonstrated below in this section are from the FDS

results a45 s an@®600 s.
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Figure 4.4: The directions of flow across the entire-gt@ry building for the fuelich
case at 245 s. Note that: (1) the blue arrows represent the directions of flows that are
not contaminated by the hot smoke; (2) the red arrows represetitetbigons of
flows that are influenced by the hot smoke; (3) the dotted lines indicate the locations
of NPPs for the elevator shaft and the stairwellsfq@$implicity, only one stairwell
is represented (all four stairwells are identical and playaheesole in the flow

pattern).
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Figure 4.4 shows the flow patterns across the building leaks and vents at 245 s.
According to the red arrows, the fire smoke generated inside the first floor enters the
stairwells, the elevator shaft and the outsated migates into upper floors that are
above the NPP of the stairwells. Thieie arrowsdemonstratehat only fresh cold air
is drawn into the floor spaces between the fire floor and teelaar. Hence, thélow
directionsillustrated hereat 245 saresimilar to thethosein the hot air casat 3600 s
The difference is that the NBRr the stairw#s and the elevator shaft lowers tos21
floor andthe positionbetween the 3 floor and 3%h floor, respectively. This could
be attributed to théact that more flowsvere pushedinto bothtwo shafts due to the
greater pressure differences betweeriltdmws and the stairwells and the elevator shaft.
According to Figure4.6t0 4.8, the ovefpressure across the escafarwellsdoorsis
3020 Pa and thacross the elevator doors is 3080 Pa. These are extremely large
pressure differences, thus causingreater mass flow rate depicted in Figure 4.5 at
first floor. In addition, due to the high pressure inside the fire floor at 245 s which is
about 2820 Pa greater than the atmospheric pressure, approximatekg/$(lbws
are pushed into the outsidehis is about 27 times greater than the outflow from the
fire floor in the hot air case at 3600However, the pressure differences between the
floors and the stairwells and the elevator sbafhot surpass the 78 Pa throughout the
entire height of the buding. Consequently, the evacuees would not have difficulty in
opening the fire escape doors and escape at this moFRieally, the temperature
distributions inside the highse at 245 s are demonstrated in Figur®. Zhe
temperaturénside the fistfloor at the locatiomear the leaks towards the stairwells is

around 200 . The temperature inside the stairwelislways less than 40 above
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the 3d floor meaning that only small amount of the fire smak&ansported irthe
stairwells and thus thevacuees would not be seriouslyfected at this time.
Additionally, the more evident decline in the temperature in the upper pé#ne of
elevator shaft may be attributed to the combined effect that more coleirgdrawn

into elevator shaft compared the inflow of hot smoke anthrge amounts ofjases
escapinghrough the top elevator vent.

In a word, the conditions inside the building are still acceptable at 245 s and the

interesting part is theery high pressure inside the fire floor developingeager mass

flow rate between each space on the first floor.

40

Floors
Elevator shaft| |
Stairwells

35+ NPP - elevator shaft —.

NPP — stairwells

S — 245 s

Mass Flow Rate (kg/s)
Figure 4.5: Elevation versus mass flow rate for each floor for therigblcaseat
245 s Note that: (1) the black curve indicates the mass flow rates only between the
floors and theoutside; (2) the red curve represents the mass flow rates only between
the floors and the elevator shaft; (3) the blue curve represents the mass flow rates
only between the floors and the stairwells. Negative values are inflow; positive values

are outflow.
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Figure 4.6: Elevation versus absolute pressure inside the-igghbuilding for the

fuel rich caseat245 s
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By comparing the absolute pressure on the two sideverly leakage path, the
mass flow directions between each individual spa@&500 sare shown in Figure.Z0.
The red arrows illustrate that the fire smoke is spreading into not only the elevator shaft
but also the stairwells whiameansthat these fire ®cape stairwells auld be unsafe
for occupants to evacuate. Also, the red arrows show that hot smoke is forced into the
floors above the 23rd floor from the stairwells and into the floors above thél@ar
from the elevator shaft resulting & polluted environment in these areas. Hence,
occupants inside these floor spaces need to evacuate and some smoke control strategies
must be applied to the building in order to ensure safe egress. According to the blue
arrows, only cold air fronthe atmosphere is drawn into the floor space between the
fire floor and the 2th floor so that occupants are safe and will not be influenced by hot
smoke (as long as the structure is not damaged by the fire and the fire is extinguished
before it spreads intopper floors). These arrows also suggest that the fire smoke does
not escape to the outside atmosphere through thdléiostleaks but only through the
upperfloor leaks and roof vent$his is becauseccording to Figure$.12 to 4.14, the
gauge pressa inside the fire floor is negative resulting from the depletion of the
oxygenand the fact that the fire needs the support of oxygen from the atmasphere
Figure 411 provides the mass flow rate in and out of both shafts and the #8bors
3600 s It shows that he NPP for the elevator shédthe same athat foundin the hot
air-supply caseThe NPP for the stairwells lowessightly to thelocation betweethe
23rd floorand the 2th floor for the fuelrich caseat 3600 sFurthermore, based on the

mas flow rate presented indure 411, it is apparent that tremountof fire smoke is
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greaterin the elevator shaft than in the stairwellse to the greater mass flow rate of
air from the floors to the elevator shaffowever, compared to the Rhair-suppy case,
all the mass flow rates ahggherin this case. This could be explainedtbg fact that,
even if the gauge pressure inside the fire floor is negathegreaterpressure
differences betweerthe fire floorand the stairwell630 Pajgnd theelevator shaft490

Pa)leads to astrongerstack effect in the building.
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Figure 4.10: The directions of flow across the entiregt@ry building for the fuel
rich case at 3600 s. Note that: (1) the blue arrows represent the directions of flows
that ae not contaminated by the hot smoke; (2) the red arrows represent the directions
of flows that are influenced by the hot smoke; (3) the dotted lines indicate the
locations of NPPs for the elevator shaft and the stairwell$p(4)mplicity, only one
starwell is represented (all four stairwells are identical and play the same role in the

flow pattern).
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Figure 4.11: Elevation versus mass flow rate for each floor for theriablcaseat

3600 s See the caption of Fig. 4.5.

As shown inFigures 4.12 and4.13, the absolute and gauge pressure curves for

this caseat 3600 sare similar to those obtained in the faatsupply case. However,
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thegauge pressure at the fire floor illustrated in Figui® & negative, and the curves

in Figure 412 show thathe pressure inside the fire floor is lower than the atmospheric
pressure. This is the reason why fresh cold air is drawn from the atmosphere to feed
the design fire and no smoke escapes through the fire floor leakage path. Therefore,
this result is noidentical to the surrogate fire case that creates a positive 10 Pa gauge
pressureon the ground floor. According to Figureld, above the28th floor, the
pressuredifference across the fire escape desceeds 78 Pa arithie maximum
pressure difference imore than250 Pa on the topmost floowhich means that
occupants would havextremedifficulty in opening the fire egress doors and evacuate

if no smoke control plans are used for the building
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Figure 4.12: Elevation versus absolute pressure inside the-tgghbuilding for the

fuel rich caseat 3600 s
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Figure 415 shows the temperature distribution for this case. (Note that the
location of the temperature device has an influence on the temperature output in FDS
due to the fact that the tempenag inside a fire room is not uniformly distributed. The
temperature devices of the floors are located near to the floor leaksds the
stairwellsfor the purpose of monitoring the temperature of gases in and out the floors
from the stairwelly The tenperature of gases inside the floors decreases from the
ground floor as height increases, but it increases as height increases above the neutral
pressure plane for thstairwells due to hot smoke drawn into #eupper floors.
Additionally, the temperaturesf gases in both shafts at the top of the building are still
featuring high values (above 40) indicating that smoke igresenin both shaftsso
it would potentiallylead toincapacitationif the exposurdime is long. Finally, the
shapes of the temperature curves are nearly the same as those of the surrogate fire case.

To sum upat 3600 sthis design fire case resultsnmore seriousonditions within
the building comparedthose obtained with the hair-supply case. The major
difference between the two cases discussed above is that fresh cold air enters the fire
floor to support the combustion of panpedue to the negative gauge pressure in the
caseat 3600 swhereas the hot air is pushed out of the ground floor due p#iieve

gauge pressure in the kait-supply case.
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4.2 Case 4: 2.5 MW Design Fire

As the discussion above, it turns out that the 10 MW desigfirfally becomes
a fuel rich/undewentilated fire. Now, a 2.5 MW Itra-fast tsquaredesign fire is going
to be specified inside the first floor for the purpose of simulating a fueloean

ventilatedcondition

According to Eq. (2.2), the time to reach 2.5 MW can be calculated:

C L TIQW

moxyl P

So, TAU_Q is specified as equal id5in the FDS codes.

According to the FDS outputt)e global equivalence ratio of this case @286

is:
Qe U c@uy
0] O T 1T .
0j O ¢P
TSTu v

So, the fuel lean condition is created in this case.

The developmentf the heat release rate for this case is shown in Figuse #h&
fire reaches the fully developed stage at 115 s which is the same as the value specified
in the FDS codes. Additionally, the HRR is always around 2.5 MW which means that
the fire is oveiventilated condition. Also, from the Smokeviewimationof this case,
the flame does not migrate other locationérom the burnessurface during the entire

simulation time
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Figure 4.16: The time variations of the heat release rate of the-fatiatsquare

2.5 MW fire.

The time variations of the gaugwmessure and the temperature inside three
representative floors are demonstrated in Figuré ZHequasisteady state is reached
approximatelyafter2000 s. The pressure inside the fire floor reachepdhkvalue at
130 s which is a few seconds aftbetfire reaches the fully developed stagke

discussion in this section will include the results provided by FDS at 130 s and 3600 s

due to thgwo different conditions.
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Figure 4.17: Time variations of the gauge pressure and temperature withitotns, f
the elevator shaft, and the stairwells at the heights off)(0)5 m (Itfloor); (b)-(e)

80.5 m (2%tfloor); and (a)(d) 156.5m (4€h floor) for the fuel lean case
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At 130 s, according to Figures 8.0 4.23, theresults here are similar to the
results obtained by the 10 MW fire caae245 sand the main differences are the
magnitudes of the mass floor rate, the pressure and the temperature.

Figure 4.B shows thathe fire smoke generated inside the first floor migrates
directly to the exterior through tHee floor leakage pathspreads imd the two shafts
through their respective legkthen enters the upper floors and leaves the building
thought the top vents and the upper floor lebksreover, this figure illustrates that the
NPP for the stairwells is located between the 23rd floor dttdfbor and the NPP for
the elevator shaft is located between the 36th floor and 37th floor.

Based on Figure 49] the mass flow rate thoughe fire floor leak is about 4.6
kg/s and this is approximately 11 times greater than the outflow througheHedr
leak for the hot air case at 3600 s apgroximately2 times less than the outflow
through the fire floor leak for the 10 MW design fire case at 245 s.

Figures 420 to 4.22 show that the ovepressuransidethe first floor is around
620 Pa for the stairwells and 640 Pa for the elevator gkditionally, the maximum
overpressure across the stairweticapeloors is only 61 Pavhich means that at this
stage occupants can open the stairwell escape door and evacuate.

Figure 423 demonstrates thaté temperature inside the entire stairwells is below
40 , so even thougthe flow patterns indicates thtte fire smoke enters into the
stairwells, this temperature suggestamall amount dfre smokethat would not affect

the evacuees at this moment.
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Figure 4.19: Elevation versus mass flow rate for each floortlar fuel lean casat

130s. See the caption of Fig. 4.5.
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fuel lean casat130s.
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Figure 4.21: Elevation verss gauge pressure inside the hrgde building forthe fuel

lean casat130s.
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Figure 4.22: Elevation versus pressure differences between the stairwells and the
floorsfor the fuel lean casat 130 s (Pressure difference = the pressure inside the

stairwellsi the pressure inside the floors.)
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Figure 4.23: Elevation versus temperature inside the gk building forthe fuel
lean casat130s.

At 3600 sFigure 4.2 depicts that the fire smoke followareepaths as previous
casesaandcontaminate®oth verticalshafts andhe upper floorsAnd similar to the 10
MW design fire casat 3600 sthe smoke does not escape the fire floor to the outside
directly through the fire floor leaklue to the demand for oggn. Furthermore,
compared with this case at 130 s, the NPPs for stairwells and the elevator shaft do not
change

Owing tothe lower pressure differences between the floors and the stairwells and
the elevator shaft shown in Figureseit@4.28 (comparedvith L0MW design fire case
at 3600 s)the resultsn Figure 4.5 suggests that the mass flow rate between these
areas are lower. Additionally, the maximum pressure difference across the stairwell
doors is 142 Pa and the stairwell opeessure exceeds P& above 32nd floomhus,

it is difficult for occupantsnside the upper floors to evacuate.
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The trends of the temperature distribution inside the builstogvn in Figure 42
aresimilar to those of the previous cases. The figure illustrates thatethedrature
maintains a high value (above 40) throughout the entire height of stairwells which
means that the stairwells are filled with fire smoke and thereby will potentially hurt
occupants.

In conclusion,compared to thel0 MWdlesign firecase, there are not many
differences in terms of the flow patterns, the main differences are the magnitttes of
mass flow ratethe pressure, anthe temperatureln addition, it is observed th#te
larger the fire sizethe greater the values for theass flow rate, the pressure and the

temperature and thiise stronger the stack effect.
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Figure 4.24: The directions of flow across the entiregt@ry building forthe fuel
lean casat 3600 s. Note that: (1) the blue arrows represent the direofidiosvs
that are not contaminated by the hot smoke; (2) the red arrows represent the directions
of flows that are influenced by the hot smoke; (3) the dotted lines indicate the
locations of NPPs for the elevator shaft and the stairwell$pX4)mplicity, only one
stairwell is represented (all four stairwells are identical and play the same role in the

flow pattern).
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Figure 4.25: Elevation versus mass flow rate for each floortlar fuel lean casat

3600 s.See the caption of Fig. 4.5.
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Figure 4.26: Elevation versus absolute pressure inside the-tigghbuilding forthe

fuel lean casat 3600 s.
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Figure 4.27: Elevation versus gauge pressure inside the-hgghbuilding forthe fuel

lean casat 3600 s.
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Figure 4.28: Elevation versus pressure differences between the stairwells and the
floorsfor the fuel lean casat 3600 s (Pressure difference = the pressure inside the

stairwellsi the pressure inside the floors.)
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Figure 4.29: Elevation versus temperature inside thghrise building forthe fuel

lean casat 3600 s.
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4.3 Case 5: Design Fireat the Height of NPP

Now, we are going to elevate the design fire to a high elev#tainsnear the
heightof the NPP for the floorsh order toseesome different phenomen@he NPP
for the floors is located between 35th and 36th floor, so the design $peddiedon
the 35thfloor for this case and the fire size is 2.5 MW.

The developmestof the heat release rate inside the four stairwells, the elevator
shaftand the fire floor are illustrated in Figure3@. The HRR inside the stairwells
keeps zero throughout the entire simulation time. The HRR inside the elevator shaft
increases after alit 2700 s which indicates that the flame intrudes into the elevator
shaft. And this is consistent with what is shown in Smokeview. The summation of the
HRR in these spaces is equal to the total HRRulatedoy FDS this can be found in
hrr.csvfile) tha is shown in Figure 81 Therefore, according to this figuri,is
concluded that there is unburnt fuel inside the fire floor which means that the condition
inside the fire floor turns to be fuel rich/undeantilated after around 2600 s. And the

globeequivalence ratio for this case at 3600 s is:

QoL c@uy
0] O T 1 &
0j O T,

TBTU L

75



1 1
0.8 0.8
06 0.6
2 04 S 04
g g
T o2 D02
H :
5 0 § 0
w w
£ 02 £ 02
% 04 % 0.4
06 06
0.8 0.8
A 4
0 500 1000 1500 2000 2500 3000 3500 4000 0 500 1000 1500 2000 2500 3000 3500 4000
Time (s) Time (s)
(a) (d)
1 1
0.8 0.8
0.6 0.6
S 04 S 04
2 =3
2 02 Y02
g 5
§ 0 5 0
w w
£ 02 £ .02
I 04 I 04
06 06
08 08
A g
0 500 1000 1500 2000 2500 3000 3500 4000 0 500 1000 1500 2000 2500 3000 3500 4000
Time (s) Time (s)
(b) (e
350 3500
300 3000
g 250 g 250
§ 8
& 200 T 2000
s [
S =
‘r;i e
(7] [}
2 150 T 1500
£ £
g &
Z 100 & 1000
50 500
0 0
0 500 1000 1500 2000 2500 3000 3500 4000 0 500 1000 1500 2000 2500 3000 3500 4000
Time (s) Time (s)

©

®

Figure 4.30: The time variations of the heat release rate inga)gd)-(b)-(e) the

four stairwells (c) the elevator shafand(f) the floor space for Case 5.
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Figure 4.31: The time variations of the total heat release rate for Case 5.

The time variations of the gauge pressure and the temperature inside the floors,
the stairwellsand the elevator shaft on the 1st floor, 35th floor and 40th floor are shown
in Figure 432. The gauge pressure and the temperature on the firstdteatill
evidently changing at 360Q sincethe cold fresh air is continuously drawn into the
first floor. Additionally, because of the adiabatic boundary condition, it is reasonable
to predict that the temperature insidelthveerfloor space willeventuallyreachi 17
which is as same as the atmospheric temperaluréhe fire floor, the gauge pressure
reaches its peak value at approximately 1Z8ue tothe fact thathefire size decreases
after reaching its fully developetbge, the gauge pressure and the tempeeainside
the stairwells on topmost floor initially increases and thefirtes. Also,the condition
inside the whole building does not becosteadyat 3600 s.Considering the different
phenomena, the outputs that is discussed in the following paragaepbhosen at 126

s and 3600 s.
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Figure 4.32 Time variations of the gauge pressure and temperature within the floors,
the elevator shaft, and the stairwells at the heights off)(0)5 m (Itfloor); (b)-(e)

1365 m @5thfloor); and (a)(d) 156.5m(40th floor) for Case 5
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Figure 4.33: The directions of flow across the entiregt@ry building for Case 5 at
126 s. Note that: (1) the blue arrows represent the directions of flows that are not
contaminated by the hot smoke; (2) the red arrows represent the directions of flows
that are inflenced by the hot smoke; (3) the dotted lines indicate the locations of
NPPs for the elevator shaft and the stairwellsf@d¥implicity, only one stairwell is
represented (all four stairwells are identical and play the same role in the flow

pattern).
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According to Figure &3, the lower part of the building is free of smoke whereas
the floors above the 35th floor are all contaminated by the fire satakés moment
Inside the stairwells, there are two neutral pressure planes. The NPP located between
the 23rd floor and the 24th floor is due to the natural stack effect and the additional
NPP located between the 35th floor and the 36th floor is caused by the dediggat fire
creates outflows towards stairwells from the fire floor. NP for the elevatoris
locatedbetween the 36th floor and 37th floor.

The mass flow rate towards the outside is around 5.1daged on Figure 443
due to the high gauge pressure inside the fire floor (about 526hBan in Figures
4.3 to 4.36. Additionally, Figure 4.37%hows that he pressure difference across the
stairwell doors and the elevator doors are around 490 Pa2an@e5So, the fire floor
conditions are very similar to those of CaseAdditionally, the maximum over
pressure inside the stairwells is only 63Wach means that the evacuees do not have
difficulty in openingthe stairwell escape door and evacuating.

The temperature distributions inside the building are shown in FiguBe #he
low temperature throughout tlemtire height of the elevator shaft and the stairwells
results from thenoreatmospheric colair than the hofire smokespreadingnto both
shafts. Therefore, the density of the smoke inside the escape stairwells is too low so
that it could be neglecte@onsequently, occupants are able to safely evacuate at this

stage.
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Figure 4.34: Elevation versus mass flow rate for each floor for CasEl26 s.See

the caption of Fig. 4.5.
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Figure 4.35: Elevation versus absolute pressure inside the-tigghbuilding for Case

5at126 s.
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Figure 4.36: Elevation versus gauge pressure inside the-hgghbuilding for Case 5

at126 s.
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Figure 4.37: Elevation versus pressure differences between the stairwells and the
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the pressure inside the floors.)
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Figure 4.39: The directions of flow across the entiregt@ry building for Case 5 at
3600 s. Note that: (1) the blue arrows represent the directions of flows that are not
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that are influenced by the hot smoke; (3) the dotted lines indicate the locations of
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represented (all four stairwells are identical and play the same role in the flow

pattern).
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Figure 4.34 shows that the stairwells is free of fire smoke. This is bettaise
according to Figure 4.2@), when there s unburnt fuel inside the fire floor, the
pressure inside the stairwells is lower than the pressure inside the fire floor. Hence, fire
smoke does not enter the stairwells and the existed fire smoke escapes though the
stairwell top vents to the atmosphegading to the fact that the stairwells is safe at this
moment. Moreoverthe flame migrates into thelevator shaft, but both HRRs inside
the elevator shaft and the fire floor are low. The fire with this low HRR is not able to
increase the pressure at timght between the 36th floor and 37th flfl@ading to a
weaker stack effect between the fire floor and the topmost flSor)the NPP for the
elevator shaft is elevated to the position between the 37th floor and the 38th floor.

The mass flow rates beéen each space kigure 4.35 looks similar to those of
the case without fire/hot air at 3600 s. The difference is that the mass flow rates between
each space on the fire floor is dramatically decreased for this case due to the fact that
the design fireeate a higher pressure resulting in that the pressure difference between
each space is lower as shown in Figures 4.36 and 4.37. Additionally, these two figures
indicate that the maximum ovpressure inside the stairwells at this momernily
25 Pa. Cosequently, opening the stairwell escape door is not difficult for occupants at
this time. Furthermore, the temperature distribiionFigure 4.38 show thahe
temperature inside the stairwells is very low throughout the entire height of the building
due to the lack of fire smoke.

To sum upthe conditios at 130 s and 3600 s are both tenable. (According to
Figures 4.28a) and 4.24d), the temperature is above 40 and the ovepressure is

above 78 Pa inside the stairweflosm about 500 s to 1000)sAnd thedesign fire
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located near the NPP for the floors does not create segrditionscompared with

the design fire located on the first floor.
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Figure 4.40: Elevation versus mass flow rate for each floor for Case 5 at 3@¥®s.

the caption of Fig. 4.5.
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Figure 4.41: Elevation versus absolute pressure inside the-hgghbuilding for Case

5 at 3600 s.
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Figure 4.42: Elevation versus gauge pressure insigehighrise building for Case 5

at 3600 s.
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Figure 4.43: Elevation versus pressure differences between the stairwells and the
floorsfor Case Jat 3600 s (Pressure difference = the pressure inside the staifivells
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Chapt &1 Caswist h Open Doors: Therm

This chapter aims to explore more realistic scenarios (open doors), study the
thermal mixingin FDS and compare the results with CONTAM and a MATLAB
program for the same scenaribbe MATLAB code is an irhouse solver based on the
classical flowpressure couplindgernoulli expressions for flow velocitynd a steady
state assumptionand developed during this project for additional insights and
understandingNote thatsince the FDS model ignores tbiects of the stairs and the
landing platformgno stairwells and obstructigninside the stairwellsthey are also
ignored inthe MATL AB codefor the comparison Additionally, in CONTAM, the
Ashaft airfl ow mod edtonlythes elevatorestiathdt alsothes peci f y i
stairwellsfor the comparison with FS and t he fori fice equati

exponent equal to 0.5 ised for specifying all the leakages and openings.

5.1 Cases 6: Closed doors

This first section provides results for the comparison with the following
simulation. For this case, the 2.5 MW ulfesst tsquare fire is specified to start at the
60 secondsral no doors are opeturing the simulation. The configuration of the
building is not changed, and all the surfaces of the building are adiabatic. The
configurations and conditions of the model in CONTAM and MATLAB are the same
as that in FDS. The total sutation time is 600 s for this case, and it takes less than 90

minutes to complete by Deepthought2 (an HPC cluster provided by UMD).
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The heat released rate for this case is shown in Figure 5.1. The fire starts at 60 s
and reaches the maximum HRR at 1ABhich takes 115 s as specified (see case 2).

Also, the fire is ovewentilated throughout the simulation time.
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Figure 5.1: The time variations of the heat release rate for case 6.
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Figure 5.2: Time variations of the gauge pressure and temperature \ththiitoors,
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Examinations of theithe variations of the gauge pressure and temperature within
the floors, the elevator shaft, and the stairweltsthree representativiloors are
illustrated in Figure 5.3. The pressure inside the fire floor is increased after that the fire
starts and redes the peak value at 180 s which is a few second after the fire is fully
developed. The temperatursside the three spaces the first floor has an evident
incrementat the end of the simulatioifhe results from 55 s to 600 s are included in

the discusion for this section.

Figure 5.3: Elevation versus gauge pressure inside the-hgghbuilding obtained by

(a) FDS; (b) CONTAM; and (c) MATLAB for case 6 at 55 s

Figure 5.4: Elevation versus pressure differences between the stairwells and the

floors obtained by FDS, CONTAM and MATLAB for case 6 at 55 s.
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