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ABSTRACT

A series of large-scale experiments were conducted in the National Institute of Standards and Technology
(NIST) Large Fire Laboratory from November 4 to December 10, 2003, to assess the accuracy with which
the NIST Fire Dynamics Simulator (FDS) predicts the thermal environment in a burning compartment. In
addition, the experiments established a data set to validate prediction of the heat release rate associated
with the burning of office furnishings similar in type to those found in the World Trade Center (WTC)
towers. The experiments were designed to recreate aspects of the WTC fires including issues associated
with limited ventilation, fire spread and growth on real furnishings, and the effects of debris and jet fuel
on the heat release rate of fires burning under conditions believed to be similar to those occurring on
September 11, 2001.

Within a steel-frame compartment (nominally 3 m by 7 m by 4 m high) lined with calcium silicate boards
were placed three computer workstations (office modules or workstations) composed of tables, desks,
fabric-lined partitions, carpeting, a task chair, paper-filled filing cabinets and bookshelves, as well as a
personal computer, keyboard, and monitor. The same configuration of furnishings was used in all
experiments except one in which the workstation components were rearranged into component pieces to
represent a disrupted non-standard configuration, which may have occurred as aircraft entered the WTC
structure. In some of the experiments, several liters of jet fuel were distributed about the workstation
components or ceiling tiles within the compartment until a large percentage of the horizontal surfaces of
the furnishings were covered. A 2 MW hydrocarbon fire generated by nozzles spraying onto a 1 m by

2 m pan was used to ignite the compartment furnishings. The fuel was a commercial blend of heptane
isomers.

Six fire experiments were conducted and nearly 70 instruments were used to measure a number of
important variables including the heat release rate of the fire and the vertical profiles of gas phase
temperatures. A 2 MW hydrocarbon spray fire burning for 10 min (or 2 min if jet fuel was present) was
used to ignite the furniture. A fire spread through the workstations and was allowed to burn until the
compartment contents became a charred jumble and the heat release rate was small, which was typically
one hour after fire initiation. The measurements led to findings regarding the thermal behavior of the
compartment and the importance of the jet fuel and the presence of dislodged ceiling tiles.

The FDS software was used to simulate the heat release rate and thermal environment in the compartment
prior to the experiments. FDS predicted the peak upper layer gas temperature to within approximately

10 percent of the measurements on average, which was good agreement considering model sensitivity to
input parameters such as the heat release rate and experimental uncertainties associated with the
measurement. A comparison of the predictions with other measurements was also good. The results of
the comparison of the FDS calculations with measurements provided confidence in the application of
FDS to the analysis of the thermal environment in compartments with multiple office workstations
burning, which is a key part of the WTC Investigation.

Keywords: fire model, heat release rate, World Trade Center.
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World Trade Center 2 (South Tower)

World Trade Center 7

Abbreviations

°C
°F
um

degrees Celsius
degrees Fahrenheit

micrometer
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ft
GJ
GW

Kg
kJ
kw
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MW

min

XVi

centimeter

gram
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gigajoule
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kilowatt

liter

meter

square meter
cubic meter
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megaJoule
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minute
second

watt
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PREFACE

Genesis of This Investigation

Immediately following the terrorist attack on the World Trade Center (WTC) on September 11, 2001, the
Federal Emergency Management Agency (FEMA) and the American Society of Civil Engineers began
planning a building performance study of the disaster. The week of October 7, as soon as the rescue and
search efforts ceased, the Building Performance Study Team went to the site and began their assessment.
This was to be a brief effort, as the study team consisted of experts who largely volunteered their time
away from their other professional commitments. The Building Performance Study Team issued their
report in May 2002, fulfilling their goal “to determine probable failure mechanisms and to identify areas
of future investigation that could lead to practical measures for improving the damage resistance of
buildings against such unforeseen events.”

On August 21, 2002, with funding from the U.S. Congress through FEMA, the National Institute of
Standards and Technology (NIST) announced its building and fire safety investigation of the WTC
disaster. On October 1, 2002, the National Construction Safety Team Act (Public Law 107-231), was
signed into law. The NIST WTC Investigation was conducted under the authority of the National
Construction Safety Team Act.

The goals of the investigation of the WTC disaster were:
e To investigate the building construction, the materials used, and the technical conditions that
contributed to the outcome of the WTC disaster.
e To serve as the basis for:
— Improvements in the way buildings are designed, constructed, maintained, and used,
— Improved tools and guidance for industry and safety officials;
— Recommended revisions to current codes, standards, and practices; and

— Improved public safety.
The specific objectives were:
1. Determine why and how WTC 1 and WTC 2 collapsed following the initial impacts of the
aircraft and why and how WTC 7 collapsed;

2. Determine why the injuries and fatalities were so high or low depending on location,
including all technical aspects of fire protection, occupant behavior, evacuation, and
emergency response;

3. Determine what procedures and practices were used in the design, construction, operation,
and maintenance of WTC 1, 2, and 7; and

4. ldentify, as specifically as possible, areas in current building and fire codes, standards, and
practices that warrant revision.
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NIST is a nonregulatory agency of the U.S. Department of Commerce’s Technology Administration. The
purposes of NIST investigations under the National Construction Safety Team Act are to improve the
safety and structural integrity of buildings in the United States, and the focus is on fact finding. NIST
investigative teams are required to assess building performance and emergency response and evacuation
procedures in the wake of any building failure that has resulted in substantial loss of life or that posed
significant potential of substantial loss of life. NIST does not have the statutory authority to make
findings of fault or negligence by individuals or organizations. Further, no part of any report resulting
from a NIST investigation into a building failure or from an investigation under the National Construction
Safety Team Act may be used in any suit or action for damages arising out of any matter mentioned in
such report (15 USC 2814, as amended by Public Law 107-231).

Organization of the Investigation

The National Construction Safety Team for this Investigation, appointed by the NIST Director, was led
by Dr. S. Shyam Sunder. Dr. William L. Grosshandler served as Associate Lead Investigator,

Mr. Stephen A. Cauffman served as Program Manager for Administration, and Mr. Harold E. Nelson
served on the team as a private sector expert. The Investigation included eight interdependent projects
whose leaders comprised the remainder of the team. A detailed description of each of these eight projects
is available at http://wtc.nist.gov. The purpose of each project is summarized in Table P-1, and the key
interdependencies among the projects are illustrated in Figure P-1.

Table P-1. Federal building and fire safety investigation of the WTC disaster.

Technical Area and Project Leader

Project Purpose

Analysis of Building and Fire Codes and
Practices; Project Leaders: Dr. H. S. Lew
and Mr. Richard W. Bukowski

Document and analyze the code provisions, procedures, and
practices used in the design, construction, operation, and
maintenance of the structural, passive fire protection, and
emergency access and evacuation systems of WTC 1, 2, and 7.

Baseline Structural Performance and
Aircraft Impact Damage Analysis; Project
Leader: Dr. Fahim H. Sadek

Analyze the baseline performance of WTC 1 and WTC 2 under
design, service, and abnormal loads, and aircraft impact damage on
the structural, fire protection, and egress systems.

Mechanical and Metallurgical Analysis of
Structural Steel; Project Leader: Dr. Frank
W. Gayle

Determine and analyze the mechanical and metallurgical properties
and quality of steel, weldments, and connections from steel
recovered from WTC 1, 2, and 7.

Investigation of Active Fire Protection
Systems; Project Leader: Dr. David
D. Evans

Investigate the performance of the active fire protection systems in
WTC 1, 2, and 7 and their role in fire control, emergency response,
and fate of occupants and responders.

Reconstruction of Thermal and Tenability
Environment; Project Leader: Dr. Richard
G. Gann

Reconstruct the time-evolving temperature, thermal environment,
and smoke movement in WTC 1, 2, and 7 for use in evaluating the
structural performance of the buildings and behavior and fate of
occupants and responders.

Structural Fire Response and Collapse
Analysis; Project Leaders: Dr. John
L. Gross and Dr. Therese P. McAllister

Analyze the response of the WTC towers to fires with and without
aircraft damage, the response of WTC 7 in fires, the performance
of composite steel-trussed floor systems, and determine the most
probable structural collapse sequence for WTC 1, 2, and 7.

Occupant Behavior, Egress, and Emergency
Communications; Project Leader: Mr. Jason
D. Averill

Analyze the behavior and fate of occupants and responders, both
those who survived and those who did not, and the performance of
the evacuation system.

Emergency Response Technologies and
Guidelines; Project Leader: Mr. J. Randall
Lawson

Document the activities of the emergency responders from the time
of the terrorist attacks on WTC 1 and WTC 2 until the collapse of
WTC 7, including practices followed and technologies used.

XViii
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NIST WTC Investigation Projects

WTC Building
Performance
Recommendal
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Government,
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Records
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NIST

Figure P-1. The eight projects in the federal building and fire safety
investigation of the WTC disaster.

National Construction Safety Team Advisory Committee

The NIST Director also established an advisory committee as mandated under the National Construction
Safety Team Act. The initial members of the committee were appointed following a public solicitation.
These were:

e Paul Fitzgerald, Executive Vice President (retired) FM Global, National Construction Safety
Team Advisory Committee Chair

e John Barsom, President, Barsom Consulting, Ltd.

e John Bryan, Professor Emeritus, University of Maryland

e David Collins, President, The Preview Group, Inc.

e Glenn Corbett, Professor, John Jay College of Criminal Justice

e Philip DiNenno, President, Hughes Associates, Inc.
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¢ Robert Hanson, Professor Emeritus, University of Michigan

e Charles Thornton, Co-Chairman and Managing Principal, The Thornton-Tomasetti Group,
Inc.

o Kathleen Tierney, Director, Natural Hazards Research and Applications Information Center,
University of Colorado at Boulder

e Forman Williams, Director, Center for Energy Research, University of California at San
Diego

This National Construction Safety Team Advisory Committee provided technical advice during the
Investigation and commentary on drafts of the Investigation reports prior to their public release.

Public Outreach

During the course of this Investigation, NIST held public briefings and meetings (listed in Table P-2) to
solicit input from the public, present preliminary findings, and obtain comments on the direction and
progress of the Investigation from the public and the Advisory Committee.

NIST maintained a publicly accessible Web site during this Investigation at http://wtc.nist.gov. The site
contained extensive information on the background and progress of the Investigation.

NIST's WTC Public-Private Response Plan

The collapse of the WTC buildings has led to broad reexamination of how tall buildings are designed,
constructed, maintained, and used, especially with regard to major events such as fires, natural disasters,
and terrorist attacks. Reflecting the enhanced interest in effecting necessary change, NIST, with support
from Congress and the Administration, has put in place a program, the goal of which is to develop and
implement the standards, technology, and practices needed for cost-effective improvements to the safety
and security of buildings and building occupants, including evacuation, emergency response procedures,
and threat mitigation.

The strategy to meet this goal is a three-part NIST-led public-private response program that includes:

o A federal building and fire safety investigation to study the most probable factors that
contributed to post-aircraft impact collapse of the WTC towers and the 47-story WTC 7
building, and the associated evacuation and emergency response experience.

e Aresearch and development (R&D) program to (a) facilitate the implementation of
recommendations resulting from the WTC Investigation, and (b) provide the technical basis
for cost-effective improvements to national building and fire codes, standards, and practices
that enhance the safety of buildings, their occupants, and emergency responders.
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Table P-2. Public meetin

s and briefings of the WTC Investigation.

Date

Location

Principal Agenda

June 24, 2002

New York City, NY

Public meeting: Public comments on the Draft Plan for the
pending WTC Investigation.

August 21, 2002

Gaithersburg, MD

Media briefing announcing the formal start of the Investigation.

December 9, 2002

Washington, DC

Media briefing on release of the Public Update and NIST request
for photographs and videos.

April 8, 2003

New York City, NY

Joint public forum with Columbia University on first-person
interviews.

April 29-30, 2003

Gaithersburg, MD

National Construction Safety Team (NCST) Advisory Committee
meeting on plan for and progress on WTC Investigation with a
public comment session.

May 7, 2003

New York City, NY

Media briefing on release of the May 2003 Progress Report.

August 26-27, 2003

Gaithersburg, MD

NCST Advisory Committee meeting on status of WTC
investigation with a public comment session.

September 17, 2003

New York City, NY

Media briefing and public briefing on initiation of first-person
data collection projects.

December 2-3, 2003

Gaithersburg, MD

NCST Advisory Committee meeting on status and initial results
and the release of the Public Update with a public comment
session.

February 12, 2004

New York City, NY

Public meeting: Briefing on progress and preliminary findings
with public comments on issues to be considered in formulating
final recommendations.

June 18, 2004

New York City, NY

Media briefing and public briefing on release of the June 2004
Progress Report.

June 22-23, 2004

Gaithersburg, MD

NCST Advisory Committee meeting on the status of and
preliminary findings from the WTC Investigation with a public
comment session.

August 24, 2004

Northbrook, IL

Public viewing of standard fire resistance test of WTC floor
system at Underwriters Laboratories, Inc.

October 19-20, 2004

Gaithersburg, MD

NCST Advisory Committee meeting on status and near complete
set of preliminary findings with a public comment session.

November 22, 2004

Gaithersburg, MD

NCST Advisory Committee discussion on draft annual report to
Congress, a public comment session, and a closed session to
discuss pre-draft recommendations for WTC Investigation.

April 5, 2005

New York City, NY

Media briefing and public briefing on release of the probable
collapse sequence for the WTC towers and draft reports for the
projects on codes and practices, evacuation, and emergency
response.

June 23, 2005

New York City, NY

Media briefing and public briefing on release of all draft reports
and draft recommendations for public comment.

e A dissemination and technical assistance program (DTAP) to (a) engage leaders of the
construction and building community in ensuring timely adoption and widespread use of
proposed changes to practices, standards, and codes resulting from the WTC Investigation
and the R&D program, and (b) provide practical guidance and tools to better prepare facility
owners, contractors, architects, engineers, emergency responders, and regulatory authorities

to respond to future disasters.

The desired outcomes are to make buildings, occupants, and first responders safer in future disaster

events.
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National Construction Safety Team Reports on the WTC Investigation

A draft of the final report on the collapses of the WTC towers is being issued as NIST NCSTAR 1. A
companion report on the collapse of WTC 7 is being issued as NIST NCSTAR 1A. The present report is
one of a set that provides more detailed documentation of the Investigation findings and the means by
which these technical results were achieved. As such, it is part of the archival record of this Investigation.
The titles of the full set of Investigation publications are:

NIST (National Institute of Standards and Technology). 2005. Federal Building and Fire Safety
Investigation of the World Trade Center Disaster: Final Report of the National Construction Safety Team
on the Collapses of the World Trade Center Towers. NIST NCSTAR 1. Gaithersburg, MD, September.

NIST (National Institute of Standards and Technology). 2005. Federal Building and Fire Safety
Investigation of the World Trade Center Disaster: Final Report of the National Construction Safety Team
on the Collapse of World Trade Center 7. NIST NCSTAR 1A. Gaithersburg, MD, December.

Lew, H. S., R. W. Bukowski, and N. J. Carino. 2005. Federal Building and Fire Safety Investigation of
the World Trade Center Disaster: Design, Construction, and Maintenance of Structural and Life Safety
Systems. NIST NCSTAR 1-1. National Institute of Standards and Technology. Gaithersburg, MD,
September.

Fanella, D. A., A. T. Derecho, and S. K. Ghosh. 2005. Federal Building and Fire Safety
Investigation of the World Trade Center Disaster: Design and Construction of Structural Systems.
NIST NCSTAR 1-1A. National Institute of Standards and Technology. Gaithersburg, MD,
September.

Ghosh, S. K., and X. Liang. 2005. Federal Building and Fire Safety Investigation of the World
Trade Center Disaster: Comparison of Building Code Structural Requirements. NIST
NCSTAR 1-1B. National Institute of Standards and Technology. Gaithersburg, MD, September.

Fanella, D. A., A. T. Derecho, and S. K. Ghosh. 2005. Federal Building and Fire Safety
Investigation of the World Trade Center Disaster: Maintenance and Modifications to Structural
Systems. NIST NCSTAR 1-1C. National Institute of Standards and Technology. Gaithersburg,
MD, September.

Grill, R. A., and D. A. Johnson. 2005. Federal Building and Fire Safety Investigation of the World
Trade Center Disaster: Fire Protection and Life Safety Provisions Applied to the Design and
Construction of World Trade Center 1, 2, and 7 and Post-Construction Provisions Applied after
Occupancy. NIST NCSTAR 1-1D. National Institute of Standards and Technology. Gaithersburg,
MD, September.

Razza, J. C., and R. A. Grill. 2005. Federal Building and Fire Safety Investigation of the World
Trade Center Disaster: Comparison of Codes, Standards, and Practices in Use at the Time of the
Design and Construction of World Trade Center 1, 2, and 7. NIST NCSTAR 1-1E. National
Institute of Standards and Technology. Gaithersburg, MD, September.

Grill, R. A, D. A. Johnson, and D. A. Fanella. 2005. Federal Building and Fire Safety
Investigation of the World Trade Center Disaster: Comparison of the 1968 and Current (2003) New
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York City Building Code Provisions. NIST NCSTAR 1-1F. National Institute of Standards and
Technology. Gaithersburg, MD, September.

Grill, R. A, and D. A. Johnson. 2005. Federal Building and Fire Safety Investigation of the World
Trade Center Disaster: Amendments to the Fire Protection and Life Safety Provisions of the New
York City Building Code by Local Laws Adopted While World Trade Center 1, 2, and 7 Were in
Use. NIST NCSTAR 1-1G. National Institute of Standards and Technology. Gaithersburg, MD,
September.

Grill, R. A., and D. A. Johnson. 2005. Federal Building and Fire Safety Investigation of the World
Trade Center Disaster: Post-Construction Modifications to Fire Protection and Life Safety Systems
of World Trade Center 1 and 2. NIST NCSTAR 1-1H. National Institute of Standards and
Technology. Gaithersburg, MD, September.

Grill, R. A, D. A. Johnson, and D. A. Fanella. 2005. Federal Building and Fire Safety Investigation
of the World Trade Center Disaster: Post-Construction Modifications to Fire Protection, Life
Safety, and Structural Systems of World Trade Center 7. NIST NCSTAR 1-11. National Institute of
Standards and Technology. Gaithersburg, MD, September.

Grill, R. A., and D. A. Johnson. 2005. Federal Building and Fire Safety Investigation of the World
Trade Center Disaster: Design, Installation, and Operation of Fuel System for Emergency Power in
World Trade Center 7. NIST NCSTAR 1-1J. National Institute of Standards and Technology.
Gaithersburg, MD, September.

Sadek, F. 2005. Federal Building and Fire Safety Investigation of the World Trade Center Disaster:
Baseline Structural Performance and Aircraft Impact Damage Analysis of the World Trade Center
Towers. NIST NCSTAR 1-2. National Institute of Standards and Technology. Gaithersburg, MD,
September.

Faschan, W. J., and R. B. Garlock. 2005. Federal Building and Fire Safety Investigation of the
World Trade Center Disaster: Reference Structural Models and Baseline Performance Analysis of
the World Trade Center Towers. NIST NCSTAR 1-2A. National Institute of Standards and
Technology. Gaithersburg, MD, September.

Kirkpatrick, S. W., R. T. Bocchieri, F. Sadek, R. A. MacNeill, S. Holmes, B. D. Peterson,

R. W. Cilke, C. Navarro. 2005. Federal Building and Fire Safety Investigation of the World Trade
Center Disaster: Analysis of Aircraft Impacts into the World Trade Center Towers, NIST
NCSTAR 1-2B. National Institute of Standards and Technology. Gaithersburg, MD, September.

Gayle, F. W., R. J. Fields, W. E. Luecke, S. W. Banovic, T. Foecke, C. N. McCowan, T. A. Siewert, and
J. D. McColskey. 2005. Federal Building and Fire Safety Investigation of the World Trade Center
Disaster: Mechanical and Metallurgical Analysis of Structural Steel. NIST NCSTAR 1-3. National
Institute of Standards and Technology. Gaithersburg, MD, September.

Luecke, W. E., T. A. Siewert, and F. W. Gayle. 2005. Federal Building and Fire Safety
Investigation of the World Trade Center Disaster: Contemporaneous Structural Steel
Specifications. NIST Special Publication 1-3A. National Institute of Standards and Technology.
Gaithersburg, MD, September.
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Banovic, S. W. 2005. Federal Building and Fire Safety Investigation of the World Trade Center
Disaster: Steel Inventory and Identification. NIST NCSTAR 1-3B. National Institute of Standards
and Technology. Gaithersburg, MD, September.

Banovic, S. W., and T. Foecke. 2005. Federal Building and Fire Safety Investigation of the World
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NCSTAR 1-3C. National Institute of Standards and Technology. Gaithersburg, MD, September.
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NCSTAR 1-4. National Institute of Standards and Technology. Gaithersburg, MD, September.

Kuligowski, E. D., and D. D. Evans. 2005. Federal Building and Fire Safety Investigation of the
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NCSTAR 1-4A. National Institute of Standards and Technology. Gaithersburg, MD, September.

Hopkins, M., J. Schoenrock, and E. Budnick. 2005. Federal Building and Fire Safety Investigation
of the World Trade Center Disaster: Fire Suppression Systems. NIST NCSTAR 1-4B. National
Institute of Standards and Technology. Gaithersburg, MD, September.

Keough, R. J., and R. A. Grill. 2005. Federal Building and Fire Safety Investigation of the World
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EXECUTIVE SUMMARY

This report represents part of the reconstruction of the thermal and tenability environment of the World
Trade Center (WTC) Investigation, which was used to evaluate the structural performance of the
buildings. As part of this endeavor, the National Institute of Standards and Technology (NIST) Fire
Dynamic Simulator (FDS), a computational model of fire and its effects, was used to reconstruct the time-
evolving temperature, thermal environment, and smoke movement in WTC 1, 2, and 7. The FDS is one
of the first large-domain computational fluid dynamics (CFD) fire codes that predicts and visualizes the
spread, growth and suppression of a fire based on the underlying scientific principles governing fluid
motion. The code numerically solves the modeled conservation equations of mass, momentum and
energy that govern low-speed, thermally driven flows with an emphasis on smoke and heat transport from
fires. The companion software package, called Smokeview, graphically presents the results of the FDS
three-dimensional time-dependent simulation. Smokeview animates in three dimensions the smoke
particulates, heat fluxes, temperatures and fluid velocities within a building. The FDS/Smokeview
software package allows viewing of the simulated results from any angle and from inside or outside the
computational boundaries.

For application to the WTC Investigation, FDS needed experimental data to guide the adaptation and
development of the model for this specific purpose, and to ascertain the accuracy of the model
predictions. ldeally, the uncertainty in the agreement with experiments would be much smaller than the
effect of varying the unknowns in the actual conditions that occurred on September 11, 2001. As part of
the NIST-led Investigation, the results of the FDS calculations were used as input to the NIST Fire-
Structure Interface (FSI) software, which was then used to calculate the heat transfer from the fire to steel
members that were part of the WTC buildings. The FSI used the information generated by FDS on the
thermal environment and coupled that information to a transient, three-dimensional finite element model
with a different grid structure. The coupling was used to help determine the thermal response of simple
and complex steel members that were part of the WTC buildings.

To gain confidence in the accuracy of these models as applied to the WTC Investigation, two large-scale
test series were conducted to test the numerical computations, plus various small-scale experiments were
conducted to provide FDS with input data. The two large-scale test series involved fires in compartments
with approximately the same height as a floor in the WTC towers, and both series of experiments were
conducted in the NIST Large Fire Laboratory. The results of the first series of tests are described in detail
in NIST NCSTAR 1-5B* The objective of the first series of experiments was to assess the accuracy with
which the FDS predicted the thermal environment in a burning compartment and to establish a data set to
test the prediction of the temperature rise in the structural steel components. A liquid fuel spray burner
was used to generate a fixed amount of energy in a compartment that was fitted with various targets and
obstructions, including steel structural members such as columns, trusses and rods. The heat release rate
drives compartment fire effects, including radiative and convective heat transfer within the compartment
and the temperature rise of the gases and the contents of the compartment and its surfaces. The fire sizes
tested were between 1.9 MW and 3.4 MW to assure that the structural components were immersed in

1 This reference is to one of the companion documents from this Investigation. A list of these documents appears in the Preface
of this report.
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flames and hot gases. The fuels used were well-characterized hydrocarbons or a mixture of
hydrocarbons, selected to cover the expected range of soot loading in fires generated by typical office
furnishings. The fire conditions were over-ventilated, that is the rate of burning was fuel limited and not
limited by the availability of oxygen.

The second series of large-scale experiments described in this report were quite different from the first
series of experiments. These experiments were also conducted in the NIST Large Fire Laboratory. The
objective of the second study was to assess the accuracy with which the FDS predicted the thermal
environment in a burning compartment and to establish a data set to test predictions of the heat release
rate associated with the burning of office furnishings similar to those found in the WTC towers. The
experiments were designed to recreate aspects of the WTC fires, including issues associated with limited
ventilation, fire spread and growth on real furnishings, and the effects of debris and jet fuel on the heat
release rate of the fires. A large experimental compartment was fabricated in which office workstations
representative of typical office furnishings, not unlike those found in WTC 1, 2, and 7, were burned under
conditions believed to be similar to those occurring on September 11, 2001. This series of experiments
investigated the accuracy of the fire model for under-ventilated conditions in which burning was limited
by the availability of oxygen.

Three computer workstations (office modules or workstations) composed of desks, fabric-lined partitions,
carpeting, a task chair, paper-filled filing cabinets and bookshelves, as well as a personal computer,
keyboard, and monitor were placed within a steel-frame compartment (nominally 3m by 7 m by 4 m
high) lined with calcium silicate boards. The same configuration of furnishings was used in all
experiments except one, in which the workstation components were rearranged or broken into component
pieces to represent a disrupted, non-standard configuration, which may have occurred as aircraft entered
the WTC structures. In some of the experiments, several liters of jet fuel were poured over the
workstation components. In some experiments, ceiling tiles were distributed about the compartment,
simulating collapse of the drop ceiling. These tiles covered a large percentage of the horizontal surfaces
of the furnishings. A 2 MW hydrocarbon fire generated by four nozzles spraying onto a 1 m by 2 m pan
was used to ignite the compartment furnishings. A commercial blend of heptane isomers was used as

the fuel.

Six fire experiments were conducted, and nearly 70 instruments were used to measure a number of
important variables, including the heat release rate of the fire and the vertical profiles of gas phase
temperatures. The overall fire behavior was documented using video cameras, viewing the fire from
different orientations. Following the establishment of baseline signals from all the measurement devices,
the spray burner, and when present, the jet fuel were ignited. The spray fire continued to burn at a steady
rate for 10 min (or 2 min if jet fuel was present). The fire spread through the workstations and was
allowed to burn until the compartment contents had become an unrecognizable charred jumble and the
heat release rate was small, which was typically 1 hour after fire initiation. The measurements led to
findings regarding the thermal behavior of the compartment and the importance of the jet fuel and the
presence of the ceiling tiles.

o |Inthe presence of jet fuel, the fire spread rapidly, and the heat release rate reached a
maximum within a few minutes.

e The intact ceiling tiles had little apparent impact on the rate of fire spread or the heat release
rate.
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e Upper layer temperatures obtained values as high as 800 °C to 1,200 °C after 20 min to
30 min of exposure, depending on the exact location within the compartment and the test
conditions.

e The measured mass loss burning rate of workstations reconfigured into “rubble” to represent
what may have occurred as aircraft entered the WTC structure was about 40 percent smaller
than that of workstations burning in a standard configuration.

e The value of the measured heat release rate suggests that burning conditions during the
second series of experiments were underventilated or oxygen limited.

An independent series of reduced-scale experiments was performed on the burning of a single office
workstation in the open, with and without the presence of ceiling tiles and jet fuel (refer to NIST
NCSTAR 1-5C), in an effort to calibrate the FDS calculation for the simulations described in this report.
The results of the reduced-scale experiments were used as input for FDS, which was then used to simulate
the fire spread and growth, heat release rate, and the thermal environment associated with the burning of
multiple workstations in a compartment. The numerical accuracy of the FDS predictions was determined
through quantitative comparison with the measurements. The comparison of predictions with
measurements showed that:

o FDS was able to accurately predict the general shape and magnitude of the time dependent
heat release rate.

o FDS predicted the time at which one-half of the energy was released to within approximately
3 min or 22 percent of the measurements.

o FDS predicted the value of the heat release rate when one-half of the energy was released to
within 1.1 MW or 9 percent of the measurements on average, which was accurate considering
the measurement uncertainty.

e FDS predicted the duration of significant heating of the fires to within approximately 6 min
or 15 percent of the measurements on average, although the long tail in the heat release rate
curve was under-predicted.

o FDS predicted the peak upper layer gas temperature to within approximately 10 percent of
the measurements on average, which was good agreement considering model sensitivity to
input parameters such as the heat release rate and uncertainties associated with the
measurement.

This study provided a check on the accuracy of the FDS, and the results provided confidence in the
application of FDS to the analysis of the thermal environment in compartments with multiple office
workstations burning, which is a key part of the investigation of the WTC fires and collapse.
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Chapter 1
INTRODUCTION

11 MODELING AS AN INVESTIGATIVE TOOL

Reconstructing the fires and their impact on structural components in the World Trade Center (WTC)
buildings on September 11, 2001, requires extensive use of computational models. WTC buildings 1, 2,
and 7 each survived for a different length of time from the start of the disaster. The duration of their
survival resulted from complex interactions among the features of the building construction, the initial
damage to the building, and the ensuing fires. Accurate computational modeling is critical to the
Investigation because of this complexity and because so little direct evidence is available. While the
Investigation Team has compiled and catalogued an extensive array of photographs and video records,
these are limited to perspectives external to the building. They cast little light on the physical damage and
the progress of the fires inside the immediate vicinity of the windows and other openings. Analysis of the
recovered WTC steel provides limited indication of the maximum temperatures experienced. However,
this analysis cannot identify the times at which these peak temperatures were reached and the time-
varying history of the thermal environment throughout the buildings. This type of information, combined
with characterization of the building damage from the incident aircraft (WTC 1 and WTC 2) or from
debris from the collapsing towers (WTC 7), is central to assessing the plausibility of various possible
explanations for the collapse of the three buildings. Computer simulation of the fires includes
consideration of such factors as:

e The initial building damage (exterior and interior);
e The nature, quantity, and distribution of the combustibles and debris; and
e Changes in the ventilation as the fires progressed.

Additional modeling of the transfer of heat from the fire to the structural components complements these
modeling considerations. Combined, the simulations then produce a complete thermal history, filling in
the gaps left by the paucity of information. Simulations that capture the essence of the photographic
evidence and the occupant accounts are then presumed to be the more probable replications of the actual
events.

For the use of such models to be a viable investigative tool, it is essential to know the accuracy with
which the models capture the physical phenomena of the fires and the concurrent heat transfer to the
building structure. Two large-scale test series were conducted to ascertain the accuracy of the numerical
model, and various small-scale experiments were conducted to provide the model with input data for
different materials. The two large-scale test series involved fires in compartments with approximately the
same height as a floor in the WTC towers. Both series of experiments were conducted in the National
Institute of Standards and Technology (NIST) Large Fire Laboratory. The results of the first series of
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tests are described in detail in NIST NCSTAR 1-5B." The objective of that series of experiments was to
assess the accuracy with which the NIST Fire Dynamics Simulator (FDS) predicted the thermal
environment in a burning compartment and to establish a data set to evaluate the prediction of the
temperature rise of structural steel components. In those experiments, a liquid fuel spray burner was used
to generate a fixed amount of energy in a compartment that was fitted with various targets and
obstructions, including steel objects such as columns, trusses, and rods. The fire sizes tested were
between 1.9 MW and 3.4 MW to assure that the structural components were immersed in flames and hot
gases. The fuels used were well-characterized hydrocarbons or a mixture of hydrocarbons, selected to
cover the expected range of soot loading in fires generated by typical office furnishings. The fire
conditions were over-ventilated, that is, the rate of burning was fuel limited and not limited by the
availability of oxygen.

The second series of experiments described in this report was quite different. The objective of the second
study was to assess the accuracy with which the NIST FDS predicted the thermal environment in a
burning compartment and to establish a data set to evaluate prediction of the heat release rate associated
with the burning of typical office furnishings. The experiments were designed to recreate aspects of the
WTC fires including complex phenomena such as limited ventilation, fire spread and growth on real
furnishings, and the effects of debris and jet fuel on the heat release rate of the fires. A large
compartment was used in which office workstations comparable to those in WTC 1, 2, and 7 were burned
under conditions believed to be similar to those that occurred on September 11, 2001. This report
documents this series of experiments and the comparison of the FDS simulation with the measurements in
an effort to determine the accuracy of the model for use in the WTC Investigation.

An independent series of reduced-scale experiments was performed on the burning of a single office
workstation in the open, with and without the presence of ceiling tiles and jet fuel (NIST NCSTAR 1-5C)
in an effort to calibrate the FDS calculation for the simulations described in this report. The results of the
reduced-scale experiments were used as input for FDS, which was then used to simulate the fire spread
and growth, heat release rate, and the thermal environment associated with the burning of multiple
workstations in a compartment. The numerical accuracy of the FDS predictions was determined through
guantitative comparison with the measurements.

1.2 OVERVIEW OF EXPERIMENTS

A series of large-scale experiments was conducted in the NIST Large Fire Laboratory from November 4
to December 10, 2003. Workstations, arranged in a manner that is typical of a modern office were placed
within a steel-frame compartment (3 m by 7 m by 4 m) lined with calcium silicate board (referred to as
Marinite). The workstations were composed of several components including desks, a chair, a computer,
etc. The fire was initiated by introducing liquid heptane through a four-nozzle spray burner onto a 1 m by
2 m pan that was adjacent to one of the workstations and, when present, by igniting jet fuel that had been
distributed throughout each of the workstations. The experimental configuration and fire scenarios were
selected to examine the effects of (1) the presence of ceiling tiles, (2) the presence of jet fuel, (3) the
effect of changing the fuel configuration by breaking the furniture into “piles of rubble.”

1 This reference is to one of the companion documents from this Investigation. A list of these documents appears in the Preface
of this report.

2 NIST NCSTAR 1-5E, WTC Investigation



Draft for Public Comment Introduction

Six experiments were designed to assess the accuracy with which FDS predicts the fire spread, heat
release rate, and thermal environment in a compartment burning multiple workstations in a configuration
representative of that found in the WTC buildings. In each of these experiments, sets of three
workstations, identical to the generic workstations tested previously in the open (NIST NCSTAR 1-5C),
were burned in a large compartment with a limited number of openings.

The experimental configuration included natural ventilation flowing through windows along one portion
of one wall of the compartment. Fresh air entered and combustion products were exhausted through the
openings. Such a configuration may have occurred in the WTC fires as ventilation was restricted to flow
in and out through open windows. The experimental configuration and fire scenarios were selected to
examine the effects of underventilated burning of realistic furnishings, the presence of jet fuel, and the
presence of ceiling tiles. The under-ventilated fire scenario is a challenging test of the fire model. The
efficacy of the model has recently been investigated under over-ventilated burning conditions in an
independent series of experiments (Hamins et al. 2004).

In summary, the objectives of this study were to assess the accuracy of the FDS predictions of the thermal
environment in a burning compartment that recreated salient aspects of the WTC tower fires through
comparison with a series of measurements.

1.3 OVERVIEW OF THE FIRE DYNAMICS SIMULATOR

The WTC fires were modeled using the NIST Fire Dynamics Simulator/Smokeview (McGrattan 2004)
software package. The FDS is one of the first large-domain computational fluid dynamics (CFD) fire
models that predicts the spread, growth, and suppression of a fire based on the underlying scientific
principles governing fluid motion. Smokeview is an OpenGL graphics based software for visualizing
information from large calculations. The purpose of computing is insight, not numbers. Focused on this
objective, Smokeview facilitates an understanding of calculation output through visualization of the
results. Smokeview animates FDS results in a variety of user selected modes, including the trajectory of
smoke, and slices of the temperature and velocity fields within the three-dimensional domain.

The model numerically solves the conservation equations of mass, momentum, and energy that govern
low-speed, thermally driven flows with an emphasis on smoke and heat transport from fires. The
formulation of the equations and the numerical algorithm are contained in a companion document, called
Fire Dynamics Simulator (Version 4) — Technical Reference Guide (McGrattan 2004). The models and
their documentation are freely available to the public on the World Wide Web at the NIST site
http://www.fire.nist.gov/fds. This site provides links to a setup program for PC installation. It also
contains documentation for Smokeview and FDS, sample calculations, software updates, and links for
providing feedback about the software.

The core algorithm is an explicit predictor-corrector scheme, second order accurate in space and time.
Turbulence is treated by means of the Smagorinsky form of Large Eddy Simulation (LES). For most
applications, FDS uses a mixture fraction combustion model. Radiative heat transfer is included in the
model via the solution of the radiation transport equation for a non-scattering gray gas, and in some
limited cases using a wide-band model. The equation is solved using a technique similar to finite-volume
methods for convective transport and uses approximately 100 discrete angles. All solid surfaces are
assigned thermal boundary conditions, and information about the burning behavior of the material. More
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detailed information regarding the FDS software is discussed in Chapter 10 of this report and in the
technical reference guide (McGrattan 2004) and references therein.

The companion software package, called Smokeview, graphically presents the results of the FDS three-
dimensional time-dependent simulation. Smokeview is a software tool designed to visualize numerical
predictions generated by FDS. FDS and Smokeview are used in concert to respectively model and
visualize fire phenomena. Smokeview visualizes both dynamic and static data. Dynamic data is
visualized by animating particle flow (showing location and “values” of tracer particles), 2D contour
slices (both within the domain and on solid surfaces), and 3D level surfaces. 2D contour slices can also
be drawn with colored vectors that use velocity data to show flow direction, speed, and value. Static data
are visualized similarly by drawing 2D contours, vector plots, and 3D level surfaces anywhere within a
simulation scene at a fixed time.

Normally Smokeview is used in a post-processing step to visualize FDS data after a calculation has been
completed. Smokeview may also be used during a calculation to monitor a simulation’s progress and
before a calculation to visualize the calculation set-up, which may include walls, vents, sprinklers, smoke
detectors, etc. In order to set up correct FDS input files more quickly, Smokeview is typically used to
edit or create blockages by specifying the size, location, and/or material properties. More detailed
information regarding Smokeview can be found in the Smokeview User’s Guide (Forney and

McGrattan 2004).

The accuracy of the FDS calculation was tested, and the FDS computation was calibrated, and modified
based on a series of fire experiments conducted by Mulholland and Ohlemiller (2004). Their report
describes a series of fire experiments burning individual workstations or workstations. The report also
discusses measurement uncertainty, properties of the fires that are most important to the calculation, the
initial FDS combustion module, and how the input data for the combustion simulation were obtained.
The report concludes with a description of the changes made to the FDS combustion module to better
describe the workstation fires. The FDS code, as modified to describe the fuels in the workstation in a
simplified manner, was able to provide good estimates of the peak heat release rate (NIST

NCSTAR 1-6C). It was not, however, able to accurately predict the time of the peak heat release rate.
The present study is different in configuration, objectives, and complexity from the single workstation
experiments reported by Mulholland and Ohlemiller (2004). In this study, the workstations were burned
in a compartment rather than in the open (under a ceiling), leading to underventilated or oxygen-limited
burning, which undoubtedly affected the rates of fire heat release and flame spread. In this study, the use
of multiple workstations arranged about a carpeted passageway led to a variety of possible flame spread
time-lines.

1.4 MODEL VALIDATION

Sufficient evaluation of fire models is necessary to establish acceptable uses and limitations of models, to
ensure the adequacy of their technical basis, appropriateness of their desired use, and confidence level of
their predictions. ASTM E 1355 (ASTM International 1997) defines model evaluation as “the process of
guantifying the accuracy of chosen results from a model when applied for a specific use.” The model
evaluation process consists of two main components: verification and validation. Verification is “the
process of determining the correctness of the solution of a system of governing equations in a model.”
Verification does not imply that the governing equations are appropriate; only that the equations are being
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solved correctly. Validation is defined as “the process of determining the correctness of the assumptions
and governing equations implemented in a model when applied to the entire class of problems addressed
by the model.” Typically, validation involves comparing model results with experimental measurement.
Differences that cannot be explained in terms of numerical error are attributed to the assumptions and
simplifications of the physical model.

This part of the NIST Investigation was motivated by the need to validate the models for the WTC
application. Throughout its development, FDS has undergone various forms of evaluation, at NIST and
elsewhere. McGrattan (2004) provides a summary of the work performed to date to verify and validate
FDS for many applications. This document provides the basis for validation of the FDS as applied to
investigation of the WTC fires. The intent of these experiments was to test rather than to calibrate the
FDS calculations. An FDS simulation of each experiment was carried out before the tests were conducted
and model predictions were then compared to the measurements.

The experiments described in this report were designed to provide the data necessary for validation of the
fire simulation as applied to modeling the WTC disaster. The primary goal of the experiments was to
compare the observed fire progression and heat release rate behavior with that predicted by the FDS
software in an effort to obtain an understanding of how the fire might develop and spread from one
workstation to another. The experiments allowed comparison of measurements and predictions of a
number of critical parameters, which facilitated a check of the accuracy of the predictions and assured
that the model was capturing properly the physics of fire dynamics and thermal-structural behavior.

The compartment was instrumented to measure transient fire dynamic effects such as the heat release rate
and temperature profiles within the compartment. The instrumentation for the tests measured nearly

150 channels of data, including over 50 thermocouples. Approximately 40 measurements were made to
determine the global heat release rate (Q) of the fire using oxygen consumption calorimetry. The
measurements reported here tested the accuracy of the heat release rate and the thermal behavior of the
compartment as predicted by FDS. Other important measurements were also made during the
experiments. The concentrations of oxygen, carbon monoxide, and carbon dioxide were measured in the
upper layer of the compartment. These measurements are an important consistency check on the efficacy
of the fire model. Since the calculation of heat release rate is dependent on the burning of oxygen,
measurement of the oxygen concentration in the upper layer is an important check on model consistency.
The measurement of temperature on the surface of the workstation components allowed tracking of fire
spread from one workstation to the next. A video record of the experiments was completed to
qualitatively compare model simulations with fire behavior. Tracking the heat release rate of the fire is
one of the most important operations of the fire model because it impacts the overall thermal environment
of the compartment. It is particularly important in the case of the NIST-led WTC Investigation because
the fire model is being applied to simulate the time varying boundary conditions on the structural
components in the building. Inaccuracy in the fire model calculations will propagate as inaccuracies in
the calculation of thermal load on the building structure. The measurements reported here facilitate a
check of the accuracy of the heat release rates predicted by FDS.

15 ORGANIZATION OF THIS REPORT

A detailed description of the instrumentation, procedure, uncertainties, and results are given in detail
below for each of the measurements. Chapter 2 of this report describes the experimental configuration,
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including the experimental conditions, the fuel flow and details of the test compartment. Chapters 3
through 7 describe observation and measurements of the fire and flame spread behavior (Chapter 3), the
mass loss (Chapter 4), the heat release rate (Chapter 5), the volume fraction of gas species in the upper
layer (Chapter 6), and the gas-phase temperature (Chapter 7). Chapter 8 provides a description of the
model simulations and a comparison of the measured and simulated thermal environment in the
compartment. Chapter 9 summarizes the results of this study. Appendix A contains a detailed list of the
location of key compartment contents and instrumentation. Appendix B lists the specific analyzers
employed for calorimetry and for measurement of the concentrations of the upper layer gases.

Appendix C presents results not shown in Chapter 6 on the measured gas phase temperatures recorded by
the bare bead thermocouples. Appendix D presents results not shown in Chapter 8 that compare the
measurements to the simulations.
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Fire Models, ASTM E 1355-97, West Conshohocken, PA.

Forney, G. P., and McGrattan, K. 2004 User’s Guide for Smokeview Version 4 - A Tool for Visualizing
Fire Dynamics Simulation Data. NIST Special Publication 1017, National Institute of Standards and
Technology, Gaithersburg, MD, August.?

Hamins, A., Maranghides, A., and Mulholland, G. 2003. The Global Combustion Behavior of 1 MW to 3
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McGrattan, K. B., ed. 2004. Fire Dynamics Simulator (Version 4), Technical Reference Guide. NIST
Special Publication 1018. National Institute of Standards and Technology, Gaithersburg, MD, July.

2 All NIST publications cited here and elsewhere in this report are available for download from the World Wide Web:
http://fire.nist.gov/bfrlpubs/
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Chapter 2
EXPERIMENTAL CONFIGURATION, APPARATUS, AND PROCEDURES

2.1 TEST FACILITY

Experiments were conducted in the National Institute of Standards and Technology (NIST) Large Fire
Laboratory, which is 27 m (90 ft) by 37 m (120 ft) in size. Fire products flowed into the large exhaust
hood for measurement of the heat release rate and were then exhausted from the building. The exhaust
hood used in these experiments was approximately 9 m (30 ft) by 12 m (40 ft) in size and had a maximum
capacity of approximately 15 MW. A computerized data acquisition system was used to record the
instrumentation signals.

2.2 EXPERIMENTAL CONFIGURATION

A common furnishing arrangement on several floors of World Trade Center (WTC) 1 was a continuous
open space occupied by a large array of workstations (NIST NCSTAR 1-6C). Each office workstation (or
workstation or module) was defined by privacy panels on four sides with an opening on one side only.
Such an arrangement was used, for example, by the firm that occupied floors 93 to 100 of WTC 1 (NIST
NCSTAR 1-6C). More than 950 workstations were used by this firm alone. Figure 2-1 below, which is a
reproduction of Fig. 2-17 from the World Trade Center Building Performance Study (McAllister 2002),
shows an example of the workstation layout on the 91st floor of WTC 1. The workstations were clustered
in sets of six or eight stations sharing at least one common privacy panel with the clusters separated by an
aisle. A fire propagating among the stations would have to either pass over (or through) a privacy panel
or pass across an aisle. Each station contained an estimated 400 kg of combustible materials of various
types, assuming that all of the file cabinets were full of papers. The hand-drawn lines in Fig. 2-1
represent locations where the aircraft impact may have disrupted the original workstation layout
(McAllister 2002).

Source.: McAIiister 2002.

Figure 2-1. The workstation layout on the 91st floor of WTC 1. Locations with
hand-drawn lines represent location where aircraft impact may have disrupted the
original layout.
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Each experiment described in this report investigated the character of a set of three workstations burning
in a compartment. The individual workstations were identical to the generic workstations burned in the
open (NIST NCSTAR 1-6C). The workstations were an analog (not a replica) of one type of station used
on floors 93 to 100 of WTC 1. There were at least four different workstation layouts used by this firm.
From the limited information available, it appears that the fire behavior of the workstation most
extensively characterized here would not differ greatly from that of the other layouts. Once validated, it
is possible that the fire model could be used to test this assumption. The experiments conducted by NIST
(NIST NCSTAR 1-6C) emphasized the global burning behavior of the workstation, as well as details of
the fire spread through its various components. The scenario that was emulated in the experiments was
fire propagation over and through a privacy panel. The use of a large ignition source was employed to
simulate the burning of an adjacent station. There are several relevant categories of parameters pertinent
to the unique circumstances of the WTC fires:

o Presence and Quantity of Jet Fuel (Jet A). The impact of the airplanes likely left varying
amounts of Jet A distributed throughout the building, including on various surfaces in the
workstations. Some areas were probably heavily engulfed with fuel, and others, farther from
the impact zone, were probably dry. Those workstations closest to the impact would be
expected to be destroyed into rubble, as well as soaked in Jet A. The focus of the NIST
experiments was on the propagation and duration of the fire that threatened the steel structure.
Because of its high volatility and heat of combustion, even a limited amount of Jet A has the
potential to alter the course of a fire. The presence or absence of Jet A was, thus, an
important parameter to be examined because propagation away from the impact area could
involve both conditions. NIST chose 4 L of jet fuel per workstation. In these experiments,
the same quantities were used for each workstation. In addition, 1 L was used for the
carpeted hall. This was sufficient to lead to simultaneous ignition throughout combustible
surfaces in the compartment." The quantity chosen, 4 L per workstation, was sufficient to
form a continuous layer on the major horizontal surfaces and thus was sufficient to alter the
fire growth process substantially. The jet fuel was expected to cause rapid ignition of the
combustibles throughout the compartment, but it was not expected to contribute significantly
to the measured heat release rate on its own.

e Presence and Quantity of Inert Rubble on Surfaces. The airplanes caused localized
destruction of materials in and around the impact zones, and they also caused collapse of the
false ceilings on non-impact floors. The ceiling tiles are a nearly inert material (as
characterized by measurements in a micro-calorimeter) with a thermal insulating character
and are capable of retarding or even preventing the fire involvement of surfaces onto which
they fall. This is a difficult effect to predict since it can interact with fire spread on
workstation surfaces. The fractional ceiling tile area coverage was 70 percent for the tests
that included ceiling tiles. This value was more than twice the value used by NIST (NIST
NSTAR 1-6C), which conducted two single workstation burn experiments with the tiles
covering about 30 percent of the exposed area. For the single workstations, this resulted in

! In a designed experiment in which one is examining the potential roles of more than one factor, one attempts to vary each
factor by an amount sufficient to be clearly measured but not so much as to cause the factors to interact strongly. A pool of Jet
A with an area equal to that of the workstation foot print is itself capable of yielding a fire of greater than 13 MW heat release
rate (Ohlemiller et al. 2005). The combination of jet fuel and other materials would then exceed the capacity of the NIST
calorimeter facility. This was an incentive to limit the quantity of jet fuel.
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about a 20 percent reduction in the peak heat release rate. Increasing the coverage to
70 percent is expected to further reduce the peak heat release rate since less of the surface
area would be accessible for burning.

o Extent of Rubble. The airplane impact zone could be expected to involve extensively
fragmented workstation components along with fragmented materials from the airplane itself.
This type of fragmentation would likely result in what amounts to “packing” of the various
fuel surfaces, leading to decreased ease of air access to those surfaces and, thus, a reduced
burning rate. This type of burning is difficult to model, given only the fuel characterizations
based on Cone Calorimeter measurements reported in NIST NCSTAR 1-6C. This issue was
addressed, in a partial manner, in one of the experiments (Test 5) in which the workstations
were configured into a “pile of rubble,” or disassembled into a non-standard configuration.
In the other five experiments, the workstations were tested in an undisturbed configuration.
Results from these five experiments only apply to the extensive areas beyond the immediate
impact zones and to WTC 7.

e Fuel Content of File Cabinets. The three file cabinets in the generic workstation were
capable of holding a combined load of up to about 150 kg of paper. Such paper content is
normally included in the fire load estimates of office occupancy. When enclosed in steel,
however, this effect is partially discounted (NIST NCSTAR 1-6C). It was anticipated that
such paper would not contribute appreciably to the fire intensity until the peak heat release
rate was past. Small amounts of paper (two reams) were placed in file cabinets on opposite
sides of the workstation. The fraction burned was measured in two of the single workstation
experiments conducted by NIST (NIST NCSTAR 1-6C). The paper loading elsewhere in the
workstations was guided by information about the typical layout of workstations on floors 93
to 100 of WTC 1, following NIST NCSTAR 1-6C.

e Ignition Scenario. The heat release rate history for a workstation subsequent to ignition, like
any complex assemblage of fuels, can be expected to depend significantly on the mode and
location of the ignition event. This is particularly true for small, localized ignition versus a
large area ignition. In the WTC towers, the airplane impact provided an overwhelming
ignition event in the area of impact. This intense fire then spread to other, less disrupted
areas, providing a continuing series of large ignition sources. This suggested the scenario
used here, which emulates the involvement of multiple workstations in a large-scale spread
process. The ignition source chosen was thus quite large, simulating the burning of a
workstation adjacent to the workstations of interest.

o Relative location of the fuel and source of ventilation. Fires in the towers were observed to
move about the different sides of the building (NIST NCSTAR 1-6A). As the fires spread
through the building, it is likely that various ventilation conditions occurred including both
underventilated and overventilated burning conditions. Fire Dynamics Simulator (FDS)
validation under overventilated conditions was tested previously (Hamins et al. 2003).
Among the possible underventilated configurations that occurred, it is likely that fire either
propagated through workstations toward open windows or fire propagated through
workstations away from open windows.
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From the list of relevant parameters given above, the first three and the last one (the presence of Jet A
fuel, ceiling tiles and “rubblized” fuel load, relative location of the fuel and the ventilation source) were
selected as being most pertinent for testing the FDS calculation results and were considered part of the
experimental design.

There has been some amount of previous work examining the burning behavior of office furnishings.
Madrzykowski (1996, 1998) measured the heat release rate behavior of workstations representative of
those found in some U. S. Government office buildings. The workstations considered here were
somewhat larger than those studied by Madrzykowki and they had a smaller paper load (50 kg rather than
98 kg). Peak heat release rates (Q ) as high as 7 MW were measured as the number of workstation
privacy panels varied from two to four. One of the experiments suggested a potential sensitivity to small
details of the events — a thermoplastic shelf support failed early leading to a shelf collapse that spewed
loose papers onto the fire, which immediately enhanced it substantially. For the generic workstations
tested here, NIST NCSTAR 1-6C reported that shelf collapses did not have a noticeable effect, perhaps
because the papers on them were relatively contained.

2.3 TEST VARIABLES AND TEST MATRIX

Six experiments were conducted. The test matrix was designed based on appreciation of the plausible
WTC fire scenarios and the results of the single workstation experiments. The experiments reported here
investigated the impact of several parameters on fire behavior, including the location of the burner, the
application of jet fuel distributed about each workstation, and the presence of fallen ceiling tiles with the
tile distribution determined from an independent series of reduced scale experiments. A statistical
analysis was conducted to determine which combination of experimental parameters should be selected
for testing. The resulting test matrix is listed in Table 2-1. The Table lists the test number, the presence
or absence of ceiling tiles and jet fuel, the burner location, the state of the fuel load, and the presence or
absence of glass windows?.

Table 2—-1. Test matrix.

Test | Ceiling Tiles | Jet Fuel | Burner Location Workstations Windows Notes
1 None None B1 (Front) Intact No
2 None None B1 (Front) Intact No Test 1 repeat
3 Present Present B1 (Front) Intact No
4 Present None B2 (Rear) Intact No
5 Present Present B2 (Rear) Organized rubble No
6 None Present B2 (Rear) Intact Yes

The burner location was selected to challenge the FDS calculation results with different gas flow patterns
and to cover the extremes of possible ventilation configurations. The burner was placed either abutting
the west end of Workstation 1 near the enclosure openings (B1 location) or abutting the east end of
Workstation 2 close to the east wall of the enclosure (B2 location). Figure 2—1 shows the two locations of
the burner relative to the room contents. These two sites resulted in significantly different access to the

2 In Test 6, an assembly containing four glass windows was positioned on the west wall of the enclosure, which was the same
wall in which ventilation openings were present.
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air needed for combustion. In the B1 (“front”) location, much of the oxygen in the air initially entering
the enclosure was consumed by the burner and the burning Workstation 1, with the result that limited
oxygen was available for combustion in the middle and rear of the compartment. With the burner in the
B2 (“rear”) location, the fresh air passed directly to the rear of the compartment.

Four liters of jet fuel were evenly distributed about each workstation, using the same procedure that was
used in the single workstation burn experiments (NIST NCSTAR 1-6C). One liter was distributed in the
corridor. In the experiments with Jet A present, ignition of the three workstations was expected to occur
simultaneously, therefore, challenging the ability of the model to handle rapid flame spread.

The effect of the presence of fallen ceiling tiles was investigated to determine their effect on flame spread
and maximum heat release rate. In three tests, nearly 70 percent of the top surfaces were covered. The
effect of lesser coverage (30 percent) was investigated in the previous test series for single workstations
(NIST NCSTAR 1-6C). Measurement of the heat release rate of the ceiling tiles showed that they were
quasi-inert (Lyon 2004).

One experiment (Test 5) investigated the effect of disassembling each of the workstations into pieces in
what is referred to in Table 2-1 as “organized rubble.” The pieces were placed on top of each other,
simulating the effect of an aircraft causing furniture to break-up and collapse into piles. During Test 5,
the workstation pieces in Workstation 1 were placed unassembled on top of each other, occupying the
same footprint as the assembled workstation. The same mass of combustibles was present as in the fully
assembled workstation tests. No steel filling cabinets were used in these tests. Ceiling tiles and broken
up drywall were intermixed with the rubble in Workstation 1. Workstation 2 was identical to
Workstation 1, except without the drywall. Workstation 3 was partially assembled as seen in Fig. 2-8.
The same mass of ceiling tile and drywall as in Workstation 1 were intermixed with the components in
Workstation 3.

Test 6 had a 2.4 m by 2.4 m assembly containing four commercially available glass windows mounted on
the north end of the west wall. The assembly was fitted with two different types of glass. Two sections
of double-pane tempered glass (with a gel insulation sandwiched between the glass panes) were installed
high and low on the right (as seen from outside the compartment) and two sections of single-pane
tempered glass were installed high and low on the left. Manzello et al. (2005) describe the glass assembly
in detail. No openings or columns were present adjacent to the glass assembly. During the course of the
fires, heat broke some of the windows. This resulted in a change in both the degree and pattern of
ventilation. The FDS fire model does not predict window breakage. Therefore, for this test, FDS was re-
run after experimental determination of the time at which window breakage occurred.

2.4 EXPERIMENTAL CONFIGURATION

A schematic of the test configuration is shown in Figs. 2-2 and 2—4. The test series involved fires in
compartments with the same height as that in WTC 1 or WTC 2. The steel-frame experimental enclosure
was 10.81 m long by 7.02 m wide by 3.36 m tall (35.5 ft by 23 ft by 11 ft). The walls and ceiling were
covered with two or three layers of Marinite | (calcium silicate board) each with a thickness of 1.25 cm.
A sub-floor 0.48 m in height was used to house instrumentation and was not included in the above
dimensions. The floor was also covered with Marinite I.
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Figure 2-2. Plan view of the experimental configuration.

The compartment dimensions were selected to represent a section of the WTC North tower. The
compartment was configured to resemble a section of the Marsh & McLennan office on the 96th floor
where the first plane struck on September 11. The total compartment volume was 255 m®. The
compartment was built inside an exoskeleton of steel tubing and beams. The enclosure was equipped
with an eave extending down 0.92 m from the ceiling. The compartment was located so that the exhaust
vents were under the NIST 9 m by 12 m exhaust hood. Figure 2—3 shows the west side of the
experimental enclosure with the knee wall removed for access. The liquid fuel spray burner is evident

just behind the ventilation openings between the columns.
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Source: NIST.

Figure 2—-3. West side of experimental enclosure. Five ventilation openings are present.
The knee wall was removed for access to instrumentation.

Each of three workstations was placed on an isolated platform made of calcium silicate board. The top
surface of each platform was flush with the floor of the compartment. Each platform was supported on
water-cooled load cells, located in the subfloor, to monitor the mass of the workstation during the test.
Two of the workstations were contiguous, exemplifying a part of the type of cluster that existed in many
large office spaces. The third workstation was separated from the other two by an aisle, representing a
part of a second cluster. This array enabled an assessment of FDS's ability to replicate two different
modes of workstation-to-workstation fire spread: direct flame impingement and radiative ignition from
the hot ceiling layer. Figure 2—4 shows various aspects of the configuration from various perspectives
within the compartment.

241 Ventilation

The enclosure had five openings and four columns on the front (west wall), mimicking window openings
through which fresh air entered, and heat and combustion products were emitted. The openings were

2.12 m high, started 0.32 m above the floor, and were each 0.45 m wide. The narrow openings limited the
amount of fresh air that entered the burning enclosure. In one test, (Test 6), the ventilation changed
during the experiment as window glass, placed to the left of the ventilation openings, cracked and fell out
approximately 3 min after ignition.
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Figure 2—4. Elevation view of experimental configuration.

2.4.2 Description of the Multi-Workstation Configuration

Figure 2—2 shows the multi-workstation experimental configuration. The layout was composed of

three generic workstations positioned in an “L” shape. Each of the workstation is labeled with a number
in Fig. 2-2. The spray burner was located either to the east of Workstation 2 or to the west of
Workstation 1. Compartment openings were located on the west side of the compartment. A 0.5 m wide
carpeted passageway separated workstation 3 from workstations 1 and 2.

Workstations

The generic workstation is described in detail in NIST NCSTAR 1-6C. A brief description is given here.
The layout, including the placement of the various non-stationary items, was suggested by personnel from
the company that supplied office furnishings to the occupants of WTC 1. A frequent visitor to the WTC
offices provided observations on the distribution of paper and office clutter (NIST NCSTAR 1-6C).

The generic workstation was a 2.44 m by 2.44 m (8 ft by 8 ft) workstation. Table 2-2 lists the contents of
the workstation, which included carpeting, privacy wall panels, a chair, bookcases, three filing cabinets,
four work surfaces, reams of copier paper, a thermoplastic waste basket, a computer, a monitor, and a
keyboard. Table 2-2 also lists the total and the fraction of the mass that was combustible. Each
workstation weighed about 557 kg. Approximately 45 percent of the mass of the contents (249 kg) was
combustible. Table 2-3 lumps the workstation contents into four categories. The largest type of material
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was wood/laminate (45 percent by mass), followed by paper (25 percent), plastics (16 percent) and carpet
(14 percent). The heats of combustion of these materials, based on the Cone Calorimeter results, varied
by nearly a factor of three (NIST NCSTAR 1-6C).

Table 2—2. Mass of workstation contents.

Mass Combustible Combustible Mass
Component (kg) Fraction (kg)
Work surface — melamine laminate over medium 82.8 1.0 82.8
density fiberboard; 4 pieces, 6.1 m total length x
0.61 m wide x 28 mm thick
27 reams of paper and 14 document boxes 63.7 1.0 63.7
Plastic kick plates and trim (base of walls, inside 7.1 1.0 7.1
and outside)
Computer keyboard 1.2 1.0 1.2
Plastic waste basket 0.7 1.0 0.7
36 nylon carpet tiles with rubber backing 38.0 0.9 34.2
Shelf ends — particle board or dense foam 3.8 0.9 3.4 (assumed plastic)
Bulldog chair — fabric, foam, thermoplastic shell 194 0.8 155
and base
Computer monitor — ABS 17.6 0.3 5.3
Computer processor 12.3 0.3 3.7
9 wall panels with aluminum angle, wood frames, 168.2 0.18 30.3 (25.3 kg wood,
fiberglass, and metal mesh, 3 sizes 5.0 kg fabric)
Book shelf 8.3 0.1 0.8
3 two-drawer steel filing cabinets, 0.91 m long x 142.5 0 0.0
0.51 m deep x 0.76 m high
Total 557.1 248.7
Table 2—3. Mass of workstation materials by type.
Mass Effective Heat of Combustion
Material (kg) Fraction of Total (MJ/kg)
Wood/laminate 1115 0.45 14
Paper 63.7 0.25 14
Plastics® 39.3 0.16 16-38
Carpet 34.2 0.14 22

a. Includes computer monitor shell (16 MJ/kg), wall fabric (30 MJ/kg), and chair composite (38 MJ/kg).

The privacy wall panels were mid-height (1.22 m high, except for one 1.52 m high panel section
supporting the bookcase) and enclosed all four sides of the workstation except for a 1.22 m (4 ft) opening.
The panels were covered on both sides with a thermoplastic fabric. The interior structure of the panels
was composed of layers of fiberglass and perforated steel. Each panel section had a 38 mm softwood
frame around its periphery, but this was covered in part by fabric and in part by a steel outer frame. The
work or desk surfaces (top 0.75 m, 29.5 in., above the floor) were formed from four unequal sections of
laminated, medium density fiberboard, supported by brackets from the wall panels. The office chair was
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upholstered with a non-thermoplastic fabric over polyurethane foam (seat and seat back), supported by a
one-piece thermoplastic shell; its five-legged base was also thermoplastic, though there were steel
framing and support elements.

The three steel filing cabinets (0.91 m wide, 0.51 m deep, 0.68 m high, 36 in. by 20 in. by 27 in.) with
two horizontal drawers each rested directly on the carpet tiles. The bookcase (1.22 m, 48 in. long) had a
steel shelf and top, but these were supported only on their ends by combustible end panels; the steel front
closure panel was fabric-covered steel, and it was open (on top of the bookcase). The carpet tiles were
nylon fiber-faced over a dense foam rubber backing. A square area 2.74 m by 2.74 m (9 ft by 9 ft) was
covered with 36 carpet tiles. The entire assembly rested on top of a double layer of Marinite | (13 mm,

Y in. thick) sheets. The support structure beneath this was in turn placed atop a set of four weighing cells,
one at each corner.

The computer monitor was a nominally a 17 in. CRT-based unit. Its front face was taped with fiberglass
tape, and it was pointed toward the wall panel opposite the workstation opening in the event of an
implosion. The keyboard was placed in its normal location, parallel to the angled segment of the work
surface. The computer processor (tower-type container with plastic only on the front face of the
container) was placed on the floor next to a waste paper basket (both on the north side of the workstation,
opposite the opening).

The wastebasket was thermoplastic, and it contained one ream of copier paper atop five balled-up paper
ream wrappers. Copier paper was chosen to substitute for all types of paper-based products expected in a
workstation (loose leaf, catalogs, books, etc.), since it is reproducible and similar in general fire behavior
to all such products. It was positioned in both horizontal and vertical arrays, arrangements which
potentially may behave quite differently, but this did not appear to be crucial in any of the single
workstation experiments (NIST NCSTAR 1-6C).

Copier paper was also distributed along the desks and bookshelves. The paper in the bookcase and the
paper in the southwest corner (to the left of the workstation opening) were placed vertically in open, thin
cardboard “document boxes”, each with an 89 mm (3.5 in.) wide interior dimension. These boxes had a
sloped top edge such that they equaled the long dimension of the paper in the rear but were only 100 mm
(4 in.) tall in front. In the bookcase, each document box contained 1.33 reams of copier paper (a rather
loose degree of packing). The ten boxes were grouped in sets of two with equal spacing (approximately
3cm, 1.2 in.) between each pair. The four boxes on the desk surface contained one ream each of copier
paper (an even looser degree of packing) and were grouped as a set of four units in a line, in contact.
Other paper was laid as open horizontal stacks on the desk surface. A few sheets were tacked (as groups
of three to five sheets) to the workstation walls on three sides.

Two of the three file cabinets contained a very limited amount of copier paper. Two piles were laid
horizontally in two file drawers. Each pile consisted of one ream laid in the drawer corner with the long
dimension of the paper aligned with the depth dimension of the drawer topped by a second ream aligned
at 90 degrees to the lower ream. Both placements were worst case in terms of heat exposure, i.e., they
were against the file cabinets, immediately adjacent to an area subject to intense burning (open area under
the desk surface). It was anticipated that the contribution of the copier paper to the heat release rate
would be rather small and tend to occur past the peak Q for the workstation.
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The chosen ignition scenario mimicked that used for the single workstation (NIST NCSTAR 1-6C) for
the isolated workstations. The concept was to create a scenario in which fire spread was proceeding
linearly through a large array of workstations. A large ignition source (a 2 MW, four nozzle spray burner
over a 2 m by 1 m pan) was placed immediately adjacent to the exterior of one wall panel of the test
station, simulating the burning of the adjacent workstation. The size and placement (pan bottom 0.81 m
above the floor) of this ignition source were guided by preliminary FDS predictions. Of course, a real
workstation would yield a transient heat release rate and, thus, a time-varying heat input to its neighbor.
A constant heat release rate for the spray burner was used for consistency without sacrificing realism.

The entire assembly was placed beneath the NIST 9 m by 12 m exhaust hood and calorimeter system to
capture the combustion products and measure the total heat release rate during the burning of the
workstations. Unlike the experiments on the single workstations (NIST NCSTAR 1-6C), the air supply to
the fire was restricted through the compartment openings. The burning behavior was, therefore,
ventilation limited during a large portion of the experiments.

Ceiling Tile Distribution in Multi-Workstation Tests

The distribution of ceiling tiles mimicked that used by for the single workstation (NIST NCSTAR 1-6C),
which was based on a series of ambient temperature full-scale and reduced-scale experiments. In the fire
tests, the tiles were laid out with their edges parallel to the privacy panels to facilitate reproducible
placement in successive tests. Forty-nine tiles were used, and the percentage of the area covered by tiles
in the fire experiments was as follows: central floor area, 67 percent; floor area under desk surfaces,

10 percent; desk surface remote from bookcase, 50 percent; two desk surfaces near bookcase, 32 percent;
chair seat, 25 percent. All of the tiles were laid flat on horizontal surfaces, and some overlap of tiles was
used. Figure 2-5 is a photograph taken before Test 3, which highlights the arrangement of the ceiling
tiles used in Tests 3 and 4 for each of the workstations. The spray burner and compartment openings are
visible toward the rear of the photograph shown in Fig. 2-6. In Test 5, the ceiling tiles were placed on top
and within the “rubblized” workstations as shown in Figs. 2—7 and 2-8.

Analysis using the Federal Aviation Administration micro-calorimeter (Walters and Lyons 2000) showed
that under aerobic pyrolysis conditions, the total heat release rate for a virgin ceiling tile sample was

1.9 kJ/g +5 percent with a char mass fraction of 83 percent remaining after pyrolysis. Each ceiling tile
weighed approximately 0.4 kg so that the total mass of tiles per workstation was approximately 20 kg.
This would be expected to yield 40 kJ of energy. If averaged over a 10 min period, the heat release rate
would be expected to yield approximately 0.07 kW, a negligible contribution to the total heat release rate
of the burning workstations, which was on the order of 10 MW.
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Thermocouple tre

Source: NIST. |
Figure 2-5. Views of interior of test compartment.

Source: NIST.

Figure 2-6. Image highlighting the arrangement of ceiling tiles used in Tests 3 and 4.
The spray burner and compartment openings are visible towards the rear.
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Source: NIST,
Figure 2-7. The arrangement of “rubblized” Workstations 1 (left) and 2 (right) with
ceiling tiles before Test 5. Part of the spray burner is visible on the left.

Source: NIST.

Figure 2-8. The arrangement of Workstation 3 before Test 5.

NIST NCSTAR 1-5E, WTC Investigation 19



Chapter 2 Draft for Public Comment

2.5 FUEL FLOW, BURNER, AND DELIVERY SYSTEM

The liquid spray burner, pan, and fuel (mixture of heptanes) were the same as those used for the single
workstation (NIST NCSTAR 1-6C). The spray burner was used to cause repeatable rapid ignition on one
side of the adjacent workstation. The fuel used was a commercial blend of heptane isomers. Depending
on the test, the burner was located abutting the top of a workstation partition at the east end of
Workstation 1 or the west end of workstation 2. The ignition fire intensity was a nominal 2 MW fire.
The spray burner was operated for the first few minutes of the tests, for either 2 min or 10 min depending
on the test scenario. Table 2—4 lists the burner location, the fuel flow rate, and the duration of the spray.

Table 2—4. Liquid fuel spray burner.

Flow Rate Duration

Test Location Initiation (L/min) (min)
1 B1 Time=0s 4.0 10
2 B1 Time=0s 4.0 10
3 Bl After Jet A ignition 4.0 2
4 B2 Time=0s 4.0 10
5 B2 After Jet A ignition 4.0 2
6 B2 After Jet A ignition 4.0

A blend of heptane isomers (designated here as “heptane™) was used as the spray burner fuel. The
density, the heat of combustion, and the carbon to hydrogen ratio for the fuels were measured for the
commercial heptane and n-heptane. The heat of combustion and the carbon to hydrogen ratio for the
commercial heptane was measured to be within 1 percent of the value for n-heptane (Galbraith

Labs 2003), which was within experimental uncertainty for the measurements. The fuel flow was

4.0 L/min, which was approximately equivalent to a 2 MW fire. The fuel flow to the hydrocarbon spray
burner was calibrated before each of the experiments. The fuel was delivered through four 90 degree
spray angle WL ¥ type stainless steel nozzles spraying downward. The BETE nozzles were spaced

50 cm apart and located 47 cm above the fire pan. The 1 m by 2 m stainless steel pan was positioned
85 cm above the floor of the enclosure. Figure 2-9 is a photograph of the spray burner and fire pan
abutting Workstation 1 before Test 2. In the photograph, the burner is positioned at Location B1, which
was near the ventilation openings on the west side of the compartment. The photograph shows that the
pan was mounted on a table 80 cm above the floor.

The ignition of the spray burner initiated the tests, and was defined as the zero reference time for data
collection. For the cases when jet fuel was present, the fuel spray was initiated after the jet fuel in the
compartment was fully involved. The fuel spray was somewhat coarse and some droplets made it to the
pan though there was no significant liquid accumulation there. The duration of the fuel flow was 2 min
for the cases when jet fuel was present and 10 min in the absence of jet fuel. The fuel flow was
monitored using an ExactFlow dual rotor turbine flow meter during the experiments.
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Source: NIST.
Figure 2-9. Spray burner and fire pan abutting Workstation 1 before Test 2 (location B1).

2.6 INSTRUMENTATION

More than 150 channels of data were acquired for each of the six experiments. Table 2-5 provides an
overview of the instrumentation, measurement technique, and measurement locations used in the
experiments. Appendix A lists the location of each instrument.

Table 2-5. Measurements.

(Chapter) Measurement Instrument/Method Location

(3) Spray burner fuel flow Turbine flow meter Fuel piping outside enclosure

(3) Flame Spread Bare-bead thermocouples; digital Thermocouples attached to combustible
video cameras surfaces; video cameras with inside &

outside views.

(4) Mass loss rate 3 load cell systems Sub-floor under each workstation

(5) Heat release rate Oxygen consumption calorimetry Exhaust duct

(6) Gas temperature 4 trees each with 4 bare-bead Four thermocouple trees
thermocouples

(7) Oy, CO, and CO volume Gas sampling with paramagnetic Upper layer

fractions (dry basis) and non-dispersive IR

Video record Digital video cameras Inside and outside views

Chapters 3 through 7 of this report describe each of the measurements in detail, including the
instrumentation that was used, an estimate of uncertainty, and the experimental results. Table 2—6
summarizes some of that information and lists the character of the instrumentation in terms of important
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measurement characteristics, namely, typical values of the expanded measurement uncertainty (with an
expansion factor of 2), the measurement time response, and estimates of the spatial resolution of the
measurement. These properties characterize and limit the utility of a measurement and are important
considerations in terms of comparison of model predictions with measurements. The time response was
typically 1 s, varying from 1 s for the thermocouples to 15 s for the heat release rate measurement. The
spatial resolution of the measurements was typically 1 cm to 5 cm, varying from sub-centimeter to
1,000 cm for the mass loss rate measurement of the load cells.

Table 2—6. Instrument characterization.
Nominal Time | Spatial Resolution

Instrumentation Typical Expanded Uncertainty Response (s) (cm)
Load cell 5% 10 1,000
Heat release rate via oxygen 15% 15 Global measure

consumption calorimetry (for Q > 0.8 MW)

Gas temperature:

e Bare bead thermocouple < 120 °C (dependent on temperature) 1 0.5
e Aspirated thermocouple 7°C 1 1
CO via non-dispersive IR? 10 % 10 5
CO, via non-dispersive IR? 10 % 10 5
0, via paramagnetic® 5% 10 5

a. Gas volume percentages are reported on a dry basis.

2.6.1 Load Cells

The rate of burning of combustible items in the compartment controlled the fire heat release rate and,
thereby, the rate of fire spread. Load cells were employed to measure the mass loss of each of the
workstations during each of the tests. The mass loss rate determined from the load cell data provided a
measure of the fuel gasification rate and computation of the effective heat of combustion of the
workstations. A detailed description of the load cells and mass loss rate measurement results is given in
Chapter 4.

2.6.2 Oxygen Consumption Calorimetry

The west end of the enclosure was located under the NIST 9 m by 12 m exhaust hood for collection of the
effluent and measurement of the heat release rate using oxygen consumption calorimetry. The plume of
gases generated during the tests exited through the west wall of the compartment and were subsequently
captured and swept into the exhaust duct. Data collected from an array of differential pressure
transducers and thermocouples in the exhaust duct were employed to compute the mass flow rate of the
gases in the exhaust duct. A representative gas sample was continuously removed from the exhaust duct
by a gas pump. The gaseous sample was pumped to the control room. In the control room, the gas
sample was filtered to remove particulate and cooled in a dry ice trap to condense water from the gas.
The resulting conditioned dry gas was analyzed using gas analyzers to quantify oxygen (O,), carbon
monoxide (CO), and carbon dioxide (CO,). A detailed description of the heat release rate measurement
technique and the measurement results is given in Chapter 5.
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2.6.3 Thermocouple trees — Compartment Temperatures

Thermocouple trees were constructed by NIST personnel and located at four locations inside the
compartment. See Table A-1 in the Appendix for the exact locations. Thermocouples were placed at
four positions on the tree, namely, 2.5 cm, 91 cm, 83 cm, and 274 cm below the ceiling. During Tests 1
and 2, a pair of aspirated thermocouples were positioned close to Tree 4 to assess the effect of radiative
exchange on the temperature measurements by the nearby bare bead thermocouples.

264 Thermocouples — Desk Surface Temperatures

Thermocouples were employed during the test series to measure the surface temperatures of the desk
surfaces to provide an indication of flame spread from workstation to workstation. During Test 1, each
workstation was equipped with three desk surface thermocouples. In Tests 2, 3, 4, and 6, only two
thermocouples per desk were used. In Test 5, no thermocouples were located in the workstations. Exact
locations are listed in Appendix A. The temperature record was used to assist in the analysis of flame
spread from workstation to workstation, which is discussed in Chapter 3.

2.6.5 Video recording cameras

Two video cameras recorded the events within the compartment during each test. On the east wall, a
video camera imaged the eastern walls of Workstations 2 and 3. A portion of the carpet between
Workstations 2 and 3 was also visible. A second camera on the western portion of the north wall was
aimed to capture