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ABSTRACT of thesis entitled “A Study on Enclosure Fires with Mechanical
Ventilation System” submitted by KUI Qiao for the degree of Doctor of

Philosophy at The Hong Kong Polytechnic University in July 2003.

Enclosure fires with forced ventilation were studied in this thesis with three
stages. Stage one is on reviewing fire codes in China, Hong Kong, USA and
other countries for identifying the fire safety aspects in enclosures with
mechanical ventilation.  Theoretical background of airflow induced by
mechanical ventilation system appeared in the literature was studied. New
concepts on performance-based fire codes were discussed. Stage two is on
evaluation of different system designs. Possible fire hazard scenarios in relation
to ventilation requirements were identified. Consequences of those hazard
scenarios on the occupants, the building and its contents were assessed by fire
models. Results are useful for designing appropriate fire services systems to
provide better fire safety. Stage three is on developing a practical air flow model

for forced ventilated fire.

Cabin design, a safety concept commonly used in big halls in Hong Kong, was
selected for a more detailed evaluation. This was taken as an example with
provision of mechanical ventilation system. Concepts of zone models with some
fire plume equations available in the literature were studied. Models were then
applied for scenario analysis. The principles of ventilation system design and
aspects of smoke movement in a chamber were studied. In the zone model

simulations, both natural ventilation and forced ventilation conditions in a cabin



were considered. The associated developed equations were solved by symbolic
mathematics which have greater flexibility in changing the parameters concerned,;
and more transparent to the users. The two-layer zone model ASET was used for
enclosures without openings. ‘Bare cabin’ fires with operation of smoke
extraction system were solved by FIREWIND program. The Computational
Fluid Dynamics (CFD) package PHOENICS was also applied to simulate several
cases of cabin fire. In verifying the model, CFD results are compared with those
experimental results reported in the literature including the ISO room-cormer fire
test and other compartment fires. Simulations with different geometrical aspects
of the chamber, fire sizes, zone models, and plume models were carried out.
Results are useful to identify the possible fire hazards, as well as to determine the
zone model with suitable sub-models such as the plume model for different types

of chamber.

Air flow induced by a point heat source in a natural ventilated compartment was
studied. Three models, fully-mixed model, water-filling box model and
emptying air-filling box model, on air flow in a chamber reported in the literature
were reviewed. With a point heat source located at the center of the
compartment, two zone models were developed: Model 1 is for a compartment
without any walls and Model 2 is for an enclosed compartment with adiabatic
walls; but with two openings. Equations in the developed zone models were
solved by symbolic mathematics. The relationship between the neutral plane
height and the outlet area was drawn. Results of the two new models are

compared with those predicted by CFD, and fairly good agreement was found.



Thermally-induced plume in a chamber under forced ventilation was also studied.
Plume equations derived under natural ventilation available in the literature were
reviewed first. CFD was then applied to study two ‘models’ induced by a heat
source in a chamber with forced ventilation. They are the parallel flow model
and the jet flow model. Based on the plume expression in a chamber with natural
ventilation, two plume equations under forced ventilation were then derived from
seven sets of CFD simulations. Those are four cases with different thermal
power of the point heat source; and three cases on different air speeds. Again,
symbolic mathematics was used to solve some equations concerned. These
developed air flow models and derived plume equations have the potential to be

used in fire assessment for compartments with mechanical ventilation.

As a summary, originality and contribution to fire science and engineering can be
summarized info three parts. The first part is on attempting to apply
performance-based fire code in China with carpark as an example. The second
part is on demonstrating zone models and CFD field model as simulation tools
for fire safety assessment. Lastly, new zone models for studying aerodynamics

in chambers and plume equation under forced ventilation were developed.
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Chapter 1 INTRODUCTION

In the Hong Kong Special Administrative Region (HKSAR, formerly Hong
Kong), the usable land area in the downtown is quite limited. Numerous areas are
enclosed, say in commercial establishments such as shopping malls, underground
car parks, halls and atria. Ventilation must be provided and usually, only a small
portion of volume space at the occupant levels would be ventilated for large
enclosures. Mechanical ventilation (forced ventilation) and air conditioning
systems are installed to supply adequate fresh air and to remove the air
contaminants within a reasonable amount of time. An acceptable level of air
quality in those enclosed commercial buildings can then be maintained. Hazard
assessment in such enclosure buildings with forced ventilation system installed

was focused in this project.

i-1 Review of earlier studies

Earlier studies of fire ventilation were concentrated on carbon monoxide, oxides
of nitrogen, oxides of sulphur, odorous substances and smoke in open area. It is
because those are generally considered to be the major factors affecting health. In
the United States, as quoted by Stankunas (1989), the basic design criteria are 4
to 6 air changes per hour, with a minimum ventilation rate of 10 to 15 Is'm™.
The maximum recommended carbon monoxide concentration is 50 ppm for an

eight-hour time-weighted average; and 125 ppm for a one-hour time-weighted

average. The minimum flow rate of fresh air to be maintained as specified in the



Australian Standard 1668.2 (1991) is 3,000 Is. This would give an indoor
carbon monoxide level of about 136 ppm if a loading value of 0.4 Is! or 1.4
m’hr! of carbon monoxide is discharged, as proposed and used by Ball and
Campbell (1973). The average driving lengths of cars for a heavy-load car park
are also specified in Australian Standards. Similar standards are also found in

Japan, Finland and other countries.

However, fire in a building with forced ventilation is different from those in
other buildings with natural ventilation. First, a thermal stratified hot smoke layer
might not be formed due to the interaction between the air flow induced by the
fire and that of the ventilation system. Locations of air intake at a higher level
would be an obvious example. In this instance, assumptions made in traditional
zone models would not apply. Second, even if a hot smoke layer is formed, say
for the case with air intake at a low level and air exhaust at a high level, the air
entrainment rate toward the plume might be neglected by plume expressions
available in literature describing natural ventilation fires. Estimation of the fire
temperature inside such compartments using the theories for a natural ventilated
fire is then not accurate enough. The forced-ventilation induced air flow would
interact with the flow due to the fire, making the smoke layer unstable. In fact,
whether or not a smoke layer can be formed depends on many factors. If hot
gases cannot rise, sprinkler heads and fire detectors installed at higher levels
would not be actuated. Another important factor is the ventilation rate which
provides the necessary air for combustion. The ventilation rate is dependent on

the floor area and usually, the smaller the floor area, the larger the ventilation



rate per unit floor area. Understanding the effects of ventilation design and the

ventilation rate on enclosure fire properties is therefore important.

i-2 Outline of main works

The objectives of this research project are to study the possible hazard scenarios
in relation to ventilation and fire aspects in enclosures with forced ventilation,
the consequences of those scenarios on fire safety and how good building

services engineering systems can be designed for improving the situation.

Zone models (Cooper 1982a & 1982b) have been developed to simulate
compartmental fires. Chow and coworkers (Chow 1995a) have worked with full-
size and scale models. The application of Computational Fluid Dynamics (CFD)
is a powerful technique in the simulation of the resultant air flow pattern in field
models (Chow 1997a, 1997b, 1998b & 1998c). These have been validated
through larger fires and it is interesting to see the use of CFD performance in

simulating enclosures with forced ventilation fires.

The following aspects are focused:

. Possible hazard scenarios in relation to ventilation requirements and fire
safety in enclosures with forced ventilation.

. Consequences of those hazard scenarios to the occupants, the building and its

contents.



. How good building services engineering systems can be designed for
improving the safety aspects.
« Application of mathematical fire models in fire hazard assessments.

« Performance evaluation of fire protection systems.

Fire codes were reviewed and forced ventilation design was studied. Key
equations in a two-layer fire zone model were analysed by referring to the
popular model Available Safe Egress Time ASET (Cooper 1982a & 1982b).
Results predicted by ASET (Cooper 1982a & 1982b) and from a model based on
symbolic mathematics program MATLAB (1997) were compared. Also, natural
ventilation and fire simulations on ‘cabin’ with FIREWIND 3.4 (FMC 1997)
were studied. ‘Bare cabin’ fires (Chow 1997a, 1997b, 1998b & 1998c) were
predicted by zone model with and without operation of smoke extraction system.
Time to flashover with smoke extraction system in a ‘bare cabin’ was studied. In
addition, results were compared by CFD studies (Chow 1997a, 1997b, 1998b &
1998¢c). Thermally-induced indoor aerodynamics in compartment with natural
ventilation was investigated and plume equation in a chamber with forced

ventilation was studied.

Estimates of doorway flow rates are required for smoke control in fires and
forced ventilation design. Literatures and papers about doorway ventilation were
reviewed and studied. The scope of the Code is expanded from a prescriptive-
based code for stairs, doors and fire escapes to a performance-based and

prescriptive-based code addressing myriad factors affecting life safety in the



event of fire. Every item in the fire code comes from series of lessons or

experiments.

Fire codes in Hong Kong (Chow 1995¢c, NFPA 1994 & 2001) might become
more closely related to those of the Mainland after the smooth reunification in
1997. Updated fire codes in China and in Hong Kong are studied. Meanwhile,
the study on forced ventilation is not isolated, but should be applied to practical
situations. One of the main aspects of the application is to amend and change the
prescriptive fire codes into performance-based fire codes (Bressington 1999a,
Buchanan 1998, Hadjisophocleous 1998). Fire codes of China (Ministry of
Public Security 1995 & 1997, Ministry of Construction 1999), particularly on
carparks (Ministry of Public Security 1998, GB50067-97), were reviewed and
compared with those in Hong Kong. Cabin fire simulations for airport terminals
and railway stations were carried out, in order to study how good building
services engineering systems can be designed for improving the safety aspects. It
is well known that airport terminals and railway stations have long escape routes
with large spaces. Smoke extraction systems are provided to enhance fire safety
where travel distances for escape are extended or compartment volumes

exceeded the regulation limits.

In order to have a better understanding of fire development and the smoke spread,
so as to provide safety to people, simulations with natural ventilation were
carried out by using FIREWIND 3.4 (FMC 1997). The time to flashover for fires

in a ‘bare cabin’ with smoke extraction system was studied by using the



FIREWIND program as a simulation tool. The FIREWIND simuiation on cabin
was started with natural ventilation, and then with different fires and with or
without forced ventilation system installed to evaluate their performance. Over
14,400 simulations were carried out with results reported in literature (Kui &

Chow 2000, Chow & Kui 2000).

CFD, a powerful but practical technique was applied to simulate the resultant air
flow induced by fire in enclosures with forced ventilation. CFD studies were
carried out on ‘bare cabin’ fires with and without the operation of smoke
extraction system. The popular CFD package — PHOENICS (PHOENICS 2000)
was selected as the simulation tool for data analysis. ASET (Cooper 1982a)

model was developed and combined with MATLAB.

1-3 QOutline of thesis

As described above, this chapter gives an introduction including a review of
previous works and fundamental knowledge on fire safety aspects in enclosures
with mechanical ventilation system. A pictorial presentation of the thesis is
shown in Figure 1-1. The fire aspects identified in enclosures with mechanical
ventilation were reported from Chapters 2 to 4. Performance-based fire codes
were attempted to be implemented in China. Application of zone models and
CFD field models as simulation tools for fire hazard assessment were studied
from Chapters 5 to 7. Performance of fire protection system were evaluated. For

Chapters 8 and 9, innovations of two zone models of both natural ventilation and



forced ventilation aspects were studied for optimizing the fire safety aspects by
improving the design of building services engineering system. Finally, a

conclusion is given in Chapter 10.



Chapter 2 PRELIMINARY REVIEW ON FIRE SAFETY

CODES IN CHINA

Fire code study is important because in any country, building design should
follow building fire codes and related regulations. Fire codes integrate both
former fire science research achievements and experiences. Both the fire codes

of China and Hong Kong studied are of the latest versions.

Upon smooth reunification of Hong Kong to Mainland China, local fire codes
(Fire Services Department 1994a & 1994b, Buildings Department 1995, 1996a,
1996b & 1998) might be more closely related to those in the Mainland.
Understanding the fire codes in the Mainland and how they can be upgraded to
suit the requirements in this new century would be essential. To satisfy the
requirements for new buildings, some changes have been made in other places
(Chow 1995¢c, NFPA 1994 & 2001). The scope of building fire codes is moving
from prescriptive-based codes (e.g. for stairs, doors and escapes) towards
‘performance-based’, with some specification codes addressing factors affecting

life safety in case of fire.

The objective of establishing building fire codes is to ensure life safety in case of
fire and other similar types of emergency (NFPA 1994 & 2001) with minimum
requirements, taking into account the function, design, operation and
maintenance of the buildings and structures concerned. The level of fire safety

can be worked out (NFPA 1994 & 2001) through the requirements on:



prevention of ignition; detection of fire; control of fire spreading; confinement of
fire and smoke; extinguishment of fire; provision of refuge and/or evacuation

facilities; staff responses; and provision of fire safety information to occupants.
2-1 Basic fire codes in China

Over the last 50 years, China has actively participated in the global fire research
activities and has played an important role in the field of fire engineering on the
international platform. Fire codes in China are quite complicated but can be
classified in two main ways: by legal effects and by contents. The details are

shown in Table 2-1.

Many fire codes in China are related to buildings, among which the three most
popularly used are: Code for fire protection design of buildings (GBJ-16-87,
Ministry of Public Security 1995), Code for fire protection design of tall
buildings (GB50045-95, Ministry of Public Security 1997), and Design code for
residential buildings (GB50096, Ministry of Construction 1999). A critical
review on the requirements on the design of building in the China fire codes can

be found in Appendix A.
2-2 Comparison with NFPA Life Safety Code, USA

Building fire codes in the USA are made by different non-benefited individual

organizations and associations such as: American National Standards Institute



(ANSI), American Society of Heating, Refrigerating and Air-Conditioning
Engineers (ASHRAE), National Fire Protection Association (NFPA) and
American Society for Testing and Materials (ASTM). A building code cannot
become a regional law unless going through legislation program and approved by
most members of the city council. The copyright of building codes does not
belong to the US government, but the individual associations and organizations.
The US government has the authority to announce emendation clauses or items

of each building code (Shen 2001).

The purpose of the performance-oriented language used in the NFPA Life Safety
Code (NFPA 1994 & 2001) is specified as protecting the occupants not intimate
with the initial fire development from loss of life while also improving the

survivability of those who are intimate with the fire.

2-2-1 Comparison of fire hazard classification

Fire hazards are divided into four classes in the China code and three classes in
the NFPA code. The criteria for classification of fire hazard are listed in Table 2-

2.

According to the comparison above, the classification in the US code and the

China code are similar. They are all based on the burning performance of the

building materials and structure of the buildings.
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2-2-2 Comparison on means of egress

Occupants of a building must be protected from obstacles to safe egress. To
achieve this goal, the protection of each component in the egress system must be
considered. The principal factors governing the provision of means of escape are
the number of occupants in the compartment, and the maximum time needed for
an occupant to escape from a given compartment. To determine the number,
width and location of exits, three vital points are considered in both the China
code and the US code: alternative egress, travel distance and number of
occupants, the width and the number of exits and the location of exits limiting

the time of escape.

The egress capacity requirements of common buildings in the China code and in

performance-based code are shown in Table 2-3 and Table 2-4 respectively.

The comparison of travel distance limits is shown in Table 2-5. The comparison
of width requirements on assembly and other occupancies of performance-based
code is shown in Table 2-6, and the comparison of the requirements of width and

exit of buildings is shown in Table 2-7.

The classification of fire class for industrial buildings in the China code depends
on the production of the factory; while for the US code, it depends on the burning
and explosive characteristics of the materials contained in a building, not on the

quantity of combustibles. The different definitions of the two codes are shown in

i1



Table 2-8.

The number of stories and occupancy area of industrial buildings are also limited
by their classification of danger. Requirements in the China code are shown in

Table 2-9.

Obviously, the China code is more detailed than the US code on this part. The
China code has a clear classification on industrial buildings, because a large
series of experiments and tests have been done in China for setting those

requirements.

2-3 Comparison with fire codes in Hong Kong

In Hong Kong, the fire code is called as Code of Practice (Buildings Department

1997a). There are mainly four codes:

. Code of Practice for Means of Access for Firefighting and Rescue
(Buildings Department 1995)

o Code of Practice for the Provision of Means of Escape In Case of Fire
(Buildings Department 1996a)

o Code of Practice for Fire Resisting Construction (Buildings Department
1996b)

. Codes of Practice for Minimum Fire Service Installations and Equipment

(Buildings Department 1998a)

12



“Code of Practice for Means of Access for Firefighting and Rescue” seeks to
achieve the objective of assisting in firefighting and in saving lives of people in
buildings by ensuring adequate access for firefighting personnel in the event of
fire and other emergencies. The following parts are included: access staircase;

fireman’s lift; firefighting and rescue stairway.

“Code of Practice for the Provision of Means of Escape In Case of Fire” is to
announce provisions for the protection of buildings from the effects of fire by
providing adequate means of escape in the event of fire and other emergencies. It
includes: requirements of exit routes, direct distance and travel distance, doors in

relation to exits, etc.

“Code of Practice for Fire Resisting Construction” is to announce provisions for
the protection of buildings from the effects of fire by inhibiting the spread of fire
and ensuring the integrity of the structural elements of buildings. It includes:
compartmentation (zoning), protection of adjoining buildings, protection against

spread of fire and smoke between floors, roofs, etc.

“Codes of Practice for Minimum Fire Service Installations and Equipment”
provides detailed fire design requirements of the following: basements, boiler
rooms, carparks, commercial buildings, domestic buildings, garages, hotels, etc.

Hong Kong is a part of China, but before the handover in 1997, Hong Kong has
developed its own fire codes far different from those of China. Most parts are

incomparable, only because they belong to different systems. The comparison of

13



specified requirements of width and exit of common buildings, and travel

distance limits are listed in Table 2-5 and Table 2-7.

2-4 Conclusion

As learned from the above study, China’s fire code is a prescriptive-based fire
code paying more attention to industrial buildings. This is because the industrial
development has been the central focus of the country in the past 50 years. That
is necessary, but no longer suitable for the new situation. Compared with the US
code, protection of human lives should be considered more. The following
practice and circumstances are analyzed carefully in both the US code and the
China code: volume and height of the building, use of the basement construction,
the degree of natural ventilation or without natural ventilation, the provision of
adequate smoke control, the distance from the boundary or the distance to other
buildings, the use category of other parts of the same building or adjacent
buildings, the accessibility of the fire fighting appliances, the spacing and

adequacy of fire-protected pedestrian escape stairs.

Compared with the US code, some advantages of the performance-based fire

code would be good for the improvement of the China code.

2-5 Future directions

Performance-based fire codes are developed from prescriptive-based codes and

i4



widely used by municipal departments of government, fire department and
relative institutions. China can learn more from this to improve the existing fire
code. Now, with the development of new buildings, it should be amended to suit
the new situation. More new types of buildings should be considered such as
underground carparks, enclosure buildings and atria or even new high-

technology Artificial Intelligence (AI) buildings.

Cars, ships, trains and planes are similar to buildings in the way that they have an
enclosure area, several entrances and exits. They are more dangerous than low-
rise buildings because most fire cases occur on their moving, thousands of meters
high in the air or in the middle of the ocean. Their problems are the same as
buildings on escape, fire alarm, fire resistance and so on. Future fire codes would

be applicable to those vehicles.

Multi-disciplines are involved in the study of fire code, such as fire engineering,
building services, calculation with the new performance-based code, and even
humanity factors engineering and social sciences. Scientists are needed to break
the barriers in language and limits and to accept different concepts. International
conferences can help fire engineers and scientists get together to exchange their

viewpoints.
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Chapter 3 REVIEW OF VENTILATION SYSTEM DESIGN

This Chapter is focused on two parts: ventilation system design review and
ventilation system design methodology (see Figure 3-1). Ventilation system
design can be better understood by reviewing the fire codes. That is because
ventilation system design in the building would follow building regulations. To
study the fire safety in enclosures with forced ventilation conditions, acquiring
more knowledge of ventilation system design in different building types is
necessary. Both natural ventilation design and forced ventilation design in
different building type are reviewed. Basic knowledge of forced ventilation
system model design methodology was then studied. Underground carpark in the
commercial building is always designed as a typical large enclosed space. The
study on carpark is very important to get the basic concepts of fire safety in
enclosures with forced ventilation conditions. Carpark ventilation system
requirements in different countries are reviewed in order to show the common

ground.

3-1 Objectives of installing ventilation system in a building

The ventilation control system and smoke control system must accomplish one or
more of the following objectives (NFPA 92A 1992 & 2001, NFPA 92B 1995 &
2001):

o Maintain a tenable environment in the means of egress from large-volume

building spaces during the time required for evacuation.

16



« Control and reduce the migration of smoke between the fire area and adjacent

spaces.
. Provide conditions within and outside the fire zone that will assist emergency
response personnel to conduct search and rescue operation and to locate and
control the fire.
« Contribute to the protection of life and reduction of property loss.

« Aid in post-fire smoke removal.

To achieve these objectives, sprinkler systems are provided in most commercial
buildings in Hong Kong. Smoke management systems such as smoke extraction

systems, or staircase pressurization systems might also be provided (Wong 1999).

Smoke extraction systems serve to prevent a smoke layer from reaching a critical
level, reduce its temperature and improve visibility by diluting the smoke with
cooler air. The spread of smoke is limited by fire compartments, or smoke

barriers.

3-2 Natural ventilation system

Natural ventilation system includes all natural ventilation facilities installed in a

building, such as windows, doors and so on. Natural ventilation design of

residential buildings in Hong Kong and Mainland China are compared below.
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3-2-1 Natural ventilation design of residential buildings in Hong Kong

Regulations on ventilation design in a building were set up in Hong Kong with
most of them listed in Chapter 123, Hong Kong Building (Planning) Regulations
(Buildings Department 1997b). Requirements for planning, design and
construction of buildings and associated works were provided as in Hong Kong
Building Ordinance (Buildings Department 1997b). This will make provision for
rendering safety of dangerous buildings and land; and make provision for matters

connected therewith.

Windows and doors are basic installations for natural ventilation. The minimum
requirements of windows are listed clearly in The Hong Kong Buildings

Ordinance Chapter 123F 31 and also shown in Table 3-1.

In this regulation, “window” includes french window; and the sill of a prescribed
window shall be deemed to be at a level 1 m above the level of the floor of the
room for which the prescribed window is provided, whether or not the sill is at

such level (Buildings Department 1969).

To make sure the function of window is effective, there are restrictions on

distance between the prescribed windows, to any part of the room.

The minimum requirements of doors are listed in Chapter 123, Hong Kong

Buildings Ordinance (Buildings Department 1997b) and also shown in Table 3-2.
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Since the living space in Hong Kong is quite limited, there are no specifications
on the size of door, but general requirements on the position and type. No door,
gate, window or shutter opening on or over any street shall be so hung or placed
as to project over such street at a height of less than 2.5 m above the ground.
Emergency exit doors, electrical transformer room doors, plant room doors,
refuse storage chamber doors and doors leading to similar types of utility rooms
or chambers may open outwards over such a street if such doors when fully
opened do not cause an obstruction to any person or vehicle using the street

(Buildings Department 1992).

3-2-2 Natural ventilation design of residential buildings in Mainland China

Requirements of natural ventilation design of residential buildings in China are
listed in three regulations, namely Code for fire protection design of buildings
(GBJ-16-87, 1995), Code for fire protection design of tall buildings (GB50045-
95, 1997) and Code for fire protection design of commercial buildings (JGJ43-38,

1989) (Ministry of Public Security 1995, 1997 & 1989).

It is required that the window open to staircase and fire elevator should be at
least 2 m°. Smoke extraction window should be installed on the ceiling or on the
top of the room and easy to open. In the Design code for residential buildings of
China (GB 50096-1999) (Ministry of Public Security 1999), it is required that in
both the living room and bedroom, the inlet-outlet area for natural ventilation

should be 1/20 of the floor area at least. In bathroom and kitchen, the inlet-outlet
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area for natural ventilation should be at least 1/10 of the floor area and no less

than 0.6 m?.

Minimum requirements of the size of windows in China code are listed in Table
3-1, where the window area A, in a room corresponds with the room floor area
Ar (GB 50096-1999). The requirements are found to be similar to the Hong Kong
Buildings Ordinance, but China design code has more details on the requirements
of different types of room. That is because other countries’ building fire codes
(NFPA 1994 & 2001, BCA96 1996, Ministry of Construction 1995) are referred

to for the China design code.

Minimum requirements of the size of doors in China code are listed in Table 3-2.
The width of the door is varied from 1.2 to 0.7 m and the height of door is always
2.0 m. The requirements are again similar to the Hong Kong Buildings

Ordinance.

3-3 Forced ventilation system

Forced ventilation system includes all kinds of forced ventilation facilities

installed in a building like fans, ventilation pulps, inlets and outlets of ventilation,

etc. Forced ventilation design of residential buildings in Hong Kong and

Mainland China are compared below.
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3-3-1 Forced ventilation design of residential buildings in Hong Kong

Regulations on smoke control and forced ventilation are specified in: Smoke

Extraction Systems, Code of Practice for Minimum Fire Service Installations

(Buildings Department 1998), Equipment and Inspection, Testing of Installations

and Equipment. Forced ventilation system for smoke extraction can be exempted

if any one of the following conditions is satisfied (Wong 1999).

- The compartment does not exceed 7,000 m>; or

. The aggregate area of open window of the compartment exceeds 6.25% of
the floor area of that compartment; or

« The design fire load does not exceed 1,135 MJ m2.

« For atrium, the compartment does not exceed 28,000 m’.

. For internal means of escape for hotels, if the route is provided with openable
windows connected to open air and the aggregate area of such windows
exceeds 6.25% of the floor area of the route.

« For basement area, if the compartment does not exceed 7,000 m’ ; or the

design fire load does not exceed 1,135 MJ m~.

Two options of smoke extraction system can be employed: Dynamic smoke

extraction system and static smoke extraction system.

Dynamic system is a mechanical ventilation system capable of removing smoke

and the products of combustion from a designated fire compartment, and also
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supplying in fresh air, to maintain a specified smoke free zone below the smoke

layer.

Static system has been applied in natural ventilation, utilizing smoke reservoirs,

located ducting and openings actuated by smoke detectors.

In Chapter 123 of Hong Kong Buildings Ordinance, it is specified that the
mechanical means of ventilation shall be capable of supplying fresh air to all

parts of a room at a rate of not less than 5 changes of air per hour.

3-3-2 Forced ventilation design of residential buildings in Mainland China

Requirements of forced ventilation design for buildings in China are illustrated in
the three regulations mentioned earlier. They are Code for fire protection design
of buildings (GBJ-16-87, 1995), Code for fire protection design of tall buildings
(GB50045-95, 1997) and Code for fire protection design of commercial

buildings (JGJ48-88, 1989) (Ministry of Public Security 1995, 1997 & 1989).

In China Building Code (Ministry of Public Security 1989, 1995, 1997 & 1998),
forced ventilation system and smoke extract system should be installed in the
following buildings:

. Subway individual department stores, hospitals and motels which usable area

exceeds 500 rnz;
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- Restaurants, exhibition centers, gymnasiums, ball halls, skating ranks which
the usable area exceeds 1000 m® and decorated by noncombustible materials.
Or, the usable area exceeds 500 m® and decorated by difficult combustible
materials;

o Cinemas, auditoriums;

. Libraries, chanceries and workshops in class C and D (see Table 2-17) which
the usable area exceeds 1000 m*;

o Underground buildings with smoke proof staircases installed.

Minimum requirements of forced ventilation for residential buildings in the
China code are shown in Table 3-3. The largest difference with the Hong Kong
code is in the requirements of extraction rate in industrial buildings. The
extraction rate in the China code is much larger than in the Hong Kong code, that
is because most industrial buildings in mainland China are for heavy industry,

they need higher air change rate to maintain the air quality inside the factory.

3-3-3 Requirements from prescriptive codes for dynamic smoke extraction

system

Generally, in the prescriptive codes, the requirements for smoke extraction

system are:

« Smoke extraction rate is 8 air changes per hour in general, 10 air changes per
hour for internal means of escape for hotel areas, with minimum smoke

extract sizing based on 7,000 m>. Atria are not included.
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« Minimum make up air rate is 80% of the extraction rate in general.
» Requirements on smoke detection system can be made reference to BS 5839

(British Standard 1995).

3-4 Fire in an enclosed chamber

Smoke is the real enemy to life safety in most fire accidents. Smoke management
system is important to defend life safety. The basic knowledge of smoke, smoke

layer, and requirements on ventilation system are introduced in this section.

Once a fire is started, a convective plume of heated gases would rise upward to
the compartment ceiling. The driving force is buoyancy and 1 m® of hot air at
flame temperature would only have density of a quarter of that of surrounding
ambient air. The upward buoyancy is about 1 kg force. The higher the ceiling
above the fire source, the greater the volume of smoke, but the cooler the
resulting gases at ceiling level with less buoyancy. This is because cooler air at
ambient temperature is entrained into the plume as it rises. The upward buoyancy
will be decreased and hence the vertical velocity decelerated. Smoke in the
smoke layer has over 95% of entrained air. The rate of air entrainment is a
function of several variables, notably the base perimeter of the plume at spout
level, the ceiling height and the flame temperature. Large amount of air is drawn

into the plume in the near field around the base of the fire.
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A smoke layer would be formed in a compartment fire when the ceiling jet
strikes a vertical wall. It will become hotter and thicker to descend downward.
This is analogous to water filling a sink but turned upside down. Values of
typical layer lift forces or upward pressure are around 3 to 6 Pa (ASHRAE 1985).
There will be problems on evacuation and fire fighting when the smoke layer
descends to the occupant zone. Visibility of occupants will be reduced and toxic
gases will bring ill-health effects. In fact, most deaths in fires were due to smoke,

not heat.

3-5  The well-mixed model: carpark

The basic design method is based on the “well-mixed model” described as
follows. Suppose a carpark is an enclosed space of volume Vroom, and the fresh
air intake rate and the exhaust rate are the same, at a value of M (expressed in
kgs™). Sources of carbon monoxide are taken to be of emitting rate S¢ (expressed
in kgs?), giving an instantaneous carbon monoxide concentration of C(t)
(expressed in kg per kg of air). The air density is p (1.2 kgm™ at 20 °C and
101.325 kPa; it is taken to be the same as the density of carbon monoxide of 1.25
kgm™ at 0°C and 101.325 kPa (ASHRAE 1985). The fresh air injected into the
car park enclosed space has a carbon monoxide concentration of Ci, (expressed

in kg per kg of air).

The mass balance equation for thorough mixing of carbon monoxide and air

gives:
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ove. Ceog ime, -Mc, (3-1)

Room dt

The expression of the equation was developed by Chow (1995b).

In a carpark, cars might move in or out within a time interval while measuring
the emission rate. The carbon monoxide level in the carpark can be very high if

mixing between the fresh air and the carbon monoxide is poor (Chow 1995b).

Concentration of carbon monoxide C(t) can be expressed as a “filling up” part
when a source is discharging; and a “decay” part when there are no cars with
engines running to emit carbon monoxide. The variation in carbon monoxide
concentration against time for three cars is shown in Figure 3-2. It can be seen
that the carbon monoxide level increases to only about 32 ppm, which is much
less than the maximum value of 240 ppm calculated by the ventilation rate of 6
air changes per hour with the well-mixed model. In this example, the filling up
period for carbon monoxide in the car park resulting from the discharge of
carbon monoxide from car 1 is from 0 to 5 minutes, and the decay period is from
5 to 10 minutes, followed by a decay period of 15 to 30 minutes. Another filling-
up period, resulting from car 3, is between 30 and 35 minutes, and the carbon

monoxide is diluted after 30 minutes.
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3-6  Ventilation requirements of carparks in different countries

Mechanical ventilation systems are installed in large enclosed carparks to supply
adequate fresh air and to remove the air contaminants within a reasonable
amount of time, in order to maintain an acceptable level of air quality. Many
design guides on ventilation are available in the literature such as ASHRAE
(1985) and Australian Standards (1991). Ventilation requirements of these
standards are commonly expressed in terms of the fresh air flow rate per unit

flow area.

Carbon monoxide is discharged by motor vehicles that have internal combustion
engines. The amount of carbon monoxide discharged depends on the
completeness of the combustion process. Therefore, the type of fuel used, the age
and working condition of the engine, the driving behavior of the driver, and the
quantity of fresh air supplied will all affect the concentration of carbon monoxide

in an enclosed space.

Because the potential health effects of carbon monoxide on human beings are
quite significant, keeping the carbon monoxide level below a certain value is
used as a criterion in many ventilation design guides. The volume of carbon
monoxide discharged per time period is a varying parameter: it varies even for
the same car, if it is driven under different operating conditions. A loading

volume of 0.4 Is” or 1.4 m® hr! is the standard used for a five-passenger car by

27



Ball and Campbell (1973); 0.2 gs’l per car is required in ASHRAE standards

(1985).

The studies of air quality are not only concentrated on carbon monoxide, but also
other pollutants, such as oxides of nitrogen, oxides of sulphur and odorous

compounds.

In the United States, the basic design criteria as quoted by Stankunas (1989) are:
4 to 6 air changes per hour, with a minimum ventilation rate of 7.5 Is'm? and a
maximum ventilation rate of 10 to 15 ls'm? The maximum recommended
carbon monoxide concentration is 50 ppm for an eight-hour, time-weighted

average; and 125 ppm for a one-hour, time-weighted average.

In Japan, as quoted by Matsushita (1993), the mean carbon monoxide level per
eight-hour average is 20 ppm and the environmental standard for inhabitable

rooms is 10 ppm over the same period.

In Finland, the ventilation requirement for carparks is determined by the carbon
monoxide concentration (Koskela 1991). The limit for carbon monoxide
concentration is 30 ppm for an eight-hour average, and 75 ppm for a 15-minute
average. The minimum supply air flow rate is 2.7 1s'm™. This rate would require

9.72 air changes per hour per metre-length of ceiling height.
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In Australia, the standard 1668.2 (1991) specifies that a minimum flow rate of
fresh air of 3,000 Is” is to be maintained. This would give an indoor carbon
monoxide level of about 136 ppm if a loading value of 0.4 Is'or 1.4 m’hr! of
carbon monoxide discharged, as proposed by Ball and Campbell (1973), is used.
Australian standards also specify the average driving lengths of cars for a heavy-

load carpark.

The carbon monoxide load in a given carpark is a key parameter for modeling the
carbon monoxide level. The number of cars exhausting toxic gases is a transient
phenomenon that depends on many factors. For this reason, modeling the carbon
monoxide level contour due to a single source is not especially useful, because
the positions of the cars and the amount of toxic gases discharged from them are

uncertain.

In the investigation of the design of lighting, heating and ventilation in multi-
story and underground carparks reported by Ball and Campbell (1973), a five-
passenger car might produce up to 1.44 m’hr’ (or 0.4 Is™) of carbon monoxide.
This means that if a carbon monoxide level of 50 ppm is to be maintained, the

ventilation rate should be 8 m*hr '(NFPA 92A 1992 & 2001).

The technique of computational fluid dynamics is used to verify those existing

models and then to compute the mixing factors concerned.

In addition, a study of doorway ventilation is shown in Appendix B.
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3-7 Conclusion

The objective of installing ventilation control system in a building is illustrated in
this chapter. Basic knowledge of smoke development is introduced. Both Hong
Kong Buildings Ordinance and China buildings code are reviewed on natural
ventilation design on windows and doors, forced ventilation design and air
change per hour or fan extraction speed. Requirements of smoke extraction
system in prescriptive codes are introduced. The ventilation aspects of
underground carparks are also studied. The ventilation theory of well-mixed
model is reviewed. For the well-mixed meodel, the maximum carbon monoxide
can be obtained by dividing the emission strength of the source by the ventilation
rate. This is the asymptotic value of the transient carbon monoxide concentration

curve derived by solving the mass balance equation analytically.

In order to understand the different requirements on natural ventilation design
and mechanical design in Hong Kong and China Mainland, the China Building
Code (Ministry of Public Security 1989, 1995, 1997 & 1998) and Hong Kong
Building Code (Buildings Department 1997b) are compared in this chapter. The
results are very useful for further simulation modeling design. These results are

used to study the air movements in a building in the following chapters.
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Chapter 4 PRELIMINARY FEASIBILITY STUDY ON
APPLYING ENGINEERING PERFORMANCE-
BASED FIRE CODES IN CHINA: CARPARK AS

AN EXAMPLE

This Chapter is focused on performance-based fire code study of ventilation
requirements on carpark. According to the studies above, three fire safety
aspects are focused: smoke control (ventilation), fire control and egress, where
smoke control and fire control in enclosure are the focus of study, which is most
important to both egress and property protection. Study of existing ventilation
requirements on ventilation in enclosures, especially requirements on
underground carparks, is very useful to learn the method for identifying the
possible hazard scenarios in relation to ventilation requirements and fire safety in
enclosures with forced ventilation, which is also considered in the design of
performance-based fire code. In addition, how to make the fire science research
achievements be accepted by public and be transferred to the form of fire codes
as an application is very important, which has been discussed in this chapter.
Performance-based fire codes have now become the most popular topic among
fire engineering and safety scientists. More and more countries are introducing
this concept to rebuild their fire codes. The essence of performance-based fire

code is brought out, and feasible ways to apply in China are suggested.
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4-1 Introduction to fire codes of carpark in China

Fire codes of carpark in China (GB50067-97, Ministry of Public Security 1998)
are one of the important parts of the building codes under the Technical Law
branch. It is constituted by the Ministry of Public Security and approved by
Planning Committee of PRC. It was first issued for test on 1 January 1985. The

following areas of interest in the fire codes of carpark in China are introduced.

There are eight chapters in the fire codes of carpark:

o General principles: the purpose and application of this code.

. Fireproof classification and fire resistant class.

« Plane planning: general requirements, fire space and fire engine track.

. Fire separate and building structure: requirements on fire separate, fire wall,
separate wall, elevator well, pipes’ tunnel and other fire resistance structure.

» Egress: requirements on safety escape for occupancies.

. Fire water supply, alarm and extinguishing equipment.

« Heating and ventilation.

« Electric equipment.

The code is used for new carparks, enlarged carparks and rebuilt carparks.

Carparks are classified into the following three types in China:
« Enclosure garage, including high-rise garage, enclosed or open garage,

compound garage and underground garage.
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- Motor repair shop.

« Open parking area.

Another way of classifying carparks is by the nature of cars:
» Carparks for cars of special use.
« Carparks for important cars needed to be protected or cars carrying valuables.

. Carparks for cars carrying combustibles or explosives.

In order to extinguish the fire more effectively, carparks are classified into four

types of fireproof by the number of cars as shown in Table 4-1.

In order to make the design of carparks easier, they are also classified into three

classes of fire resistance as listed in Table 4-2.

It is also clarified in the code that it is better to classify a carpark at a higher level

to make stricter requirements.

4-2 Requirements on ventilation in carparks

The two main areas of particular interest are the fire separate and structure on

tunnel and other facilities for ventilation. In order that the ventilation system

works effectively,
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. Ventilation system in carparks should be set up individually. Ventilation pipes

should be made of non-combustible materials, and should not run through fire

wall and fire separate wall.

o If it must be done that way, space around pipes should be filled by non-

combustible materials, and fire valve is needed.

The structure requirements of elevator well and tunnel in carparks are:
Elevator well, pipes’ well, cable tunnel and staircase should be arranged
separately.
The walls of those tunnels should be built of non-combustible material with 1
hour minimum fireproof time.
If the height of the multi-story carpark exceeds 24 m, the wall of the elevator
well should be constructed of non-combustible material with at least 2.5 hours

minimum fireproof time.

The aim of setting up these requirements is to stop the fire spread in vertical
direction (Ministry of Construction 1995). The data were referred to the Life

Safety Code (NFPA 1994 & 2001).

In places where pipe well and cable tunnel run through the floor, the same fire
resistant materials as that of the floor should be used.
A fire door with 0.6 hours minimum fireproof time should be used for the

inspecting door on the wall of well and tunnel.
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That is because in China, fire doors are classified into three classes. The fire
resistant time for Class A is 1.2 hours, Class B is 0.9 hours and Class C is 0.6
hours. Normally, fire door for carparks is designed as Class C. Drive road in
enclosed multi-story carparks and underground parking should be separated from

the parking zone by fire wall.

. Fire wall belongs to the part of fire separate and structure. Firewalls should be
built on the base of the frame of reinforced concrete.

. No ventilation pipes and windows are permitted to run through the firewall
except fireproof window with minimum fire resistant time of 1.2 hours.

. Firewalls in entrances and exits should have a minimum fire resistant time of
at least 1.2 hours, or rolling doors protected by water screen, in spite of
sprinklers are installed.

o The requirements of ventilation and fire separates are no different from those

of other buildings.

In China, to maintain the carbon monoxide level in carparks under the standard

(GB50067-97, 1998), it specifies that a minimum flow rate of fresh air should be

at least 50% of the smoke extraction rate. The minimum supply air velocity in

pipe should be 15 to 20 ms’!. This rate would require 6 air changes per hour for a
2

2000 m” carpark or garage with a ceiling height of 3 m. This requirement is

referred to the US Life Safety Code (NFPA 1994 & 2001).

35



4-3 Performance-based fire codes vs current fire codes

In this new millennium, code officials can anticipate the first generation of
performance-based fire codes to be in effect in the world. The reason why the
present system has to be changed though it does work is, more and more building
designers agree that the present system of prescriptive codes does not always
apply to today’s new design of buildings. A set of rules and guidelines is needed
which can be used to test the validity of a particular design. Therefore, people
can make clear about the designs and assumptions which they based on. The
basic concept and structure of performance-based fire code are introduced, and

the advantages are pointed out in this section.

Specific rules are spelt out in prescriptive codes for everything needed for an
acceptable system: exits, fire sprinklers, fire-containment doors, etc. Authority
Having Jurisdiction (AHJ) follows prescribed codes when inspecting systems

" and approving the final plans.

In a performance-based code system, requirements are stated as goals rather than
concrete requirements. For instance, the current prescribed code might state that
“The maximum distance to a building exit shall be less than 45 meters”. The
revised wording, when stated as a performance goal, would read like “All
occupants must have time to reach a safe place”. The performance-code language

has the advantage that it applies whether the occupants are high school athletes
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or nursing home residents. Then, fire testing facilities and capabilities can be

used to verify specific approaches to performance-based design.

During the past 20 years, there have been a great deal of research on how fires
behave and how people can be better protected. Performance-based fire codes are
being developed through computer models that predict heat transfer, fluid
movement and fire spread. Some of the groups leading the fire research in this
area are National Institute of Standards and Technology (NIST) and Society of

Fire Protection Engineers (SFPE).

4-3-1 Basic knowledge of performance-based fire codes

In the classical study on fire codes, standards are of three types generally (ISO
6241 1984): Materials standards, Engineering practice standards (for basic design)

and Testing standards.

Differing from the old prescriptive-based code, the new legislation allows any
solution provided that it complies with the performance requirements. It concerns

about how the building behaves instead of how the building is built.

Thus, the definition of performance factors (illustrated in ISO 6241, 1984) are:
« User’s requirements;
» Uses of the building and spaces;

»  Sub-systems of the building;
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- Agents relevant to the building performance.

Four basic use groups are specially considered. They are sleeping use, unfamiliar

use, familiar use and nursing.

The main performance requirements are (Buchanan 1998, Hadjisophocleous
1998):

o Provision of safe egress for occupants.

« Provision for safety of fire fighters.

» Prevention of fire spread to neighboring properties.

« Safeguarding the environment from the adverse effects of fire.

4-3-2 Advantages of “ performance-based”

In the past practice, shortcomings in the classical prescriptive codes are found,
such as:

e Non-uniform fire levels in buildings.

- Confusion between code objectives and methods.

o Little recognition of wide variation in real hazard within a given occupancy.

«  Lack of focus on occupancies.

« Difficulty in interpretation.

» Complexity in handling.

« Lack of the applicable code requirements.

- Low efficiency.
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- Overlapping fire safety measures.
- Low flexibility in architectural design.

« Difficulty in the use of new technology.

Following the earlier studies, more advantages can be found in performance-
based fire codes as follows:

« Facilitate innovation

- Cost effective

. Lower construction costs

» Increase fire safety

- Enhance hazard recognition

. Allow free design

o  Clear safety goals

» Eliminate technical barriers

- Follow universal regulation system
« Facilitate use of new technology

- Non-complex

To meet the new requirements of today, performance goal on selected chapter
will be applied in the updated China code. The following are proposed as

examples.

o “All cars and people in carparks must have enough time to escape to a safe

place during the fire.”

39



“Entrances and exits must be designed to let people and cars move to a

safe place during the fire.”

“Entrances for cars and exits for people shouid be installed individually.
At least two exits should be installed except that there would be at
maximum 25 persons at the same time. Enclosure staircases are required
as well with the minimum width of 1.1 m. The shortest distance from the
carpark to the safety exit is limited to 45 m to 60 m depending on whether

sprinklers are installed.”

“Fire walls in Entrances and Exits should have minimum fire resistant
time of at least 1.2 hours, or rolling doors protected by water screen, in

spite of sprinklers are installed.”

“Drive road must be well protected from fire.”

“Drive road in enclosed multi-story carparks and underground parking

should be separated from the parking zone by fire wall.”

The above is a preliminary study of the new performance-based fire code for

The first sentences in the above two examples are the performance

requirements, outlining a suitable level of performance which must be met by the

building materials, components, design factors, and construction methods for a

building to meet the relevant functional statements and, in turn, the relevant
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objectives. The performance requirements are the core, and are the only parts of
the code with which compliance is mandatory. The following sentences contain
the building solutions, setting out the means of achieving compliance with the
performance requirements. Two methods that can be followed to develop a
building solution are: (a) deemed-to-satisfy provisions, including examples of
materials, components, design factors, and construction methods; and (b)
alternative solutions. The key to performance-based fire code is that there is no
obligation to adopt any particular material, component, design factor or
construction method. An approval authority may still issue an approval if it
differs in whole or in part from deemed-to-satisfy provisions described in the
code if it can be demonstrated that the design complies with the relevant
performance requirement. The final assessment methods include documentary
evidence, verification methods, expert judgment and comparison to deemed-to-
satisfy provision (BCA96 1996). More researches based on experiments are

needed for the new buildings to face the new challenge of the new era.

4-3-3 Improvement in performance-based fire code

Performance-based fire code is not perfect. The change of design brings about
disadvantages as well. The disadvantages are listed as follows (Hadjisophocleous
1998):

» Lack of measurable fire safety objectives.

» Calculation uncertainty and difficultly in evaluation.

» Gaps in existing technical knowledge (need education).
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« AHJs (Authority Having Jurisdiction) problems.

Therefore, compared with performance-based fire code, the advantages of
prescriptive codes are still:
» Straightforward evaluation of compliance with established requirements.

. With/without higher level of engineering expertise.

However, it does not mean that there is no need to upgrade the old codes but it
serves as a reference for scientists to evaluate prescriptive codes and the design

of new code.

4-4 Conclusion

More professionals are talking about performance-based fire codes in China.
Collaboration projects among government departments, private sectors and
overseas institutions have been developed rapidly. For example, performance-
based fire code for atria is a good starting point. The collaborative venture of
“Fire Safety and Technology Research Center for Large Space” between The
Hong Kong Polytechnic University (PolyU) and the University of Science and
Technology of China (USTC) is now operating smoothly (Chow and Fong 1998,
Chow 1999¢). Many tests are conducted with the aim of developing new
performance-based fire code, though prescriptive codes are still useful for typical

buildings.
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Chapter 5 NUMERICAL STUDIES ON ‘BARE CABIN’ FIRES

5-1 Introduction

The concept of ‘cabins’ for fire protection (Law 1990, Beever 1991 & 1995,
Bressington 1995 & 1999b) is commonly used in the big halls in Hong Kong.
There, areas storing lots of combustibles and places identified with higher fire
risk are put in cabins. Sprinkler system and smoke extraction system are

installed in each cabin for controlling fires.

This is no doubt a good design which can use the hall spaces efficiently without
installing big smoke extraction systems; and it has been used in many airport
terminals and big railway terminals (Law 1990, Beever 1991 & 1995,
Bressington 1995 & 1999b). However, a point to be considered in this design
concept is the likelihood of flashover in a cabin and its consequences of
occurrence. The fire load density associated with the nature of the shop, smoke
extraction and sprinkler systems design in the cabin, and fire safety management
are key factors. Note that the sprinkler systems are not so reliable as experienced
locally (Fire Services Department 1994b). In case of the sprinkler system in a
cabin does not work, a ‘small’ cabin might become a big hot object. Nothing
was mentioned on the storage of alcohol in ‘duty free shops’ and other
combustibles. The local upper limit on fire load density is 1135 MJIm™ (Fire
Services Department 1994b), which is also being criticized (Jones 1998). Putting

in factors on poor operation of retail shops such as excessive storage of goods
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because of high rental prices, blocking the sprinkier heads, and covering the
extraction vents by goods, a very big fire might be resulted. What will happen if

the ‘cabin’ becomes a big burning object, giving large production of smoke?

This point was briefly discussed where the sprinkler system and smoke
extraction system in a ‘bare cabin’ did not work (Chow 1997a, 1997b, 1998b &
1998¢). Analysis on flashover was carried out using the fire protection
engineering tool FASTLite (NIST 1996) version 1.0 released in 1996.
Unfortunately, that earlier version did not give physically consistent results as
criticized (Law and Beever 1998, Law 1998, Beever 1998), though the tool is
now modified and should be very suitable for studying practical fire problems in
buildings. However, results derived earlier on the flashover time were not

physically correct (Chow 1998d, 1998e & 1998f).

This point is now further investigated using another software FIREWIND (FMC
1997). Correlation equations between the time to flashover in each cabin and the
geometry of the cabin are derived. Those equations are useful in understanding

the possibility of flashover and the time required to achieve it.

The flashover criteria during a compartmental fire was reviewed clearly by
Thomas (1995) and updated recently as well by Peacock et al. (1999). The
problem can be investigated using a heat balance equation for the compartment.
In the equation, the difference between the heat gain and the heat loss would

determine the rate of temperature rise of the compartment. The term describing
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heat gain is basically the heat release rate of the fire. At the initial stage of a
compartmental fire, the fire is fuel-controlled and the heat gain depends on the
temperature. As the fire proceeds, it will be changed to a ventilation-controlled
fire with the burning rate becoming roughly independent of the compartment

temperature, giving an almost horizontal line in the heat-temperature curve.

Heat loss includes the heat transfer through the wall surfaces and the heat taken
away by the air. This term is roughly proportional to the compartment

temperature.

Quasi-steady states can be found when the heat gain is the same as the heat loss.
Plotting the two terms against the average smoke temperature would give
something similar to Semenov’s diagram in classical thermal explosion theory
(Thomas 1995) for determining the criteria for flashover. The heat release rate
of a fire Q(t) and the heat loss rate Q can be plotted against the average
increase of compartmental temperature. From the intersection points of these
two curves, criteria for flashover can be developed. For example, radiation heat
flux of 20 kWm™? at floor level, or upper layer temperature of 500°C to 600°C are

practical criteria (Thomas 1995).

To study the likelihood of flashover in a compartment fire, using a two-layer

zone model seems reasonable (Peacock et al. 1999, Chow 1998d). The flashover
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time for fires in a ‘bare cabin’ is studied in this chapter using the new fire

protection engineering tool FIREWIND (FMC 1997).

Numerical studies on “bare cabin’ fires with a fire zone model were carried out.

Two cases are studied:

5-2 Numerical experiments

Assume that the heat source induces a thermal plume and yields a rather stable
thermally stratified upper hot layer. There are two zones in the cabin, an upper
hot zone and a lower cool zone. The air inside each zone is assumed to be mixed

thoroughly, and there is no layering effect.

Case 1

Cabins of different sizes and natural ventilation conditions are considered under
four sets of NFPA t’-fires. Time to flashover is simulated by the new fire
protection engineering tool FIREWIND with those four sets of fires, each of 440
simulations. From the results, correlations for the flashover time with the
geometry of the cabin are derived. Effects of operating the smoke extraction
system at different ventilation rates are studied. The relative time of operation of

the sprinkler system and the smoke extraction system are discussed.

Case 2
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Fires in ‘cabins’ with only the smoke extraction system operating are studied.
Cabins of length up to 10 m, width up to 8 m and height up to 5 m, and with
different ventilation conditions under a NFPA t*-fire with cut-off value of 5 MW
are investigated. The fire environments due to all the four sets of slow, medium,
fast, and ultra-fast t>-fires are tested. The fire zone model FIREWIND is selected
as the simulation tool. The total number of simulations is 14,400, including four
smoke exhaust rates. The time to flashover is computed for two different times
of operation of the smoke extraction system. It is found that without operating
the sprinkler system, flashover would occur under many conditions with the time

to flashover as fast as 200 s.

5-3 Simulations for case 1

The fire environment in ‘bare cabins’ inside the big halls is predicted. Cabins
with different dimensions are studied with length L taken as 4 m, 6 m, 8 m and
10 m, width taken as 4 m, 6 m, 8 m and 10 m and height H taken as 2 m, 3 m, 4

m and 5 m.

Different ventilation conditions with opening heights Hy from 1.5 m to 2.5 m and
width W, from 1.5 m to the cabin’s width (i.e. up to 10 m) are considered. The
number of openings is varied from 1 to 4, depending on the design conditions.
Larger ventilation area would increase the air intake rate which would give

higher burning rate.
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A fire of size 1 m by 1 m is located at the centre. Four sets of heat release rate
curves are used with the initial stage following NFPA slow-, medium-, fast-, and
ultra fast- t>-fires (NFPA 92B 1995 & 2001), then at cut-off values of 5 MW, 7.5

MW and 10 MW until 2000 s, and drop to 0 MW at 2100 s.

Simulations were performed for the four sets of fires, each of 11 cases, each case
of 40 configurations (giving a total of 1760 simulations) using FIREWIND

(FMC 1997) with initial temperature taken to be 20°C. Flashover in the

enclosure is said to occur when the upper layer gas temperature reaches 500°C as
listed in p. 6 of the User’s Manual (FMC 1997). Values of the flashover time t¢

for some cases are shown in Table 5-1.

The following are observed:

e Values of tr increased as the dimensions of cabin increased, i.e. 952 s for the
cabin of size 4 x 4 x 2 m to 1245 s for the cabin of size 4 x 6 x 2 m with

one opening of size4 x 1.5 m.

e The flashover time t; slightly changed with the ceiling height for a slow -
fire with cut-off value § MW, i.e. increased to 997 s fora4 x4 x 5 m cabin,
when there is one opening of size 4 x 1.5 m as in above (tr of 952 s when the

ceiling height is 2 m).
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e Flashover did not occur for cabins longer than 8 m and wider than 8 m for a

slow t>-fire.

e Very similar results on tr are found with the medium t?-fire, fast t*-fire and

ultra fast-t*-fire with other opening arrangements as shown in Table 5-1.

e Results are similar for the 7.5 MW cut-off fires.

e Flashover occurred in very few cases as shown in Table 5-1 when the
opening is big enough, such as the width is equal to the cabin width, even for

the big fire with cut-off value of 10 MW.

5-3-1 Correlation relations

The flashover criteria for fires in a ‘cabin’ are studied using the two-layer zone
model of FIREWIND (FMC 1997), a new fire protection engineering tool by
taking the flashover criteria on the hot layer temperature as 500°C. Note that
those flashover criteria are only for practical application without physical basis

(Thomas 1995, Peacock et al. 1999).

Predicted flashover time t; (in s) for the above simulations are correlated with
floor area Ay in the range of 16 m*> < A¢ < 60 m” and cabin height H of 3 m, 4 m

and 5 m:
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tr=apH + a;Ar+ a0 (5-1)

For a slow t*-fire:

a,= 104 mls ; ar=8.9 m?s ; ap=795s

with a correlation coefficient r* of 0.994; and the range of t¢ simulated from 951 s

to 1361 s.

The results predicted by FIREWIND for the three ceiling heights are plotted

together with the fitted lines as in Figure 5-1. It is observed that the derivation

between the two sets of data is very small, as ” is 0.994.

For a medium t>-fire:

an=54m’'s ; ar=5.2 m?s ; ag=375s

with 2 of 0.983; and the range of t; simulated from 476 s to 732 s.

For a fast t*-fire:

ap=7.7 mls ; af=4.()m'zs ; ap=130s

with r? of 0.949 and the range of t; from 241 s to 451 s.
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For an ultra-fast t>-fire:

ap = 3.2 m’ls D oas= 1.6 m>s ; ap=105s

with r* of 0.987 and the range of t; simulated from 135 s to 210 s.

It can be seen that the flashover time increased with the cabin height H. This is
more reasonable than the simulations reported (Chow 1997a, 1997b & 1998f)
previously. Further, values of the flashover time tr are shorter than the duration of
burning (of 2000 s) of the fire. The thermal penetration time might be quite long
for some materials such as thick timber. But it is possible that flashover occurs

before heat penetrates through the wall reaching steady state.

5-3-2 Smeoke extraction

It is important to install smoke extraction system in a cabin. The effect of
operating the system is simulated by FIREWIND (FMC 1997). A cabin of
length 4 m, width 4 m and height 3 m, with an opening of size 2 x 2.5 m is taken
as an example. Extraction rates of 40, 80, 120 and 180 air changes per hour
(ACH) are simulated. The system is not expected to operate as soon as the fire
has started. Two values of time to operate the smoke extraction system ty, are
considered. The first case is top at 37 s, when the smoke layer thickness is 0.45 m.
This value corresponds to a typical ‘downstand’ height in the local building fire

code (Buildings Department 1996). The second case is top at 150 s, when the
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smoke layer temperature is heated up to 68°C. This is a common actuation
temperature for sprinkler head. However, a 68°C-rated sprinkler head might not
be actuated even if the smoke layer temperature reaches 68°C. The response
time index (Heskestad and Smith 1982) has to be considered. Otherwise, the

smoke extraction system might be operated first if both systems are installed.

Results of the smoke layer temperature and smoke layer interface height with the
extraction system operated at the two operation times are shown in Figures 5-2
and 5-3. It is observed that small extraction rates would not have any effect on
the smoke layer temperature and smoke layer interface height, unless the value is
increased to 40 ACH. In this way, the smoke layer can be kept at a higher

position if the extraction rate is sufficiently high.

The time to operate the system is important. For earlier operation of the
extraction system at 37 s when the smoke layer fell by 0.45 m, the smoke layer at
the early time, say within 500 s, could be kept at a higher level. But if the system
was operated at a later time at 150 s, the smoke layer would fall by 1.3 m before
the operation of the system. Because of this thick smoke layer, only very high
extraction rates can keep the smoke layer at a higher level at the early stage of
the fire. For example, 180 ACH would move the smoke up to 2.8 m before 500 s.

Effects of extraction rates less than 60 ACH are not obvious.
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5-3-3 Thermal sensitivity of sprinkler heads

Sprinkler systems are also installed in a cabin for controlling the fire. Basically,
there are at least four mechanisms (Chow and Fong 1991) by which a sprinkler

water spray interacts with a fire:

« Direct cooling of the burning object.
« Prewetting the walls, floors and objects not yet ignited.
« Cooling of the smoke layer.

» Displacing oxygen from the burning object.

The first two mechanisms are very important in controlling a fire. Before
discharging water, the sprinkler heads must be activated first. The thermal
sensitivity of sprinkler head is very important and response time index is one of
the parameters to specify how fast a sprinkler head would operate. The time for
the sprinkler to operate might be quite long as it takes time to transfer heat from

the surrounding hot smoke.

For a sprinkler head with response time index RTI and temperature rating Ts
(68°C for common design) subjected to hot gas at temperature T, moving
towards it with speed V,, the time constant t’ of the sprinkler head is given by

(Alpert 1972, Heskestad and Smith 1982, Chow and Ho 1990):
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t/ =RTI V" (5-2)

The time t,p, taken for the sprinkler head to operate, i.e. rising temperature from

an initial value of Ty to Ts (say 68°C), is:

(T, = T,) = (T, ~T)(A—e™™'") (5-3)

For smoke with Ty of 100°C, V, of 1 ms™, and initial temperature T, at 20°C,

putting these numerical values to equation (5-2) gives:

top = 0.916 RTI (5-4)

RTI for a normal sprinkler head is about 400 m'?*s"?, and for an Early

Suppression Fast Response (ESFR) sprinkler head is about 70 m"%s!2, Putting
RTI in equation (5-4), t,, for a normal sprinkler head is about 366 s and for an
ESFR sprinkler head is 64 s. That means, even if the smoke temperature is
increased to 200°C (took more than 400 s for the cabin example shown in the

above section as simulated by FIREWIND (FMC 1997)), another 64 to 366 s

would be required for heating up the sprinkler head before discharging water.

Therefore, it is likely that the smoke extraction system would be operated first if
it is controlled by smoke detectors. It should be noted that if thermal sensing

element is used for smoke extraction system, its RTI has to be considered. For a
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smoke extraction system operated before sprinkler, some quantity of the hot
smoke would be removed. This together with the air movement induced by the
ventilation system might not give a favourable condition for heating up the

sprinkler head. As a result, the sprinkler system cannot be activated.

Even if a sprinkler head is activated to discharge water, there might be adverse

effects:

« Production of hot steam.

» Loss of buoyancy of smoke layer due to cooling.

The first point would do harm to the occupants trapped inside. The second point
might give rise to smoke logging down to lower levels, and also affect the
performance of the smoke extraction system. Therefore, the sprinkler systems
must be designed carefully when smoke extraction system is provided at the

same time.

5-4 Simulations for case 2

Cabins with length L up to 10 m, width W up to 8 m and height H up to 5 m are
studied. Different openings with height Hy up to 2.5 m and width W, up to the
width of the cabin are considered. The number of openings is varied from 1 to 4.
A fire of size 1 m by 1 m is located at the centre of the cabin floor. The heat

release rate curves follow all the four sets of NFPA slow, medium, fast, and
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ultra-fast t>-fires (NFPA 92B 1995 & 2001) with a cut-off value of 5 MW. The

geometrical picture of a cabin is shown in Figure 5-4.

It is important to study the performance of smoke extraction system in a cabin
and FIREWIND (FMC 1997) is used for this purpose. In each cabin, extraction

rates of 40, 80, 120 and 180 air changes per hour (ACH) are simulated.

The system is operated at time to, under two different conditions:

e top at toss when the smoke layer thickness is 0.45 m, corresponding to a
typical ‘downstand’ height in the local building fire code (Buildings

Department 1996a).

. top at tsg when the smoke layer temperature is heated up to 68°C. This is a
common actuation temperature for sprinkler head. Note that a 68°C-rated
sprinkler head might not be actuated when the smoke layer temperature
reaches 68°C, depending on its response time index. Fast response type
sprinkler head is assumed in this analysis so that the sprinkler head would be
activated once the temperature reaches 68°C. This point is very important as
the smoke extraction system might be operated first before a slower response

type sprinkler head, if both systems are installed.
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Nine cases are simulated, each of 40 configurations, two different operation
times of the smoke extraction system and four exhaust rates, giving a total of

14,400 [4 x 9 x 40 x (1 +4) x 2] simulations.

The initial temperature is taken to be 20°C. Flashover in the enclosure is said to

occur when the upper layer gas temperature reaches 500°C as listed in the User’s

Manual of FIREWIND (FMC 1997).

5-5 Results

Typical results of the smoke layer temperature and smoke layer interface height
with the extraction system operated at the two operation times in the cabin of 4 m
long, 4 m wide and 5 m high, and with a vertical opening of width 2 m and

height 2.5 m, are shown in Figures 5-5 to 5-12 for the four sets of t*-fires.

For the slow and medium t>-fires, it is observed that extraction rates less than 40
ACH would not have any significant effect on the smoke layer temperature and
smoke layer interface height. The smoke layer can be kept at a higher position

only when the extraction rate is higher than 40 ACH.

The time to operate the extraction system is important. Values of ty45 and teg of
the corresponding smoke layer temperature and smoke layer interface height for
the four sets of t*-fires are shown in Table 5-2. For earlier operation of the

extraction system at to4s (i.e. 14 s for both slow t?>-fire and medium t’-fire), the
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smoke layer at the early stage of the fire, say within 500 s, can be kept at a higher
level when the extraction rate is high. However, if the system is operated at a
later time, say at tgg = 179 s for a slow t°-fire, the smoke layer would fall by 1.6
m before turning on the system. For a medium t*-fire, tes is 116 s and so the
smoke layer would fall by 1.48 m before operating the system. Since a thick
smoke layer is developed, only very high extraction rates (say 180 ACH) can
keep the smoke layer at a higher level up to 3.5 m before 500 s. Extraction rates

less than 40 ACH are not able to keep the smoke layer at higher level.

For the fast and ultra-fast t*-fire, it is observed that the smoke layer would fall to
low level quickly. Even though the extraction system is operated at an earlier
time, the smoke layer cannot be kept at higher positions. Therefore, it can be
concluded from the simulated results shown in Figures 5-10 and 5-11 that the
extraction system has no effect on the fire environment, apart from reducing the
temperature slightly, say by 10%. However, this is critical in determining
flashover for cases where the maximum smoke temperature is very close to the

flashover temperature, which is set to be 500°C in this chapter.
5-6 Time to flashover
Results on time to flashover t¢ for the two operating times t,, of the smoke

extraction system under a slow, medium, fast, and ultra-fast t*-fire are shown in

Table 5-3.
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Under the same cabin geometry, ventilation condition and heat release rate, tr
would be longer when the smoke extraction rate is increased. For some cases,

flashover would not occur if the smoke extraction rate is sufficiently high.

For extraction rates of 40 ACH and 80 ACH, the smoke layer interface height
curves predicted are almost the same. Values of tr are extended to a later stage
when the smoke extraction system is operated earlier at tp4s when the extraction
rate is 120 ACH. Values of t; are the same for the two values of t,, when the

extraction rate is 180 ACH.

As stated previously, for fast and ultra-fast t>-fires, smoke extraction rates would
not have any significant effect on the smoke temperature and smoke layer
interface height. The time to flashover is short. Operating the smoke extraction
system with higher extraction rate would extend t;, or even give no flashover if
the maximum smoke temperature is very close to the flashover temperature for a

bare cabin fire without operating the smoke extraction system.

5-7 Conclusion

Case 1 is on simulation of time to flashover under different natural ventilation
conditions. Relationship between the flashover time and geometry of the cabin
(H and Ay) was found. The effects of smoke extraction system operation on the
smoke layer temperature and smoke layer height, and its effects on the operation

of sprinkler heads are also preliminarily discussed. Case 2 is on simulation of
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time to flashover under different forced ventilation conditions, for studying the
performance of smoke extraction system under different operation conditions

with different size of fire. Case 1 and Case 2 are two steps of numerical study.

Incase 1

The time to flashover in ‘bare cabins’ under NFPA t*-fires in cabins of different
sizes is studied using a two-layer zone model FIREWIND (Thomas 1995).
Flashover might occur quickly, say within 210 s, for cabins with a NFPA fast t*-
fire. Correlation equations are fitted between the flashover time with the cabin
floor area and ceiling height. The equations are useful for the Authority to
inspect new projects of this kind, especially for those who are not experienced in
using fire models while implementing engineering performance-based fire codes

(Chow 1999a).

Fire protection systems including fire detection system, sprinkler system and
local smoke extraction system should be provided (Bressington 1999b) in each
cabin. The effects of smoke extraction are studied. However, the performance
of the systems integrated together is also important. For example, whether the
sprinkler system or smoke extraction system should be operated first had been
debated in many projects. The time for detecting a fire, operating the sprinkier to
discharge water, turning on the smoke extraction system and the time for people
staying inside to escape must be considered carefully. Further, whether the cabin

should be enclosed completely in case of a fire is a question, as some occupants
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might not be able to leave it in time. Exposure of occupants to the steam

generated by the sprinkler water is of great concern.

In case 2

The time to flashover in ‘cabins’ with only the smoke extraction system
operating is simulated with the two-layer zone model FIREWIND (FMC 1997).

The design fire is a NFPA t*>-fire of cut-off value 5 MW. Cabins of different

sizes are studied.

It is found that for fast growing fires, such as the fast and ultra-fast t*-fires, the
smoke extraction system would not have any significant effect on the
development of smoke temperature and smoke layer thickness. As shown in
Table 5-3, the time to flashover would be extended slightly for larger extraction

rates.

The design fire is important for flashover to occur. A 5 MW fire is likely to
occur in shops selling alcohol, or in shops storing lots of combustibles. A
detailed fire load survey and the heat release rate of a design fire should be

worked out.

Three works of added value have been done in this chapter, which can be

summarized as:
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Relationship between time to flashover and geometry of cabin (H and Ay)
was found. It is useful in understanding the possibility of flashover and the
time required to achieve it.

The performance of smoke extraction system under different operation
conditions with different size of fire was evaluated.

The effects of smoke extraction system operation on the smoke layer

temperature and the smoke layer height were analyzed.
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Chapter 6 TWO-LAYER FIRE ZONE MODELS WITH

SYMBOLIC MATHEMATICS

In the study of cabin fire, mathematical fire models are the essential approach
popularly used in fire hazard assessment. The equations on the two-layer fire
zone model ASET for a chamber with air supplied through leakage are solved by
the symbolic mathematics programme MATLAB (1997) and MAPLE V (1998).
Two key equations are considered. A total number of 12 simulations were
carried out on two design fires in six compartments with floor area varying from
10 to 100 m>. The results are compared with those simulated by the ASET itself

and another software FIREWIND (FMC 1997).

Fire scientists and fire engineers need to solve problems by calculations, such as
fluid dynamics problems. Normally, there are three ways to solve ode problems:
integral by hand, numerical equations solutions and fire element equations (by
Fortran or Basic). Before 1960's, fire engineers calculated experimental
equations with the help of charts on coefficients. With the development of
computer in 1970's, engineers began to solve equations by using Fortran program
with main-frame computers. In 1980's, BASIC program was popularly used in
solving equations on PC. And after 1990's, updated software has appeared in the
market, such as MATLAB, it is very convenient to check integral algebra and
calculations such as ode solver. With the help of symbolic mathematics, fire

scientists and engineers no long solve complex problems from basic equations.
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The use of symbolic mathematics (Christensen 1996, Holmes et al. 1995) is now
very popular. How this technique can be applied for fire modeling is studied in
this chapter. The software developed for handling matrices MATLAB (1997)
and MAPLE V (1998) are selected. This is a high-performance language for
technical computing, integrating computation, visualization, and programming in
an easy-to-use environment. Typical uses include mathematical analysis,
computational process, modeling, simulation, data analysis and visualization
with scientific graphics. A good graphical processor is available for presenting

the results.

Two-layer zone models are developed (Cooper 1982a, Birk 1991, Rehm and
Forney 1992, Law 1990) for simulating building fire by taking into account an
upper hot smoke layer, a lower cool layer and a plume. There should be 11
variables on the properties of the two layers and the compartment pressure with
11 equations for solving them (Rehm and Forney 1992). But since there are
seven physical constraints, the maximum number of ordinary differential
equations required to be solved is only four. With intelligent use of assumptions,

the number of different equations to be solved can be less than four.

Available Safe Egress Time (ASET) is one of the earliest zone models (Cooper
1982a) for calculating the temperature and interface height of the hot smoke
layer in a single room with doors and windows closed. Availabie Safe Egress
Time - BASIC (ASET-B) is a compact and easy-to-run program which solves the

same equations as ASET but in BASIC (Birk 1991). Input data like the
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geometry of the room such as floor area and ceiling height; heat loss fraction; the
height and heat release rate of the fire; and the maximum time for the simulation
are required for predicting the transient smoke layer temperature and interface

height.

In this chapter, the equations for ASET (Cooper 1982a) are put into MATLAB
and MAPLE V to simulate a typical room fire. The results are compared with
those by FIREWIND version 3.4 (FMC 1997), which is a user-friendly tool for

fire engineers to carry out fire hazard assessment.

6-1 The model ASET

ASET is a two-layer zone model for closed chambers (Cooper 1982a). There are
no openings assigned in the room with air supplied through leakage. In this way,

the equations for vent flow need not be solved.

The following assumptions are made (Cooper 1982a, Brani and Black 1992):

o Room pressure is independent of height when the conservation of mass and
energy equations are applied to both zones.

. The specific heat capacities of the gases in the room are assumed to be
constant and estimated from the initial room temperature.

o The model may not be reliable for enclosures with a large length to width
aspect ratio; or height to minimum horizontal dimension ratio (Quintiere

1995).
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o The enclosure is assumed to be divided into two layers with heat and mass
transfer through the plume. There might be problems when the upper layer
temperature increases to give strong enough radiative heat flux to cause

flashover.

6-2 Key equations

A fire with heat release rate Q(t) in a room of height H and cross-sectional area

as shown in Figure 6-1 is considered. A smoke layer is formed with interface
height Z; above the floor. The derivation of equations for smoke layer interface
height and smoke layer temperature is shown in Appendix C. The set of ordinary
differential equations for such a two-layer zone model ASET for Z; higher than

the height of the fire are summarized as:

dz,/dty, =-C,q—-C,q'?Z})> (6-1)

dT, /dt, = Ty [Ciq+(1-Ty /T,)C,q"* ZY° 1/(H - Z ) (6-2)

where C; and C, are constants and the following dimensionless quantities are

defined as:

p C T,A,

1
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o21[a-Loel”
C2 — . ( - C)g (6"4)
A pLCpTg

Z, = :f_ le~1m (6-5)
£ =¥t: to~1s (6-6)
Ty~ 300K (6-7)
q=Q(t) (6-8)

The equations are put into MATLAB and MAPLE V for predicting the smoke

layer temperature and interface height.

6-3 Numerical analysis

In this chapter, equation (6-1) is solved by the Runge-Kutta (RK) method. There
are many versions of the RK method but the choice of the time step is important.

Rewriting the equation as:

dz,,
dt

=f(Zy,ty) (6-9)
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with

Zy(ty) =2, (6-10)

Advancing from the n time step to the (n+1)™ time step:

th :tn +hs (6-11)
h
Zn+l = Zn +(“6£~)(pn +2an +ZXrn +Sn) (6‘12)
p, =1(t,.Z,) (6-13)
q, =f(tn+£s-,Zn+£s—xpn) (6-14)
2 2
h h
r, =f(t, +—,Z, +—=xq, 6-15
. = 1(t, > 5 <4 ) (6-15)
s, =f(t, +h,,Z +h xr) (6-16)

In solving an ordinary differential equation (ODE), the rate of convergence, the
accuracy (or even validity) of the predicted results, and the completeness of the
response should be considered. Particularly, convergence must be judged by

some global criteria.

“ODE45” in MATLAB for solving non-stiff differential equations is used in this
chapter to solve the two ODEs (MATLAB 1997). This is an explicit Runge-

Kutta (4,5) pair of Dormand and Prince method with a “free” interpolate of order
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four communicated privately by Dormand and Prince (Dormand and Prince 1980,

Dormand 1996). Local extrapolation is done.

The expression in MATLAB is:

[t,Z] = ode45(asetsub’,[1:1:te],[3.5;3001,[1,Tg,Le,Lr,A,pcl,Cp,Qt,Q0)
tout=t

yout =2

03,04,05,06 = null

odefile = asetsub, asetsub2

tspan = 1:1:620

y0=3.5;300

options = null

varargin = Tg,Lc¢,Lr,A,pcl,Cp,Q0,Q,k

function [tout,yout,03,04,05,06] = ode45(odefile,tspan,y0,options,varargin)

Non-stiff differential equations would be solved by ODE45 by the medium order

method.

[T,Y]=ODE45(F, TSPAN,Y0) with

TSPAN = [TO TFINAL] integrates the system of differential equations y' = F(t,y)

from time TO to TFINAL with initial conditions YO.
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F' is a string containing the name of an ODE file. The function F(T,Y) must
return a column vector. Each row in solution array Y corresponds to a time
returned in column vector T. To obtain solutions at specific times TO, T1, ...,

TFINAL (all increasing or all decreasing), use TSPAN = [T0 T1 ... TFINAL].

As an example, the commands
options = odeset('RelTol',1e-4,'AbsTol',[1e-4 1e-4 1e-5]);

oded5(‘asetsub',[1:1:te],[3.5; 300],0options);

solve the system y' = rigidode(t,y) with relative error tolerance 1e-4 and absolute
tolerances of le-4 for the first two components and le-5 for the third. When
called with no output arguments, as in this example, ODE45 calls the default

output function ODEPLOT to plot the solution as it is computed.

6-4  Stiff ODE

A stiff ODE means an ODE in which the solution function exhibits rapid and
extreme changes in the dependent variable with small variations in the
independent variable (Oxford 1992, Dormand 1996). As a result, a plot of the
solution function over long time frames (since time is taken as the independent

variable in this study) will look quite different from a plot over short time frames.

A set of differential equations is called “stiff” (Oxford 1992, Dormand 1996)

when the maximum eigenvalue in its jacobian matrix is several orders of
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magnitude larger than the minimum eigenvalue. In such case, the step size of
integration is determined by the largest eigenvalue, while the final time of
integration usually depends on the smallest eigenvalue. There are easier, but less

precise, definitions on stiff differential equations:

- A set of differential equations is “stiff” when an excessively small step is
needed to obtain correct integration.

. A set of differential equations is “stiff” when it contains at least two “time
constants” (where “time” is supposed to be the joint independent variable)

that differ by several orders of magnitude.

Integrating such equations using traditional explicit (Runge Kutta) methods may
take very long computing time: implicit methods should be used to reduce
computation time. However, implicit methods are not very efficient for solving

normal and non-stiff equations.

A non-stiff ODE means an ODE in which the solution function exhibits slow and
smooth changes in the dependent variable with small variations. As a result,
plotting the solution function over long time frames (time is the independent

variable) will look quite the same as plotting over shorter time frames.
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6-5 Numerical experiments

A fire is placed at the center of six rooms of different areas but of the same

height of 3.5 m. Two sets of heat release rate Q(t) are considered:

« Fire F1: Steady burning with constant heat release rate of 0.8 MW
. Fire F2: NFPA slow t*-fire (NFPA 92B 1995 & 2001), with cut-off value of

0.8 MW

Considering the fast changes in fire environment, excessively small step is
needed to obtain correct integration to ensure convergence and accuracy of the
predicted results. Stiff ODE is selected to solve the above equations by a series

of testing calculations.

The fraction of heat lost by conduction and radiation L¢ is taken to be 0.35, the
specific heat capacity of air C, is 1004 Jkg 'K and the cool layer temperature Ty

is 300 K.

The floor areas of the six rooms are:
. Room 1: 10 m*
. Room 2: 20 m’
. Room3:30m’
. Room 4: 40 m*

. Room 5: 50 m?
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« Room 6: 100 m?

Typical example of a MAPLE V program listing and a MATLAB program

listing are shown in Appendix D.

The results predicted are compared with those by the FIREWIND — HotLayer
(FMC 1997) and the ASET (Cooper 1982a & 1982b) itself as shown in Figures

6-2 to 6-7. There are differences in the results predicted by the three models.

Floor area of the compartment is a key factor. It is expected that the results of
using MATLAB, i.e. curve A in all figures, should be similar to those simulated
by the ASET itself as given by curves C. However, there are many cases where
the two do not agree. Results of FIREWIND (i.e. curves B) are used for

comparison which agree in some cases.

6-6 Conclusion

The following conclusion can be drawn from this study:

. Symbolic mathematics is now a powerful tool for doing mathematics with a

computer. It can be applied to simulate a building fire with a two-layer

model. A relatively simple model like ASET can be put into the computer

easily. Graphics outputs can be achieved easily.
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. It is easier to change the equations and parameters concerned on describing
the physics concerned in comparing to traditional computer programming.
o The software is under active development, both on the numerical schemes

and graphical presentation.

From the simulations, floor area should be watched carefully in using two-layer

zone models. Symbolic mathematics should be put into the teaching curriculum

of engineering degree programmes.
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Chapter 7 CFD STUDIES ON ‘BARE CABIN’ FIRES WITH
OPERATION OF SMOKE EXTRACTION

SYSTEM

‘Cabins’ for fire protection (Law 1990, Beever 1991 & 1995; Bressington 1995
& 1999b) are commonly used in the big halls in Hong Kong, such as the new
airport and railway stations. This is a kind of design that uses the hall spaces
effectively without installing big smoke extraction systems. However, the
likelihood of flashover in a cabin and its consequences of occurrence should be
considered, bearing in mind that the sprinkler systems are not so reliable as
experienced locally, and the requirements on the sizing of smoke extraction fans
are not spelled out clearly in the local design guides (Fire Services Department
1994a). Fires occurring in a cabin where the sprinkler system and smoke
extraction system did not work, or ‘bare cabin fires’ (Chow 1995d, Chow 1997a,
1997b, 1998b, 1998c & 1999b), had been studied before. In case of the sprinkler
system in a cabin does not work, a ‘small’ cabin might become a big hot object,

in particular for shops selling alcohol where spillage fires might happen.

To evaluate the performance of fire protection systems in enclosures like cabin,
CFD field models are studied and used. The commercial package PHOENICS
version 3.1 1 (PHOENICS 2000) is used in simulation. PHOENICS use k-€ type
of turbulence model with the flair post-processor manual. It is a less costly

shareware, which offers inexpensive method for studying the compartmental

75



fires under forced ventilation conditions. A cabin of 4 m x 4 m x 3 m with
ventilation conditions is considered as an example. Zone model FIREWIND 3.4

(FMC 1997) is used as a tool for results comparison.

7-1 A brief overview of Computational Fluid Dynamics (CFD)

The physical aspects of any fluid flow are governed by three fundamental
principles: conservation of mass; Newton’s second law and conservation of
energy. These fundamental principles can be expressed in terms of mathematical
equations, which in their most general form are usually partial differential
equations. CFD is the science of determining a numerical solution to the
governing equations of fluid flow whilst advancing the solution through space or
time to obtain a numerical description of the complete flow field of interest

(Webster 2001).

The governing equations for Newtonian fluid dynamics, the unsteady Navier-
Stokes equations, have been known for over a century. However, the analytical
investigation of reduced forms of these equations is still an active area of
research, as is the problem of turbulent closure for the Reynolds averaged form
of the equations. For non-Newtonian fluid dynamics, chemically reacting flows
and multiphase flows theoretical developments are at a less advanced stage.

Derivation of Navier-Stokes equations is shown in Appendix E (Currie 1974).
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The role of CFD in engineering predictions has become so strong that today it
may be viewed as a new developing way of fluid dynamics, besides classical

cases of pure experiment and pure theory.

The development of more powerful computers has furthered the advances being
made in the field of CFD. Consequently, CFD is now the preferred means of
testing alternative designs in many engineering, building and consulting

companies before experiments are carried out.

On the discretized mesh, the Navier-Stokes equations take the form of a large
system of non-linear equations. Going from the continuum to the discrete set of
equations is a problem that combines both physics and numerical analysis, for
example, it is important to maintain conservation of mass in the discrete
equations. At each node in the mesh, between 3 to 20 variables are associated:
the pressure, the three velocity components, density, temperature, etc.
Furthermore, capturing physically important phenomena such as turbulence
requires extremely fine meshes in parts of the physical domain. Currently,

meshes with 20,000 to 2,000,000 nodes are common.

Once the solution is found, analyzing, validating, and presenting it calls into play
visualization and graphics techniques. Those techniques are useful for
understanding the nature of the problem, the interaction of algorithms with the

computer architecture, and performance analysis of the code (Webster 2001).
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7-2 Simulations

A cabin with length of 4 m, width of 4 m and height of 3 m, divided into 25, 15
and 15 parts along the x, y and z directions as shown in Figure 7-1 is studied.
The dimensions studied are: length of 8 m, width of 4 m and height of 3 m,
divided into 25, 15 and 30 parts along the x, y and z directions respectively. The
grid size is smaller in the regions close to the fire and door. There is one opening

with height Hy of 2.5 m and width W, of 2 m.

An NFPA slow-t* fire (NFPA 92B 1995 & 2001) of size 1 m by 1 m is located at

the center with cut-off value 1 MW,

Two simulations are presented (other simulation details are listed in Table 7-1)
for a better comparison:
o Case A: Cabin without exhaust system installed.

« Case B: Cabin with exhaust system installed on the top.
It is important to study the performance of smoke extraction system in a cabin
and PHOENICS is used for this purpose. Extraction rates of 40 air changes per

hour (ACH) are simulated.

It is assumed that all the walls are adiabatic. Ambient temperature was set to 27

°C (300 K), air pressure was set to 1.01 x 10° Pa, initial values for k and & were 1
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x 1072 Jkg' and 1 x 1072 Jkg's respectively. Calculation loops up to 2000 times.

The results are believed to be a constant situation.

7-3 Resulits

The results of vector velocity across the central plane (x = 2 m) are shown in
Figure 7-3. There are little changes in the maximum vector velocity from 4.56 to
3.87 ms™ after the operation of exhaust system. The predicted temperature field
ranged from 30 to 120 °C in the same center plane (x = 2 m) as shown in Figure
7-4. It is shown that temperature distributions move towards the fire after the
operation of exhaust system, temperature inside the cabin dropped obviously.
This is useful to verify if the forced ventilation system functions properly, and
also can be used to evaluate the performance of fire protection systems. Pressure
distributions close to the neutral line are shown in Figure 7-5. A comparison of
the vertical temperature profiles computed by two models (PHOENICS CFD
model and FIREWIND zone model) is shown in Figure 7-6. In order to make
clear of the layer in the CFD model, temperature was measured at three selected
positions. It is clearly shown that, the zone model result is very close to the CFD
simulation results in the division of temperature zone. The closer to the doorway

opening, the more changes of the vertical temperature profiles.

74 Flux calculation

Mass balance: TP VIA, =2 p,VhA, (7-1)
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Energy balance: 2P ViAC T =2p,v3A,CLT, (7-2)

Q(t)=E,— B, (7-3)
No ventilation:
Mass balance M, =2.82 kgs™

M, = 2.78 kgs™
Energy balance Q(t)=E; - E;

800 kW = 966 kW — 165 kW

Forced ventilation:
Mass balance M;= 3.03kgs’

M,=244+05=294kgs’

Energy balance Q(t) =EF, - E;y

800 kW = 947 kW — 165 kW

7-5 Conclusion

‘Bare cabins’ of different sizes with only the smoke extraction system operating
under a 1 MW NFPA slow-t* fire (NFPA 92B 1995 & 2001) are studied. The

CFD model PHOENICS is used.
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From the results, it can be concluded that, when the exhaust system was
operating, there were few changes in the temperature from 30 to 120 °C. The

pressure around the neutral line had small changes, but the neutral area changed.

From the comparison of the relationship between temperature and hot layer
height in CFD and zone model as shown in Figure 7-6, the hot layer and cool
layer are clearly seen in the CFD simulation. The temperature dropped after the

exhaust system operation.

The relationships between the average room temperature and hot layer height in

CFD and zone model are shown in Figure 7-7.

From the CFD simulation results, it is clearly shown that, temperature
distributions moved towards the fire after the operation of exhaust system,
temperature inside of the cabin dropped obviously. Laminar pressure distribution
is broken after the operation of exhaust system. Pressure difference showed
clearly that ambient air moved from outside into the cabin, and then moved out
through the exhaust system on the top ceiling. Flux calculation showed the
balance of mass and energy. The hot layer and cool layer are shown in the CFD
average temperature distribution. The result is useful to verify if the forced
ventilation system functions properly, and also can be used to evaluate the

performance of fire protection systems.
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Chapter 8§ NUMERICAL STUDIES ON THERMALLY-
INDUCED INDOOR AERODYNAMICS IN A
COMPARTMENT WITH NATURAL

VENTILATION

Mechanical ventilation system is usually installed at the inlet and outlet openings
of an enclosed chamber. To optimize building safety in enclosures by improving
the design of natural ventilation systems, air movement at the inlet and outlet
opening, as well as the situation inside enclosure are very important. Air flow
induced by a point heat source in a natural ventilated compartment is studied in
this chapter. Three models, fully-mixed model, water-filling box model and
emptying air-filling box model, on air flow in a chamber reported in the literature
are reviewed. With a point heat source located at the center of the compartment,
two different cases with and without walls are considered. A two-layer zone
modeling approach with an upper hot air layer and a lower cool air layer is
assumed. Two such zone models, Model 1 and Model 2, are developed. Model
1 is for a compartment without any walls. Model 2 is for an enclosed
compartment with adiabatic walls, but with two openings, one at the top and the
other at the bottom. Air flow induced by a point heat source in the natural
ventilated compartments is solved. Volume flow rate equations and two-layer
temperature difference equations are derived. Equations in the developed zone
models are solved by the symbolic mathematics. The relationship between the

neutral plane height and the outlet area is drawn. Results are compared with
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those predicted by CFD. It is found that the two new models give results agreed

fairly well with CFD.

8-1 Introduction

Indoor air movement induced by thermal heat sources is studied to provide better
ventilation design and more efficient smoke management systems (Etheridge
1990). There are numerous studies reported (Andersen 1995, Baines 1990, Chow
1997¢, Cooper 1996, Davies 1992, Li 2000, Linden 1990 & 1996) in the
literature. But only a few of these models are applicable to study air flow
induced by a point heat source in a compartment. These included the water-
filling box model by Linden (1990), the fully-mixed model by Andersen (1995),
and emptying air-filling model by Li (2000). On the other hand, a two-layer
model is commonly used for simulating fire (Thomas 1995). In this chapter,
indoor air flow induced by a point heat source is studied by a two-layer zone
model. There is an upper hot air layer and a lower cool air layer with the plume

serving as the vehicle to transfer heat and mass.

Two different cases with a point heat source located at the center of a
compartment, with and without walls are considered. Model 1 is a compartment
without any walls. Model 2 is an enclosed compartment with adiabatic walls,

and two openings with one at the top and the other at the bottom.
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With those models, air flow induced by a point heat source in a compartment can
be studied. Equations in the developed zone models are solved by the symbolic
mathematical packages (MATLAB 1997, MAPLE V 1998) with MATLAB
selected for the calculation. Results are compared with those by the CFD

package PHOENICS (2000).

8-2 A brief review of indoor air flow models

There are many models developed for studying indoor air movement in a
compartment with natural ventilation (Andersen 1995, Baines 1990, Chow 1997c,
Cooper 1996, Davies 1992, Etheridge 1990, Li 2000, Linden 1990 & 1996).
Three suitable models are selected with their key fluid dynamics equations

(Rouse 1954, Yih 1977) briefly reviewed:

8-2-1 Fully-mixed model

In the fully-mixed model with a heat source in the chamber by Andersen (1995),

indoor air is assumed to be fully-mixed, the indoor air temperature is uniform,

and all the walls are adiabatic. Air inside is warmer than air outside.

A two-layer model is assumed due to the thermal source of power Q with the
lower cool air of density pi, temperature T); upper hot air of density po,

temperature To; lower and upper parts of flow areas are A. and A.; as in Figures
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8-1 and 8-2. The volume flow rate V is given in terms of the flow coefficient Cg,

and the separation height h’ as in Figure 8-1 (Anderson 1995):

2AZAZ -
V:Cd . 1 22 pz pl ghr (8-1)
A7 + A7 p

Defining A as the effective opening area of the building:

A=2A A, I(JA?+A?) (8-2)

The volume flow rate V is then:

Tl "Tz

V=C,A gh’ (8-3)

2
Heat balance gives:
Q=pC,V(T, -T,) (8-4)

Putting in equations (8-1) and (8-3):

2/3 1/3
o1, = 2 (1_) (5-5)
pOCpCdA gh
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Defining the buoyancy flux B:

CpPOTO

V can be further simplified as:

V:(CdA)2/3(BhI)I/3 (8_7)

Putting in the flow rate Vp calculated by the plume equation through a constant C,

and the neutral plane height he:

V, =C(Bh)*hl"” (8-8)
Defining
E=(h./h") (8-9)

Equating the air entrainment rate to the plane Vp to ventilation flow rate V gives:

C,A
" =C¥2 g (8-10)
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8-2-2 Water-filling box model

For the water-filling box model by Linden (1990), the compartment is also
divided into two zones. The upper zone is of lower density p, and higher
temperature T, and the lower zone is of higher density p; which is the same as

ambient and temperature T.

The volume flow rate equation V is also given by:

T —
V.—_CdA\/ ‘T T, gh'-h,) (8-11)

2

Heat balance gives:

2/3 T 1/3
T,-T, = Q ( = J (8-12)
PonCdA g(h'—h.)

Putting equation (8-12) into (8-11):
V=(C,A)?*? B -n )" (8-13)

After introducing the plume equation and equating the flow rate into the plume

with the ventilation rate,
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_cve |8 (8-14)

8-2-3 Emptying air-filling box model

Surface thermal radiation effect in the building is included in the emptying air-
filling box model by Li (2000). A constant temperature profile is assumed with
the air temperature T, at the lower cool layer to be the same as the near-floor air
temperature. Air temperature T, at the upper layer is the same as the air

temperature next to the ceiling. This gives:

Q
T, = +T 8-15
2Toev (8-15)
T, =MT, - T)+ T, (8-16)

Note that A is the temperature coefficient given in terms of the convective heat
transfer coefficient oy at the floor; the radiative heat transfer coefficient o, at the

ceiling; and the convective heat transfer coefficient o, at the ceiling:

-1
C Vv
A :]:E..L.(_l_+_}_+__l___]+1:|
Aﬂoor a‘f a‘r a‘c
The volume flow rate V is:
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- T, - T
v:ch\/T‘T To on +—2;1-;——1g(h’—hc) (8-17)

0 0
Again, heat balance gives:

V=(CdA)2’3(B(h’—hc +7\.hc))”3 (8-18)
and

5
CdA :C3/2 g (8-19)

h'? 1-(1-2)E

8-3 Two proposed zone models

Two zone models, Models 1 and 2, have been developed to study the phenomena

of air movement in both an area of open boundary condition and an enclosed area.

8-3-1 Model 1

A compartment without walls in the perimeter as in Figure 8-1 is considered.
The dimensions of the room are of length L, width W and height H. A point
heat source is located at the center of the chamber. A thermally-driven plume
would rise to the ceiling, form a ceiling jet and then a hot air layer. The
lower part is considered as the cool air layer. Eventually, ambient air would

be drawn into the chamber, moving into the cool air layer, being heated up
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and rise to the hot air layer, and then flow out of the chamber through the hot
layer. The vertical distance between the upper and lower openings h’ in
Model 1 is specified as certain half height of the cabin. A constant smoke
layer thickness is assumed under a steady condition when the mass of

outflow equals to the inflow entrainment and mass generated by the plume.

8-3-2 Model 2

This is a compartment of the same size as in Model 1, but surrounded by
adiabatic walls. There are two openings, one at the top and one at the bottom.
A point heat source is located at the center of the chamber as in Figure 8-2.
Again, a two-layer zone model is assumed. Ambient air would flow into the
chamber through the lower opening, heated up, rise to the ceiling, and then

flow out through the upper opening.

The equations for volume flow rates inflow V; and outflow V, are derived in

Appendix F and summarized as follows:

2ATgh
V, =CyA, -—-—~Tg . (8-20)
2
2ATg(h' —h,)
V, = CdzAz\/ T (8-21)
0
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The buoyancy flux B is given by:

Equations (8-20) and (8-21) become:

V, =(C,A)*?(2Bh )" (8-22)

Vv, :(Cd2A2)2/3(2B(h, —hc))]/3 (8-23)

The temperature difference between the upper layer and the lower layer is:

Q )2/3( TO

) (8-24)
pOCpCdZAZ 2g(h’-h,)

AT = (

The neutral level h, is defined as the height where the pressure difference across

the opening is zero and is given by:

hl
h = 8-2
n+1 (8-25)

where

=
@

_L( di 1)2

2

=
@
> | P

0 d2
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The relationship between the neutral level height h. and the outlet area A; is:

%i— =0.042318/C,, (8-26)

8-4  Zone modeling results

Results predicted by the two developed zone models are solved by MATLAB

(1997) with listing shown in Appendix F.

Ventilation flow rates predicted by Model 1 and Model 2 are compared with the
emptying air-filling box model by Li (2000} given by equation (8-18). Results
are shown in Figure 8-3 and compared with equation (8-23) in Model 2. The
relationship between the outlet area A,, the distance between the inlet and outlet

opening h’ and the outlet volume ventilation flow rate V; is shown the figure. It

can be seen that the outlet flow rate would increase when A, /h'? is increased. A
very small difference between the results of the two models was found for

A, /h" less than 0.02.

The neutral plane heights of Model 1 and Model 2 are plotted in Figure 8-4 for
comparison with the emptying air-filling box model (y = 0.2). There is an

equation on h. in the emptying air-filling box model given by:
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h,=yh'+(1-2)(1-7h, (8-27)

The above equation is compared with equation (8-26) in Model 2. Note that y is
the vertical temperature gradient. The relationship between the neutral zone
height h,, the distance between the inlet and outlet opening h’, and the outlet area
A, is shown in Figure 8-4. The result showed that the height of the neutral plane
would increase when A,/h’? is increased. For A,/h’? less than 0.02, the
neutral plane height increased. There are large differences between the results of
the two models. But for A,/h’* greater than 0.02, neutral plane heights

predicted by the two models agreed better.

For interest, the neutral plane heights predicted by Model 1 and 2 are compared
with the hot air layer height of the emptying air-filling box model in Figure 8-5
to show the similarities of the two parameters in the two models. The following

equation in the emptying air-filling box model is compared with equation (8-26):

h, s
G

- (8-28)
1-a-» f;)

where C is a constant used in the plume flow rate calculation.
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The result showed that the neutral plane height h, in Model 1 and Model 2 agrees
well with the hot air layer height in the emptying air-filling box model when the

temperature coefficient A is 0.2.

Comparisons are also made in the following conditions to study the inflow and
outflow rates in the zone model separately. The height of the chamber H is taken
as 6 m with both the upper and lower openings in Model 2 to be 1 m’. A point
heat source is located at the center of the control volume, with a constant heat
release rate of 500 W. The ambient temperature Ty is 300 K. To simplify the

calculation, Cq is 0.6, C, is 1010 Jkg 'K, and py is 101300 Pa.

A comparison of the inlet airflow rate in Model 1 and Model 2 with Andersen’s
model is shown in Figure 8-6. The following equation in Anderson’s model is
compared with equation (8-22):

A\ =0~O37(th)“3(cd1A1)U2 (8-29)

Result showed that the inflow rate V, increased when the neutral plane height h,

increased.
A comparison of the outlet airflow rate in Model 1 and Model 2 with Andersen’s

model is shown in Figure 8-7. The following equation in Andersen’s model is

compared with equation (8-23):
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V, =0.038(Q(h’' —h,))"*(C,,A )Y (8-30)

The result showed that when the neutral plane height h. increased, the outflow

rate V, decreased.
Finally, a comparison of the temperature difference in Model 1 and Model 2 with

Anderson’s model is made in Figure 8-8. The equation in Anderson’s model is

compared with equation (8-24):

)1/3 (8_31)

- Q 2/3
AT =7.5-10"T,
oA

It is found that before the neutral plane height h /h’ = 0.8, there are less

changes in the temperature difference AT of the two layers, but after that point,
there is an obvious increase in the temperature difference of the two layers with

the increase of h_ /h’.

The relationship between the neutral zone height h, height of inlet and outlet
opening h” and the outlet area A, is shown by equation (8-26). But usually, the
area and position of the openings are known first, and the neutral zone height

needs to be solved. That could be a very complex equation but can be fitted by:

h A
€ =1,7276(—%)"% 8-32
h' (h’2 ( )
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Results are plotted in Figure 8-9 with the correlation coefficient being 0.9899.

8-5 Simulation with Computational Fluid Dynamics

CFD was used for comparing the zone modeling results. The commercial
software PHOENICS (2000) was taken as the simulator. A compartment with L
of 10 m, W of 10 m and H of 6 m was taken for comparison of the two models.

The grid and geometry of CFD simulation are shown in Figure 8-10.

Airflow vectors predicted are shown in Figure 8-11 to show the air movement
pattern. Maximum air speed changed from 0.187 ms” in the open boundary
condition to 0.2 m s™ in the enclosed condition. The inflow rate and outflow rate

were calculated from the results of CFD simulation.

The simulation results of pressure distribution are shown in Figure 8-12. The
height of neutral plane is clearly shown. The result of CFD simulation and the

result of the zone models are compared in Table 8-1.

The results showed that the inflow rate and outflow rate in CFD simulation are
very close, but the results in the theoretical zone model simulation are quite
different. In Model 1, the outflow ventilation rate is limited by the small cross-
sectional area of outflow air. In Model 2, the outlet area and the inlet area are the
same, but the neutral plane has changed a little, and the outflow rate is still

limited by the zone model equation. The inflow and outflow results in Model 2
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in CFD simulation are quite different from the zone model result. That is
because only the air flowing in the control volume through A; and flowing out
through A, was considered. It is assumed that each zone is fully mixed. The
turbulence inside the chamber was not considered. But from Figure 8-11, it is
obvious to see that most of the air would rise to the ceiling and create turbulence
inside the chamber, so that the inflow rate and outflow rate are significantly

reduced to a lower level.

8-6 Conclusion

Two zone models are developed to study air flow problems induced by a point
heat source in a natural ventilated chamber. The difference in the results of CFD
simulation and zone model simulation was discussed. Model 1 could be
considered as a special situation of Model 2, when the area of the upper opening
and the lower opening in Model 2 is exactly equal to the opening area of upper

layer and lower layer in Model 1 respectively.

Volume flow rate equations and two-layer temperature difference equations were
derived. The relationship between the neutral level height and the outlet area
was drawn. The neutral plane h; equation was defined by curve-fitting, which

made the solution easy to use.

In comparing with CFD results, results of the new models give fairly good

predictions on the neutral plane height. The results can be widely used in the fire
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engineering field which has a lot of needs to calculate the volume flow rates in
both the inlet and outlet, and the temperature difference between the upper layer
and the lower layer. Further, dynamics of plume is driven by pressure difference,
the neutral plane equation can help engineers to predict the neutral plane just by
the height of the inlet and outlet opening h’ and the outlet area A, which is
important to control the airflow and study the dynamics of plume inside the
enclosures. The results simplified the profound aerodynamics: equations, making

it easy to use in engineering applications.
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Chapter9 A STUDY ON PLUME EQUATION IN A

CHAMBER WITH FORCED VENTILATION

Fire control under forced ventilation in enclosure is very important in fire safety
aspects. To optimize the safety in enclosures with mechanical ventilation by
improving the design of forced ventilation systems, the form of plume equation
under forced ventilation must be solved. Thermally-induced plume in a chamber
under forced ventilation are studied in this chapter. Plume equations derived
under natural ventilation available in the literature are reviewed first (Rouse 1954,
Yip 1997, Morton 1956). Computational Fluid Dynamics are then applied to
study two ‘models’ induced by a heat source in a chamber with forced ventilation.
They are the parallel flow model and the jet flow model. Based on the plume
expression in a chamber with natural ventilation, two plume equations under
forced ventilation are then derived from seven sets of CFD simulations. There
are four cases on different thermal power of the point heat source; and three
cases on the plume in a chamber with forced ventilation under three different air

speeds. Symbolic mathematics are used for solving some equations concerned.

9-1 Introduction

Plume induced by a thermal source such as a fire in a chamber under forced
ventilation condition is very complicated. Most of the plume equations in the
literature (Beyler 1986, Chow 1998a, Drysdale 1985, Rouse 1954, Heskestad

1984, Hinkley 1971, Morton 1956, Morgan 1987, Thomas 1963, Yih 1977, Yu
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1992, Zukoski 1981) were derived under natural ventilation condition with free
boundary conditions. However, the equations concerned might not be applicable

in a chamber with forced ventilation. The following questions are raised:

o Can those equations be applied under forced ventilation conditions?

« How is the situation under forced ventilation conditions?

To answer the above questions, equations under forced ventilation condition in a
chamber will be studied in this chamber. The plume equation under forced

ventilation can be described by two flow models as in Figure 9-1:

« A parallel flow model
The fluid is assumed to be incompressible flow through two horizontal
parallel planes with constant pressure difference. The direction of flow is
taken along the horizontal axis, with velocities in other directions taken as
zero. Velocity distribution is laminar and plane parallel (Yu 1992), an indent

mixing of forced ventilation (Galea 2001) in a chamber.

o A jet flow model
Incompressible fluid flow is assumed through a fine nozzle, and then diffused

in a free boundary space (Kong 1979). The resultant plume is then induced

by a point heat source on the floor.
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These two models are studied by Computational Fluid Dynamics. Associated

plume equations are then discussed in this Chapter.

9.2 Jet flow model

A chamber of length 4 m, width 4 m, and height 3 m as shown in Figure 9-2 was
considered. A point heat source with radius 0.1 m and height 0.1 m is located at
the center of the chamber as shown in the figure. There are no walls in the
perimeter, just a floor and a ceiling. This is labeled as the ‘fire case with an open

lid’ by Galea et al. (2001).

Air flow induced by the thermal source was simulated with the following

assumptions (Rouse 1954):

» The rate of entrainment at the plume edge is proportional to some
characteristic velocity at that height.

» The profiles of mean vertical velocity and mean buoyancy in horizontal
sections are of similar form at all heights.

« The largest local variations of density in the field of motion are small in
comparison with some chosen reference of density, this reference being taken
as the density of the ambient fluid at the level of the source.

o The scale of the initial laminar zone is small compared with the subsequent
zone of turbulent convection.

« Pressure is distributed uniformly throughout the field of motion.
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Transverse forces are ignored in comparison with those in the vertical
direction.

Turbulent mixing in the vertical direction is ignored in comparison with that
in the horizontal.

Notation for either two-dimensional flow over a line source or axially
symmetric flow over a point source may be reduced to that shown in Figure
9-3.

No mixing mechanics between the plume and ambient air flow.

Floor, ceiling and walls of the chamber are made of adiabatic materials.

No viscosity between horizontal sections.

The form of the plume border is like a cone, which can be considered as a

source point extended to a circle with the rise of the plume.

A typical plume model is shown in Figure 9-3. Under the above assumptions

and taking the point heat source on the floor, four cases with different thermal

pressure are simulated for studying the plume equation:

Case 1: 1 kW

Case 2: 3 kW

Case 3: 5 kW

Case 4: 8 kW

The CFD package PHOENICS was used for simulating the thermally-induced air

flow. The results of velocity distribution, pressure distribution and temperature
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distribution are shown in Figures 9-4 to 9-6 respectively. The results of vertical
velocity of the plume v are plotted in Figure 9-7. Derivation of plume model

equations is listed in Appendix G.

As a result, for the condition of axial symmetry model, the vertical velocity v has

the following relationship with x and h (Rouse 1954):

v X
) oD

Suppose the velocity distribution is uniform, according to both the simulation
above and the experimental results (Beyler 1986, Drysdale 1985, Rouse 1954,
Heskestad 1984, Hinkley 1971, Morton 1956, Morgan 1987, Thomas 1963, Yih
1977, Yu 1992, Zukoski 1981), the velocity distribution could be expressed as

Gaussian distribution.
V =V €XP| — —R—i* (9'2)

where R is the specified plume radius.

Then, key results related to the plume equations are:
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s Velocity distribution

1/3 2
v= o{-hB—) exp[—- 65 3;7) (9-3)

where o is a coefficient related to height h in Figure 9-8, expressed in terms of a

characteristic length 1; (taken as 1 m) as:
a=-1.379 (h /1> + 8.032 (h / 1.)* -16.427 (h / 1)) + 17.029 (9-4)

The buoyancy flux B is defined as:

__Qs )
B = CooT (9-5)

where Q is the heat release rate, g is the gravitational acceleration, C, is the

specific heat capacity of air, p is the air density and T is the absolute temperature.

N Volume flux

V = 0.0483aB'"*h*"? (9-6)
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N Momentum flux

M = 0.02415a*pB**h*" - (9-7)
o Energy flux
E = 0.008050°pBh (9-8)

From the result of this simulation, it is found that in the main part of the plume,

normally o = 4.0.

o Velocity distribution

V= 4.0(-13)”3 exp(— 65 z—zJ 9-9)
o Volume flux

V =0.1932B"’h*"? (9-10)
. Momentum flux

M = 0.3864pB*"*h*"? (9-11)
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o Energy flux

E = 0.5152pBh (9-12)

The plume equation by Rouse (1954) takes the following form:

B 1/3 rz

V= 4.7(11—) exp(-— 96—1—13} (9-13)
V =0.154B"*h%"? (9-14)
M =0.361pB*"*h*"? (9-15)
E = 0.566pBh (9-16)

The simulation results are compared with those by Rouse’s equation as shown in
Figure 9-9. Better results are obtained by using the equation here than using the

equation by Rouse, because of the introduced height coefficient o .

The maximum velocity vimax in each horizontal level could be expressed as:

1/3
Vo = 4.0({?}) (9-17)
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9-3 Horizontal velocity at the plume edge

From the definition of jet plume and the calculations above, on the central axis,

the horizontal velocity at the plume edge is assumed to be proportional {0 Veax.

(=B R
Vo U
Y - =tanl5°
Vmax
u =v,_ tanl5° (9-18)

Putting equation (9-3) into equation (9-18), in the central axis, x = 0, the

horizontal velocity distribution of the plume edge is:
B 1/3
u=atanl5°® (E) (9-19)

The speed in the position of hy = 0.1 m above the floor is selected as the initial

plume velocity.

Finally, the relationship between u and buoyancy flux B is obtained, the

maximum velocity of the plume in horizontal direction is:
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u=0.5773 aB'? (9-20)

The velocity at the plume edge u when expressed in ms™ is:

Q 1/3
~0.238)
" [moo] (9-21)

The relationship between horizontal velocity of plume edge u and heat release

rate is shown in Figure 9-10. The correlation coefficient 1 is 0.9998.
9-4 Plane parallel flow

The plane flow model is quite well known in fluid mechanics (Kong 1979). The
chamber for CFD simulation is of length 4 m, width 4 m and height 3 m as in
Figure 9-11. There are two adiabatic walls built along two opposite sides in the

perimeter, making the chamber look like a corridor.
The following assumptions are made:

o The air flow is constant, and incompressible.

. A flow with pressure difference only.

. A flow through two parallel planes.

8 Turbulent mixing in the vertical direction is ignored.

. Floor, ceiling and walls of the chamber are made of adiabatic materials.
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According to the above assumptions, velocity distribution can be solved by N-S

equation:
1P  ow’
————tv—F=0
pox Oy
4 (9-22)
_LoP g
p Oy

Taking the assumption that air flow is incompressible and ax =0, expressing in

terms of the building length scale L, equation (9-22) gives:

2
d_‘:' _AP (9-23)
dy pL
where p is the dynamical viscidity coefficient.
AP = P1 — Pz, (9-—24)

P, is the air pressure on one side of the control volume and P; is the air pressure

on the other side of the control volume (Kong 1979).

(9-25)

Integrating equation (9-23) twice by the use of the following boundary

conditions:
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y=H,w=U

y=0,w=0
where U is the moving speed of ceiling.

The velocity distribution can be solved as:

AP Uh
=—(Hh-h?)+— 9-26
v ZuL( ) H ( )

The moving speed of the ceiling is 0, the flow could be considered as a pure

pressure difference flow. The velocity distribution is:

AP
=——(Hh-h? 9-27
w L ( ) (9-27)

Putting equation (9-25) into equation (9-27):

4
W = —-WH—-L’&X—(H —h)h (9-28)

2
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o Flux of the parallel flow

Area of the control surface is taken as W- dy, multiplying it with w would give

the flow flux w- W. dy. Integrating the height from 0 to H:
v = [ wwdy (9-29)

Putting in equation (9-26):

3 2
V= wf[_—-—(Hh h)+—]dz wekE | OHy  WH AP L by
2ul 2 2 6uL

(9-30)

The upper ceiling moving speed is 0, the flow could be considered as a pure

pressure difference flow, and AP > 0. The flux of the parallel flow is:

HS
_ wapw ©31)
12uL
Putting in equation (9-25):
2H
V= 2HWW b (9-32)
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9-5 Derived plume equation under forced ventilation condition

After studying the jet plume flow and the plane parallel flow individually, the
plume equations for the two models under forced ventilation in that chamber are
discussed. The plume can be described as a jet flow, and forced ventilation in a
chamber can be described as a plane parallel flow. The plume equation under
forced ventilation can be described as a jet flow in a parallel flow model as in

Figure 9-1, i.e. combining the two models together.

The chamber studied is of length 4 m, width 4 m and height 3 m. There are two
adiabatic walls built along two opposite sides in the perimeter. A point heat
source with radius 0.1 m and height 0.1 m is located at the center of the chamber,

as in Figure 9-1.

Three simulations with different air flow speeds were carried out for studying the
plume situation under forced ventilation condition. The results are shown in

Figure 9-12.

Assuming that the parallel flow has no effect on the vertical velocity of the
plume, there would be no mixing and energy exchange between the plume and
ambient air flow. The equations for volume, momentum flux and energy flux of
the plume have the same format as those of natural ventilation. Only the position
of the plume central axis would be changed by forced ventilation of the ambient

air flow.
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If the dynamical viscosity coefficient between the floor and ceiling is not
considered, the parallel flow speed w is a constant, there would be four different

situations.

When the speed of parallel flow w is zero, it means that the plume would rise
without any forced ventilation. The situation of the plume without any forced

ventilation is shown in Figure 9-13.

The situations of the plume when the speed of parallel flow w is less than, equal
to and greater than the horizontal velocity of plume edge u are shown in Figures

9-14 to 9-16 respectively.
The plume central axis equation can be written as (derivation in Appendix G):

. C,ATp,w? 2
4Q
T, (9-33)
(1~~T~)p0HngAT 2

h=vt+ t
2Q

X =wt

An example calculation was carried out with different velocity of parallel flow as

1 ms?, 2ms™?, 3ms™ and 10 ms™.

The heat release rate of fire Q was set to be 5 kW, T as 600K, T, as 300K, g as

9.8 ms?, H as 3 m, Cp as 1010 J kg'K™!, & in v as 4.0 (Vmax is 1.58 ms™). The
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comparison of the plume central axis position with different velocity of parallel
flow is shown in Figure 9-17. The result showed that, the higher velocity of

parallel flow, the more the plume central axis is deviated from the vertical.

Another example calculation was carried out with different heat release rate of
fire of 1 kW, 3 kW, 5 kW and 8 kW. The comparison of the plume central axis
position with different heat release rate of fire is shown in Figure 9-18. The
result showed that, the bigger the heat release rate of a fire, the less the plume

central axis is deviated from the vertical.

Further, in a special case, as assumed above, when the velocity of parallel flow w
is constant and the plume has no effects on the forced ventilation from ambient
air, and the temperature inside the plume is uniform, the above equation can be

simplified as:

X =—h ‘ (9-34)

Following the settings above, with velocity of parallel flow of 1 ms™, the
comparison of the plume central axis position in the example calculation is
shown in Figure 9-19. The result showed that, the simplified equation has a good
fitting of the plume central axis equation, so that the simplified equation can be

used in some engineering area to predict the form of a plume in a chamber.
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9-6 Conclusion

The plume equation under forced ventilation condition in a chamber is studied.
CFD PHOENICS (2000) simulations were carried out for creating plume
equations under natural ventilation condition with free boundary. A comparison
of the new plume equation with Rouse’s plume equation is made. The simulation
results can be better described by the new plume equation after the height
coefficient o is introduced. Therefore, the results of the new plume equation are

more precise.

The plane parallel flow is studied as an easy forced ventilation condition. Two
different situations are discussed. If the dynamical viscosity coefficient between
the floor and ceiling is not considered, the parallel flow speed w is constant, then
there would be another four different situations: w=0, w<u, w=u, w>u If
the dynamical viscosity coefficient between the floor and ceiling is considered,
then the parallel speed w is not a constant, but has a distribution like plane

parallel flow.

Since the parallel flow is assumed to have no effect on the vertical velocity of the
plume, there would be no mixing and energy exchange between the plume and
the ambient air flow. The equations for volume flux, momentum flux and energy
flux of the plume have the same format as those of natural ventilation. Only the

position of the plume central axis would be changed by forced ventilation of the
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ambient air flow. The position of plume central axis equation is drawn by

calculation under each different condition.

The result solved the two questions raised in the beginning of the chapter. It is
very useful in fire engineering field, where plume equations are needed to
calculate the volume flux, momentum flux and energy flux of the plume under
forced-ventilation condition in enclosures. The result can also be used to predict
the plume position for protecting occupants and property when fires occur under
forced-ventilation condition in enclosures like cabins under atrium, duty-free

shops, mini-banks or convenience stores.
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Chapter 10 CONCLUSION

Fire hazard, particularly smoke aspect in forced ventilated compartment should
be studied carefully. This would help the Authority to draft workable fire codes
on those buildings with forced ventilation, and mechanical smoke extraction
system. Smoke has been recognized as the major problem of fire safety to human
lives. Fire codes should be improved and applied thoroughly to protect people
against accidental fires. Mechanical ventilation system should be designed
properly to make better control of smoke by studying the hazard scenarios on the
occupants, the building and its contents under forced ventilation condition. Part

of the above had been carried out in this thesis with the following stages.

Stage 1 is on studying principles of forced ventilation systems. The fire codes in
respect to fire safety and both natural ventilation system and forced ventilation
design as well as the fire codes applied in Hong Kong and Mainland China are
reviewed and evaluated. The performance-based fire codes are also studied
fundamentally. The application of engineering performance-based fire code to

carparks in China is discussed.

Stage 2 is on applying the symbolic mathematics program MATLAB to solve the
equations on the two-layer fire zone model ASET for a chamber with air
supplied through leakage. Two key ordinary differential equations on smoke
layer height and temperature are considered. A total number of 12 simulations

were carried out on two design fires in six compartments with floor area varying
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from 10 m® to 100 m®. The results are compared with those simulated by the

ASET itself and another software FIREWIND version 3.4.

Stage 3 is on applying CFD model for studying ‘bare cabin’ fires with the
operation of smoke extraction system. The effect of operating only the smoke
extraction system in a ‘bare cabin’ fire without sprinkler operating is studied.
The CFD software PHOENICS 3.1 capable of studying the effect of smoke
extraction operation was used for fire simulation. Cabins with and without
exhaust system installed were simulated. Relationship between temperature and
hot layer height has been drawn out. Further, more than 14,400 simulations were
made for studying ‘bare cabin’ fires numerically. The fire environments due to
all the four sets of slow, medium, fast, and ultra-fast t*-fires including four smoke
exhaust rates each are tested. The time to flashover in ‘bare cabins’ under NFPA
t>-fires in cabins of different sizes is studied using a two-layer zone model
FIREWIND (FMC 1997). Correlation equations were fitted between the
flashover time with the cabin floor area and ceiling height. The equations are
useful for the Authority to inspect new projects of this kind, especially for those
who are not experienced in using fire models while implementing engineering

performance-based fire codes.

Stage 4 is on studying thermally-induced indoor aerodynamics in a compartment
with natural ventilation. A theoretical zone model equation is developed. The
results are compared with different former works. CFD simulation is applied to

the two models. The results are compared with the theoretical model. The
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neutral plane h. equation is defined by curve fitting, which makes the solution
easy to use. The difference in the solution of CFD simulation and zone model

simulation is discussed.

Finally, plume equations are studied, and plume equations under different forced
ventilation conditions are developed. Both zone model and CFD model are
developed for simulating air movement and plume. PHOENICS is used as the
simulation tool. This software has been successfully applied in the simulations of
air movement in both natural ventilation and forced ventilation condition. The
new plume equation can describe more precisely the plume under both natural
ventilation and forced ventilation conditions. It is believed to be a significant

work for further studying of plume and ventilation.

The main results and conclusions of the study can be summarized as:

« Forced ventilation is further studied from two main areas, the zone model and
CFD field model. Two-layer fire zone models with symbolic mathematics
have the following features: Symbolic mathematics is now a powerful tool
for doing mathematics with a computer. It can be applied to simulate a
building fire with a two-layer model. A relatively simple model like ASET
can be put into the computer easily. Graphics outputs can be achieved easily.
It is easier to change the equations and parameters concerned on describing

the physics concerned in comparing to traditional computer programming.
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The software is under active development, both on the numerical schemes

and graphical presentation.

From the simulations, floor area should be watched carefully in using two-
layer zone models. Symbolic mathematics should be put into the teaching

curriculum for engineering degree programs.

In the CFD model of studies on ‘bare cabin’ fires with the operation of
smoke extraction system, there are few changes in the temperature area from
30 to 120 °C. The pressure around the neutral line has moved only slightly,
but the neutral area has changed. Hot layer and cool layer are clearly shown
in CFD simulation in the comparison of the relationship between temperature
and hot layer height in CFD and zone model. The temperature dropped after

operating the exhaust system.

Numerical studies on ‘bare cabin’ fires indicated that flashover might occur
quickly, say within 210 s, for cabins with a NFPA fast t*-fires. Correlation
equations were fitted between the flashover time with the cabin floor area

and ceiling height.

Fire protection systems should be provided (Bressington 1999b) in each
cabin. The time for detecting a fire, operating the sprinkler to discharge
water, turning on the smoke extraction system and the time for people

staying inside to escape must be considered carefully. It will be a big
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problem if the cabin is enclosed completely in case of a fire, since some
occupants might not be able to leave it in time and they would be exposed to

the steam generated by the sprinkler water.

For fast-growing fires, such as the fast and ultra-fast t*-fires, the mechanical
ventilation system would have little effect on the development of smoke
temperature and smoke layer thickness. The time to flashover would be

extended slightly under larger air change rates.

For the study of thermally-induced indoor aerodynamics in a compartment
with natural ventilation, it is found that the results of the new theoretical zone
model developed are more accurate than the three models when compared

with CFD experimental results.

A new plume equation given by equation (9-3) under natural ventilation
condition with free boundaries was derived. This is compared with Rouse’s
plume equation. The new plume equation can better describe the simulation
results than the old one after introducing the height coefficient o. So, the

result of the new plume equation is more precise.

For the study in a chamber with forced ventilation, since it is assumed that
the parallel flow has no effect on the vertical velocity of the plume, there is
no mixing and no energy exchange between the plume and ambient air flow.

It can be said that the volume, momentum flux and energy flux of the plume
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have the same format as that of the natural ventilation. Forced ventilation of
ambient air flow would just change the position of the plume central axis.
The position of the plume central axis equation is drawn by calculation under

each different condition.

o New developed air flow models can be widely used in compartment fire
assessment particularly under forced ventilation conditions, such as for cabin

design, and the design of airport terminals and railway stations.

The originality and contribution to fire science, engineering and industry can be

summarized into three points:

The first part is on attempting to apply concept behind performance-based fire

code into the Chinese fire code by taking a carpark as an example.

The second part is on selecting suitable zone and CFD field models as simulation
tools for fire hazard assessment and performance evaluation of fire protection
system. Correlation relationships between time to flashover and geometry of the
building; and between smoke layer temperature and smoke layer height were

derived. Assumptions made in zone model were verified by CFD simulations.

The last part is on developing new zone models for studying aerodynamics in
chambers induced by a thermal source. Plume equations under forced ventilation

were developed for building services engineering system design. Inlet and outlet
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volume flow rates across the enclosure boundaries were derived in terms of the
temperature difference. The relationship between neutral plane height, outlet
volume flow rate and geometry of the building was found. These equations are
not so complicated as traditional aerodynamic equation and plume equation

under forced ventilation condition, making it easier to use in practice.

Based on the above studies, the fundamentals and application of enclosure fires

with mechanical ventilation system are studied and developed. Both theoretical

model and computational simulations are successfully performed.
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NOMENCLATURE

Ag

Ci, G

C(o)

d

Hv

L

effective opening area of building, m?

area of window, m?

floor area of building, m?

variable

buoyancy flux, m's?

constant used in plume flow rate calculation
constants

contraction coefficient

discharge coefficient

carbon monoxide concentration in an enclosed space
mixing coefficient

specific heat capacity of air, J kg K™

carbon monoxide concentration
instantaneous carbon monoxide concentration
thickness of the air layer around the plume, m
energy flux, kJ ™!

gravity acceleration, 9.8 m s

effective acceleration of gravity, m s

height of building, m

height of opening, m

vertical distance above the floor, m

height of smoke zone, m



h, height of neutral zone interface, m
hy approximation step used in Runge-Kutta (RK) method
h vertical distance between upper and lower openings, m
| I width index

coefficient used in plume calculation
K’ doorway orifice coefficient

L length scale of building, m

Lc coefficient of heat loss by conduction and radiation
M momentum flux, kg s
m mass flow, kg s™

mc mass in control volume, kg

me mass flow rate through leakage, kg s

My mass flow in the plume, kg s

Nper  number of persons

n unit

P air pressure, Pa

Pn, Gn, Tn, Sn variables used in Runge-Kutta (RK) method
Ps surface vector

Q heat release rate, W

Q(t) heat release rate of fire source, kW

q heat flow rate, kW

R radius of plume in a specified height of h, m
R’ gas constant, kJ kg K

Ro radius of the pool, m
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r correlation coefficient

S surface component

So vertical distance from the floor to the point heat source, m
S¢ emitting rate, kg 5!

T absolute temperature, K

To ambient air absolute temperature, K

T temperature of sprinkler activation, K

t time, s

te predicted flashover time, s

top time to operate the smoke extraction system, s
U move speed of ceiling, m s™

Ut velocity of inviscid flow, m 5!

u horizontal velocity of plume edge, m s~

w, v velocity component, ms™

\Y volume flow rate, m® s™!

Ve volume of control volume, m*
Ve moving speed of gas, m s

Vi volume of hot smoke layer, m’
Vi mixing flow rate, m s

3 S—l

Va net flow rate, m
VRroom Volume of building, m’
v volume flow rate of inviscid flow, m® s™

v vertical velocity of plume, m s™

Vmax  Maximum velocity of the plume in vertical direction, m st



W width of building, m

We width of exit, m

Wy  width of opening, m

W velocity distribution of plane flow, m st

. . 1
wmax Maximum velocity of plane flow, m s

X,y  direction components

Z; interface height above the floor, m

Zn interface height above the floor in a specified time, m
o coefficient

Ole convective heat transfer coefficient at the ceiling

o convective heat transfer coefficient at the floor

oy radiative heat transfer coefficient at the ceiling

A difference

AB unit buoyant force

AT difference in temperature

Y vertical temperature gradient

A temperature coefficient

K dynamical viscosity coefficient
p air density, kg m™

Oa average density, kg m™

Pe effective density, kg m™

Do ambient air density, kg m>
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) stress tensor

T vertical shear stress
v time constant

& he /1

& resistance coefficient
Subscripts

o initial values

i inflow, inlet

2 outflow, outlet

¢ contracted

d discharge

e effective

£ floor

g gas

h hot layer

ikl tensor notations

L lower cool layer

m mixing

N value at specified time
a step number

P plume

v ventilation
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Figure 6-1: ASET zone model
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Figure 7-1: Geometry of a cabin
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Figure 8-1: Geometry of model 1
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Figure 8-2: Geometry of model 2
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Figure 8-4: Neutral plane height for y= 0.2
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Figure 8-11: Vector results in CFD simulation
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Figure 8-12: Pressure distribution results in CFD simulation
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Figure 9-3: Typical plume model
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Figure 9-13: Situation of plume without any forced ventilation ( the
speed of parallel flow w is zero)
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Figure 9-14: Situation of plume when the speed of parallel flow w is
less than the horizontal velocity of plume edge u
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Figure 9-15: Situation of plume when the speed of parallel flow w is
equal to the horizontal velocity of plume edge u
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Figure 9-16: Situation of plume when the speed of parallel flow w is
greater than the horizontal velocity of plume edge u
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Issued by

Classified by legal effects | Classified by contents

Legislative Fire Code

Administrative Fire

Code

» Fire Law of China

« Penal Law of China
National People’s Congress

» Punishment Regulation

« Administrative Procedural Law

« City Planning Law, etc.
» State Council Fire Code of
«  Ministry of Public Security Administrative Fire Code Management and
o Other Ministries (e.g. Administration

Ministry of Construction)

- Local governments

@

Building Fire Administrative Regulation, etc.

«  Ministry of Public Security
»  Ministry of Construction

o Local governments

Local Fire Code ' Technical Law

City Planning Regulations
Design code for residential buildings

Code for fire protection design of buildings, etc.

Table 2-1: Classification of fire codes in China
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NFPA code China code
Classification | Notes Fireproof class | Notes

Low combustibility that no Reinforced concrete floor,
Low hazard self-propagation fire therein LII roof and wall, or steel

can occur. structure frame.

Those likely to burn with Wood roof, reinforced
Ordinary moderate rapidity or to give 11 concrete floor and brick
hazard off a considerable volume wall.

of smoke.

Likely to burn with extreme Noncombustible firewall
High hazard | rapidity or from which v only, with difficult

explosions are likely.

combustible or

combustible components.

Table 2-2: Classification of fire hazard (GBJ-16-87, 1995)
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China Code

Capacity requirements (m/100person) (cm/person)
Fireproof class L1 11 v
1,2 0.65 0.75 1.00
Stories 3 0.75 1.00 -
4 1.00 1.25 -

Table 2-3: Egress capacity for approved components of means of egress in
China Code (GBJ-16-87, 1995)
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NFPA Code

Use Stairways (cm/person) | Level components and
ramps (cm/person)
Board and care 1.0 0.5
Health care sprinkled 0.8 0.5
Health care nonsprinkled 1.5 1.3
High hazard contents 1.8 1.0
All others 0.8 0.5

Table 2-4: Egress capacity for approved components of means of egress in
NFPA Code
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Maximum occupied area limited

Type | Class | Maximum story 1 floor 2 floor Multi- Basement
floor
A 1 1 floor except 4000 3000 - -
2 special 3000 2600 - -
requirements
B 1 No limit 5000 4000 2000 -
2 6 4000 3000 1500 -
C 1 No limit No limit 6000 3000 500
2 No limit 8000 4000 2000 500
3 2 3000 2000 - -
Omit - - - - - -

Table 2-9: The requirements on fire class, story number and occupied area for

industrial buildings in China code




Fireproof space (m)
Fireproof class LII Il v
LI 6 7 9
I 7 8 10
v 9 10 12

Table 2-10: Fireproof space between buildings (GBJ-16-87, 1995)
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Components of building | Combustion performance and minimum fireproof time
(Hours)

Fireproof class i I I v
Fire wall NC 4.00 NC 4.00 NC 4.00 NC 4.00
Supporting NC 2.50 NC 2.50 NC 2.50 DC 2.50

wall
Wall Non- NC 1.00 NC 1.00 NC 0.50 DC 0.25
supporting
wall
Separate wall | NC0.75 NC 0.50 NC 0.50 DC0.25
Multi-story
supporting NC 3.00 NC 2.50 NC 2.50 DC 0.50
Column column
One story
supporting NC 2.50 NC 2.00 NC 2.00 C
column

Roof beam NC 2.00 NC 1.50 NC 1.00 DC 0.50
Floor NC 1.50 NC 1.00 NC 0.50 DC 0.25

Roof supporting NC 1.50 NC0.50 C C

Fire stairs NC 1.50 NC 1.00 NC 1.00 C

Drop roof NC 0.25 DC 0.025 DC 0.15 C

C- Combustible components
NC-Non-combustible components
DC-Difficult combustible components

Table 2-11: The performance of combustion and the minimum fireproof time (GBJ-16-
87, 1995)



Fireproof | Maximum | Maximum Maximum
class Stories length (m) | area/story (m”) | Notes

1. The limited length and width on
gymnasium and theater can be

LI 9 150 2500 broadened

2. Playing room in child-care and
nursery schools should not
higher than 4™ floor.

1. Playing rooms in child-care and
nursery schools shoulds not
higher than 3™ floor.

I 5 100 1200 2. Cinemas, theaters, auditoriums
and canteens should not be
higher than 2 stories.

3. Hospitals, sanatoriums should
not be higher than 3 stories.

Schools, canteens, food markets,

v 2 60 600 hospitals, child-care and nursery

schools should not be higher than 1
story.

Table 2-12: The relationships between fireproof class and the area, length and
stories of the building (GBJ-16-87, 1995)




Maximum distance from room door to exit or stairs (m)

Rooms between two exits/stairs

Rooms on the side/end of a U

Name type corridor
Fireproof Class Fireproof Class
1,1 11 v I, 11 IIT v
Child-care, Nursery 25 20 - 20 15 -
Hospital, 35 30 20 15 - -
Sanatorium
School 35 30 - 22 20 -
Others 40 35 25 22 20 15

Table 2-13: Travel distance requirements on buildings (GBJ-16-87, 1995)
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Fireproof Class No. of stories Area (m%) Number of people
LI 2-3 400 < 100
m 2-3 200 < 50
v 2 200 30

Table 2-14: Requirements of exit permitted to install one stair (GBJ-16-87, 1995)




Width index (m/100 person)
Seats (No.) <2500 <1200
Fireproof class L 111
Doors and Ramp 0.65 0.85
corridors Stair 0.75 1.00
Stairs 0.75 1.00

Table 2-15: Width index of theater, cinema, auditorium (GBJ-16-87, 1995)
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Width index (m/100 person)
Seats (No.) 3000-5000 5001-10000 106001-20000
Fireproof class L1 LI LI
Doors and Ramp 0.43 0.37 0.32
corridors Stair 0.50 0.43 0.37
Stairs 0.50 0.43 0.37
Table 2-16:

Width index of gymnasium (GBJ-16-87, 1995)




Width index (m/100 person)
Fireproof class LI I v
1, 2 floor 0.65 0.75 1.00
3 floor 0.75 1.00 -
4 floor 1.00 1.25 -

Table 2-17: Width index of schobl, shopping mall, office, lounge (GBJ-16-87, 1995)
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Minimum

Classification Height, stories, Water Number of flow rates per
volume supply (I/s) hydrant hydrant (I/s)
height<24m, 10 2 5
Academic volume<10000m’
occupations height<24m, 15 3 5
volume>10000m’

Shopping mall, 5001~10000m° 5 2 2.5
Educational 10001~25000m’ 10 2 5
occupations >25000m” 15 3 5

Nursing room
Residential 7~9 stories 5 2 2.5
occupations

Table 2-18: The requirements of water supply system indoor (GBJ-16-87, 1995)
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China Code Hong Kong SAR Code
Type of room AJA¢
1/7, and no less than 0.6 1/10 floor of room
Kitchen, livingroom, m? in kitchen, at least 2% at most 2 m above the
bedroom of the area of floor for floor and no less than
less than 60 m’. 4.5 m wide
Stair case 1/12

(The window area A, in a room corresponds with the room floor area Ag)

Table 3-1: Minimuimn requirements of windows for residential buildings in

China design code (GB 50096-1999) and in Hong Kong Buildings Ordinance

T-22



China design code for residential buildings

Type of door Width of door (m) Height of door (m)
Corridor 1.2 2.0
Room 0.9 2.0
Living room 0.9 2.0
Bedroom 0.9 2.0
Kitchen 0.8 2.0
Bathroom 0.7 2.0
Balcony 0.7 2.0

Hong Kong Buildings Ordinance

Type of door Width of door (m) Height of door (m)
Corridor 1.05-1.5 2.0
Room 0.75 2.0
Living room 0.75 2.0
Bedroom 0.75 2.0
Kitchen 0.75 2.0
Bathroom 0.75 2.0
Balcony 0.75 2.0

Table 3-2: The requirements on doors for residential buildings in China design

code (GB 50096-1999) and in Hong Kong Buildings Ordinance
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Hong Kong SAR

Code

China Mainland Code

Min. extraction rate

Extraction rate

Hotel 10 ACH 4-6 ACH
Industrial 8 ACH 15-20 ACH
Basement 8 ACH 8 ACH
Commercial

8 ACH 8.5 m’/h per person
buildings

60 m>/h for each

smoke proof zone

ACH = air changes per hour

Table 3-3: A comparison of minimum forced ventilation requirements for

residential buildings in Hoeng Kong code (Building Department 1997, Fire

Services Department 1994) and China code (Ministry of Public Security 1995,

GBJ-16-87, 1995)
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Type of fire proof ( by the number of cars)

Type of parking
I I 111 v
Enclosure parking >200 101~200 26~100 <25
Maintain garage >15 6~15 3~5 <2
Opening parking >300 201~300 101~200 <100
Table 4-1: Types of fireproof, classified by the number of cars
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Combustion performance and the
Components of building
Minimum fireproof time (Hours)

Fire resistant class A B C

Fire wall NC 4.00 NC 4.00 NC 4.00

Supporting | NC3.00 | NC250 | NC2.50

wall

Wall Fire separate | NC 2.00 NC 2.00 NC 2.00

wall

Separate wall | NC 1.00 NC 0.50 NC 0.50

Multi-story
supporting NC 3.00 NC 2.50 NC 2.50

Column column

One story

supporting NC2.50 NC 2.00 NC 2.00

column
Roof beam NC2.00 NC 1.50 NC 1.00
Floor NC 1.50 NC 1.00 NC 0.50
Fire stairs NC 1.50 NC 1.00 NC 1.00
Drop roof NC 0.25 DC0.25 DC0.15
Roof supporting NC 1.50 NC 0.50 C

C-Combustible components, NC-Non-combustible components, DC-Difficult
combustible components
Table 4-2: The performance of combustion and the minimum fireproof time for

carpark and garage
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Maximum area permitted in carpark(m®)

Fireproof | Single story Ground floor Multi-story Underground
Type
class Fire Fire Fire Fire
Area Area Area Area
space space space space
I II, A N/L | 1500 | 6000 | 1000 | 6000 | 1500 } 6000 | 1000
I B N/L | 1000 | 4000 500 4000 | 1000 - -
A N/L | 1500 | 3000 | 1000 - - 3000 | 1000
v B N/L | 1000 | 2000 500 - - - -
C N/L 200 - - - - - -

Table 4-3: Maximum occupied area and fireproof area of carpark

T-27




8C-L

681 981 €81 . 80¢ 66¢ 867 - 665 966 €65 - 11Z1 | €02l | 981l - [4 4 01 |4
LLY [74] 891 - ¥8C £8¢ 18¢ - vLS 59¢ 656 - SEIl | 8IIT | ¥IT1 - [4 4 8 14
151 961 [43! - L9T ¥9C (414 - ovs 8Z¢ (443 - SLOT 1 €501 | 6¢01 : 4 [4 9 14
eyl 6¢1 cel - S¥C (344 544 - 661 8Ly OLYy - 0L6 LS6 166 - 4 4 I 14 ¥
A/N AN LoT - A/N AN | Ev0l - d/N 4/N L1L - 4/N SN | 9l - §C 4 [4 14 14
60¢ 76¢ 012 - 61y 661 1314 - 1372 1€l 0¢L - 79t | ¥9E1 | 09t - §T 4 3 9
861 $61 g6l - 86¢ 6¢¢ 1432 - L99 759 LTS - 86C] | 08CI | 8¥CI - §T 4 9 9
10T 10T 661 - 18¢€ 0LE 05¢ y £69 8LY 099 - 12el | 01cl | ¥6cl - ST 4 I 01 14
€61 881 L81 - yee ple 90¢ - 99 £19 309 - ySCl | TCTl | 91T - T 4 8 14
8L1 9LT (74! - y6T 88¢ 887 - 136 9LS eLS - S8IT | 6911 | obll - ST [4 9 14
191 651 961 - ¥8C 0LT L9T - 4% [543 8tS - LITT | .01 | L901 - $T [4 14 |4
L0T 20T 961 61 (454 oLt 67t 91¢ S0L $99 §e9 709 | teel | verl | 99¢1 | epCl § 61 5 9 9
(4114 761 681 S8l 89¢ 8C¢ 1e 90¢ LS9 145 119 €09 | €8T | S¥Tl | 7Tl | 90TI § &'1 14 01 ¥
281 8L1 SLI £L1 80¢ 00¢ 76C 687 109 686 SLS 99¢ | 9611 | TOIL | 9pI1 JOCIT § S'1 |4 I 8 ¥
1L 651 9¢1 14} 88¢C LLT €L 69C LyS LES (433 ¥CS | €OIT | OL0I | 0901 | #¥01 { S'1 4 9 |4
8yl [44! 4! €87 LST 3%4 16C 44 ¥05 T6y 98Y 8Ly L66 SL6 996 | 7S6 | S'1 14 |4 14
g0z 661 y61 061 £8¢ [443 91¢ 60¢ £69 169 679 819 | Teel | 08Tl | BSTI | LETI § S'1 9+v z 9 4
081 YL 891 £l S6C L8T 8T LLT 785 696 795 €65 8 I911 | 6TIT | ITIT § COIT § &1 yXC |4 14
4/N N 607 S0 4N 4N 1414 [43° 4N 4N LTL L6S EN /N | LSET [ 8TEl | ST | vi54 ¢ 9 14
961 061 931 114 0€€ 60¢ S0¢ 660 9¢9 919 809 865 f YITI | 0Tl | LITI | 6611 8 &1 yX¢ 14 L4
4N AN 4N 1£6 PN 4N 4N | 09%1 /N AN 4/N 16 4N /N AN | TLLT ) ST | (9+p)xT . 9 14
60T [4\[4 661 881 v SLE 06V 424 /N ILL ] WO | LE9 4/NC | LE€T | 9I€T | ¥8E1 ¢ €1 yXp 14 14
sA L] sk sf sf s sA sf s/ $A1 sh s s sS4 sh sh

wg | wy | we | wy | wg | wy | we | wg | wg | wy | we [ wg | wg | wy | we | WE fuaygl way |sequnyg Hmmww ﬂwﬁq

Ty uIqes 3o 48y wy/ urqes jo Sy wy/ uIgeo Jo ySiey W/ uIqes Jo WSy '
oxL- ) 1] BNy outg- ) 1seq oIL-} WP aIr -3 MO[S ssurued(y uqe)

M ¢ = anjeA Jro-iny)

}y Jup IoA0YSEL] 1- AqEL




6C-L

*I0AOYSE[] ON A/N

4N LOT 20T - 4/N S6t §9¢ - d/IN 80L 8L9 - 4/NC | 8£el | 60t - §C [4 8 ¥
661 ¥61 881 - 143 (452 L0g - 6v9 779 £l9 3 LLTT | Tvel | stel - T 4 [4 9 4
781 8L1 60¢ - 10¢ €67 88T - 966 8¢ PLS - LBIT | SG1T1 | 9Pl - ¢T 4 14 14
60C 90¢ S0 - 66¢ P6€ y8¢ - (473 00L 169 - crel | T¢el | I¢el - [4 Sl 8 8
¥0T €07 10T - 08¢ 69¢ e - 189 959 £59 - S8C1 | S8TI1 | €8Tl - [4 ¢l ! 9
761 681 781 - [4i}3 10 667 - ¢09 866 §6S - OITT | 9811 | ¥8I1 - [4 ! 8 9
9L1 0L1 791 - 082 8L SLT - 79§ £s¢ i - LOTT | T8OV | 0801 - [4 ¢l [ S 9
281 LLI CLl - 887 S8¢ £8¢ 3 SLS 89¢ £9¢ - 11l | STIT | 6111 - [4 $'1 01 4
691 91 LS1 - 1LT 897 99¢ - 8YS 9z¢ yZs - SPOT | S¥01 | €901 - [4 ¢l 3 14
51 54! 4! - [4Y4 6T 9T - 06t 68y 98¢ - 066 LL6 0L6 - [4 ! 9 14
1el 9zl 1C1 - 1€ 8T 144 - |34 9y (444 - 688 788 088 - [4 ¢l 14 |4
01T 01¢ 01T - 854 44 viv ) (47 TEL 8CL - 09€T | I9€1 | 6SEl - [4 [4 01 9
661 L61 761 - 09¢ (543 yle - 529 ¥Z5 ¥79 - ISTI | ISTE | 8¥CI - [4 [4 I 8 9
¥81 081 9L1 - £6¢ 16T 06T - 686 6LS OLS - 0611 | ¥LIT | 6FLI - 4 (4 9 9
SA sh s/ sh 841 S/ sA S/ sfh 54 sA sM s S sf sS4

g uy ug we we uy we Wy ug 4 we wy g uy We | WT lwayg| wysp | equny WM W

WPIA | 3UaT
W/ u1qeo Jo JYSIey w/ wqes Jo Iy Ty Uiqeo Jo Jy3iey w/ UIqed 3O 1S1oH
aI-3 15%) eI oIy~ 1158q o1~} WIPajy a1~} Mo[g sSuruadQ mqe)

3 sy JaAoysely :(p,Iu0d) 1-§ JGEL,




0¢-L

“JOAOUSEY ON LUN s

AN | AN | N | oz | AN | AN | N | Slv | IN | IN | IN | 0¢8 | IN | AN | HN [S091| T | ¥ v 4 14
e | L0T | 20z | 961 | Ozv | 11y | vOv | T6€ | 6€8 | 078 | 08 | LLL | /N | 6291 | 8LST | 9€ST | ST | 9% 9 9
AN | N | AN [ soz F aON | AN | N | 60 | N | IN | AN | SIS | N | AN | &N [SI9T] ST |(o1+p)xc 01 ¥
L0z | zoz | 861 | Tel | 11y | Tov | v6€ | €8¢ | 8I8 | 66L | 08L | STOT | +Z91 | €LS1 | O¥SI | €0ST | S'1 |(8+XC| + 8 ¥
z61 | (81 | €81 | 61 | o8¢ | oLE | €9¢ | rs¢ | vl | Lz | TiL | 869 | z8FL | 8p¥l | 61F1 | €ovl | ST | (9+0)%C 9 ¥
SLl | 1Ly | 9sz | sot | otve | 9sy | $9s | €6v | 79 | SS9 | v¥9 | €€9 | LECT | TOEY | 8LTL [ OSEL | ST | ¥Xb 14 4
s s sh s} sA | sA s | s si | s s/ s | s s/ S| sf

g uz iy wy urg W ui ¢ uy wg w§ wg wy we Wy we | Wz lwag| wam | oquny u/m | W

- WpIA | pBuaT
w/ uiqes Jo WS H W/ WqED JO JYSIoH W/ uIqes Jo 14S1oy i/ wiqeo Jo jySey
1L~ 1sef B} omj-1 1584 a1~} wnIpajy] alg-,1 MO[S s3uruadQ uqe)

MW §°L = 9n[BA JJO-INT)

5y sy Jddaoyselq :(puod) 1-S dlqeL,




il

vy 01081

89 1€0 1 651 03 6¢ 67 0101 SR
. . weyo
WO o8l 89 #0101 6T 70 ssajoryy 19K8] [€1019¢ 8901 11 1584
ajouws & Juiaid
: ’ 0} . . €8 0181 vLOV 6 Wmipsy
0Ey 0101 89 19103 16 Sy 0165Y
6’10160 89 L9T O I 6y 01 1T 9L T1 MOIS
wWAYSIaY 30eLI o/oImrIaduio]
Sbww%owo%%%& Dofoiniodiio g 3 bmu\m%oxoﬁmg . oh\vbz asjowrs s/57'01 Jo oSue a1y~
Surpuodsanios soke] Mmoam 5/*%1J0 d3uey Suipuodser100 Swipuodsarios 3 4 ¢
Jo 28uey Butpuodsario) Jo 93uey Jo o3uey

WAYSAS WOTJORIIXD INOUIS 3} Jo dwp uopesdd( :7-6 dqeL




el

G TSt el Tz |6 | S0z 1 ole | vl |tz o8 | oz | iz [0z | o8 | sz | iz | 892 | 69z | #ed
185 | o5 | pss | evs | 1ss | sos | vss | evs | zes | Lss | ovs | ees | wes | uss | ovs | 665 | 165 | tzs | wmpeny
ssi1 | oz11 | vott | zsot | sst1 | ozr | vorr | zso | ovor | 1irr | ssor | vzot | esot | it | ssor | w01 | esor| wor | mos | o1 | v | 9
el 1 zez [ 2ol | vl | €51 | 262 | ool | b | ST | €T | ST | LST | Sbi | S€1 | ST | LST | Sv1 | €8¢ | ®emin
¢z | 257 | vsz | osz | 9t | 1sz | wsz | osz | 1st | sz | zst | wz |ose | ssz|zst | e | osz | vz | e |
1zs | ots | zos | vev | 1zs | o1s | zos | vev | 98y | zos | ver | esy | v3v | cos | vev | esv | vap | sy |wopew | T | 7 LA
8501 | p101 | 866 | 236 | scot | v101 | 866 | 736 | 996 | 0001 | v86 | €6 | 296 | 0001 | v86 | €16 | 796 | zs6 | morg {
807 | €07 | 002 | Z61 | S0z | €0z | 00z | Z61 | ¥61 | 661 | 961 | 61 | 261 | 661 | 961 | ¥61 | <61 | 061 | wememin
o0v | ore | 9sc | ogc | oor | oce | ose | ose | ote | sve | cze | wre | vie | sve | ez | v1¢ | nig | s0e | wes | |
122 | 069 | 699 | 89 | 2L | 069 | 699 | sv0 | 629 | 099 | 869 | %29 | €29 | 099 | 8¢9 | 820 | o | so |wmpowy| 5T | O LA
1se1 | ozet | 6621 | ezt | tser | ocer | 66z | stzr | sser | esr | ven | sszi | wven | geer | ez [ sser | wan | csm | mors
L1 1 ST | L1 | 0T | 6L | SLT | LT | 1L | 89T | €LT | 851 | 6b1 | teb | €L1 | 8S1 | 6v1 | ccv | €Is  |wenin ¢
o6t | 16 | 88¢ | ss¢ | o6z | f6r | s8¢ | ssc | asz | ose | esc | use | ele | o8¢ | esc | st |ex | oue | o || N
065 | 185 | vis | 99 | o6s | 185 | vis | sos | zos | s | sos | o5 | zss | zs | s9s | 195 | sss | gos | wmipapy
911 | 6str | ovtr | eett | sert | estt | ovit | gstr | wmir | awin | ecit | ozin |t | wenn | ezin | oz | i | corr | mors
TN | IN T IN | AN | ON | ON | I8 | N | 60z | &< | 012 | 802 | 90¢ | @N | 012 | 807 | 902 | <oz | weemn
AN | N | N | AN | N | N | N | AN | e | aN | etr | ov | ves | N | 61p | Lov | wee | zee | wed |
AN | N | AN | N ] N | N | aN | N | sz | a | ver | tee L eor | | vl | zer | eor | 6o |ummpapy | ST | PO LA
aN | AN | N | N | an | an | | | cser | | vost | zser [over | N | voet | zser | over | szsr | mors
T | 6T | 061 | 881 | S61 | Z61 | 061 | 881 | 981 | 621 | 681 | 161 | ¥61 | 671 | 681 | 161 | ¥61 | 117 |epemin ¢
vee | eie | ote | cog | vee | eic | ore | Log | g | oc | sog | €o¢ | 106 | Lo | S0f | ot |10 | 66z | wed | | ol
0s9 | #29 | 619 | ¥19 | 969 | +29 | 619 | 19 | 309 | #19 | 609 | 909 | 09 | 19 | 609 | 909 | z09 | s6s | wnpow
1ot | evz1 | eszr | szzn | Lont | evan | eeet | scar | ezt | osan | sien | e | sozt | oser | e1z | €1zt | sozi | et | mors
TN | N | N | AN | N | AN | IK | N | AN | aN | N [ aN | N | aN | IN | I8 | 9N | Te6 | =eemin
AN | N | N | NN AN N | AN AN | N | N N | N | N | AN aN | N ] oorr | oasex |
aN | N LN | N | N | AN N L aN | aN | aN | aN | N | an | aN | an | an | aN | tee | wmpep | ST {0 LA
aN | N | N | | a N || aN | an | N | aw | an | an ] an | i | wors
102 | 707 | 202 | 007 | 02 | %07 | 202 | 007 | 661 | 661 | 961 | 961 | 061 | 661 | 961 | 961 | 061 | 881 | ®wyemin v
€ov | €8¢ | 69 | €8y | or | ¢8€ | 695 | gsr | 06y | 01z | 655 | vse | cte | 0w | 6 | vee | 1€ | wps | wed |
61 | 169 | 829 | 999 | 612 | 169 | 829 | 999 | 1v0r | $99 | 559 | ¥69 | £99 | 99 | 559 | w60 | 199 | o |uwmpew | ST | VXY LA B
oser | veet | voer | Lozt | oser | veet | voer | Lozr | orer | uver | zser | eoct | 18zt | vier | wser | sost | 1scr | vser | mois
08T [0z | 08 | ov | 081 |0zl | 08 | of 08T | 0ci | 08 | OF | 081 | 0Zr | 08 | or WA | W
59 12 pajerado $70) 12 pojerado UOTORIIND % 18 pajerado 501 18 poyesado wonoBnX9 | WAH | wysp Boqumpy
uonoRN¥a oWy BORORIIND OO {ouIs ON HOPORLXS {OUIS uoRoRAXD Bjowrg ayows o] P WP | BT
Xy [5i%4 sguiuadp e

TWAISAS HOMIBIIXI INOUTS YIIM ¥} SWIT) ISAOYSEL] :¢-S Iqe.L




gL

INTINTIN AN JINTaRaN [an ] oL 1 -1 - T - T - T - T -1 - T - T TN
N aN | an | aN | aN N am anoeer |- | - - - o - -] - wog | st | ¢ 9 | 3
TN Tz vz 86l TN |2z vz 186t | 60 | -~ | - | - |~ 1 - - 1| -1~ T sgenn
ON | €15 | 1se | ove | aN | etw | 1se [ove | pie | - | - | - | - - - - |- - i P o | o
N | cee L zeo L oso | aN | e (2o oo | o | - | - | - -] - - - | - - | wmipey
N | osst | zzer | szt | am | oser | ezt leser | svar | - | - | - | - - - L -] - - MmofS
IN TN | e TS0t | AN AN ee (e | 661 1 - -1 -1 -1 -1 -1 -1~ T Treein
N | AN | oL | vse | aN | an {ooL | wse | ose | - | - - - - - -1 - - weg |
ON | N | e | zeo | | AN | ver | zeo | 009 | - | - - - - - - | - - fwopew | S| T oo
N | aN | sost [ozer | am | am soerfozet | wern | - | - | - | - | -l -l -] - - Mojg
T T 0 | L6l |l T2 1 20c | et |2t | et | -~ -1 -1 -1 -1 -1 -1~ —Twgen
ap | voe | see | ere | aw | vog [see |ete | o0 | - | - | - - - - | |- - || ol
ozt | 1o | svo | veo oz | o | svo lvzo | s9 | - - - - -1 - -1 - - | wmpapy
oser | oct | osz1 | 1wz | 9ser | eost {oser |war | oer | - | - | - | - | - f - -] - - Mo[S
el T sl e e e el ot | -1 -1 -1 -1 -1 ~-1 -7~ SR EETTT)
zic | voc | 86z | ez | zic | vos [ sec | sz | ss¢ f - | - | - | - - - - | - - wa | R
729 | v09 | tes | vss | zzo | w09 | ves | wss | es | - | - | - - - -] - - - | wmipepy
ovz1 | o1zt | o611 | octt | over | ozt Jostr Jozin | et | - | - - f - - | -] - | - - moig
Tt ol Tesi [ [or et et o1 | -1 -1 - -1 -1 -1-71- T eEnn
o7 | 6z | oz | sz | sse ez |owg | e | o2 | - - - - - - | - - wea |
os | 0os | avs | oss | ozs | oos | svs loss | ses | - | - | - | -1 - -1 |- - Jwmpopg | ST T LA
ovit | 111 | 101t | z8or | ovit | iy | wotr Jzsor| w0t | - | - | - | - | -1 - -] - . Mol
TN | 012 150z 110z | a/N | 012 1 S0z | 102 | 96T | 907 | 20¢ | 861 | S61 | 90z | 20 | S61 | S61 | 261 | Iswpeni
ON | s | se | ose | an | s | zse | ose | eve | coe | 6se | Les | sie | sec | 6s€ | Les | s1e | ore | wea | |
N | ecc | toL | w00 | an | esc | oL | 899 | seo | sor | w0 | zso | ogo | sor | w9 | zeo | oso | zzo |wmmpew] T | ° O
ON | soc1 | 1ect | 86zt | AN | coet | teet | sezr | ozt | eecr | oogr | a1 | zour | eect | 90er | wser | zor1 | svri | mors
TN 1907 1102 [ ST | /N | 907 | 102 | s6T | 681 | €0z | Z6T | €61 | 681 | €07 | L61 | €61 | 681 | s8I |y
ON | 8¢ | 6ve | v1e | N | zse | eve | vie | i | eoc | vz | vig | o | so¢ | 1ze | vie | og | s0e | wea |
N | oor | 009 | ozo | an | ooz | 099 | oo | 119 | 89 | 9co | zz9 | c1o | 8o | o0 | zeo | 1o | oo |wmpa| T 7 v
N | oget | o6zt | zszt | an | oest | oszr | zezt | zzar | eoct | sozi | over | otz | eoe1 | 8oz | over | ozzi | sozi | mois I
e 061 | <81 1081 | Z61 | 06T | ST | 08T | ST | 881 | 187 | SLI | SL1 | 881 | 18T | 8L1 | SLI | €LT |isejenin
cze | sos | zot | 96z | sze | soc | zoe | 96z | wer | coc | Loz | 6z | 63z | cos | cor | €6t | 682 | esz | wes |
oo | €19 | 000 | s8s | 99 | €19 | 009 | s8s | sus | 09 | s | e85 | szo | 09 | zes | ess | sz | 9o Juwmpo| ST LV |1 8
1971 T2zl 16611 | 2Lil [ 2921 | S22l | 66T [ 21T | 9viT | 60T | €811 | SOUT | Zv1i | 6021 | €811 | SO11 | Zv11 | 081l | MOl b
LT [ ZLT 1891 1201 | i1 | 221 [ 861 | 201 | 961 | L97 [ 01 | 201 | Svi | £91 | OLi | 281 | vl | 1vi | ®%enin
08T | 021 |08 | 0F | 081 |0zl | 08 | 07 08T | 2L | 08 | o | 08t | 0zi | 08 | oF W |
%91 18 pajerado %0 18 pajeiado UOLIBIXD %12 pajerado 70y Je pojeaado UONRIBHXS WAL | WAM (TOQUITN
UOHOBL XA YOS UONORIXS SYOLIS aows oN TONORHXD OWS UONOEIYD SYOWS ayows opy] 07 wpim | mBuey
we wy sautuadgy mqe)

TIA)SAS WOIIRAIXD SYOUIS I ) SN} JoA0YseLY (P, IW0d) £-S 3jqe]




1230R

36 | Ov6 | 716 [ 168 196 | 0h6 156 1 s | 08 | =~ = T - T T =TT 7T" - o | 7 ] ol 7Ty
IN| AN [dN [aN IR [aN [ R [aN | 0z | - | - 1 = T 1T~ T =77~ e
AN | AN | N AN aN AN N aNt s L - - - - - - - - - weg |
IN | AN [N AN [aN [ aN [ aN | aN ]| sz | - | - | - [~ 1~ 7T -7°= e | ¢ | C o | o
ANC| AN | N | N | aN | aN  am [ aN | eset |- L - - - - - -] - - noig
TN | AN | 86T | 6l | AN | AN [S61 [ 161 | 761 | ~ 1 - [~ =1 =T - 17T"= ER FETTTY
ON | N | tov | oog | N | aN [ oy Joos | wie | - | - | - - - | - -1 - - 18
ON | AN stz | aN faN st laws | v | -] -] - - - - -] - - fumpepy | ¢} T o 1 8
ON | aN fover {eent | N | N ovet e | st | - L - | - | - | - L - -] - - nolg
207 | v61 | %81 | a81 | 20C | w6l |88l [ a8 | o | - | -~ | -~ | - | -~ |~ T -7 B FTTR)
£9¢ | vic | sot | L6z | 9 | vic | soc | ez | oz | - | - | - | - | - | -] -] - - 1564
5o | veo | Loo | zes | 5o | weo | oo |wes | s | - | - - - - | - | -1| - - fumpay ] C | N
90¢1 | svet | vizr | wur | oot [sver | wren fwsir | o1t | - L - | - | - - | -] - | - - ol
617 | 102 | <61 | 681 |6z |10 |6t 681 | 81 | - | -1 -~ -~ | - 1T~ weenn
S | gsc | 61¢ | 90¢ | sty | ssc | e1e |o0c| ss¢ | - | - | - | - - | -] -] - - e
ocL | o9 | Lzo | 609 |osL | oo [z |60 | s | - | - | - - - |- |- - - Jumpew | ¢ | C oo
09¢t | oogt | zsz1 | 61zt | oost |ooer {zser [eter | ostt | - | - | -} - | - - | - | - - O[S
Y61 | 081 | 18T | ¥1 | 61 | 981 | 181 | #L1 | 81 | = | ~ | - 1 =~ [~ T =1 T~ —wgen
g1 | coe | sez | sst | e1c | o | sez |ssz| i, | - | - | - - - | - |-} - - 52
979 | 109 | 85 | €26 | 9co | too |85 |ees | ess | - | - | - | - - - | -] - - Jumppw| ¢ | € vl 8
vzt | soet | outt [ eenn | wwer (o ot fopnr | wret | - f - ] - | - - | - - | - - mofg
Tl oo i & | - [ - - T 7T-7T" T 1%enn
387 | 6. | viz | 89z | sst |6z | bz fsoz| wz | - | - - | - -] -] -1- - 2
€5 | oss | svs | ees | es foss | svs | ees | zws | - | - | - | - - |- -] - - |wapap | C | T LA I
w11 | ont | veot | 1oo1 | ety | oty | wsot ftoor | ecot | - | - | - | - | - | - -] - - 0[S I
01 | pl | ovl | GEL [0St | vl |zl [ 66l | sel | - | = | - [~ 1T~ T~ T~7T" 0
857 | €57 | 6ve | evz | st |esc | evz e | we | - | - | - | - - - - |- - 1seq
11s | vos | o6 | vy | L1s | vos | oy | wsv | oy | - | - | - | - - | - | - | - - fumpaw | ¢ | T ! vy
8201 | €001 | €86 | 996 | 8701 €001 | €86 | 996 | is6 | - | - | -1 - - | - | - | - - 0[S
IN | AN AN | aN AN JaN [aNaN ]| 0 | -~ | -~ 1 - [~ 1 -~ 1T -T— T weemn
IN [N [N | 2y [aN JaN [aN | 2w | ool | - | = | = = T =1 77" - WL |
AN AN IN | zeL | aN AN N e | o |- - - - - -] -] - - Jumpew | ST | T ¢ LA
ON | N | N | Tost | AN | N | aN Joost | ower | - | - ) - | - - | - ] -] - - #o[§
TN | IN [N [N AN [ aN JaN [ ak | oz | - [ - [ = =117 =T -7T" N
AN | N AN aN | aN | aN | aN | aN ] oew |- | - - - - - -] - - weg | T | s | o y ¥
081 | 0ci | o2 | ov | o8t | ozl | 08 | oF 081 | 021 | 08 | ov | 08T | 0zt | o8 | oF W | W
%1 12 pajesado 70y pojesado UOHORIIXG 1 18 pajerodo sv'01 38 pajerado uonoRHXS WA | /A I0qUEnN|
TORIBNNS oW UOPORXS IYOWS oS o UORORIIXS SYOWS UORORINS 3OUIS oyous opy] HD WP | W
we wy s3utuadgy uiqe)

WAJSAS UONIBAIXD INOWES YIIM 7} QW) JSACYSELY :(P,IU0D) £-C Qe




Se-L
TN AN [N O [N AN [aR oz 8 1T -~ T =TT T~ T -1 -T°" T TEgenn
AN | AN | N Ly | NN | aN | | osse | - | - - - - - - |- - weq |
aN | AN | aN |z | aN faN | aN e | ows | - - - - - - - - - Jumpow | ST T A
N | N | N {zoer | aN | an | am oot opr | - | - - ] - L - -] -] - - no[g z
IN | AN [N [ON [ aN [aN | N JaN | sz | - | -~ - T -~ 1 -T1~-7T"- SN
ON | AN | N N aN N N aN | ese | - | - - - - - -] - - s | s
AN ON | AN | IN | N aN | aN | aN ] e | - ) - - - - - -] - - | wnpopy
ONC | N | N N AN aN N N e | - - - - - - - - nolS
TN | AN | AN | 802 AN |aN [ aN 8| 102 | -1 -~ [ - =T - 1T -1 -7~ e
ONC| N | N | sov | N L aN | aN [ sor | v | - L - ) - L - - - - | - . g | o | o
AN | AN [N | [N N aN e e L - - - - - - -] - - | wmipepy
ON | N | N | svst | AN | AN | aN fsver ] eset | - | - ] - L - - | - -] - - n0[g
TN | 907 [ 661 | 261 [ AN |90z 661 (61| #81 | - - - | -1 - [ - T~ B ET !
AN | i8¢ | ove | 60 | AN | zsc [ ove |eoc | 662 | - | - | - | - - | -1 -] - . s o |
AN | 0oL | ovo | 1o | AN [ oo | ovo | w10 | ses | - | - - | - - | -1 -] - - | wopepy
aN | szer | eoet | czon | anN | seer feont (e | wsir | - | - | - | - - | - - | - - molg
V61 | 81 | ST | WL [ %61 | S8l Sl [l Wl | ~ | = 1~ T -~ T T -7 -7T" %
i1e | 667 | 167 | sz | e |66z |16 |esg | s | - | - | - - - -] -] - - 1584 .
619 | s6s | 615 | €95 | 619 | s6s {65 | eos | ovs | -1 - | - | - - - | -} - - fumpoy | ¢ | ST > 9
gezr | ssun | vsit | sirn | sezt [ ssur | usuy |siir) osor | - | - | - | - | - | - - | - - 10[g
T07 | €61 | 981 | 6L1 |10 [ €61 | 081 |6l | 21 | -~ 1 - [ -~ | - [ - T~ 0
gse | 60¢ | 1o | z67 | ssc | e0c | tos |zec | ¢ | - | - | - | - -1 -|-|- - 1584 .
€99 | 519 | 865 | 185 | €90 | c19 | g6s |18 | €05 | - | - | - | - | - | -] -] - - fumpopy| T | 5T vy o
1671 | oczt | 1611 | vs1t | ezt | ogzy {uenr vt | ety | - | - | - | - | - | - | - | - - Mo[§
SL o o[ sl oo | 1 | - -~ 1~ -~ - T -7~ 7T" B FToTErTY
00 | 88z | 18z | €z | ooc |sse s e | 9t | - | - | - - - |- -1|- - 1524 .
965 | #iS | 655 | ¥bS |96 | WIS [ 65S S | s | - | - | - T T T T mpe| ¢ | S o8
8811 | 1p10 | L1 | 201 |8stl [wn {nonr|sor| svor | - | - | - | - | - | - - - - morg
Vo1 | 95T | 161 | O%1 | 791 | 98T [ LG [ obi | ovl | = | - | = [ = | = =1 -7T= T g
wiz | sor | 6st | st | wz | sov lesc |zt | oo | - | - | - | - | - - -] - - m | o 1o
sbs | ozs | 11s | s6v | svs | ozs | tis | sev | ey | - | - | - | - - - | - | - - | mmpony
5801 | 1v01 | L101 | w66 | ss01 | wor fLior | ves | o6 | - | - | - | - | - | -] -] - - #0[g
Ovl | pEl [ Ol | 9Tl [ oWl [ vl [ o1 |9l | 1l | - | -~ -~ [~ 1~ 1T -7 N
sz | s6c | ect | 6tc | sve | sec | et |6t | vee | - | - | - - - | - - | - - weg | ¢ | st} 1| p
68y | ow | 7o | zsv | esv o oo Loy | o | - | - | - | - - - | - | - - | umipapy
081 | 021 | 08 | O0v | 081 | 02t | 08 | oF 081 | 021 | 08 | Ov | o081 | o0z1 | 08 | of W | W
%91 12 pajerado vty Je pojeiado ORI 118 pajesado 01 32 pojeiado uonIRNX3 ) WA | wAM {1Rquimp Suo
TOBORNXD IYOWS UOHOBNIXD YOG 2{OUIS ON] UOHORIXD 2OWS HOLORIND OIS ayows on| *H Ll st
w ¢ wy s3uinadQy uiqe)

WI3SAS HONIRIIXS NOWIS YIIAM ¥} OW] FoA0yseL] (D JU0D) -G jqBL




9¢-L

“IOAOUSE] ON “A/N 4

AN UN AN N AN AN AN AN we - - - - - - - - - sejenn
AN | UN | AN | N | AN | AN | AN AN §9¢ - - - - - - - - - seg ¢z z v g
AN | /N | /N | /N N | N | N EIN 8L9 - - - - - - - - - WApaA
AN AN | N | N AN | AN | N | AN 60¢1 - - - - - - - - - MO z
AN N AN | N N | N T N | AN 881 - - - - - - - - - serenyn
AN AN AN N N AN T N | AN LOE - - - - - - - - - 1seq ¢z z N
AN | N | N | N | AN | /N | N | AN £19 - - - - " - - - - wnipeN
AN | N AN | N N N | N N [y4a - - - - - - - - - MO[S 9
081 | 0C1 03 oy | 081 | ozl 08 114 081 | 0Tl 08 oF | 081 | 0U1 08 0y /M | WY
%9 72 pojeiado 0z pajeredo OLOBIXD 89 12 pajesado vy 3e pajerado UOHOHENXs uA | wap Joqumyy
UOLOBIIXS OYOWS UOTORIIXS 3OS YOS ON UOTIORIIX3 OO HOLORIIXS JOWS ﬁmﬁm oN - WP | B8]
ur ¢ uy sguredgy uge)

WPSAS HOHIBIIXI 3OS YIIM ) ol Jos0usely (P 1H63) ¢-6 QR




LeL

TN 1705 T 8ec [ vic | A | Z0v | 85¢ | #ic | 80t | 662 | 76z | Zic | #0¢ | 662 | vz | 2ic | v0e | 00 | 7ed
aN | oze | 599 | zzo | N [ ozt | 99 | zzo | w00 | stz | zv9 | ozo | €09 | 1L | 19 | 079 | g9 | sss | wnipeny
AN | eve1 | c6at | 1var | N | evel | gzt | wwen | 961t | iver | ozt | oser | estn | eer | oczn | oczt {6611 | wort | mas | o1 | v ¥ g
007 | 261 | 6L1 | 89C | 00T | 261 | 6L1 | 897 | 1Lt | 061 | LLT | 2Z1 | 691 | 061 | LL1 | 2Z1 | 601 | 681 | weremn
e | soc | oo¢ | g6z | zve | soe | ooc | €67 | ssc | 90¢ | 967 | o6z | <8z | 90¢ | 967 | o067 | zsz | iz | wes |
9 | 119 | €65 | ss | sv9 | 119 | €65 | szs | ivs | 09 | sss | 1es | 1ss | L09 | sss | 18 | 1ss | e Jumpopy| ST | ¥ L
srzr | o1zt | eLtt | ovit | szzr otz | ectn | ovin | cotr | sozi | 1ont | rent | vorn | soct | out |reii | o1 | oor | mors
%01 | €bC | €61 | 1SC | 891 | ©¥€ | €61 | 1SZ | 8%1 | ¥O1 | ZST | 1S1 | €¥1 | ¥91 | LST | 181 | €vl | vl |isememin
687 | 1Lz | 7ot | ssz | esc | cez | ooz | sst | st | iz | eot | ssz | wst | wez | esz | ssz | wsz | esz | wes |
195 | ovs | 6zs | Lis | o5 | ovs | ezs | L1s | wos | ses | zzs | zis | wos | ses | zzs | wis | wos | 16p | wowpaw | ST | ¥ LA
szit | 7801 | zso1 | szot | szin | zsor | zso1 | szor | zes | 1zo1 | cor | L1o1 | 966 | 1201 | Leot | cvo1 ] 966 | si6 | mors ]
TN | N | AN | 602 | GN | AN | AN | 607 | S0z | AN | 01 | 907 | €07 | AN | 017 | 907 | €07 | 661 |wEenin
AN | N | AN | Tir | AN | AN | N | Tiv | €8 | AN | ocw | e | 89 | N | ozw | wes | soc | zve | e |
N | AN | N | oze | aN | an | aN | oz | 69 | aN | seL | cow | 6o | N | ssL | cor | 69 | tso |umpop| ST [ O 4 9
AN | N | N | oser | am | N | N | oser | zzer | am | soer | et | eoe1 | AN | sogt | Lest 601 | oser | mors
061 | 061 | LST | €81 | 961 | 061 | LST | €81 | 081 | LST | €81 | 08T | LL1 | 81 | €81 | 081 | L1 | ¥LT | moemm ¢
Lze | ot | sos | oos | zze | o1 | sog | ooc | sz | so¢ | esc | s6z | 167 | soc | e6c | s6c | 16 | csz | wex | .
€69 | s19 | 509 | v6s | €69 | 16 | s09 | ves | wss | 09 | ves | 98s | scs | 09 | ves | 985 | sLs | eos |wmpopg| ST | ¥XC ¥ Y
1971 | 8221 | 9021 | €811 | 1921 | 8221 | 9071 | €811 | 191t | oier | 781y | vout | ovli | otzt | 2811 | vor1 {opir | ezit | mors
IN | N | N | N | ON [ ON | ON | N | SN ] aN | ON | N | aN | AN | N | IN [ GN | N [saemn
IN ||| N | N | N NN N NN NN | N NN N N | e I
AN | AN | AN L N L AN LN AN AN aN | ON | N | N | N | N IN | N | aN | N | amipepy
N | N N ] N | aN N aN AN aN N N | aN | AN | AN aN | N | aN | AN | mors
N | 907 | 202 | 661 | N | 907 | 207 | 661 | 961 | 207 | 861 | <61 | €61 | 207 | 861 | S61 | €61 | 061 | Fwemn | ¢
N | ves |z | 1se | AN | ves | zee | tse | ose | soc | ove | 1ze | 1c | sog | ove | fze | c1e | eoc | wes |
AN | o0L | €89 | 659 | /N | 9oL | €89 | 659 | 959 | 69 | 059 | 0s9 | €29 | 69 | 059 | 09 | £zo | 19 [uwmpan | ST | PX¢ ¥ v
1eet | sect | vien | sser | et | seet | ier | ssei | v9er | 60€1 | 6221 | 0971 | svzi | e0cy | 6221 |09zt | sver | oczt | mors
AN | AN | AN | AN | AN | AN | IN ] N | AN | IR | IN | N [N [ GN [ IR [aN | an | an g
N | N | NN || N | NN N NN NN | N | N | O N N e | I
N | AN | AN | AN | AN AN | N N AN | ON ] N | N N N | N | aN | aN | N | wnpepy
AN | N | AN N N N | N N N | N N | N | an | aN | an | an | an | aN | o
AN | N | N | AN | AN | N | N | GN | 60T | AN | O1Z | L0Z | S0z | N | o1z | Lot | S0t | zoz | wwemin 4
UN | N | N | IN | IN | N | N[ N | Ty | aN | sz | sov | o6e | aN | szs | sor | oce | s | e ||
AN AN | NN N AN | N L ] AN N [ osz | ets | tor | AN | oL | etz | tor | 1r | wmpew | ST VY 4 ¥
ON | N | N L N N | N | N | N | AN | N | oost | ever | Teet | N | oost | ever | teer | ieer | mors
081 | 021 | 08 | Ov | 081 | 021 | 08 | oO% 081 | OZ1 | 08 | ov | 081 | 0z1 | 08 | OF W | W
) Mw:m pereiado 0y e pojeado uonIRIXD 118 pajelado 570y e pojerado UORIBIXO 4y o UI/AR | Wi/AM [ISqUInN WA | o
1OPHXS SYOWS HOLIRYXS OYOWG SyowWs oN UOHOBNX3 AOWS UOLRIXS SYOWS ayows oN
wg iy s3uadg wae)

WSSAS UOTIIRAIXI SHOWS YPIM U3 dumpy s3a0ysely :(puo)) -6 dlqe],




8¢-L

UN | AN N AN AN AN AIN | IN d/N AN | AN | N | AN LN | AN | IN | AN AN ] seenn

AN | AN | N | AN AN | N | IN | N 4N AN | /N | IN | N AN | AN | UN | AN AN 158 ¢ v
N | N | aN | an | an | an | an | an | N | an | Nl an | N | aN | N | an [ aN | aN fwmpew | ST T LT

AN | AN N N AN NN AN d/N AN | AN N AN AN N N AN I/N MO[S

AN | AN | AN N | IN | AN | AN AN 60¢ AN | AN | AN | N AN | N | IN | AN yog  {seenin

AN | AN | N | N | AN | N N | AN (1157 AN | AN | N N AN AN | N AN 66¥ e o7 z 9 g
AN | AN | AN | AN AN | N NN £EL AN | AN IN | AN OUN | N | N | 4N 1€l | woipay

AN AN | AN AN | N | N | AN AN | TOET AN | AN IN | AN N N | N | N | P9ET MO[S

AN | N | N | 607 | N | N | /N | 60T 861 AN | I/N | 69T | 10T | IN | AN | 69T | 10T S61 iseyeni(y

AN | AN | AN | 68 | N | N | &/N | €6t 86¢ AN | AN | LOF | 088 | AN | IN | LOP | O8C 6£¢ seq ¢z z 9 5
AN | AN L AN | LOL | N N AN | LOL L99 AN} AN 0TL | 989 | AN | A/N | 0TL | 989 789§ wmipoly

AN | AN | N J0EE1 | /N | /N | N [ 0EET | 8671 AN | /N [ OSET | 81€T | AN | /N | OSEL | 81¢l | 08T 0[S

ONC AN | AN | L6T AN | N | AN} L6T 10T AN | AN | AN | 60T | IN | N | IN | 60T 10T - | 1serenIn

AN | N | N | TIS | N | AN | AN | TIS 18¢ AN { AN | N | €OV | N | IN | /N | €OV 0L seq 57 z N o1
AN | AN | N | 6T8 | N | IIN | N | 628 €69 AN | AN | N | LIL ) N AN | N LIL 8L9 | WD

AN | AN | UN rshL L AN | N AN | PSPT G TEED AN | AN | AN | SPEL ] N | N | N SPET | OLET 0[S

AN AN | 65T | 861 | AN | AN | 65T | 861 g61 AN | 09T | 10T | V6L | AN | 09T | 10T | ¥6I 881 serenn

AN | AN | T6E | S9€ | N | AN | TEE | S9¢ pee AN | TOV | OLE | 6£€ | /N | T0¥ | OLE | 6L€ 141 sed ¢z z i v 3
AN | /N OLOL | OLL9 | N | N | LOL | LLY 99 AN | SIL | $89 | TS | I/N | SIL | $89 | TS9 €19 | wmpsiy

AN | AN | SEET | YOET | N | AN | SEET | pOET | ¥5TI AN | SPET | IZET | T8TT | /N | SpET | 1TET | T8C1 | TTTL MO

S9€ | ¥61 | 681 | S81 | $9¢€ | v61 | 681 | S8l 8LI 861 | 161 | S81 | 181 | 861 | 161 | S81 | I8I 9LT  |isggenin

997 | 96 | €€€ | €1€ | 99% | 96€ | €€€ | €I¢ ¥6¢ 9¢t | 61€ | OIC | 00€ | 9S€ | 61€ | OIE | 00F 88T mEg ¢z z . 9
18L | S99 | v¥9 | €79 | 18L | S99 | ¥¥9 | €29 188 L99 | TE9 | LI9 | 06S | L99 | TE9 | L19 | 06§ 9LS | WNIpI
$TS1 | L6T1 | €LTY | $OTI | ¥TST | L6T1 | €LT) | #0TT | S8IY | 00CT | 79Z1 | OIZT | 8811 | 00ET | 7971 | OICI | 8811 | 6911 A0[8

081 | €41 | TLY | $91 | 081 | €L1 | LI | S91 191 6LT | 691 | L91 | €91 | 6L1 | 691 | L91 | €91 651 Isgjenn)

CIE | €0E | €8T | LLT | T1E | €0€ | €8T | LLT #8¢ ¥67 | ¥8CT | 6LT | SLT | ¥6T | ¥8T | 6LT | SLT 0L weq ¢7 Z v b
TC9 | 8LS | TLS | 9SS | TT9 | 8LS | TLS | 85§ (4% €8S | OLS | 99§ | ¥SS | €8S | OLS | 995 | ¥5§ 1ys | WnIpajy
L6CT | €LTI L 6911 | Svil | L6T1 | €LTY | 6911 | SPIT L1T11 €L11 | 6¥11 | 8TIT | SOLT | €411 | 6¥11 [ 8TIT | SO yLOT M0[S

AN | N | AN} N N | AN | AN AN L0T AN AN | N LOT | N N | AN LOT 0T | sepenyn)

AN | N | AN AN IN | IN | IN | IN 434 AN | IN | AN | 968 | AN | N | AN | 968 9LY 1seq &1 9 9 9
AN | IN | AN | N | AN | N AN | AN SOL AN | N | N S0L | AN | AN | /N | 80 §99 wmipe

AN | AN | AN | AN | ON | N | AN | N [ EEEL AN | N | AN [ 8EET L AN | AN | AN | 8EET | ¥6C1 015

AN | N | AN | 80T | AN N | AN | 80T 4114 AN L A/N | 80T | TOT | AN | AN | 80T | TOT 761 iseyenin

AN | N | AN N | N | AN | N | IN 89¢ AN | AN | SOF | LSE | AN | /N | SOF | LSE 8Z¢ 1584 ¢ N v o1
AN | N} N OSIL | AN | IN | AN | 8L LS9 AN | AN ] 6IL | 999 | AN | /N | 6IL | 999 $79 | WnIpap

AN | AN | AN [ LYEL | N | AN AN | LPET | E8TH AN | AN 6PET | S6TE | N | /N ) 6VET | S6TT | ST MOl§

AN | 80T | 20T | 961 | A/N | 80T | 70T | 961 Z81 807 | 00T | ¥61 | ¥81 | 80T | 00T | ¥61 | ¥81 8L1 segenin | Sl ¥ I 4 3
081 | 021 | 08 Oy | 081 | 071 | 08 oy 081 | 0C1 | 08 oy | 081 | OCI | 08 Oy WM | W

®) 78 poreiodo 5¥0y 18 pajerado wORORNX3 8% 3¢ paresado 570y ju pajerado uonenX3| | A6 oy WAy | wAp - DequnN -
UONOENXS SYOWg UOHOLHXS SYOWS YOS ON UONIBLXS AHOWIS UOTIORIIXS SYOWS ayows oN
we oy sguiuad(y uge)

WESAS HOPIRIIXS 3YOUIS WHM J) amn JoAoyselq :(p Juod) ¢-C 3[qe ],




17T | €TT | LLTT [ LYTL | ICET | €TC1 § LLYL | LTITE ] SYOT  OVTL [ S8TL | #€1T | OOIT | ObTI | S8IL | ¥E€11 | OOLT | S¥O0T 4015 [ &1 4 8
81 | CLT | €91 | 681 | T81 | TLI | S91 | 661 (49! SLY | SOT | 8S1 | TSI | SL1 | SOF | 8ST | TSI Syl - wejenn

P6T | 18T | 1LT | 19T | #6T | 18T | 1LT | 19T (494 S8T | €LT | SOT | LST | S8BT | ELT | S9C | LST 174 iseq z ¢ b 9
886 | ¥95 | 8¥S | 8IS | 88S | ¥9¢ | 8PS | 8IS 06¥ 995 | S¥S | 1€ | YOS | 995 | S¥s | 1€S | ¥0S 68y | WP
¥611- | €TIT | 9801 | 0TOT | ¥611 | €111 | 9801 | 0TO1 066 STIT | €801 | SEOL | S00T | STIT | €801 | SEOT § SO0 LL6 )

LST | 6¥1 | vbT | 8€L | LST | 6D | ¥WI | 8¢l gl 6Vl | Ivl | 9¢1 | 1¢1 | obl | Ivl | 9€1 | [€l 9t {Isepenin

9T | IST | v¥T | 8€T | T9T | IST | ¥WT | 8ET 1€C €6T | VT | 6ET | £ET | €ST | ST | 6tT | tET 8Tt 1584 z 1 b v
FES | 16 | 8Ly | S9F | vES | 16V | 8LV | SOF ISy 86y | 187 | OLY | 6S¥ | 86V | 18% | OLY | 6S¥ vy | WnIpIy
€901 | 066 | 0L6 | TS6 | €901 | 066 | OL6 | TS6 688 $66 | ¥96 | TV6 | 906 | S66 | ¥96 | TH6 | 906 738 MO[S

IN | N | IN | AN N | ON | AN | AN 01z AN} AN AN | N N N N AN 017 | wsyean

AN LN AN AN AN AN AN AN ISy AN AN | AN AN N N N N 4144 weg z z 9 o1
AN AN | N | AN | N AN | AN | IN CEL AN AN N | AN N | AN | N | AN TeL | WPy

AN| AN AN | N UN | N | AN | AN | 098] AN J AN L AN AN AN | IN | N | AN 19¢1 MO[S

AN | AN AN | 80T | AN | AN | AN | 80T 661 AN | AN | N | WT | N L N | N | #02 L61 | 1seFEL()

AN | N | /N VOV | N AN | AN L PO 09¢ AN [ N | AN | T6€ | /N | AN | AN | T6E (343 s8q z z 9 g
AN N L AN LTL ) AN AN AN | LTL $79 AN [ /N | &N | £L69 | /N | /N | d/N | L69 P9 | WRIpSN

BN | AN | N | BPEL | N N AN | PPET | TSTE IUN | AN | N | LZET ] N L AN | AN [ LTET | TSTH MO0l

d4/N | €9C | 80T | 10T | &/N | €9T | 80T | 10T ¥8I1 ITe | 00T | €61 | L81 | TI€ | 00T | €61 | L81 081 | Isgyeqin

AN | 96E | £9¢ | 8TC | /N | 96t | €9t | 8IE £6C 619 | L9t | 8T¢ | ¥OE | 61§ | L9E | 8TE | +0E 16 158 z z 9 9
AN | OIL | €49 | €19 | /N | OIL | €L9 | SI9 £8¢ SE8 | SLO | OV9 | 665 | SE8 | 5.9 | OV9 | 666 6L | WnIpaN

/N | 6€€T | TOET | TTTI | /N | 6€€T | TOEL | TTTT | O6IT | ¥OVL | Q0ET | LETT | SOTI | ¥9¥T | 90ET | LETI | SOTL | #LIT M0IS

AN | AN 50T | 961 | AN | N | S0T | 961 631 AN €5T | 00T | €61 | d/N | €ST | 00T | ¢6l 981 | Iserenin

SN | AN | T6E | ESC | AN | N | T6E | ES5E 80¢ AN TOY [o€9E | 9TE | AN | TO¥ | €98 | 9TE 667 | z z v ol
NG| N S0 ) P99 | AN N | E0L | V99 665 AN SEL  LL9 | LI9 | N | SIL | ALY | LIS 965 | WP

IUN | N Teel | £6TL | N AN | el | geTl | TITT AN | Spel | 80€1 | SETT | A/N | SPET | 80€T | SETI | £0TT M0[g

P19 | 861 | T6T | ¥81 | ¥19 | 861 | T61 | ¥81 LLY 107 | T61 | 981 | 6L1 | 10T | T61 | 981 | 6L1 TLT | segenin

0TL | €9¢ | TEC | 10t | OTL | €9¢ | Tee | 10€ ¥8T €LE | ¥TE | 90 | 16T | €LE | vTE | 90¢ | 16T £8¢ EEt | z z v 3
SEOT | SLO | €¥9 | 065 | S€01 | SL9 | €9 | 065 yLS $89 | 0€S | 865 | 08S | $89 | 0¢S | 865 | 08¢ §9S | Walpdy
991 | $0€1 | 6CEL | L6T1 | ¥991 | vOCT | 6€€T | L61T | GEIT | SLET | ObTI | €OTT | 9LEY | SIET | OVTT | €0T | 9LTE | S8III ) I

06l | 181 | $L1 | 891 | 061 | 181 | PLI | 891 191 €81 | VLI | 891 | 701 | €81 | ¥L1 { 89 | 79I 9s1 | sepenyn

6CE | TOE | V8T | 9LT | 6TC | TOE | ¥8T | 9LC L9T 10€ | 98C | 64T | TLT | 10t | 98T | 6LT | TLL ¥9¢ Iseq 9

P9 | 986 | 1LS | 9SS | I¥9 | 988 | ILS | 9SS 2% 16§ | OLS | 95§ | ThS | 16S | OLS | OS5 | THS 8¢ | WP ¢ ¢ 4

1LT1 | 6811 | 9911 | L601 | 1LT1 | 6811 | 9911 | L601 | SL01 | 1611 ] OSI1 | €OT[ | 8LOF | 611 | 9SIT | €011 | 8LOT | €501 MO

¢o1 | 8ST | €61 | 8F1 | SOT | 861 | €61 | 8¥I 241 8ST | TS | 8F1 | el | 861 | TGT | 81 | &¥1 6€1 | IsEIERiN !

SLT | $9T | 8ST | €8T | SLT | ST | 8ST | €5C 544 99T | 09C | €ST | 8¥T | 99T | 09T | €5T | 8¥T 344 8

PSS | LES | LTS | VIS | ¥SE | LES | LTS | ¥IS 66¥ €EC | 8IS | LOS | L6y | €ES | BIS | LOS | Lo¥ 8Ly | wmipapy ¢ ¢ v

6Z11 | L90T | 8¥01 | OTO1 | 6T11 | £901 [ 8¥OI | 0TO1 0L6 0901 | 0€O1 | 8001 | LL6 | 0901 | 0€01 | 800 | LL6 L56 AM0l8 14
031 | 071 | 08 Oy | 081 | 0TI | 08 4 081 | OC1 | 08 OF | 081 | 0TI | 08 g L7 L |

9 1e pajelado 70y e pajerado UCHORLXS 8% 78 parelado 01 ¢ pajesado vonoRnxa| a6y amg W/AH | wAM Iequmy] wpim | wduey
TONLIIXS OYOMWS UOHORITXD OIS ojOWS ON UOTORIIXD oW UOHORIXS AjOWS oyows ON
wg [ s3uruadp ()

UE3ISAS HOIIORAIXD OIS YIIM 3 SUIE J9A04Se] g (P, 3HOS) ¢-6 dlGBL




o1

“JOA0USE]J ON /N #

AN AN AN | N | N | N | N | IN 4N AN | N | N | N | N | N | IN | AN LOT 1sejeRi)

AN | AN | N | N | N | N | AN | IN AN AN | AN | AN | N | N | N | N | N §6¢ 158 ¢z z b 3
AN | N | N | N AN | AN AN N AN AN | AN | N | N | N | IN | N | N 80L WpaN

N AN | AN | AN AN | AN | AN N A/N AN | N | N | N | N | AN | N | AN 3ECT MO[S

AN | AN | N | AN | IN | IN | AN | AN 661 AN | AN | AN | AN | AN AN ] N | N ¥61 isejen|n

AN AN | AN | AN | AN [ IN | IN L IN (323 AN | AN | N | N | AN | IN | N | AN (483 e ¢z ¢ z b 9
AN | AN | AN | N | N | IN | AN ON 6¥9 AN | AN | N | AN | /N | AN | AN | IN (44 WnIpIN

AN | N | N | AN | N | AN | AN | AN LLTL AN | AN | &N | AN | N | IN | AN | IN (44} MOIS

AN | AN AN | N N AN N N 781 AN | AN | AN | N | N | N | N | AN 8L1 sejenin]

AN | AN AN AN IN | N | AN | IN 10t AN | IIN | AN | N | N | AN | N | IN €67 184 ¢7 z v v
AN | N L AN | AN N | AN | AN | AN 96$ AN | AN | UN | N | N | N | N | UN 8¢ wnpay

AN | AN | AN | N | AN | N | N | IN L811 AN L AN | IN | N | N | AN | AN | AN SCII MO[§

AN L AN [ N AN | AN | AN | IN | IN 60T AN | AN | N | AN IN | AN AN | AN 90T Isefenin

AN | AN ] N | AN AN | N | AN | N 66¢ AN | N | AN | AN AN | ON | IN | IN P6¢ 58y z <1 3 3
AN | /N | N | AN | N | N | AN | N ZIL AN | AN | N | N | N | N | N | IN 00L WHPI

IN | AN | N | N | N | AN | N | AN Fel AN | N | AN N | AN | N | AN | N 17¢1 MO[S

AN AN ON | N | IN | N | N | AN 0T AN N | AN} DIT | AN | N AN TIT £0T sejenin)

AN | AN | AN | N AN | N | N | &N 08¢ AN | UN | N 0Ty | N | AN | IIN | OTF 69¢ ey z o1 I 9 o1
AN | N | N | AN | N | IN | AN | AN 189 AN LN | DN | 9EL | N AN | AN 9EL 9s9 WHpay

AN | AN | AN | AN L N ] ON AN | AN 68¢l AN | AN ] AN | S9ET | N | AN | /N | S98T | S8BT A0S

/N | AN | 80T | 00T | /N | A/N | 80T | 00T 61 AN | AN | YOT | L6l | AN | /N | ¥0T | L6l 681 seyenin

AN | AN 0IF | $9€ | N | N | O1F | §9E 0t AN | N | P8E | €T€ | N | /N | 8¢ | €Tt 10¢ seq z o7 9 3
AN | /N | €TL | 189 | AN | AN | €TL | 189 w09 IN | AN | 969 | 29 | N | AN | 969 | TT9 865 WA

AN | AN L Teel | LSTT | AN | /N | TSET | LSTT | 01Tl A/N | AN | LOET | SPTT | AN | N | LOET | SPCT | 9811 M0[S

i€ | 861 | 061 | €81 | TIE | 861 | 061 | €81 9L1 20T | €61 | $81 | 8L1 | TOT | €61 | S8 | 8LI 0L1 sefenny

61y | 29€ | 11€ | T6T | 61¥ | T9¢€ | 11¢ | T6T 08¢ 9L | TIE | 86T | 88T | 9LE | T1¢ | 86T | 88T 8LC seq z o1 9 9
PEL | VL | SO9 | €8S | YEL | L9 | SO9 | €8S 9§ 889 | €19 | T6S | TLS | 889 | €19 | T6S | TLS 1354 WIpI
09€T | 6521 | 6121 | S¥IL | 09€T | 6ST1 | 61C1 | SPET | LOTL | 8I1€L ) 62CY | €411 | TET1 | 81€1 | 6TTT | €LTT | TEII | 7801 AO[§

AN | S0T | LeT | 681 | /N | SOT | L6l | 681 81 TIT | 661 | €61 | S8T | 1IT | 661 | €61 | <81 LLY sejeniny

AN | S6€ | SSE€ | T0€ | A/N | S6¢ | SS€ | 10¢€ 88T 61F | 8SE | 80€ | L6T | 61F | 86€ | 80t | L6T §8C 88 z ¢ v 01
INC | LOL | TP | 668 | /N | LOL | TYY | 666 SLS PEL | 959 | TI9 | 68S | ¥EL | 959 | 119 | 68S 89¢ WnIpaj

AN | LEET | 8FTT | 60TT | /N | LEET | 8HTT | 60T TEIT | #9¢€1 | 8921 | 9TT1 | 8911 | ¥9¢€1 | 89T1 | 9¢T1 | 8911 | STII MOIS

10T | 160 | €81 ) 941 | 10T | 161 | €81 | 9LI 651 P61 | S81 | LLT | OLT | ¥6F | S81 | LLT | OLI 91 Jsejen|f}

6LE | 9TE | v6C | €8T | 6L¢ | 9TE | ¥6T | €8T ILT TEC | L6T | 88T | 8LT | TEEL | L6T | 88T | 8LT 892 seq 4 ¢l I ¥ 8
T69 | 809 | /86 | L9S | T69 | 809 | L8S | L9S 8¥S 819 | 16S | TLS | SSS | 819 | 16§ | TLS | S§¢ 92§ WpaN

081 | 01 08 Oy | 08T | OC1 | 08 0F 081 | 0TI 08 OF | 081 | OC1 | 08 oy w/m o Wy

. “”u e pajerado $¥0) ye pojerado ORI 1 1 pajelado ¥0) 18 pajerado uogoenxal dky oy wyAy | uyagy Jequiny wpim | Wi
OBLXD MOWS TO[OBIXD OWS adjows oN UOTIORIIXS OWS UOTORIIXS ANOUIS O3OLUS ON
we Wy sSumadg wges

WiISAS UOUORIIXS SYOUIS YIm ) i) 13A0YSeL] (P JU0I) £-§ dqrRL,




Energy kW Q fire Mass kgs™
E> out Eiin kW M, out Mj in
No Ventilation 966 165 2.78 2.82
Forced-ventilation fan door fan door
40 Fv 198 749 165 0.56 2.44 3.03
800
50 411 463 112 1.3 1.97 3.32
100 438 231 114 1.29 1.7 2.91
200 646 211 118 2.47 1.11 3.51

Table 7-1: Flux calculations for CFD studies on ‘bare cabin’ fire operation
of smoke extraction system
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CFD simulation

Zone model

Model 1 Model 2 Model 1 Model 2
Inflow rate V; / m’s™ 1.57 7.16 10 0.35 0.30
Qutflow rate V3
1.47 8.00 x 107 0.13 0.27
/ms™!
Neutral plane h, / m 3.58 3.58 2.90 3.10
Height from floor
3.58 3.58 5.80 3.60
/m

Table 8-1: A comparison between the result of CFD simulation and the two

zone models
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Appendix A REQUIREMENTS ON DESIGN OF BUILDINGS

IN CHINA FIRE CODE

A.1l  Basic knowledge of China Fire Codes

Fire codes in China are complex in nature. They can be classified in two main
ways: by legal effects and by contents. The details are shown in Table 2-1. For
classification by legal effects, there are three types of fire codes: Legislative
Laws, Administrative Fire Code and Local Fire Code. Legislative Laws about
fire include:
- Fire Law of People’s Republic of China (NPC 1998), which is the first
and basic law of fire code in China.
- Regulations in Penal Law of China. For example, articles in no. 2, 14,
100, etc ... are focused on fire.
- Public Security Punishment Regulation of P.R.C.
- Administrative Procedural Law of P.R.C.

- City Planning Law of P.R.C

Administrative Fire Codes are constituted by State Council or Ministries based
on practical need. These are applied only in areas under their management.
Building Codes (Ministry of Public Security 1995 & 1997, Ministry of
Construction 1999) are in this category. Local Fire Codes are constituted by all
provincial governments and their subordinates, and are applied only in the areas

they are in charge of.



For classification by contents, there are three types of fire codes: General
Administrative Fire Code, Fire Code of Management and Administration, and
Technical Law. General Administrative Fire Code is the Fire Law (NPC 1998)
approved by National People’s Congress, the legislative body of China. Fire
Code of Management and Administration is a good complement to practice
constituted by State Council and Ministries. It includes:

- Fire codes issued by State Council.

- Fire codes constituted by the Ministry of Public Security.

- Fire codes jointly-constituted by the Ministry of Public Security and other

Ministries.
- Fire codes drafted by specialized ministry.

- Fire codes drafted by local government.

Technical Law is the code of practice. Its contents are:

- Technical fire codes on building.

Fire codes on petroleum and chemical industry.
- Fire alarm system.

- Fixed fire extinguisher.

- Technical fire codes on fire station.

- Fire technology standard.

Many fire codes in China are related to buildings, among which the three most

popularly used are: Code for fire protection design of buildings (GBJ-16-87,
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Ministry of Public Security 1995), Code for fire protection design of tall
buildings (GB50045-95, Ministry of Public Security 1997), and Design code for

residential buildings (GB50096, Ministry of Construction 1999).

A.2  Main requirements on design of building in China Fire Codes

The following requirements are specified in China Code for fire protection

design of buildings (GBJ-16-87, Ministry of Public Security 1995)

« Zoning

When a fire occurs in a building, it will spread to other places due to the effect of
ventilation and radiation. At last, it might become a big fire involving the whole
building. It is very important to control a fire in a certain area or zone in a given
time. Zoning is an important concept of buildings in China fire code. Zoning is
to use some fireproof components to divide a building into different parts, to
resist fire spread to other parts in a certain period of time. Zoning can control a
fire in a certain area, decrease the loss and make a good condition for egress and

extinguishments.

« Fireproof space between buildings

The purpose of fireproof space between buildings is to decrease the effect of heat
radiation, escaping, and provide a space for fire fighters. The minimum
requirements on space between buildings are listed in Table 2-10. The primary

factor considered for fireproof space is radiation, which spread the fire among



adjacent buildings. Effect of wind is also considered (Ministry of Construction

1995).

- Passageway

Requirements on passageway are based on the consideration of a one-way road,
and the width must meet the design of a fire engine. Passageway for fire should
be set on the street for buildings which is 150 m facing the street or 220 m in
length or their closure yard is 24 m. Passageway is also required for access to
water source or fire pools. The passageway should not be less than 3.5 m in
width and larger than 160 m in distance to the building. Aerial cables or barriers
on the way to fire should not be lower than 4 m. Circle way should link to other
driveways with two exits. If using traffic road, the requirement is the same as

above.

+ Fireproof class

Some of the building materials are flammable, others are not or difficult to be
burned. The better performance of the material in fire endurance, the higher
fireproof class it will be. According to the difference in building structure,

fireproof class can be divided into four groups:

Class I: Reinforced concrete floor, roof and wall.
Class 1I: Steel structure frame.
Class III: Wood roof, reinforced concrete story blank and brick wall.

Class I'V: Noncombustible firewalls only, with combustible components.



The performance of burning and the minimum fireproof time limited are shown
in Table 2-11. The number of hours in the table is based on 24 case studies of fire
(Ministry of Construction 1995). Ninety-one percent of fire burnt continuously
for 1 to 2 hours in a single fire zone, another five percent of fire burnt

continuously for 2 to 3 hours in a single fire zone.

The relationships between fireproof class and the area, length and stories of the

building are shown in Table 2-12.

» Roof

For Class I buildings, roof should be built by noncombustible materials. For
Class II buildings, steel structure can be considered when common roof cannot
reach 0.5 hour minimum fire resistance time (See Table 2-11). Scuttles should be
set in each fireproof zone 50 m apart from each one. The way to the roof should
be near to the stairs. The requirements are referred to the Japanese Building Code

(Ministry of Construction 1995).

A.3  Main requirements on ventilation design of building

To make sure that there is no smoke in the means of escape and fire lifts during a
fire, ventilation system and smoke extract system should be installed. Unique
ventilation system should be installed to rooms storing combustible or explosive
things. A direct ventilation system should be set up every four to six stories.

Ventilation tubes should be made of noncombustible materials. Ventilation



systems with heating equipment or close to fire should be made of non-
combustible materials. The power switch of the heating equipment should be
linked to the wind supply system or other cooling system. Temperature detectors
may be considered if necessary. Ventilation system should not be installed

through the firewall or other fireproof separate part.

The requirements on both natural and forced ventilations are based on the
experiments in the Tianjin Fire Research Institute authorized by the Ministry of
Public Security, and also referred to the building codes of other countries (NFPA
1994 & 2001, BCA96 1996), which the requirements are six air changes per hour
for rooms less than 600,000 ft* and four air changes per hour for rooms larger
than 600,000 ft* (NFPA 1994 & 2001). The calculation method of ventilation
parameters has been illustrated in Clause explanation of design code for

residential buildings (GB50045-95) (Ministry of Construction 1995).

A4  Main requirements on egress design of building

« Time of escape
Time of escape means the necessary time for all the people to leave the
dangerous building. With experimental simulation and taken in account the
reaction factors, the time of escape is limited as:

- 6 minutes for Class I and 11 buildings

- 2 t0 4 minutes for Class IIT and IV buildings



The results were obtained from a series of experiments in the Tianjin Fire
Research Institute authorized by the Ministry of Public Security, and also
referred to the Life Safety Code (NFPA 1994 & 2001). Normally, a steel
structure building is going to crash in 10 to 20 minutes in a fire according to a

former survey (Ministry of Construction 1995).

« Travel distance
Travel distance means the distance from the escape spot to the safe place. The
time of escape is thus determined by the travel distance. The limitations are listed

in Table 2-13.

- The travel distance in buildings with opening corridor can be permitted up to
5m.

- The travel distance in buildings with sprinklers can be increased by 25%.

- Rooms in the middle of two stairs should be decreased to 5 m. Rooms on the
side or at the dead end (end of U type corridor) must be decreased to 2 m.

- The distance from the farthest point of the room to the door should not
exceed the distance from the door, which is by the side, or at the end of U

type corridor to the exit.

The above requirements were created after referring to other countries’ building
fire codes (NFPA 1994 & 2001, BCA96 1996). For example, the requirements of
travel distance are 25 m in Russia, 9 to 30 m in U.S., 24 m in Hong Kong and 20

m in France. To avoid people crowded together and pushing each other when



escape during a fire, two exits could not be set too close on the same floor.

Requirements of exit permitted to install one stair are listed in Table 2-14.

» Exit
Exit and egress make people a way out. The requirement of egress width of an

exit W, is related to the number of persons Nper and a width index I:

P W A-1
* =700 (A-1)

Values of I, are shown in Tables 2-15 to 2-17.

It is required that the corridor should not be less than 0.9 m in width, based on
the consideration of two people passing through the corridor shoulder by

shoulder, and one walking on the other one’s side.

Two exits are required to be set in the amusement occupancies and karaoke
boxes. It is because, if one of the exits is blocked during a fire, people could use
the other one for evacuation. The requirements on width of exit, door and
corridor are referred to the Building Code of Australia (BCA96 1996) and NFPA

Life Safety Code (NFPA 1994 & 2001) (Ministry of Construction 1995).
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o IHumination

For the convenience of escape at night or in the smoke, illumination of means of
escape, stair signs and exit signs should be installed. spared power source or
UPS should be ready for illumination, and lasting for more than 20 minutes.
Ilumination levels shall be at least 0.5 Ix and 3 m in sight when a fire occurs.
Emergency lighting shall be set on the top of exit, on the wall and the corner of
corridor. The position of installation is better to be under the sight line (under 1
m). Sign space should not exceed 20 m. A glass cover for emergency lighting
and exit signs should be added for protection. The requirements on illumination

for the two codes are the same.

A5  Main requirements on water supply for fire extinguishment

Water sources are primary facilities for fire extinguishment. Enough water
pressure inside the fire hydrant (FH) pipes is very important. The calculation on
the usage of water and the water pressure inside the fire hydrant (FH) pipes are
illustrated in Clause explanation of design code for residential buildings
(GB50045-95) (Ministry of Construction 1995). Water sources for fire are
usually from water pipes, natural source or fire water pool. For natural source, it
should be sure that the pool can be used in lower level. Water supply is permitted
to be cancelled to living zones under 500 people and only two stories buildings.

Requirements of water supply system indoor are listed in Table 2-18.



Appendix B DOORWAY VENTILATION

For future study of forced ventilation, a review of air movement through the

doorway is made.

Air flow through open doorways influences the air infiltration heat loss, room air
circulation patterns and the distribution of indoor air contaminants between
rooms in a building. Estimates of doorway flow rates are required for smoke
control in fires. For exterior doorways in residential building, flow induced by
the indoor-outdoor temperature difference is usually the most important

exchange mechanism.

The counter-flowing streams of incoming cold air and outgoing warm air through
an open door can be idealized as a pair of inviscid flows driven by pressure
forces produced by density differences (Wilson 1990, Shaw 1974). Inflow and
outflow rates are coupled by the requirement that the total volume inflow to a
sealed room from all sources must equal the outflow. The low patterns are shown
in Figure B-1. The cross-stream mixing in the counter-flowing shear layer has
two important effects on the air exchange rate. The inviscid flow is determined

with the following assumptions (Wilson 1990):

o There is no mixing or heat transfer between the incoming flow with density

p1, temperature T} and the outgoing flow with p; and T5.



» Air infiltration from other leakage sites in the room is negligible, and there is
no mechanical supply or exhaust ventilation.

« Streamlines are straight and parallel at the door orifice, with only hydrostatic
pressure differences acting across them. These pressures are assumed to be in
equilibrium with the outside in the outgoing flow, and with the inside

pressure in the incoming flow Py = Ps.

< p] (V'Vm) H

~N

Figure B-1: The mixing between counter-flowing streams

Bi. Inviscid flow

For the incoming flow, the Bernoulli equation for an inviscid streamline in the

inflow of outdoor air passing through the door is:
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Py, U’ _P (B-1)

P(y) =P, —p,8y (B-2)

Pi=P;

Assumption: Indoor, outdoor pressure equilibrium

Combining equations (B-1) and (B-2),

i2
Pr=pogy Ul P
£ 2 P
U12 =2( 1 2 ngY_gy)
£
Uiz _ Z(PzgY“ png)
P
U12 zgy(pz pl)
1
X A
'(]112 = 2gy__..8__
o
Ap 0.5
U = [?gy———} (B-3)
Py

where Ap=|p;-p2|
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Integrating velocity to inflow height without outflow,

2L Ap 0.5
=‘3‘Hw 2g Wy (B-4)

Similarly: outgoing flow

Ap 0.5
U, ={2gy } (B-5)
2
’ A 0.5
V;=3Hv§5[2g P } W, (B-6)
3 P2

Assumption: Lack of mixing between inflowing outdoor air and the indoor air

remaining in the room
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Because: the temperature differences between inflow air and indoor air is larger
than a few degrees Celsius and there is no mechanical ventilation system

installed in the room

Equations (B-4) to (B-6):

Hvl — {if_l_i!M (B-7)
Hy, P2
Because: Total door height of Hy = Hyv+ Hy»

i

Hy -H, _ i:_&_}s
Hy, P
lil+(%2) :!HVZ =H,

H,

= (B-8
1"‘(91/02)3 )

v2

Putting equation (B-8) into equation (B-6) gives the inviscid inflow or outflow,
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Since

Putting equation (B-8) into equation (B-6),

2{ H,
e R A
3 1+(P1/Pz

_1{ 8HY, egAp
3 l1+(pl/pz)%f P2
W A 0.5
]
3 Pe

Where
b+ /o0 ]
= + (po/ pz) p
[ 8 2
B2. Discharge coefficient

C,=V/V

)ﬂzg
-

Ap
Pa

0.5

(B-9)

(B-10)



With no cross-stream interfacial mixing, from equation (B-9),

0.5
W A
V=CyV, =C, 3V lig”‘;Esz}

Replacing effective density p, with average density,

P, =(p, +P,y)/2

0.5
Y Cd 3V [g II%}

a

v,
V=CV, =C, —S—(g H%/ )0~5

where the effective acceleration of gravity is:
g’ =gAp/p,
B3. Mixing coefficient

Vv Net flow rate

V.,  Mixing flow rate

Defining:

Interfacial mixing coefficient:
C.=V_/V
V,=(V-V_)=(V-C_V)=(1-C_ )V

B-7

(B-11)
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Doorway orifice coefficient K’ is:

K'=C,(1-C,) (B-13)
Vn =(1~Cm)v
= K Vv
Cd
K’ w
-2 Y (o'H3 )05
C, a3 (g'Hy)
= %;—(g'Hi,)O'5 (B-14)

Integrating equation (B-14) for the period when the door is moving from a closed

position to a 90° open position:

Total air exchange volume:

V= Vity

-Ew,@n,

KI
T Wy @HY) [dt (B-16)
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Appendix C DERIVATION OF EQUATIONS FOR SMOKE
LAYER INTERFACE HEIGHT AND SMOKE
LAYER TEMPERATURE

C.1  Derivation of equations for smoke layer interface height

Consider mass flow rates in the lower cool layer:

m; +m, +m, =0 (C-1)

where m, is the change of mass flow rate in the cool layer; m, is the plume
flow rate; and m, is the air flow rate through the leakage. m, is given by

averaging the density of the lower layer of air py, as pLAZ;,

m; =p A—" (C-2)

From the plume expression (Wang 1989, Zukoski 1980):

m, = 0.21(Q'(t))"’p, /gZ,(t)Z; (C-3)

where

(o) — _ 1=Lc)Q(t)
Q (t)— pLCpTg @Z? (C'4)
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Putting equation (C-4) into equation (C-3),

. /3

(1— C (t) 2

m, =0.21 L) JeZ Z:
¥ [pLCpTgﬂ/gZiZi2 PLve

L%
pLCpTg

(1 -L¢ )Q(t)g}m 0, Z5"3

m, = 0.21[

Equation (C-5) can be rewritten as:
m, = CzQ(t)V3 pLAfZiS/3
where

C, = (021/A)[A-L)g/p, C,T,)]"

Equation (C-5) can also be simplified as:
m, =KZ}"

where

K:0_21(<1—ch<t>g)1“m

PG, T,

(C-5)

(C-6)

(C-7)

K can also be given in terms of the partial vapour pressure of water Py ,; the

partial vapour pressure of carbon dioxide P, ; the static pressure of air P; the

thickness of the air layer around the plume di; and the temperature of the gas T,

(Wang 1989):
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0.78 +1.6P, , /P T
K = M0 0.1|x (1 - 0.37—*;—](1)H o +Peo,) (C-8)
\/(PHZO +Pgo, )d, /P . 1000 ’

From the first law of thermodynamics, the rate of heat flowing in is equal to the

rate of heat flowing out:

q; =4, (C-9)
q, is the heat release rate of the fire Q(t):

q, = Q(b) (C-10)

q, is the sum of heat lost through leakage m C_ T, and heat lost by conduction

and radiation LCQ(t) , where L¢ is a conduction and radiation fraction of Q(t) of

value about 35%. This gives:
4, =LcQ(t) (C-11)
Q(t) =L.Q(t)+m,C,T, (C-12)

or
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m, = Q_(QQ_—_L_Q (C-13)
C,T,

Putting equations (C-2), (C-7) and (C-13) into equation (C-1),

oA, 2o, QUL gz (C-14)
at C,T,

where pg is the density of air in the cool layer of 1.293 kgm™; Aris the floor area
of the room; C, is the specific heat capacity of air, 1.004 KJ- kgt K T, is the
temperature of the cool layer, 300 K; and L¢ is the fraction of heat lost by

conduction and radiation of Q(t) of value 0.35.

For Z; higher than the height of the fire, taking Ty to be T, gives:

4z, /dt = (1/p, A {-QW)(1 - L) AC,T,) ~0.21p, (gZ,)"> Z?

* 172 25 P73 (C-15)
x[1-Lo)QW Ap,C, T, (eZ)2 2]}
This equation can be rewritten as:
dz,/dt, =-C,q-C,q'?Z’ (C-16)

where Cy and C; are:



C,=(-L)/p.C,TA) (C-17)

C, = (0.21/Af)[(1——Lc)g/(pLCpTg)]”3 (C-18)

This equation can be solved numerically as used in the Euler method with:

dZ.
—i=f(Z.,t
m (Z;,1)
Z(to) = Zo (C-19)
Zori=Zy+h f(t,, Zy) (C-20)

C.2  Derivation of equations for smoke layer temperature

From the eleven basic equations of the two-layer zone model, the hot smoke

layer temperature could be expressed as:

dT, 1 dpP
= -Cm,T, )+V, — C-21
dt  C,p,V, [(Qh pIMy h) h dt} ( )

According to the ASET model assumption,

dP
dt
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Equation (C-21) can be simplified as:

dT, 1
= -Cm,T C-22
dt Cppth (qh pIy h) ( )

The energy of hot layer q, comes from two parts, the fire (1— LC)Q(t) , and the

plume C m,T,.

q, =(1-L)QM)+C,m,T, (C-23)

Putting in equation (C-22),

dT, 1 )
T (-Lo)QM®) +C,m,T, ~C,m,T,) (C-24)

pHh

Hot smoke layer volume Vj, can be expressed as:

Vh=As(H-Z;) | (C-25)

For no ventilation:
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or m, =m,

Putting equations (C-25), (C-26) and (C-27) into equation (C-24):

dT, T, ~ ) )
&t CopiA (H-Z)T, (1 -Lo)AM +Cymy (T, - T,))

or

dar, T, [(Q-L)QW+C,m,T, T,m,
at  (H-Z,) C,p. AT, pL AT,

This equation can be rewritten as:

dTy /dty =T [Ciq+(1-Ty/T,)C,q"*Z3° /H-Zy)

C-7

(C-26)

(C-27)

(C-27)

(C-28)
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AppendixD MAPLE V AND
LISTINGS

D1 MAPLE V program listing

[1] Main program for constant fire:
> A=10;

> H:=3.5;

> Q:=800000;

> Le¢:=0.35;

> Cp:=1004;

> k:=600;

> Tg:=300;

>g:=98;

>plL:=1.293;

>

> TMAX1:=sqrt(Q/1000/1000)*k;
> TMAX:=trunc(TMAX1);

>

> Cl:=(1-Lc)/(Cp*Tg*pL*A);

> C2:=0.21*((1-Le)y*g/(pL*Cp*Tg)™(1/3)/A,;
>

> with(share);

> with(ODE);

MATLAB PROGRAM



> S0:=[0.0,H];

> eq0:=(t,2)->-C2*(Q)™(1.0/3.0)*Z2"(5.0/3.0)-C1*Q;
> Z1:=rungekuttahf(eq0,50,0.1,1);

> Zt:=71[1];

> RS:=[Zt[1],Z1[2],Tg];

> dppts3:=array(0..909);

> dppts3[1]:=RS;

> for n from 1 by 1 while RS[2}>=0.001 do

> forifrom 1 by 1 while i<=10 do

> eql2:=(t,Z,T)->-C2*(Q)(1.0/3.0)*Z"(5.0/3.0)-C1*Q;
> eq22:=(t,Z,T)->T/(H-Z)*(C1*(Q)+C2*

> ((Q)N(1.0/3.0))*(1.0-T/300)*Z~(5.0/3.0));

> rkpts2:=rungekuttahf([eq12,eq22],RS,0.1,1);

> RS:=rkpts2[1];

> od;

> dppts3[n]:=RS;

> od;

> plot(makelist(dppts3));

[2] Main program for t* fire:

> A:=10;

>H:=3.5;

> Q:=800000;



> Lei=0.35;

> Cp:=1004;

> k=600,

> Tg:=300;

> g:=9.8;

> pl.:=1.293;

g

> TMAX1:=sqrt(Q/1000/1000)*k;
> TMAX:=trunc(TMAX1);

>

> C1:=(1-Lc)/(Cp*Tg*pL*A);

> C2:=0.21*((1-Le)*g/(pL*Cp*Tg)™(1/3)/A;
>

> with(share);

> with(ODE);

> 80:=[0.0,H];

>eq0:=(t,Z)->-C2*(1000*(t/k)*2.0*1000.0)~(1.0/3.0)*Z~(5.0/3.0)-

C1*1000*(1/k)"2.0%¥1000.0;

> Z1:=rungekuttahf(eq0,50,0.1,1);
> Zt=Z1[1};

> RS:=[Zt[1],Zt[2],Tg];

> dppts3:=array(0..909);

> dppts3[1]:=RS;

> for m from 1 by 1 to TMAX while RS[2]>=0.001 do
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> forifrom 1 by 1 while i<=10 do

> eqll:i=(t,Z,T)->-C2*((1000*(t/k)"2.0*1000.0)~(1.0/3.0)*(Z"(5.0/
> 3.0))-C1*1000*(t/k)*2.0*1000.0;

> eq2l:=(t,Z,T)->T/(H-Z)*(C1*1000*(t/k)"*2.0*1000.0+C1*

> ((1000*(t/k)~2.0*1000.0)(1.0/3.0))*(1.0-T/300)*(Z"(5.0/3.0)));
>  rkptsl:=rungekuttahf(feql1,eq21],RS,0.1,1);

>  RS:=rkptsl1];

> od;

> dppts3[m]:=RS;

> od;

> for n from 1 by 1 while RS[2]>=0.001 do

> forifrom 1 by 1 while i<=10 do

> eql2:=(,Z2,T)->-C2*(Q)"(1.0/3.0)*Z"(5.0/3.0)-C1*Q;
>eq22:=(t,Z,T)->T/(H-Zy*(C1*(Q)+C2*((Q)"(1.0/3.0))*(1.0-
T/300)*Z"(5.0/3.0));

> rkpts2:=rungekuttahf([eq12,eq22],RS,0.1,1);

>  RS:=rkpts2[1];

> od;

> dppts3[m+n-1]:=RS;

> od;

> plot(makelist(dppts3));
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D.2 MATLAB program listing

[1] Main program for constant fire:

COMMAND-File

clear; clf;

%o initial conditions

H=23.5;

A =10;
Tg = 300;
Q = 800;
g=9.8;
Lc=0.35;
Cp = 1004;
pel = 1.293;
p=1.013;
k = 600;

8 Cl and 2
Cl=(1-Le)/(pcl*Cp*Tg*A),

C2=0.21/A*((1-Le)*g/(pcl*Cp*Tg) (1/3);

% calculate first step for avoiding divided by zero when Z(1)=H
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Z0(1)=H;
[t,Z] = odel5s(asetsubl’,[1:1:800],[Z0L[],Te,H,Q.k,C1,C2);

zrelt = [t,Z];

Y% time step of 2 > 0, te
fori=1:1:800
if zrelt(1,2)> 0.1 ta=i;
end
end

te = fix(ta);

% initial £

Ze = zrelt(2,2);

%% calculate other steps

Z0(1)=Ze;

Z0(2)=300;

[t,Z] = odel5s(asetsub',[1:1:te],[Z20]1,[],Tg,H,Q.k,C1,C2);

result = [t,Z];

Y plot figures and ending

plot(t,Z(:,1),'k-");
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figure

plot(t,Z(:,2),'k-");

save aset.dat Z -ascii

M-File

function dZ = asetsub1(t,Z,options, Tg,H,Q,k,C1,C2)
Y% A7/t s dZ(1)

dZ = zeros(1,1);

dZ(1)= -C1*(1000*Q)-C2*(1000*Q)(1/3)*Z(1)\(5/3);

function dZ = asetsub(t,Z,options, Tg,H,Q,k,C1,C2)

Y% dZ/dt is dZ(1)

Yo dT/dtis dZ(2)

dZ = zeros(2,1);

dZ(1)= -C1*(1000*Q)-C2*(1000*Q)™(1/3)*Z(1)(5/3);

dZ(2) = Z2)/H-ZQ))*(C1*(1000*Q)+C2*(1000*Q)YN(1/3)*Z(1)N5/3)*(1-

Z(2)/Te);

[2] Main program for t* fire:

COMMAND-File

clear; clf;

2% mittal conditions



H=3.5;

A =100;

Lc=10.35;
Cp = 1004;
pel = 1.293;
p=1.013;

k = 600;

Y Cland C2
Cl=(1-Le)/(pcl*Cp*Tg*A);

C2=0.21/A*((1-Le)*g/(pcl*Cp*Tg)(1/3);

Y caleulate first step for aveiding divided by zero when Z(1) = H
Z0(1)=H;
[t,Z] = odelSs(‘asetZsubl',[1:1:800],[Z0],[1,Tg,H,Q,k,C1,C2);

zrelt = [t,Z];

Y% timne step of £ > 0, te

fori=1:1:800



if zrelt(i,2)>0
ta=1;
end
end

te = fix(ta);

%% initial £

Ze = zrelt(2,2);

Ve calculate other steps

ZO(1)y=Le;

Z0(2)=300;

[t,Z] = odel5s('asetZsub’,[1:1:te],[Z20],[1,Tg,H,Q.k,C1,C2);

result = [t,Z];

% plot figures and ending

plot(t,Z(:,1),'’k-");

figure

plot(t,Z(:,2),'k-");

save aset2.dat Z -ascit



M-File

function dZ = aset2subl(t,Z,options, Tg,H,Q,k,C1,C2)

% dZ/dt is dZ(D)
dZ = zeros(1,1);

dZ(1)= -C1*(1000*(t/k)*2*1000)-C2*(1000*1000*(t/k)"2)(1/3)*Z(1Y(5/3);

function dZ = aset2sub(t,Z,options, Tg,H,Q k,C1,C2)

Y dZ/dt is d2(1)

%% dT/de s d7(2)

dZ = zeros(2,1);

dZ(1)= -C1*(1000*(t/k)"2*1000)-C2*(1000*1000* (t/k)"2)~(1/3)*Z(1)"(5/3);
dZ(2)y=2(2)/(H-

Z(1)*(C1*(1000*1000*(t/k)"2)+C2*(1000* 1000*(t/K) " 2)NA/3)Y* Z(1)N(5/3)*(1-

Z(2)/Tg));
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Appendix E = DERIVATION OF NAVIER-STOKES

EQUATIONS

Ea An introduction of Navier-Stokes equation

The physical aspects of any fluid flow are governed by three fundamental
principles: conservation of mass; Newton’s second law and conservation of
energy. These fundamental principles can be expressed in terms of mathematical
equations, which in their most general form are usually partial differential
equations. CFD is the science of determining a numerical solution to the
governing equations of fluid flow whilst advancing the solution through space or
time to obtain a numerical description of the complete flow field of interest

(Webster 2001).

The governing equations for Newtonian fluid dynamics, the unsteady Navier-
Stokes equations, have been known for over a century. However, the analytical
investigation of reduced forms of these equations is still an active area of
research, as is the problem of turbulent closure for the Reynolds averaged form
of the equations. For non-Newtonian fluid dynamics, theoretical developments of

chemically reacting flows and multiphase flows are not so advanced.

The role of CFD in engineering predictions has become so popular that it may be
viewed as a new tool of fluid dynamics, besides classical experimental and

analytical approaches.
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The development of more powerful computers has furthered the advances being
made in the field of CFD. Consequently, CFD is now the preferred means of
testing alternative designs in many engineering consulting companies before

carrying out experiments.

On the discretized mesh, the Navier-Stokes equations take the form of a system
of non-linear equations. Transforming into a discrete set of equations would
bring problems in both physics and numerical analysis. For example, it is
important to maintain conservation of mass in the difference equations. Up to 20
variables on the pressure, the three velocity components, density, temperature
and others such as chemical species concentrations will be encountered at each
node. Furthermore, capturing important physical phenomena such as small-scale
turbulence structure requires extremely fine meshes with 20,000 to 2,000,000

nodes, leading to about 40,000,000 unknowns (Webster 2001).

E.2 Basic physical laws

The Navier-Stokes equation was derived from basic physical laws. Several basic

methods have been selected and used in deriving the equation (Currie 1974).
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Normally, there are two ways to derive the motion of fluid equation. One is to
approach the question from the molecules point of view. The fluid is treated as
consisting of molecules, which is governed by the laws of dynamics. The
macroscopic behavior of the fluid is predicted from the laws of mechanics and
probability theory. The coefficient of viscosity and the thermal conductivity
could be applied. The theory is well developed for light gases, but it is

incomplete for poly-atomic gas molecules and liquids (Currie 1974).

Another method is to derive the equation by the use of continuum concept.
Individual molecules are ignored and it is assumed that the fluid is consisted of
continuous matter. It is required to satisfy the conservation laws of mass,
momentum and energy, and field variables including velocity, pressure, density
and others will be solved. The mean free path of the molecules should be very
small compared with the smallest physical length scale of the flow field. It is

widely used to solve fluid mechanics problems including liquids and gases.

Normally, the fluid is assumed to be incompressible, and the dynamic viscosity is

assumed to be constant.

The density and the velocity at a point in the continuum are defined as:

p= lim (LA?}C ) (E-1)
o€ e
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u= lim (_Z__}gé_m_c] (B-2)

Av -l Amc

where ¢ is a sufficiently small volume compared with the smallest significant
length scale in the flow field but is sufficiently large to contain a large number of

molecules.

Mass in control volume is given by:
Jv, PAVe (E-3)

E.3 Reynolds’ transport theorem

Material derivatives of volume integrals will be encountered in the combination
of the arbitrary control volume and the Lagrangian coordinate system. It is
necessary to transform such terms into equivalent expression involving volume
integrals of Eulerian derivatives. The theorem, which would permit such a

transformation is called the Reynolds’ transport theorem (Currie 1974).

Any quantity of fluid o (such as mass, momentum in some direction or energy) is
a function of t, o = a(t). The rate of change of the integral of « is defined as

follows:



D - f1
= [ DAV = é}ﬂ%{g[ [ gy @t +803Ve = [ a6V ]} (B-4)

where V(t) is the control volume containing the specified mass of fluid. The

quantity o(t+8) integrated over V(t) is subtracted.

D

'6{ () O((t)dVC
(1 1
- §3.‘fé{8{[ LCM) a(t+8t)dV, — Lcm a(t + Bt)dvc] + 5-{[ Lcm aft+8t)dV, — jw a(t)dV, ]}

(E-5)
The expression for the Lagrangian derivative of the integral of a. may be written

in the following form:

D 1 oo
2 = lim4 — = E-6
= jw a(t)dV, g%{& [ .(;Cm&)_vcm a(t +8t)dV, }} + Lcm dv, (E-6)

The distance from an inner surface to the outer surface is u” x n x 8t, element of
surface area is 8S, element of volume change is 8V = v’ n 8t 8S. The surface

enclosing V(t) is denoted by S(t). At any point on this surface, the velocity may

be denoted by u’ and the normal unit vector by n.

> i ' oo
Dt Yo (B)dVe = %3—%{[ Lt)a(t +5t)u -nds}} + j:/c(t) Et{ivc
’ Jdo
= Lt)oc(t)u -ndS + Lc(t)~dat Ve &N
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The foregoing form of Reynolds’ transport theorem is put in this desired form by
converting the surface integral to a volume integral by the use of Gauss’ theorem.

In this way, the surface-integral term would become:
Lt) a(t)u’-ndS = Lcm V- (au"dV, (E-8)

Substituting the result into the above expression and combining the two volume

integrals would give the preferred form of Reynolds’ transport theorem:

D 0
Dt ,fvc odV, = ,fVC [3% +V - (o )]d‘\«’C (E-9)

or in tensor notation,

D oo 0 ,
i_‘j‘t‘ j\/ adV = -“V {:—a—t— + &:(auk)}dV (E-10)

E4 Conservation of mass
The principle of mass conservation is: if the given fluid mass is followed as it

flows, the mass of flow would remain unchanged when its size and shape are

observed to change (Currie 1974).

Iy, pdv, =0 (B-11)
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— [ pdV =0 (E-12)

Converting this equation to a volume integral which contains only Eulerian

derivatives by using Reynolds’ transport theorem (E-10):

9, 9 - E-1
LC{& + ox, (puk)j}dvc 0 (E-13)

The only way to satisfy the equation is, for all possible choices of V¢ for the

integrand to be 0.
op O
4+ (ou' )=0 E-14
0 ak(P ) (E-14)

The momentum conservation equation comes from applying Newton’s second
law of motion to an element of the fluid. For a given mass of fluid in a
Lagrangian frame of reference, the rate of momentum change of the fluid mass is

equal to the net external force.

The net external body force acting on a mass of volume V¢ is:

fy, pfave (E-15)

where f is a vector representing the resultant of the body forces per unit mass.

The net external surface force acting on the surface S containing V is:

E-7



fs Pyds (E-16)

where Pg is a surface vector which represents the resultant surface force per unit

area.

The momentum contained in the volume V¢ is:
Iy, pu'dVve (B-17)

The rate of change of momentum of the mass contained within V¢ is:

D '
D Ve pu'dv. (E-18)

The mathematical equation resulted from imposing the physical law of

conservation of momentum is:

D
D v pu'dV, = [y PgdS+ [, pfdV, (E-19)

Generally, there are nine components of stress at a given point, one normal

component and two shear components on each coordinate plane.
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The stress is represented by the quantity o, where i and j refer to the stress at a

point which may be represented by a tensor of rank 2.

There would be a surface force vector Pg at each point which is related to the

stress tensor o;; on different plane. The unit normal vector acting on this surface
is m, the resulting force acting in the x;, x», X3 direction is Py, =on, ,
Ps, = o,n,, the surface force will be given by Py = on,; where i is summed

from 1 to 3. The equation of conservation of momentum is:
= j
D v PV = fsoyndS + Iy, PEAV, (E-20)

By using Reynolds’ transport theorem (E-10), the fluid property o here is the

momentum per unit volume pu’; in the x; direction.

Il [ (pufj)+— (pu’u;)}dv = Iy, jdV + Iy, pf,dVy

15, , 0o
5t~(Puj)+ (pu u) = o

E-S



ou’, op . o, Oo;
—Lru’ ZE 4 ul )+ pu, — =—=>+pf,
Pt Uiy ujaxk(p W)+P Kok, ox, pf;
. . 4 ap 4 3
According to equation (E-14), the sum of u] 2t and u] o (pu, ) is zero,
k
ou’, ou’, .
L +pu L=—1 4pof (E-21
Por TP o T, pf; )
E.S Rotation and rate of shear
A’
B9
B

C’/

3y

dx

The rotation of a fluid element about its own axis and the shearing of a fluid
element is considered, and the tensor quantities which represent these physical
quantities are identified in this part. A two-dimensional element of fluid, which is
a rectangle with 8x and dy at time t = 0 is shown in the above figure. After a
short time interval 6t, the center of the fluid element is moved to a new position.

The distance of the two centers before and after the movement x is (Currie 1974):



Ax = ["uTx(),y(OKt (E-22)

x and y must be close to zero for short times as 38t, the velocity component u can

be expanded in Taylor series about the point (0,0):
AX = f [u'(0,0) + x(t)%(0,0) + y(t)%‘;—'(O,O) +L.dt (B23)
| Integrating the equation,
Ax =u'(0,0)5t + ft[x(t)%’ (0,0) + y(t)%uy—’ (0,0) +..Jdt =u'(0,0)8t +... (E-24)
Similarly,

Ay =v'(0,0)dt +... (E-25)

The fluid element would rotate and be distorted as indicated by the corners while

the fluid body is moving, t = §t. The angle da and 8§ indicate the two sides of

the element, where a and B are positive when measured counterclockwise and

clockwise individually.

E-11



{V'(—;— 5X,-—;:5x)6t +..]- [V’(~—é~8x,—~;‘5x)8t +...]

o = tan™ (XP-Q-] =tan™
OX +...

Xpor

N

(E-26)

. . . 1
where v’ is evaluated first at point D at coordinates (% Sx,—g 6x) and secondly at

point C, at coordinates (— % ox,— % 0Xx).

Expanding the velocity component v’ in Taylor series about the point (0,0):

1. oV
)(0,0) - 553’( oy

ox(1+..)

s
ox

[v'(0,0) + —;—Sx( 3(0,0) +...]8t

1

oo = tan”

[v'(o,0>—éﬁx%xo,m—-—i—ay(g

)(0,0) +...]0t

ox(1+...)

2

[SX(%VX—)(O,O) +...]6t
ox(1+...)

1

=tan~

ov'
[ P

(0,0) +...16t
(a+..)

i

=tan"~



= tan ™ {[(%)(0’0) + ...]}8’:} (E-27)

Since the argument of the arctangent is small:

do = [(Z\;

¥(0,0) + ..]St +..

sa oV
— = (—)(0,0) +..
5t (ax)( )

This expression represents the change in the angle a per unit time so that in the

limit of 8x, 0y, and &t all tend to zero.

a= ?——VL 0,0) (E-28)
ox

where a is the time derivative of the angle «. Similarly, the time derivative of the

angle B is given by:
au'

B= 5;(0,0) (E-29)

The rate of clockwise rotation of the fluid element about its center is:
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L o1
5(3*“)"2[

ou’ _ov ) (E-30)

oy ox
The shearing action is measured by the rate at which the sides B’C” and D’C” are

approaching each other and is therefore given by the quantity:

Ly L0, _
5(B+a)_2[8y+8x) (E-31)

The analysis above is carried out in two dimensions which may be considered as
the projection of a three-dimensional element on the xy plane. If the analysis is
carried out in the other planes, it can be verified that the rotation of rate of

element is about its own axes.

1{ou ov'
Rate of rotation = — - E-32
¢ of fotatl 2[ oy Ox ) ( )
1{on ov
Rate of shearing = —| —— 4+ — E-33
& 2( 3y | ox J (E-33)

Both the rate of rotation and the rate of shearing may be represented by tensors of

rank 2.

Deformation-rate tensor € is defined as:

E-14



! * o oul roou
ei‘z_é_u_,_:_l_ Ou; ou; +l Ea_':‘,l_+_1 (E-34)
T ox, 2\ ox, ox, ) 2|ox, ox,

3

That is the antisymmetric part of the deformation-rate tensor which represents the
rate of rotation of a fluid element in that flow field about its own axes while the
symmetric part of the deformation-rate tensor represents the rate of shearing of

the fluid element.
E.6  Constitutive equations

Nine elements of the stress tensor oy are related to the nine elements of the

deformation-rate tensor ey by a set of parameters (Currie 1974).

The stress tensor is supposed to satisfy the following conditions (Currie 1974):
« The stress is hydrostatic and the pressure exerted by the fluid is the

thermodynamic pressure, when the fluid is at rest.

oy = -Pd; + T (E-35)

where v;; is called the shear-stress tensor, which is dependent on the motion

of the fluid only, P is the thermodynamic pressure, and 8; is the Kronecker

delta.
« The stress tensor oy is linearly related to and dependent only on the

deformation-rate tensor ey.
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o No shear stresses will act during the motion, since there is no shearing action
in a solid-body rotation of the fluid.
« There are no preferred directions in the fluid, so that the fluid properties are

point functions.

There are nine elements in the shear-stress tensor tj and each of these elements
can be written as linear combination of the nine elements in the deformation-rate
tensor ey . The 81 (9 x 9) parameters have relation between t; and ey . General

form of 7y is:

S 1 (E-36)

3

7

k can be broken down into an

As shown in the previous section,
1

antisymmetric part and a symmetric part. The antisymmetric part corresponds to
the rate of rotation of a fluid element and the symmetric part corresponds to the
shearing rate. According to condition 3, if the flow field is executing a simple
solid-body rotation, there could be no shear stresses in the fluid. But for a solid-

au’, 1 ou, &ul. .
, namely —(—% ——1) is not zero.
2%, Y 2%, ok,

body rotation, the antisymmetric part of

To satisfy condition 3, the coefficients of this part of the deformation-rate tensor

must be zero. So the constitutive relation for stress is:



I du,  Ouy
=B |k E-37
Ty 6"’“( ox, Ox, J ¢ )

Bija is the 81 elements of the fourth-rank tensor and still undetermined. Condition
4, which is so called the condition of isotropy, has been imposed, which
guarantees that the results obtained should be independent of the orientation of
the coordinate system chosen. Most general isotropic tensor of rank 4 is in the
form of:

7\"51581(1 + u’(aiksjl +8,8; )+ Y' (88 +8,;8;) (E-38)

ik9jl
where A’, p’, and ¢’ are scalars.

In this way, the 81 quantities contained in the general tensor are reduced to three
independent quantities in the isotropic case. In the case of the fourth-rank tensor
which relates the shear-stress tensor to the deformation-rate tensor, Bjj will be
not only isotropic, but symmetric in view of condition 3. That means vy’ must be
zero. The shear stress now becomes:

Quy , o J (E-39)

1., ,
Ty = E[?\, 00 + (836, +8;8, )](EX_‘_Jrg;k_

O = 0, unless [ =k,



x’ss CLCL =8, oy
ox, 0%, ' Oxy,

and / has been replaced by k. Similarly, replacing k by i, and / by j.

1, du, éul) 1 [ou, ouf
P8, =+ —L|=—p| —+—
2" ox, Ox, ) 2 |0x; O0x

Replacing / by i and k by j:

1, du)  ou] 1 [ou) ou]
B8y =+ =sH +o-
2O o Tk, )T 2 | ax,  ox,

Hence, the expression for the shear-stress tensor is:

’ o oul
Ty = A8 — oy, +u QE—‘-+——~9—
ax, | \ox,  ox,

So, the constitutive relation for stress in a Newtonian fluid is:

! * ou!
j = —P8; + A3, ou + ou; + —
i 2%, ox,  ox,

3 H
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(E-41)

(E-42)

(E-43)
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The equation of momentum conservation (E-21) together with the constitutive
relation for a Newtonian fluid (E-44) yield the famous Navier-Stokes equation,
which is the principal condition to be satisfied by a fluid as it flows. The term ¢
i/ O x; which appears in equation (E-21) can be evaluated explicitly as:

g

5 : ' ou
O _ 9| ps, 4, Dy MY
ox, ox,| B ax, ok, ox,

1

’ ' out
P + 9 x'a“k + ° u Ou; + (E-45)
ox, ox,\ ox, ) ox;| | o, ox,

] J

In the first two terms of the equation above, i has been replaced by j , since it is
only when i = that these terms are non-zero. Substituting this result in equation

(B-21):

ou; ou; ' Y
e
J i j i

3 1

Equation (E-46) is known as the Navier-Stokes equation. There are three scalar

equations corresponding to the three possible values of the free subscript ;.

Normally, the fluid can be assumed to be incompressible and the dynamic

viscosity to be constant.



0 | ou;  ou] - o (oui], 0% o 0% (E47)
ox; | | ox;  ox, ox;\ 0%, | Ox,0%, Ox ;0K

This term is proportional to the Laplacian of the velocity vector, and the constant
of proportionality is the dynamic viscosity. The Navier-Stokes equation for an

incompressible fluid of constant density is:

auj ' ; ’ i
p——+pu, = + + pf. (E-48)

p—i+pul —+ =———+pf, (E-49)
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Appendix F DERIVATION OF THEORETICAL ZONE

MODEL

F.a Derivation of key equations in the zone model

The two-layer zone model is shown in Figure 8-2. The point heat source is taken

as at the center on the floor. The following assumptions were made:

» The rate of entrainment at the edge of the plume is proportional to some
characteristic velocity at that height.

« The profiles of mean vertical velocity and mean buoyancy force in horizontal
sections are of similar form at all heights.

» The largest local variations of density in the field of motion are small in
comparison with some chosen reference of density, this reference being taken
as the density of the ambient fluid at the level of the source.

» The scale of the initial laminar zone is small compared with the subsequent
zone of turbulent convection.

« The pressure is hydrostatically distributed throughout the field of motion.

« Transverse forces are ignored in comparison with those in the vertical
direction.

« Turbulent mixing in the vertical direction is ignored in comparison with that
in the horizontal.

- No mixing between the plume and ambient air flow.

« Floor, ceiling and walls of the chamber are made of adiabatic materials.
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Under the assumptions above, the mass balance equation of zone model is:

pOAcchl = p2A02V02

(F-1)
Ao = Cahy
A = CaAn
Energy equation is:
Q=p,C,A,V,AT (F-2)
AT = Tz—To
h. is defined as the height of the neutral plane.
AP, = Apgh,
AP, = Apg(h'—h,)
AP, 1
L==Gv
Po 2
2AP 2Apgh
vd=\/ L= [2PBR (F-3)
Po PoG

AP
-2 .1_ CV§2

]



h'—h
v = \/2AP2 _ \[ZApg( B (F-4)
Po P&

The volume flow rate equation for inflow is:

2Apgh 2Apgh
Vi=A,v, = Cuh, “oPER. = CdlAl ZOPETe (F-5)
V PoC Po

where Cd1 = Ccl/Cuz

and the volume flow rate equation for outflow is:

28pg(h’~h,) _ . A\/ZApg(h'——hc) (F-6)
- d2-*2

V,=A,v, = CczAz\/
P,G

P2

where Cq1 = cc,/g“z

From equations (F-1) to (F-4), it is simply known that

P L, _V, AT _Ap AT _Ap
p. T, V, T, P, T, Po
AT =T, -T,



Vi =CaA, (¥-7)
TZ
2ATg(h'—h
Vv, = CdzAzJ 8 :) (F-8)
TO
From equation (F-2),
AT= (?vz SAT(h' h.)
p g(h'—h,
02 PonCdzAz\/ T
0
AT3 Q2T0

 (PoC,CeuA;) 2g(h’ ~h,)

The temperature difference between the upper layer and the lower layer is:

AT=( Q )2/3( T()

" (-9)
pOCpCdZAZ 2g(h’~h,)

Defining the buoyancy flux B:

__ Qg
CpPOTO




fZQg(h'—hc)
V, =C,A, CV.T
Pop Vo kg

V) = (CLA,) 2Qg(h’-h,)
PoC, Ty
V, =(Cy,A)* (2B ~h, )"’ (F-10)
Similarly,
V, =(C4A)*?(2Bh,)"? (F-11)

The neutral level h, is defined as the height where the pressure difference across

the building envelope is zero.
From equation (F-1),
PeVi =p,V,

Combining with equations (F-7) and (F-8),

2ATgh, 2ATg(h'—h,)
PoCaAi,[— =p,CpA,
T, T,




(PoCyA,)’T,2ATgh, = (p,C4,A,)’ T,2ATg(h' ~h,)

_ (chdzAz)szh'
o (PoCuA )2T0 + (chd2A2)2T2

h’ h’
h = = (F-12)
¢ E(CdxAl )2+1 n+1l
T, CoA,

where

]
@

=__2_( di 1)2

2

]
0
>

0 dz2

Vl — (CdlAI)Z/S(thC)l/C&

V, = (Cd2A2)2/3 (ZB(h' - hc ))1/3

The equation of thermal plume above a fire was developed by Rouse (1954) and

Yih (1977):

M = 0.153p,[Qg /(p,C,T)1"* (b’ — (b’ —h,))*"

M =0.153p,[Qg/(p,C,T,)]"*h " (F-13)
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M=ps Ay va=p2 V>

M 0.153p,[Qg/(p,C,T,)]"*h "
P, P

V. =0.153B"°h " (F-14)
2 c

Combining equations (F-10) and (F-14),
V, = (Cy,A,)*(2B(h' —h,))"? =0.153B"*h >

(CpA,)*2(h"=h,)=0.153h’

0.153°h°
Cots =\ ny

=0.042318

C. A
—at (F-15)

That is the relationship between the neutral level height h; and the outlet area A;.
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F.2 MATLAB listing

dT=zeros (1, 9);
V=zeros (1,9};
yl=zeros (1,9);
y2=zeros(1l,9);

y3=zeros (1,9):

E=500;
Cd=0.6;
cp=1010;
p=1.293;
g=9.8;

pi=3.14;

B=E*g/ (cp*p*T0) ;

while e< 0.8
i=i+1;
e=e+0.1;
y1(1)=0.042318/Cd*(F"5/(1~e)) .~ (1/2) ;

y2 (1)=(CAd*y1 (1))~ (2/3)* (2*B* (1-e) )~ (1/3)*h"~(5/3);



end

i=0;
4=0;
while hl < (F-0.2)
hl=h1+0.1;
i=i+l;
dT (i) =(F/ (p*cp*Cd*A2)) "~ (2/3) * (TO/ (2*g* (F-h1)) )~ (1/3);

end

e=0.2:0,1:1;
plot(yl,e):;
xlabel ('A/h2");

ylabel (*hc/h');

figure (2)
e=0.2:0.1:1;
plot(yl,y2);
xlabel ('A/h2');

yvlabel ('V2');
e=0.1:0.1:hl
plot (F,dT) ;

xlabel('hc');

ylabel ('dT');

dAT=dT' ;
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Appendix G DERIVATION OF PLUME EQUATIONS

G.1  Derivation of equations for volume flux, momentum flux and energy

flux
A typical plume model is shown in Figure 9-3. Taking the point heat source on
the floor, So = 0. Under the assumptions, the fundamental equation of vertical

acceleration in two-dimensional flow is:

pv%+pug-=-—AB+§ (G-1)

where t is the shear stress, proportional to the mean product of the turbulent

velocity components, and AB is the unit buoyant force.

The equation of continuity is:
ov
—+—=0 (G-2)
Oy

Assuming the horizontal cross-section of the pool is round, according to the

conservation law of motion, the volume flux V can be written as:

V=2n fvxdx (G-3)
0



The momentum of the pool is:
M= fpvz -2mxdx =pvonR} (G-4)

where vq is the vertical velocity in the cross-section of the pool and Ry is the

radius of the cross-section of the pool.

The momentum flux M of the plume is:
M=2n ="ﬂpvzrdr (G-5)
0

The energy flux E of the plume is:

3
E =2n | p;’ xdx (G-6)

4]
The buoyancy flux is defined as:

__Qs i
B = CoT (G-7)

Four cases of simulations were done for studying this case. The results of

velocity distribution, pressure distribution and temperature distribution are



shown in Figures 9-4 to 9-6 respectively. The results of plume vertical velocity

probability curves are plotted in Figure 9-7, showing the distributions of v.

As a result, for the condition of axial symmetry model, the vertical velocity v has

the following relationship with x and h (Rouse 1954):

A" X
) ©®

Suppose the velocity distribution is uniform, according to both the simulation
above and the experimental results (Beyler 1986, Drysdale 1985, Rouse 1954,
Heskestad 1984, Hinkley 1971, Morton 1956, Morgan 1987, Thomas 1963, Yih
1977, Yu 1992, Zukoski 1981), the velocity distribution could be expressed as

Gaussian distribution.
V=V o eXpl ——5 (G-9)

where R is the specified plume radius.

Then, the velocity distribution can be written as:

B 2
v= a(ﬂ exp(— 65 -E—ZJ (G-10)

G-3



where o is a coefficient related to height h, it is defined in Figure 9-8, expressed

as terms of a character for length 1. (taken as 1 m) as:

o =-1.379 (h/1,)* + 8.032 (b / )’ ~16.427 (h / 1c) + 17.029

Putting this result into equations (G-3), (G-5) and (G-6), then the following

equations are obtained:

Volume flux

V = 0.0483aB'*h*" (G-11)

Momentum flux

M =0.02415a*pB**h*"? (G-12)

Energy flux

E = 0.00805a’pBh (G-13)

From the result of this simulation, it is found that in the main part of the plume,

normally o = 4.0.

So equations (G-10) to (G-13) could be simplified as:

G-4



Velocity distribution
1/3 2
v= 4.0(—?) exp(— 65 %Z—J (G-14)

Volume flux
V =0.1932B"?n%"? (G-15)

Momentum flux

M = 0.3864pB**h*"? (G-16)
Energy flux

E =0.5152pBh (G-17)
G.2  Derivation of central axis equation
Assuming the parallel flow has no effect on the vertical velocity of the plume,
then the forced ventilation of the ambient air flow has no effects on the velocity

distribution in each horizontal level, so that only the position of the plume central

axis would be changed.

G-5



Central axis can be seen as a link of many points. Each point was taken as forces
from both horizontal direction (which is from the forced ventilation of ambient

air) and vertical direction (which is from the buoyant).

Horizontal force from ventilation of ambient air:

—pwW’ =ma (G-18)
Vertical force from buoyant:

(po —p JHg=ma, (G-19)

So that the movement of each point in central axis can be written as:

2
x=wieta g WHL[M_}z

2\ 2m (G-20)
-p JH
h= vt+—;~ayt2 =vt+—;—(—————~——(po P) g)tz
m (G-21)

In the plume,
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—p )HgC AT
h=vt+—1—[(p° p HHgC, ]tz

2

In the plume,

p _ Ty
po T

Q

Putting equation (G-25) into equation (G-24),

X =wt+

4Q

T
(1--2)p,HgC AT ,

C,ATp,w?

t2

h=vt+

2Q

G-7

t

(G-22)

(G-23)

(G-24)

(G-25)

(G-26)



In a special case, when w is constant and the plume has no effects on the forced

ventilation from ambient air, equation (G-20) can be simplified to:

X =wt

and if the temperature inside the plume is uniform, equation (G-24) can be

simplified to:

Then, the plume central axis equation can be written as:

v (G-27)
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