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Abstract 

In adaptive re-use of historical buildings, it is often a 

challenge for designers to make the design comply with 

building safety codes for the new purpose. This project 

demonstrates that in the process of repurposing a hangar 

into a public gathering occupancy for various events, 

how a CFD-based fire modeling method, coupled with a 

timed egress modeling tool, played a key role in 

evaluating the smoke control system design and various 

emergency evacuation scenarios. 

 

Introduction 

Adaptive re-use of historical buildings has become a 

sustainable trend in urban development, which allows 

structures to retain their historic integrity while serving 

new occupants and modern needs. However, making 

the building comply with building safety codes for the 
new purpose is often a challenge for architects and 

engineers. In traditional practice, architects and 

engineers typically perform code compliance analysis 

to evaluate the new design and often have a hard time 

making decisions when the case was complicated. In 

the past design research on historical building reuse that 

involved multiple design variables, there was little 

valuable study that confirmed the validity of the design 

based on the computer simulation and the code. 

Although Building Information Modeling (BIM) has 

been widely adopted in the design process, integrating 

architectural BIM, CFD, and Timed Egress Simulation 

has rarely been tried, especially in repurposing a 

building for new use. Therefore, we are interested in 

exploring the benefit of this approach in the adaptive 

reuse of historical buildings and paving the way for 

further study on an integrated building simulation 

approach. 
   

This project involves a hangar, built in the 1940s, as 

one of the largest freestanding wooden structures in the 

world. An operational closure was determined recently 

and the new plan was to develop it into a combination 

of commercial, educational, and recreational open-

space uses. 

 

This study intends to evaluate the effects of potential 

fires inside the hangar, i.e. to determine during a fire 

emergency inside the space, if occupants in the re-used 

hangar would be able to safely evacuate before the 

space becomes untenable.   

 

Research Methodology: Fire Modeling & 

Timed Egress Simulation 

The hangar is approximately 1,072 feet (327 m) long by 

292 feet (89 m) wide by 192 feet (59 m) tall. It will be 

repurposed as assembly use for a variety of public 

events, including recreational events, trade shows, etc. 

The approach of this study is to calculate the required 

safe egress time (RSET) and the available safe egress 

time (ASET) based on the existing building layout and 

proposed mechanical smoke control system design, to 

determine if occupants in the space with modified 

means of egress system can safely evacuate during a 

fire emergency, in compliance with the life safety 

requirements in the International Building Code (IBC) 

(ICC, 2015). 

 

Smoke control system design 

Large spaces are commonly provided with a smoke 

control system. According to IBC, the smoke exhaust 

method should be able to maintain a height of the 

lowest accumulating smoke layer at least six (6) feet 

(1.83 m) above any walking surface that forms a means 

of egress within the smoke zone. 

 

As part of the remodeling design for this hangar, a 

smoke control system, specifically, a natural smoke 
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filling system, was proposed for the high bay of the 

hangar. This system requires a very large space above 

the highest occupied floor (ground floor in the hangar) 

and allows smoke to fill space without any mechanical 

smoke exhaust or removal methods. Typically, this 

approach requires performing a timed egress analysis to 

verify that the smoke filling time, i.e. the time from 

ignition until the smoke descends to the pre-determined 

height (six feet (1.83 m) above any walking surface), 

should be greater than the time required for safe 

evacuation and relocation of occupants.  

 

Fire and evacuation modeling tools 

In this study, the natural smoke filling system design 

was evaluated with a Computational Fluid Dynamics 

modeling tool—Fire Dynamic Simulator (FDS) 

(McGrattan, 2001), and a timed egress modeling 

analysis was performed with an egress modeling tool—

Pathfinder (Thunderhead Engineering, 2016). 

 

FDS is a CFD model of fire-driven fluid flow that 

predicts the growth and spread of fire and its products 

of combustion. The software numerically solves a form 

of the Navier-Stokes equations appropriate for low-

speed, thermally-driven flow, emphasizing smoke and 

heat transport from fires. In FDS, each space of interest 

is divided into small rectangular control volumes or 

computational cells. The model is capable of computing 

the density, velocity, temperature, pressure, and species 

concentration (e.g. carbon monoxide concentration) of 

the gas in each cell based on the conservation laws of 

mass, momentum, and energy to model the movement 

of fire gases.  

 

Pathfinder is an agent-based egress and human 

movement simulator, which can provide a 

graphical user interface for evacuation simulation as 

well as 2D and 3D visualization for results analysis.  

 

 

 

 

 

 

 

 

 

 

Figure 1  FDS Hangar Model 

 

Fire Safety Evaluation Criteria  

To evaluate the proposed smoke control system design 

concept, it is necessary to establish baseline evaluation 

criteria. The evaluation criteria are values with which 

the performance of the proposed design can be 

measured and compared. For a potential design to be 

deemed successful (i.e. demonstrate equivalency to the 

code intent), the evaluation criteria must be attained. 

 

Three conditions were analyzed for the means of egress 

system in the hangar, to determine whether tenability 

can be maintained: visibility, gas concentration within 

the breathing zone, and ambient temperature (SFPE, 

2016).  

 

• Visibility 

The concentration of soot should be analyzed when the 

smoke descends to within six (6) feet (1.83 m) above 

the floor. Smoke concentrations, related to the 

visibility, are classified as (SFPE, 2016): 

 

Insignificant Smoke – An insignificant smoke 

concentration is defined as not visible but the occupants 

may be able to smell something in the air. A soot 

concentration of fewer than 0.01 grams of soot per 

kilogram of air is considered insignificant. 

 

Light Smoke – A light smoke concentration is defined 

as producing minimal visibility obscuration. Light 

smoke contains between 0.01 and 0.1 grams of soot per 

kilogram of air. 

 

Moderate Smoke – A moderate smoke condition is 

defined as resulting in reduced visibility to 

approximately 100 feet (30.48 m) and is one which 

people can pass through but may not be tolerable for 

long periods. Moderate smoke contains between 0.1 

and 1.0 grams of soot per kilogram of air. 

 

Heavy Smoke – A heavy smoke condition is defined as 

one that occupants cannot enter without severe 

consequences. Heavy smoke contains more than 1.0 

grams of soot per kilogram of air. 

 

• Gas Concentrations  

Gas concentrations within the breathing zone should be 

evaluated at six (6) feet (1.83 m) above the walking floor, 

including (SFPE, 2016) 

CO – 150 ppm for 60 minutes and 300 ppm for 30 

minutes 

O2  – less than 12% (0.12 mol O2 / mol air) 

CO2 – less than 6% (0.06 mol CO2 / mol air),  
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The values above represent a level where breathing is 

uncomfortable and dizziness can occur. They are 

considered critical tenability indicators. It should be 

noted that other toxic gases, such as hydrogen chloride 

and hydrogen cyanide, are not addressed since these 

products are not readily estimated and based on 

experience have not affected tenability results. 

 

• Temperature  

Temperatures in the space are limited to a maximum of 

60°C (140°F) which is the human tolerance on bare 

skin in humid conditions (Altman & al, 1972).  

 

Table 1 summarizes the criteria used in the evaluation 

of the proposed smoke control system. These criteria 

were adopted to analyze the results of the simulations to 

see if the proposed smoke control design would provide 

a tenable environment (i.e., maintain the height of the 

smoke layer at least six (6) feet (1.83 m) above the 

ground floor of the hangar) for the duration of 20 

minutes or 1.5 times the calculated egress time, 

whichever is greater (ICC, 2015).   
 

 

Table 1 Evaluation Criteria 

Parameter Description of 

Criterion 

Value of 

Criterion 

Visibility Maintain visibility of 

at least 33 feet (10 m) 

to an exit sign at a 

height of six feet 

(1.83 m) above the 

highest occupied 

walking surface  

33 feet (10 m) 

Carbon 

Monoxide 

(CO) 

Limit CO 

concentration to 150 

ppm for 60 minutes, 

300 ppm for 30 

minutes and 365 ppm 

for 20 minutes at a 

height of six feet 

(1.83 m) above the 

highest occupied 

walking surface  

150-365 ppm 

Oxygen (O2) Limit O2 

concentration to 12% 

at a height of six feet 

(1.83 m) above the 

highest occupied 

walking surface  

12% 

Carbon 

Dioxide 

(CO2) 

Limit CO2 

concentration to 6% 

at a height of six feet 

6% 

(1.83 m) above the 

highest occupied 

walking surface  

Temperature Limit temperatures to 

a maximum of 140°F 

(60°C) at a height of 

six feet (1.83 m) 

above the highest 

occupied walking 

surface  

140°F(60°C) 

Duration Evaluation/simulation 

time.  

 

20 minutes 
or 1.5 times 
calculated 
egress time, 
whichever is 
greater. 

 

Design Assumptions 

 

The following assumptions were included in the FDS 

modeling analysis of the proposed hangar smoke 

control system: 

• The entire hangar building was included in the 

FDS modeling environment. 

• A maximum 20,000 kW design fire with a fast T-

square fire growth rate was used for the hangar 

smoke control engineering analysis to 

accommodate assembly use for public events, such 

as filming with or without audience, recreational 

events, small-trade shows in the open hangar area. 

• No smoke exhaust or normal HVAC ventilation 

systems was provided or operated during 

simulation duration. 

• The maximum design fire was assumed to be 

located within the footprint of the hangar area and 

was not assumed to be sprinkler controlled due to 

the approximate 192 feet (58.52 m) floor-to-roof 

height. 

• Locating the fire in the center of the hangar high 

bay would be conservative since the fire/smoke 

plume would be located away from walls and 

would be able to entrain more air. The more air-

entrainment, the more smoke was produced, which 

would result in a more conservative evaluation. 

• The soot yield (i.e., the fraction of mass converted 

into smoke particulate) was assumed to be 

approximately 5% to accommodate mixed 

combustible materials (wood and plastics) that may 

be present in the hangar for the 20MW design fires. 

• The Carbon Monoxide (CO) yield was assumed to 

be approximately 3.8% for the mixed combustible 

materials in the hangar for the 20MW design fires. 

• A potential larger design fire size of 30,000 kW 

with a fast T-square fire growth rate was at the 
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blimp maintenance area. A calculated soot yield 

and CO yield were approximately 14% and 7.3%, 

respectively. 

• A default visibility factor of 3 for non-illuminated 

objects (i.e., light-reflecting signs) was used in the 

fire modeling evaluation. (SFPE, 2016) (Klote &al. 

2007) (Klote &al. 2002) 

• The smoke layer needs to be maintained at six (6) 

feet (1.83 m) above the ground floor. 

Fire scenarios in the hangar 

Smoke production generated by a design fire is the 

basis of the performance-based design. Table 2 lists 

four (4) base fire scenarios (ICC, 2015) that were 

evaluated in the deterministic computer fire modeling 

analysis. None of the four (4) fires was sprinkler-

controlled and the hangar was not supplied with 

mechanical smoke exhaust and makeup air system. 

 

Table 2 Four Fire Scenarios for Evaluation 

Fire 

scenario 

Location Fire growth 

rate 

Max. 

HRR 

(kW) 

#1 West of 

Hangar for 

Temporary / 

Interim Use 

Scenario 

Fast, 

T-Square 
Unsteady 

30,000 

 

#2 East of 

Hangar for 

Temporary / 

Interim Use 

Scenario 

Fast, 

T-Square 

Unsteady 

 

20,000 

#3 Center of 

Hangar for 

Buildings 

within 

Hangar 

Scenario 

Fast, 

T-Square 

Unsteady 

20,000 

#4 East of 

Hangar for 

Buildings 

within 

Hangar 

Scenario 

Fast, 

T-Square 

Unsteady 

20,000 

 

Fire scenario simulation results 

 

The FDS analysis demonstrates that the proposed 

hangar smoke control design (i.e., natural 

smoke filling method) will be able to maintain the 

height of the smoke layer at least six (6) feet (1.83 m) 

above the ground floor in the hangar area for greater 

than 1.5 times calculated egress time. 

The following graphs provide examples of the FDS 

modeling analysis results for fire scenario #3, 20,000 

kW t2 -Fast Growth Design Fire in the hangar: 

 

 

 
Figure 2 Isosurface indicating where the temperature is 

140°F (60°C) at 3,600 seconds 

 
Figure 3 Isosurface indicating where the visibility is 33 

ft (10m) at 3,600 seconds 

 
Figure 4 Isosurface indicating where the CO 

concentration is 150 ppm at 3,600 seconds 

 
Figure 5 Isosurface indicating where the CO2 

concentration is 6% at 3,600 seconds 

 
Figure 6 Isosurface indicating where the O2 

concentration is 12% at 3,600 seconds 

 
Figure 7 Vertical Slice indicating where the 

temperature above Ground Floor is 140°F (60°C) at 

3,600 seconds 
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Figure 8 Vertical Slice indicating where the visibility 

above Ground Floor is 33 ft (10m) at 3,600 seconds 

 
Figure 9 Vertical Slice indicating where the CO 

concentration above Ground Floor is 150 ppm at 3,600 

seconds 

 

Hangar Timed Egress Modeling  

A timed egress analysis is intended to estimate the time 

in which building occupants will reach a point of 

safety, i.e. the time at which the last occupant of each 

floor enters the exit.  

 

A timed egress analysis typically evaluates the 

following different egress variables (SFPE, 2016) 

(Klote &al. 2007): 

• Detection Time – Time from fire ignition to 

detection (td ) 

• Notification time – Time from detection to 

notification of occupants of a fire emergency (tn ) 

• Pre-movement Time – Time from notification until 

evacuation commences (te ) 

• Movement Time – Time from start of evacuation 

movement until safety is reached (tm ) 

• Calculated egress time= te  + tm 

• Required safe egress time (RSET) = td  + tn  + 1.5 

(te  + tm ) 

 

Detection Time 

To determine the time to detection, several factors must 

be considered. These include the type of fire detection 

device installed in the building, the layout of the 

building, and visual access throughout the building. 

 

Currently, the high bay area of the hangar building is 

not equipped with any type of fire/smoke 

detection device. The design proposes beam 

smoke detectors be provided within the high bay to 

early detect smoke/fire for the evacuation 

and relocation of occupants. A detection time of 415 

seconds is obtained from the FDS modeling analysis 

based on beam detectors placed 112 feet (34.14 m) 

above the ground floor at a 60-foot (18.29 m) spacing, 

and a detection time of 339 seconds for beam detectors 

placed 112 feet (34.14 m) above the ground floor at a 

48-foot (14.63 m) spacing throughout the hangar for the 

20 MW design fire. 

 

Notification Time 

A notification time of 180 seconds is used in the timed 

egress analysis (NFPA, 2016).  

 

Pre-movement Time 

The pre-movement time is the time required for 

occupants to assess their situation and decide to proceed 

to an exit. There are numerous factors that may affect 

pre-movement time, including the individual’s 

familiarity with the building, the frequency the 

individuals have been subjected to false alarms in the 

past, whether or not the occupant decides to collect 

belongings, etc. This is a very difficult variable to 

determine accurately due to the unquantifiable aspect of 

human behavior. A reasonable premovement time must 

be determined for calculating a total egress time. 

 

The study by British Standards Institute in 1997 (SFPE, 

2016) suggests that for occupants who are within a 

large room or space and can clearly see smoke and 

flames at a distance, a time of 3 minutes should be used 

for the scenario. The high bay of the Hangar consists of 

a large open space having a direct line of sight to 

almost anywhere of the hangar. Therefore, a pre-

movement time (te) of 3 minutes was considered 

appropriate for the purpose of this evaluation. 

 

Movement Time 

The movement time includes travel time to an exit 

component, flow time through that exit component, 

time of the last person to egress to safety, and all 

associated queuing times. The Pathfinder egress 

modeling program was used to calculate the movement 

time. Table 3 summarizes the results of the movement 

time and calculated egress time for four (4) egress 

scenarios with different occupant loads. 

 

Egress scenario #1: Occupants only use all existing 

hangar exit doors. No modifications to existing hangar 

means of egress system. However, the overall exit 

capacity does not comply with the code requirement. 

 

Egress scenario #2: Occupants use all existing hangar 

exit doors. In addition, some existing roll-down doors 

are converted as exits. However, the overall exit 

capacity does not comply with the code requirement. 

 

Egress scenario #3: Occupants use all existing hangar 

exit doors, converted roll-down doors, and new exit 
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doors are added. However, the overall exit capacity 

does not comply with the code requirement.  

 

Egress scenario #4: Occupants use all existing hangar 

exit doors, converted roll-down doors, and more new 

exit doors are added. The overall exit capacity complies 

with the code requirement. 

 

Table 3 Calculated Egress Time in Hangar 

Egress 

Scenario 

Occupant 

Load 
(person) 

Pre-

Move

ment 

Time 
(sec) 

Move

ment 

Time 
(sec) 

1.5 times 

Calculated 

Egress 

Time 
(sec) 

#1 1,000 180 281 692 

2,400 180 495 1,013 

5,700 180 1,041 1,832 

#2 1,000 180 257 656 

2,400 180 462 963 

5,700 180 881 1,592 

#3 1,000 180 140 480 

2,400 180 297 716 

5,700 180 699 1,319 

#4 1,000 180 128 462 

2,400 180 228 612 

5,700 180 488 1,002 

 

Pathfinder Modeling Key Assumptions 

The following key assumptions were included in the 

Pathfinder egress modeling analysis. (SFPE, 2016) 

• An SFPE mode was used to calculate the 

movement time. SFPE mode implements the 

flow-based egress modeling techniques 

presented in the SFPE Handbook of Fire 

Protection Engineering and the SFPE 

Engineering Guide: Human Behavior in Fire. 

The SFPE calculation as described in the 

handbook is a flow model, where walking 

speeds and flow rates through doors and 

corridors are defined. 

• Occupants were assumed to be 60% adults, 

25% junior, and 15% senior. 

• The walking speed of adults was assumed to 
be 250 feet (76.2 m) per minute, 212 feet 

(64.62 m) per minute for the junior, and 200 

feet (60.96 m) per minute for the senior. 

• The effective door width was assumed to be 32 

inches (0.81m) for 3-foot by 7-foot (0.91m by 

2.13m) single doors and 68 inches (1.73m) for 

6-foot by 7-foot (1.83m by 2.13m) pair doors. 

Discussion and Analysis 

The FDS analysis results demonstrate that a tenable 

environment can be maintained for a duration of at least 

2,970 seconds (49.5 minutes) for all design fire 

scenarios, which means that the available safe egress 

time (ASET) of at least 2,970 seconds (49.5 minutes) 

can be achieved. Table 4 below summarizes the ASET 

and the RSET for all design fire and egress scenarios. 

 

Table 4 ASET and RSET of Design Fire and Egress 

Scenarios 

Fire 

scenario 

Egress 

Scenario 

RSET 

(sec) 

ASET 

(sec) 

Safe 

Evacuation 

for 

Occupants 

in Hangar 

#1 1 2,351 3,000 Yes 

2 2,111 3,000 Yes 

3 1,838 3,000 Yes 

4 1,521 3,000 Yes 

#2 1 2,351 2,970 Yes 

2 2,111 2,970 Yes 

3 1,838 2,970 Yes 

4 1,521 2,970 Yes 

#3 1 2,351 3,600 Yes 

2 2,111 3,600 Yes 

3 1,838 3,600 Yes 

4 1,521 3,600 Yes 

#4 1 2,351 3,600 Yes 

2 2,111 3,600 Yes 

3 1,838 3,600 Yes 

4 1,521 3,600 Yes 

     

 

 

 

 

Figure 10:  Pathfinder screenshot showing 1,000 

persons traveling inside hangar and egressing through 

exit doors to the exterior at a movement time of 21 

seconds for Egress Scenario 1 

 

Although it is discovered that the ASET is greater than 

the RSET for all design fire and egress scenarios, when 

comparing and analyzing the results in Table 4, it is 

recommended that the Egress Scenario 3 be designed 

for the proposed re-use of the hangar such that less 

RSET will be required for the safe evacuation of 
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occupants, and fewer modifications will be needed to 

the existing hangar building.  

 Figure 11: Pathfinder results indicate a movement time 

of 281 seconds is required for 1,000 persons to egress 

out of the hangar for Egress Scenario 1 

Conclusion 

Based on the simulation results and analysis, it is 

concluded that the proposed hangar smoke control 

engineering design would provide occupants 

with a safe and tenable means of egress system in the 

event of a fire emergency and would not require 

a significant change to the existing building.  

This research intends to study how building simulations 

could play a vital role in the adaptive re-use design 

process. Notably, this research has demonstrated an 

approach and illustrated a process for evaluating the 

building tenability in terms of fire evacuation: how a 

CFD model of the space in fire coupled with an 

evacuation simulation of the building occupants can 

predict the tenability of the built environment in a fire 

incident and help with the design decision-making. 

Acronym 

ASET available safe egress time 
BIM  Building Information Modeling  
CFD computational fluid dynamics 

FDS Fire Dynamic Simulator  

HVAC heating, ventilation, and air conditioning 

IBC  International Building Code  

ICC  International Code Council 

NFPA National Fire Protection Association 

RSET required safe egress time  

SFPE Society of Fire Protection Engineer 
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