Appendix

() Pre collapse events in the Twin Towers: presserpulses, unusual fire
behavior, sudden smoke flow

The following compilation was started for the dission of the statement by NISny
molten steel in the wreckage was more likely dubediigh temperature resulting from

long exposure to combustion within the pile thashort exposure to fires or explosions
while the buildings were standing “

However, it might be interesting to discuss thesexice of those pressure pulses and the
existence of other events, namely unusual fire iebg and unusual smoke events as
independent subjects, but it goes behind the sobites appendix to discuss those
events here.

Quotes:

General remarks, remarks reqgarding both buildings

NISTNCSTAR 1-5A chap 1-8pdf; Pages 52 and 53 (18119 of 392 in PDF):
53 UNUSUAL BURNING AND SMOKE BEHAVIORS

During the review of the image databases, and particularly videcs, a number of observations were made
of behaviors that are not characteristic of “typical” building fires. Some of these observations mvolved
the fire behavier. These included examples of extremely rapid apparent fire spread (based on fire
appearance at windows on the outer fagade). Generally, building fires go through 2 cycle of growth,
mtense buming, and decay which takes place on time scales on the order of tens of mmnutes. There were
fires m the towers that bumed for much longer periods than this, perhaps mdicating the presence of
unusually high fuel loads. There were also oceasional flare ups of flames suggesting some change within
the towers. Observations such as these are described in Chapter § and Chapter 9.

In both towers, there were occasions when large amounts of smeke and/or dust and sometimes flames
were pushed sinmltanecusly out of multiple open windows covering several floors and faces of the tower.

52 NIST NCS5TAR 1-84, WTEC Invesfigaiion

Fire Charactenzation

These events were typically short lived {on the order of a few seconds) and will be refemed to as “puffs™
The occurrence of puffs suggests the generation of pressurs pulses within a given tower that are
fransmutted through open pathways to remote locations and drive smoke and other matenial from the
tower. The pressure changes required to generate such puffs are not large and can be generated by events
that result in relatively small volume changes, such as collapsmg walls and ceilings, partial floor
collapses. and sudden openings of ventilation pathways (e.g.. an mternal door). Some of the pressure
pulses comcided with obvicus events. such as an aireraft impact on or collapse of the other tower and are
relatively easy to understand. Others occurred without outward mdications of their sources. Since these
puffs (pressure pulses) may be an indication of structurally mmportant changes taking place within the
towers, their occurrences have been documented.

Regarding WTC 1




NISTNCSTAR 1-5A chap 1-8pdf / Page 217 (313 ...in PDF
The most dramatic change in the fire distnibution 1s on the 98th floor. At the earlier time there was no
indication of fire on the west zide of this floor, while in Figure 868 flames can be seen over a length
munning from the south edge of the face to at least window 98-440. From the available imagery, it has
proven difficult to determine precisely when this fire appearad. but a review of helicopter video suggests
it occurred between 9:323:10 am. and 9:39:03 a.m. Given the low mtensity of the fire, such apparent rapid
fire spread 13 dufficult to understand.

NISTNCSTAR 1-5A chap 1-8pdf / Page 253 (349 of BOPDF):

In Figure 2-24 thers was no mdication of fire in the room located on the northwest cormer of the 95th
floor, where a fire is evident in windows 93-101 to $3-104 m Figure 8-84. Videos show that there was a
puff of smoke from this area at 10:18:16 am. As another video zoomed m, fire was wisible in window
95-102 at 10:18:20 am. At 10:18:28 am fire suddenly appeared simmltaneously at the tops and bottoms
of windows 93-101 and 95-103 and shorily thereafter at the bottom of window 95-104. These windows
are in the comer room with walls that extended to columns 95-108 and 93436 (see Figure B-4). Fecall
that there was no evidence for fire in this room on the west face at 10:12:01 am. The wisual evidence
suggests that a fire grew in this room very shortly after this time.

Fire 15 present on the 98th floor to the right of the areraft impact area. This fire has decreased m mtensity
since 10:15:10 am.

At 10:18:48 am. an event tock place within the tower that created a pressure pulse of sufficient
magmitude to force smoke out of numerous windows cn the north face, as well as from the other faces.
The most obvicus effect of this pressure pulse was the release of a dense line of smoke along a length of
the 92nd floor on the north face, extending from roughly window 9£-110 to window 94-13%. This smoke
release was evident in numerous videos, including a mumber shot at great distances. Figure 893
compares two frames taken from a video showing the north face just prior to the smoke release and the
appearance just over 4 s later. Even though the video was shot from a distance, the line of smoke that has
appeared from the 92nd floor 13 readily apparent. It 15 sigmificant that unnl this time very little smoke had
been observed coming from the open windows on this floor, even though fires had been buming on the
floor for some time.

Closer inspection of this video, as well as others, shows many additional effects of the pressure pulse at
other locations on the tower. Smoke and/or dust were pushed out of windows on the east side of the north
face at the 94th floor. This material iz responsible for the light-colored “smoke™ seen near the eastern
edge of the bulding mmediately above the darker smoke releasad from the 92nd floor in Figure 8-93.
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NISTNCSTAR 1-5A chap 1-8pdf / Page 254 (350 of BORDF):

On the western side of the north face there 1s a region of mereased smoke flow higher up in the vicimity of
the 95th to 08th floors. While it is diffieult to see i the frame recorded at 10:18:51 am | it1s clear in the
video that a large flame was pushed out of windows on the 93th floor by the pressure pulse. Comparison
of the two frames shows that smoke is present on the west face m this same area at the later time, which
was not apparent earlier.

NISTNCSTAR 1-5A chap 1-8pdf / Page 256 (352 of 89PDF):



A video shot from the west shows that heavy smoke was pushed out of windows on the 95th and 95th
floors on the north side of the west face at the same time the changes were chserved on the north face.
Thus video also shows what appears to be a jet of smoke being ejected from a lower floor on the south
face of the tower. A view of this jet is highlizhted m Figure 897, which shows a frame taken from the
vidao 3 s after the start of the pressure pulse, i.e., at 10:18:33 am. The smoke coming from the 92nd
floor on the north face 15 also highlighted. The video also shows a large amount of debnis falling along
the morth and south faces of the tower around the time of the pressure pulse.

The available imagery from the south and east around this time provides insufficient detail to detect the
effects of the pressure pulse on these faces.

The fact that smoke and fire were pushed out of the tower from numerous windows over mmultiple floers
confirms that a significant pressure pulse was generated inside the bnlding. Sinular behaviors were
observed when the second plane impacted WTC 2 and when WTC 2 collapsed. While 1t seems likely that
the pressure pulse was generated by some sort of collapse within the tower, e.g., a portion of the core
seftling or & partial floor collapse, it has not been possible to determune the nature of the event or even its
general location based on the visual record.
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NISTNCSTAR 1-5A chap 1-8pdf / Page 257 (353 of 89PDF):

Fire Behavior in WTG 1

| ©.2001 WPIX-TV NYC
10:18:53 a.m.

Figure 8-97. This image showing the west face and an obligue view of the north face was
captured from a video shot from a news helicopter at 10:18:53 a.m. The highlighted
areas with adjusted intensities indicate smoke and/or dust plumes that were pushed from
the north and south faces by a pressure pulse that passed through the tower at
10:18:48 a.m.



NISTNCSTAR 1-5A chap 1-8pdf / Page 261 (357 of 89PDF):
The photograph shown in Figure 8-101 was shot 1.4 5 after WTC 1 began to collapse. The lines of dust
visible coming from the 98th floor on the north and west faces of the tower may be an indication that the
collapse bezan near this floor. As the building collapsed it acted as a pisten, forcing air downward cnto
other floors. The resultmg pressure increase forced zas flows out of open windows on lower floors. Asa
result of this process, fire and smeke were pushed out of the building.

NISTNCSTAR 1-5A chap 1-8pdf / Page 278 (374 of 89PDF):

A wideo shot from the northwest shows that smoke was forced out of west face windows on the north
edge of the face and two locations closer to the center of the face, locations where smoke had not be
observed previously, approximately two seconds before the collapse of WTC 1 began. At the same time
smoke and fire began to flow from the 94th floor at the south edge. Recall that 2 noticeable brightening
of the fire burming on the 98th floor on the east face was also observed just seconds prior to the collapse.
These observations mdicate that a pressure pulse passed through the tower seconds before the actual
collapse was identified visually.

NISTNCSTAR 1-5A chap 1-8pdf / NISTNCSTAR 1-5A chi8.pdf / page 280 (376 of
392 in PDF):

Twao pressure pulses that were large enough to force smoke and fire from open windews on multiple faces
and floors were observed durning the period. The first ccowred at 10:12:48 a.m. and the second just
seconds prior to the collapse of the tower at 10:28:22 am. The sources for these pressure pulses are
unknown, but it seems likely that they resulted from significant stuctural changes within the tower.

NISTNCSTAR 1-5A chap 1-8pdf / Page 290 (386 of BORDF):

At 10:12:48 am.. a pressure pulse pushed large amounts of smeke and fire out of open windews on
multiple floors and faces of WTC 1. The most dramatic effect of this pressure pulse was on the 92nd
floor, where a long line of smoke appeared from open windows on the north face. Up until this time,
there had been very little smoke coming through the open windows from the widespread fires buming on
this floor. During the final ten minutes prior to the collapse of WTC, a large fire grew on the 92nd floor
in the large open area on the west side of the north face. A large burst of fire was pushed from the area
when WTC 1 collapsed.

The pressure pulse at 10:18:48 am. also seemed to cause a fire buming in a room in the northwest comer
of the 95th floer to suddenly intensify and to extend flames from nerth face windows. Flames were also
pushed out of this area when the tower collapsed. Fires present elsewhere on the north face, such as on
the west side of the 98th floor, were dymng down.

Regarding WTC 2

NISTNCSTAR 1-5a chap 9 AppdxC.pdf / Page 334 (3868 in PDF):

Dring the period, a substantal fire was observed briefly near the
east edge of the 83rd floor. Infrared images recorded during the early part of the penod mdicated that
there was strong heating on the 213t floor and only regions of localized heating on the 79th and 80th
floors. Ower the course of the pertod, increasingly frequent and intense mtermuttent bursts of smoke were
observed coming from windows on several floors of the face. Rapid varations m fire dismibution were
also observed.

NISTNCSTAR 1-5a chap 9 AppdxC.pdf / Page 337 (4268 in PDF):



Two views of the northeast comer of WTC 2 are shown in Figure 5-38. The two images were capfured
from a video recording at 9:31:21 am. and 9:31:28 am  They were chosen to illustrate the appearance of
the smeke puffs that had been observed peniedically on the east face of WTIC 2 for nearly twenty minutes.
In the earlier image shown at the top of Figure 938, the wisible portion of the east face is relatively clear
of simoke. The only flame visible in windows on the east face at this fime 12 the relatively small fire on
the 81st floor n windeow £1-302, even though a fire continues to bum in the opening at the northeast
comer of the 81st floor. Otherwise, the fires that were previously observed on this part of the east face
seem to have died down. A video shot from a longer distance shows that shortly after the upper frame
was recorded a smoke release ocoured from multiple windows over multiple floors on the east face. This
particular release was not a3 intense, i.e., less smoke was released, as others that were observed around
this time.

NISTNCSTAR 1-5a chap 9 AppdxC.pdf / Page 339 (4368 in PDF):

The effects of the smoke release are evident m the lower image shown m Figure 9-38. Smoke has been
pushed out of open windows on the 7%h floor, 1e., windows 79-311 to 79-316, and can be seen nsing
above these windows. Comparison of the frames shows that the appearance of the smoke and fire in the
viciuty of the uming comer on the 81st floor has also changed. Not only has smoke been pushed out of
windows 81-301 and 81-302 and the opening on the northeast corner, but the fire infensity has also
mcrezsed in the immediate area. Flames have been pushed out of windows 81-301 and 21-302. In the
video it 13 clear that smoke was alse pushed from windows on the 80th floor on the north side of the
tower. In the lower image, this smoke appears as a white stream that has been pushed away from the
bulding. Ina video shot from a longer distance 1t was observed that smoke also appeared from windows
on the 80th fleor located on the south side of the east face. These observations suggest that the smoke
puffs could be associated with pressure vanations that were extensive enough to affect multiple floors and
faces of the tower simmidtanecusly. It should be noted that while the pressure variations that create the
puffs may be the result of stmctoral changes within the tower, the resulting pressure mcreases are likely to
be much too small to have amy mipact on the structure.

Close-up videos and photographs showing the entire east face of WIC 2 are limited during the mitial part
of this time penod. In order to gain insights into what was happening on this face between 9:29 am. and
9:34 am, long-range videos showing the face were reviewed. The videos mdicated that the nmsual
short-lived smoke releases described previously, including the moderate exanmple captured in

Figure 938, ocowred randomly throughout the penod. Many of these releases displayed the pipe organ
appearance discussed earlier, but a few pushed large amounts of smoke from windows that briefly
obscured the lower fleors. Such large smoke releases ocouwred around 9:30:20 am., 9:31:45am,
93155 am, 83325 am, and 9:34:15 am.

The smoke release around 9:30:20 am appearad to be particularly mtense. It was observed in videos
shot from the northeast and southeast. The video shot from the northeast mcludes a view of the north face.
At the time of the smoke release on the east face, fire and smoke were also pushed from windows
centered near colunn 238 on the 79th and 80th floors of the north face. A long distance video shot from
north of the tower revealed that a puff of dust was also pushed from open windows on the 78th floor at
windows 78-224 to 78-226. The southeast view mncluded the south face. On this face smoke was pushed
from open windows to the west of the aircraft impact cavity on the 77th, 79%th, and 81st floors. These
observations provide additional evidence that the repeated puffs of smoke observed on the east face of
WTC 2 were associated with pressure pulses that were sufficient to modify smoke flows over nmltiple
floors and faces of the tower.

NISTNCSTAR 1-5a chap 9 AppdxC.pdf / Page 344 (4868 in PDF):



The intense fire in the northeast comer opening of the 31st floor is still present. An wnmsual fame 13
visible within this fire. In the upper photograph in Figure 944 a very bright white flame, as opposed to
the typical vellow or crange surounding flames, which is generating a pluve of white smeke, stands out.
The intensity of this flame 15 considerably bnghter than normal flames. It was easily identified in
numercus photographs and videos shot from long distances at which the surrounding “neormal” flames
were not visible. The brightness of the flame, along with the white smeoke, suggests that some type of
metal is bumning. MMetal combustion is known to generate nmich higher flame temperatures than
hydrocarbon combustion, and, as a result, to bum nmch bnghter. It is difficult to identify what type of
metal is buming.  Ahwomos will bum, but in normal fires it usually melts instead becanse the metal
surface 1s protected by an oxide layer that nmst be breeched before ignition can take place. Almmum
oxide melts at high temperatures that are not typically reached in normal fires. There were linuted
quantifies of other metals on the aircraft that nught alse bum. Whatever the metal, the 1zution of a metal
fire is an mdication of the significant heating of the debns that tock place in the northeast comer of the
81st floor due to the prolonged intense buming in this area following the aircraft impact.
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NISTNCSTAR 1-5a chap 9 AppdxC.pdf / Page 346 (5068 in PDF):

The video shot from the WTC plaza captured an innguing event at 2:37:04 am. A jet of air, dust, and a
large piece of debris was ejected from a window, 77-335, on the 77th floor at an extremely high velocity.
Longer distance videos show that puffs of smoke and or dust appeared simmltaneously on the east face
from several open windows near the center of the 78th floor and from open windows on the north side of
the 79th floor. Interestingly, the smoke flow from windows on the west sides of the 79th and 20th floors,
which had decreased markedly by this time, did not merease. Withm 14 5 of this release, a large fire
either grew or became visible near the center of the east face on the 82nd flocr.

A long-distance video shot from the south showed that fire and smoeke were pushed from multiple
locations on the south face at the same time the strong jet cccurred on the 77th floor of the east face. A
bright flash of fire occurred from the fire buming to the east of the aircraft impact cavity on the 70th
floor, and smoke poured from this area as well as from window 79-406. Smeke also came from lines of
windows on the 81st and 22nd floor between the cavity and east edge. Puffs of smoke were pushed out of
open windows to the west of the aircraft impact cavity on the 78th, 7%th, 80th, and 81st floors. This video
was shot from an angle that provided an oblique view of the west face, and 1t showed that the smeke flow
from epen windows on the 86th floor increased at the same time. A video shot from the upper floors of a
building to the southeast of the tower provided similar observations. Videos shot from the north around
this time showed that puffs of smoke appeared on the north face from the open windows on the 79th floor
near the east edge of the face and from the open windows on the 78th floor at windows 72-224 and
T8-226, but otherwise the event was not as pronunent from this direction.

A sequence of three images shot over 14 s showmg sections of the east face of WTC 2 starting at
9:37:24 am., 1.2, shorly after the end of the large smoke release and the pressure pulse, is shown in
Figure 2—43 to Figure 947, Companson of these three photographs with the photograph reproduced in
Figure 9—43 and Figure 9—£4 reveals how much the smeke and fire intensity on the east face decreased
around %:36:50 a.m., which was lezs than a mimate earlier.

NISTNCSTAR 1-5a chap 9 AppdxC.pdf / Page 350 (5268 in PDF):



Three unmsual events were observed on the east face of WTC 2 between 2:34:40 am and 9:32:22 am. -
the increase in fire and smoke coming from the 79th and 80th floors between 9:35:45 am_ and

9:36:30 am.. the short-lived {order of seconds) smoke release at 9:37:04 am., and the sinking of the
object visible throngh windows on the 82nd floor at an unknown time. These observations might be an
indication that structural changes were taking place within the tower during this time. Unforfmately, the
visual evidence 15 msufficient to determine exactly what happened and why.
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NISTNCSTAR 1-5a chap 9 AppdxC.pdf / Page 351 (5368 in PDF):

Fire Behawior in WTC 2

The sudden increase and decrease in smoke and fire over such a large area 15 not a typical behavior for
building fires. One possible explanation is that a pressure merease (perhaps generated by the falling of
the object visible in the 82nd floor windows or a portion of the core) pushed the fire and smoke out of the
windows from interier locations. The length of the event (roughly 1 min 5 3) and the absence of similar
changes on the other faces of the tower argue against this hypothesis.

and:
It is concetvable that the pressure pulse generated within WTC 2 at 9:37:04 a.m. could have resulted from
the sudden collapse of the hanging object, presumed to be a portion of the 831d floor slab, cbserved
through open 82nd floor windews. While the rapid collapse of a large section of a floor slab would likely
generate a substantial pressure pulse. evidence supporting such a conclusion is circumstantial, at best.
The actual collapse of the object was not observed, and there 13 no evidence that it cecurred rapidly or
even at this time. The appearance of large fires on the 82nd floor shortly after the pressure pulse is an
mdication that something happened on this floor around this time. On the other hand, most of the direct
effects of the pressure pulse were observed on lower floors, particularly floors 77 through 79. The
available pathways for ransporting the pressure pulse are unknown, but it might have been expected that
its largest effects would have been apparent near the floor where 1t was generated. It must be concluded
that, whaile it 13 possible that the pressure pulse resulted from a partial collapse of the hanging chject seen
om the east zide of the tower, the evidence 13 far from concluzive.

NISTNCSTAR 1-5a chap 9 AppdxC.pdf / Page 362 (6868 in PDF):

The dominant feanwres during the current period were the three short-lived bursts of smoke and fire
observed on the east face of WTC 2, the observation of pressure pulses that affected multiple floors and
faces, and changes in the positions of hanging objects. which may mdicate that sinking or settling of floor
slabs was taking place. Addittonally, images recorded durmg this period suggested that multiple colummns
on the east face were bowing inward. This feature was observed as early as 2:21: 20 am.

The shert-lived (roughly 1 nun) bursts of smoke and fire were hypothesized to be due to the 1gmtion and
bumning of pools of aviation fuel that formed on the 7%h and 80th floors dunng the aircraft impact. The
visual evidence for the scourrence of short pressure pulses with magmitudes large enough to redirect
smoke flows on mmliple faces and floors was swong, but the visual evidence did not provide sufficient
mformation to identify their source(s). The possibility that the collapse of the 831d floor slab was a
potential source of a pressure pulse was discussed.

NISTNCSTAR 1-5a chap 9 AppdxC.pdf / Page 369 (7368 in PDF):



Starting arcumd 9:44:38 am- there was another peried during which heavy smoke flows came from
numercus open windows on the 79th and 20th flocrs of the east face. This release lasted wmtil
approxmately 9:46:05 am Figure 9-66 shows an image recorded during this smoke release at

9:45:40 am. Comparisen with Figure 9432 and Figure 9-58 indicates that the amount of smeke flow and
vizible flame are much less than observed during the three simular earlier events. Nomnetheless, the smoke
flow obscured noach of the face, and videos show that intenmuttent flames appeared outside of some
windows. MNear the end of this smoke release episode, there were two large pressure pulses at

9:45:37 am. and 9:46:01 am. that pushed large amounts of smeke out of windows on the 79th and 80th
floors.
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NISTNCSTAR 1-5a chap 9 AppdxC.pdf / Page 371 (7368 in PDF):

In addition to the sustained periods (roughly one minute) of smoke and fire, pressure pulses, dunng which
smoke was rapidly pushed out of open windows for shert perieds, were also observed moving across the
east face at 2:49:16 am. and 9:32:13 am

NISTNCSTAR 1-5a chap 9 AppdxC.pdf / Page 374 (7868 in PDF):

At 9:51:5]1 am. puffs of smoke and’or dust were expelled from open windows on the 79th, 80th, and 81st
floors on the north face of WTC 2 near the east edge. These included windows 79-233 and 79-234,
80-257 and 20-238, and 81-254. Almost simmltaneously, smoke was pushed from windows on the 70th
and 80th floors of the east face. Just over a second later, & bright spet appeared at the top of one window,
80-255, on the 80th floor, and a glowing liquid began to pour from this location. As it fell, the glowing
liguid struck: the base of window 80-255 and splashed before falling further. Figure 9-70 shows a frame
captured from a video at 9:51:54 am. in which the falling Liquid and the splashing can be szen. Tlis
liguid flow lasted approxmately 4 s before subsiding. After the flow stopped, the glowing spot was stll
visible at the top of window 80-233.
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NISTNCSTAR 1-5a chap 9 AppdxC.pdf / Page 376 (8268 in PDF):



There was another release of smoke and/or dust from near the east edge of the north face at 9:52:38 am.
Immediately afterward, the spot near the top of windeow 80-255 brightened considerably. At 9:52:47 am
a series of three mch larger pressure pulses, which took place over 33 s, pushed smeoke and/or dust from
several locations on multiple floors of the north face. These locations included those described above, the
two areas on the north side of the 83rd floor where fires were burming, the vicinity of the pile of debris
near the center of the 79th floor, an area of newly chserved fire on the 79th floor near windows 79-209 to
79-213, and the opening on the northeast comer of the 81st floor. The fire buming near the center of the
79th floor flared up noticeably. Immediately following cne of the pressure pulses (at 9:532:48 am )
mtense flames suddenly reappeared in windows 81-301 and 81-302 on the east face just to the south of
the northeast comer of the 81st floor. At roughly the same time, part of the debris lodged at the northeast
comer of the 81st floor fell out of the opening. Relatively small amounts of molten material poured from
window 20-255 near the start and end of the series of pressure pulses. Videos show that smeke was also
expelled from windows near the north edges of the 7%h and 80th floors of the east face during these
pressure pulses.

A high-resolution photograph of the north face shot at 9:32:31 am., i.e., just 4 s after the start of the first
of the three pressure pulses, is shown in Figure 9-71. The white cloud m the photograph is the rising dust
and/or smoke that was pushed from windows on multiple floors duning the pressure pulse. Blow-ups of
the area around windew 80-255, which 15 the location on the 20th floor where the molten matenial poured
from, and the cold spot are shown in Figure 972 and Figure 9-73, respectively.

NISTNCSTAR 1-5a chap 9 AppdxC.pdf / Page 380 (8268 in PDF):

Around 9:53:47 am., bright flames suddenly appeared near window 82-234 on the 82nd floor just to the
west of the cold spot. This fire grew rapidly. A video of the area taken at 9:54:02 am. shows extended
flames coming from windows 82-234 to 82-237.

Ar2:33:41 am. and 9:33:46 a.m. two pressure pulses forced additional smoke from windows on the north
face. Both of these ocourrences were accompanied by short flows of molten material from the same
window, 80-235, on the 20th floor observed earlier. The largest flow ocowrred duning the second release.
Figure 975 shows a view of the northeast comer of WTC 2 taken from a video at 9:33:31 am. The
bright molten siream flowing from the top of window 80-235 is prominent. Unlike earlier images (e.g.,
see Figure 971 and Figure 9-74, both of which were taken within a minute of 9:33:51 am ) showing this
area of the tower, the intense fire burning on the &1st floor at the eastem edge of the north face has
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Druring the next several minntes, following the tweo pressure pulses around 9:33:43 a.m., munerous
pressure pulses wers noted that pushed smoke from open windows on the north and east faces of WTC 2.

A particularly sirong pressure pulse started at 9:56:11 am It lasted nearly 10 5. This particular pulse was
strong enough to push flames from the tower at many locations. Following a pressure pulse at 9:36:31
am, the flames present on the 813t floor in the northeast comer opening and nearby flames en the north
face abruptly died down. The large flame in window 21-301 on the east face also declined within 2 5. Al
of these flames reappeared after a few seconds.

At 9:57:21 am., shortly after another pressure pulse, the bright light reappeared at the top of the window,
80-255, on the 80th floor from which the flow of molten material had been observed earlier. Almost
immediately, it appearad to ump cne window to the east, 1e., to window 80-255. Five seconds later a
light flow of melten metal began pouring out of window 80-236. The flow of matenial from this windew
would now be nearly continuons until the tower collapsed. At9:37:32 am. there was a farly intense

pressure pulse within the tower. The flow rate of the molten metal increased dramatically at this time.
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NISTNCSTAR 1-5a chap 9 AppdxC.pdf / Page 396 (100268 in PDF):

Durng the period between 9:45 am. and the start of the global collapse of WTC 2 at 9:33:59 am.. there
were numerous indications that significant changes were takng place within the tower. These inchuded 1)
repeated pressure pulses that pushed smoke and/or dust, and in some cases flames, from multiple open
windows sinmltanecusly over multiple floors, 2) flows of molten metal (assumed to be aluminum) from
the tops of windows, 3} visible changes in the location of hanging cbyects, 4) sudden changes m fire
location and mtensity, 5) inward bowing of exterior colwmns, and 6) & large number of pieces of debris
falling from the north side of the east face just prier to the collapse. The available evidence suggests that
many, if not all. of the hanging objects were possibly floor slabs that had become detached from and
seftled down below the spandrel to which they were ongmally attached. Certam of the behaviors, such as
the flows of molten metal, were temporally correlated with pressure pulses, and it is considered likely that
the events responsible for changes in hanging object locations alse generated such pulses.
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Beginning as early as 9:12:45 am., short-lived smoke puffs with durations of a few seconds were
observed conung from open windows on the east face. These puffs typically ocourred from multple
windows on two or more floors. The puffs often came from windows on the 7%h and 80th floors. In
many cases the puffs appeared to move across the face in sequence. At times, similar puffs were
observed simmltaneously on the north and south faces. The evidence suggests that these smoke pufts
resulted from pressure pulses generated within the tower and transmitted to other locations. It should be
kept in mind that these pressure pulses were likely of sufficient magnitude to affect smoke flows over
multiple faces and floors, but were nnich too small to affect stmactural components within the tower. For
meoat of the smoke puffs, there was no visual indication of the location of the event that generated the
pressure pulse. In a few cases, such as when molten metal poured from the tower, circumstantial
evidence indicated that the puffs could be associated with specific events.

Even though the smoke puffs had short durations, they were frequently seen. Table -3 lists the times for
the nitiation of cbserved smoke puffs based on a review of a long-distance, continuous video of the east
face of WIC 2. It should be kept in mind that the amount of smoke released varied from puff to puff. so
there is some uncertainty associated with whether a weak smoke flow represents a smoke puff or not.
Simce the puffs tended to move across the face over penods lastng several seconds, there are also
uncertainties associated with the start times for the puffs. As indicated by the results in Table 9-3, the
smoke puffs first appeared around 9:13 a.m. and were observed numersus times until WTC 2 collapsed at
9:58:39 am.

Table 8-3. Start Times for Smoke Puffs Observed on the East Face of WTC 2

0:12:48 am. 9:14:31 am. 9:14:57 am. 0:15:20am 0:16:06 am.
21716 am. 9:18:07 a.m. G-18:35 am. 8:18:05 am 0:19:20 am.
9:10:47 am. 920058 am. 9:21:12 am. 0:21:22 am. 22137 am.
0:21:46 am. 92234 am. 9:23:01 am. 0:23:14am 22357 am
9:24:10 am. 9:24:31 am. 9:25:04 am. 9:25:18am. 22543 am.
9:26:11 am. 9:26:23 am. 2716 2am. 0:27:33am. 9:28:05 am.
9:28:09 am. 0:28:41 am. 0-28:55 am. 0:20:05 am 0:20:24 am.
0:30:15 am. 0:30:46 am. 9:31:27 am. 0:31:3% am. 23155 am
0:32:26 am. 9:33:20 am. 0:33:30 am. 0:34:04 am Q3705 am
9:37-42 am. 9:38:00 am. 93813 am. 9:38:29am. 93837 am
0:40:47 am. 0:42:58 am. 0:48:36 am. 9:49:16 am. 4023 am
9:50:00 am. 9:30:37 am. 0:52:13 am. 8:52:30 am 9:533:10 am
0:33:46 am. 9:54:16 am. 9:54:37 am. 0:37:02 am. 23719 am
0:57-28 am.
408 NCETAR 1-84, WTC Invesfigation
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In addition to the smoke puffs seen on the east face of WTC 2. there were also periods lasting
considerably longer, typically about a minute, during which heavy smeoke would suddenly start to flow
from open windows over large areas of the face that had been essentially free of smoke. The smoke flows
tended to be particularly heavy near the centers of the 79th and 80th floors. Figure 9—44 shows the east
face of WTC 2 duning one of these peniods. As evident m thus photograph, flames were also occasionally
observed coming from the windows. At the end of a peniod, the smoke flow would subside as quickly as
it started. These periods of heavy smoke flow were easily distinguished from the smoke puffs (pressure
pulses) described above.

Seven periods of increased smoke flow were identified starting around 9:36 am. Table 9—4 lists the
approximate start and end times for the pulses along with their durations. Even though the smoke flow
density varied for the seven periods, the lengths of the periods were remarkably consistent.

Table 9-4. Start and End Times for Periods of Heavy Smoke Flow (and External Flaming)
from Numerous Windows on 79th and 80th Floors of the East Face of WTC 2

Start Time End Time Duration
9:35:42 am. 0-36:4% a.m. 1min7s
9:30:4] am. 9:40:41 am. 1min Qs
9:41:13am. 9422 am 1minlis
9:44:58 am. 9:46:08 am. 1nun 10 s
9:46:33 am. 9:47:33 am. 1mun s
9:30:57 am. 9:51:30 am. 33g

93529 am. 9:56:43 am. 1min 14 s

The short-term release of large amounts of smoke, along with external flaming over large areas of a
building fagade, 15 not a typical building fire behavior. Sclid-fueled fires in buildings mors typically zo
through the stages of growth. sustained buming, and decay cbserved elsewhere m both towers. As
postulated earlier. the buming of 1selated unburned poels of aviation fel deposited inside the bulding
during the arreraft impact 15 viewed as the mest likely explanation for the short pericds of heavy smoke
release. As discussed in Chapier 7, the impact location of the aircraft indicates that much of the aviation
fuel from the port tank should have been deposited on the 79th floor. The fact that the smoke releases
occurred sinmultaneously on both the 79th and 80th floors may be an indication that there were one or
meore intemal connections, such as open elevator shafts. ventilation shafts, or locally collapsed floor slabs,
that allowed the flame gases to vent to open windows on both floors.

Prior to the start of the short-term heavy smoke releases, only relatively small spot fires were observed on
the east face of the 80th floor, and the 79th floor appeared to be free of fire. Very little smoke came from
windows on these floors. The infrared images recorded around 9:15 am. indicated that there was a small
heated area on the 7%th floor that may have been dus to a small, unseen fire. Starting shertly after

9:28 am.. a substantial fire began to grow on the 79th floor between windows 79-315 and 79-320. Prior
to this time. the glass had been in place in these windows. This fire spread to cover windows 79-310 to
79-320 and was still burung when the tower collapsed.

As can be seen in Figure 9-43 and the blow-ups shown in Figure 9—44, which was taken during the first
period of heavy smoke release from the 79th and 80th floors at 9:36:14 am., heavy smeke and flame
were pushed from numerous open windows on these floors duning these releases. [t 1s noteworthy that the
relative amounts of smoke and fire from the area on the 79th floor where an active fire had been observed
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Chapter 8

earlier, ie., windows 79-310 to 79-320, 15 relatively light compared to windows further to the south on
the same floor. These figures provide a good indication of how heavy the smoke flow and flames wers
during this particular smoke release. By the time Figure 946 was taken at 9:37:32 am.. the only heavy
smoke and flames visible on the 79th floor were again coming from windows between 79-315 and
79-320. The contrast between the two conditions 15 stark and vividly demenstrates how unnsual the
peniods of heavy smoke release were.

NISTNCSTAR 1-5a chap 9 AppdxC.pdf / Page 412 (11868 in PDF):

As discuszed above, the sources for the pressure pulses that created the wide-spread smoke and/or dust
puffs observed on nultple faces of WTC 2 are unknown. There are numerous possibilities. However, it
15 possible that some fraction of these pulses could have been associated with stuctural changes m the
tower, even though definitive visual evidence is not available to support such a hypothesis. There is
evidence that some of the puffs were correlated with releases of molten aluminum, which could possibly
be associated with local floor slabs movement (see below).

NISTNCSTAR 1-5a chap 9 AppdxC.pdf / Page 385 (8268 in PDF):

During the period between when Figure 9-71 and Figure 9-78 were taken, the fires on the eastem edge
and the northeast comer of the 815t floor have died down considerably. Prior to 9:33 am. intense fires
had bumed in these areas contimuously following the amreraft impact. After this time it was cbserved that
these fires suddenly died down and then reappeared several times. These cycles seemed to be associated
with pressure pulses that pushed smoke and/or dust out of open wimdows on mmltiple floors of the north
and east faces. Tlus may be an indication that these fires died down due to changes in their local
environment, e.g., a partial collapse of a floor, as oppoesed to simply buming out the available fuel. A
low-level fire continued to bum at the western edge of the cold spot on the 21st floor. There had been no
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As discussed above, the sources for the pressure pulses that created the wide-spread smoke and/or dust
puffs observed on mulaple faces of WTC 2 are unknown. There are numerous possibilities. However, it
i3 possible that some fraction of these pulzes could have been associated with stmectural changes in the
tower, even though definitive visual evidence 13 not available to support such & hypothesis. Thereis
evidence that some of the puffs were correlated with releases of molten ahmminum, which could posably
be associated with local floor slabs movement (zee below).

(1N Appendix M (metallurgy)

Dependence of the melting point of iron on the oarbontent

quote:

“The effects of carbon are best illustrated by am-icarbon equilibrium diagram (see
figure). The A-B-C line represents the liquidusn®i(i.e., the temperatures at which
molten iron begins to solidify), and the H-J-E-@direpresents the solidus points (at
which solidification is completed). The A-B-C lindicates that solidification




temperatures decrease as the carbon content abamielt is increased. (This explains
why gray iron, which contains more than 2 percearbon, is processed at much lower
temperatures than steel.) Molten steel containiogexample, a carbon content of 0.77
percent (shown by the vertical dashed line in ifper€) begins to solidify at about 1,475°
C (2,660° F) and is completely solid at about 1;400(2,550° F).”

»Iron-carbon equilibrium diagram.*:
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Quoted from the article "steel” Encyclopaedia Britiga 2007. Encyclopaedia Britannica
Online. 24 2007 kttp://www.britannica.com/eb/article-911066and
http://www.britannica.com/eb/art-1536/Iron-carbon-equilibrium-
diagram?articleTypeld=1)

Puddling process:
Diagram with quote:

1Sourcehttp://henrycort.net/02iron.htm




“The sectional diagram shows the hearth on the ridjet chimney on the left. At the front (the dim@t
from which we are looking) are two doors. Onededito load fuel to the hearth, the other to Idael t
charge into the firebridge. The firebridge doorsteasmall covered aperture, through which the istgr
pole can be inserted.

In Cort's "dry" puddling process, cast or "pig" imas loaded into the firebridge. The hot gased tinel
iron, then start to remove the impurity. As thenillecomes purer its melting point goes up andiitsto
solidify.

The purpose of stirring is to remove the coatingalfd iron, exposing more molten iron to the actad
the gas. This goes on for an hour or so beforadjins complete: very hard work for tbeddlerwho does
the stirring”

Sourcehttp://henrycort.net/02iron.htm

Quote:

“J.J.Davies, who was born in Tredegar but emigrated to America where he later became a
prominent figure in Government, wrote an account of his early experiences as a puddler in his
book - "The Iron Puddler", recently republished.

Extracts from "The Iron Puddler" by J.J.Davies

[...] After melting down the pig-iron as quickly as possible, which took me thirty minutes, there
was a pause [...] For the next seven minutes | "thickened the heat up" by adding iron oxide to the
bath. This was in the form of roll scale [iron oxid].

The furnace continued in full blast till that was melted. The liquid metal in the hearth is called slag.
The iron oxide is put in it to make it more basic for the chemical reaction that is to take place.
Adding the roll scale had cooled the charge, and it was thick like hoecake batter. | now thoroughly
mixed it with a rabble which is like a long iron hoe.

"ON THE BOIL"

For twenty-five minutes while the boil goes on | stir it constantly with my long iron rabble.[...]



Little spikes of pure iron like frost spars glow white-hot and stick out of the churning slag.
These must be stirred under at once; the long stream of flame from the grate plays over the
puddle, and the pure iron if lapped by these gases would be oxidized and burned up.

Pasty masses of iron form at the bottom of the puddle. There they would stick and become chilled
if they were not constantly stirred.

The whole charge must be mixed and mixed as it steadily thickens so that it will be uniform
throughout.[...]

"COMING TO NATURE"
The charge which | have been kneading in my furnace has now "come to nature," the stringy
sponge of pure iron is separating from the slag.
The "balling” of this sponge into three loaves is a task that occupies from ten to fifteen minutes.
The particles of iron glowing in this spongy mass are partly welded together; they are sticky and
stringy and as the cooling continues they are rolled up into wads like popcorn balls. [...]

Quoted fromhttp://www.geocities.com/jenks436/puddler.html.

See also'Cort, Henry" Encyclopaedia Britanni@®d07. Encyclopaedia Britannica Online.
3 2007http://www.britannica.com/eb/article-9026426

Siemens regenerative furnace and Siemens-Martivafer

See below a schematic diagram of a Siemens-Matindee from a book from 1895,
and schematic diagrams of the heat accumulatons thhe same book.



Fig. 295. — Four Martin de 15 t., échelle de 1/120. (Coupe longitudinale.)

"Description:

Siemens Martin furnace used for the manufacturirsgeel.”

From wikipedia,
http://upload.wikimedia.org/wikipedia/commons/5&6@&mensmartin12nb.jpg

Fig. 27. — Empilages des régénérateurs. Fig. 28, — Lmpilages des régénératenrs.
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“Description

Siemens Martin furnace used for the manufacturingteel: heat accumulators.
Picture[s] scanned from: Manuel de la métallurgie lBer, Tome 1, by Adolf Ledebur;
French version translated by Barbary de Langladea@ed by F.Valton, published by
Librairie polytechnique Baudry et Cie, 1895. padg®.1

Here copied from wikipedia
http://de.wikipedia.org/wiki/Bild:Regenerateur siens nb.jpg




See below a schematic diagram of a modern SiememsrMurnace:

oxygen lances
heated

cornbustion air

steel melt

chatrging doors

ground

refractory
lining

regencrator
charmbers

) 2000 Encyelopaedia Britannica, Inc. L fuelgas
Picture/diagram from Encyclopedia Britannica

The first Siemens regenerative furnaces might ageltbeen constructed as reverberatory
furnaces but used crucibles instead accordingadeticyclopaedia BritannicaAfter

1870 the Siemens regenerative gas furnace repldeedoke-fire furnacpused in the
crucible process, see belqgut]produced even higher temperatures. The Sierhenace
had a number of combustion holes, each holdingrakgricibles, and heated as many

as 100 crucibles at a time.” All high-quality tostieel and high-speed steel was long
made by the crucible process ..(Quoted from article "crucible process" Encyclopaedi
Britannica 2007. Encyclopaedia Britannica Online. 31 2007
http://www.britannica.com/eb/article-90280%4

Siemens used his furnace mainly for the produatiogiass. In France it was used for the
first time for the production of steel. The onlyusce obtained that mentioned that the
steel was placed in crucibles in the Siemens -reggive furnace is the above quoted
“Encyclopaedia Britannica” article. However, the i8ens-Martin process used later and
uses up to now a reverberatory type of furnace.

See also: article reverberatory furnace" Encyclopaedia Britannic&2007.
Encyclopaedia Britannica Online. 3 200http://www.britannica.com/eb/article-
9063351

(11 Appendix Workstation burn tests by NIST

A few excerpts from NISTNCSTAR 1-5C (see NIST fall fesults, etc.)
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Table A-2. Effective burning properties of WTC workstation materials.

Ignition Heat of Heat of Incident Heat
Temperature | Thermal Inertia | Combustion | Gasification Flux Total Available
Material o) (MKS)® (kXig) (klg) (kW/m?) Heat (MJ/m®) | Burning Time (s}
Desk surface 407 041 1401088 48 70 269 £4.0 1ot 114
(thickness = 2.8 cm) 8.6 1947 + 72
45 212£43 968 £78
- 1739 £ 49
113+71 614 £ 397
1153728
Computer monitor 402 024 1.7 70 469+ 1.1 64411
(thickness = 21 - 80968
0.28 cm)
43 430£17 652182
7961121
20 576£28 1161 16.1
132+205
Chair compesite 369 032 5.1 70 39723
(fabric thickness = 6.8 522+72
0.10 cm; assumed
adiabatic rear
surface)
(treated as thick) 45 2189245
20 2T6£29 108
1048 = 132
Privacy panel 380 073 30t5 17 70 73107 S0xg

Table A-2. Effective burning properties of WTC workstation materials.

TIgnition Heat of Heat of Incident Heat
Temperature | Thermal Inertia | Combustion | Gasification Flux Total Available
Material o) (_\IKS)b (kXig) (kIig) Heat (MJ/m”) | Burning Time (s)
Desk surface 407 041 140£0.388 48 269 4.0 1101114
(thickness = 2.8 cm) B.6 1947 £ 72
45 212+43 068 £78
- 739+ 49
25 614 £ 397
1153728
Computer monitor 402 0.24 15.8 1.7 70 469x1.1 644111
(thickness = 21 - 80.9£6.8
0.28 em)
45
20 576128 116 +16.1
132205
Chair composite 369 51 70 39723
(fabric thickness = 68 52222
0.10 em; assumed
adiabatic rear
surface)
(treated as thick) 45 180+45
20 276129 764 £ 108
1048 £ 132
Privacy panel 380 0.73 17 70 7307 30z8
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Table ES-1. Key results from the workstation fire tests.

Test
Quantity 1 2 3 4 5 6 Uncertainty
Worlstation ¥ Generic Generic Generic WTC Generic Generic
Tiles N N Y N N Y
Jet fuel N N N N Y Y
Peak HRR® (MW) 5.92/5.77 8.70/8.48 7.56/7.30 9.89/9.66 | 9.12/891 | 7.960/7.60 | 14.6%/13.2%
Time to peak® (s) 490 530 590 510 160 200 4.4 %/7.2 %
Net peak HRR® (MW) 3.82/3.6 6.95/6.73 5.53/5.27 7.72/7.46 | 738/7.17 | 6.17/595 | 15.0%/13.6%
Peak MLR (kg/s) 0.197 0.308 0.263 0.420 0336 0293 128%
Time to peak® (s) 480 530 560 490 160 180 44 %72 %
Net heat released (GJ) 120 4.05 413 293 3.60 3.74 149 %
Time interval® (s) 150 to 1265 50 t0 3200 | 160 to 3600 30to 0to 2500 | 20 to 252
2100
Total mass loss (kg) 69.1 205.0 2136 173.6 2002 2053 44 %
Effective heat of 17.4 19.8 19.3 16.9° 180 18.2 15.0%
combustion (MJ/kg )
FWHH' (s) 244 445 318 451 11.6 %. 43.6 %.10.8 %.12.8 %
(75 %)° 1311 1453 833 1009 4.6%.55%
(i; (s ) (item ignited) 39 67 56 50 90 114 62 %, 36 % 43 %, 48 %. 27 %,
(paper) (paper) fpaper) | (papen) | (JetA) | (papen) |21%
a The first HRR number is the calorimeter output; the second is a 10 s average about the absolute peak; the first uncertainty mumber is for the instantaneous peak and the

second is the 10 s average about the peak

fanc

and 6.

M

The time interval applies to both the net heat released and to the total mass loss

There was some spillage of smoke in Test 4, which may partly account for the lower heat of combustion.
Full width half height of net HRR curve; the four uncertainty values are for Tests 2, 3, 5, and 6.

Time at which 75 percent heat had heen released and 75 percent of mass had been lost; the first uncertainty value is for Tests 2 and 3 and the second is for Tests 5

Time of ignition of first object within workstation; the six values of uncertainties are for Test 1 through Test 6.
The first uncertainty mumber is without Jet A and the second number is with Jet A,

Description of Experiments

Table 2-1. Contents of generic workstation.

Combustible | Combustible
Component Mass (kg) Fraction Mass (kg)
Work surface — melamine laminate over medium density 82.8 1.0 82.8
fiber-board 4 pieces, 6.1 m total length x 0.61 m
wide » 28 mm thick
27 reams of paper and 14 document boxes 1.0
Plastic kick plates and trim (base of walls, inside and 7.1 1.0 7.1
outside)
Computer keyboard 1.2 1.0 12
Plastic waste basket 0.7 1.0 b7}
36 nylon carpet tiles with rubber backing 38.0 0.9 34.2
Shelf ends — particle board or dense foam 38 0.9 3.4°
Bulldog chair — fabric, foam, thermoplastic shell and base 19.4 0.8 15.5
Computer monitor - ABS 17.6 0.3
Computer processor 12.3 0.3 3.7
9 wall panels with aluminum angle, wood frames, 168.2 0.18 303
fiberglass, and metal mesh, 3 sizes 25.3 kg wood
5.0 kg fabric

Book shelf 3 0.1 0.8
3 two-drawer steel filing cabinets, 0.91 m long x 0.51 m 142.5 0.0 0.0
deep x 0.76 m high
Total 557.1 0.45 248.7

a. Table 2-2 assumes that the 3.4 kg is plastic.
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Table 2-3 summarizes the mass of the components and their estimated combustible mass content for the
WTC workstation; Table 2—4 groups the materials into the same categories as in Table 2-2. Items in bold
type differed from the generic workstation summarized in Table 2—-1. Note that the WTC workstation had
a slightly lower total combustible mass, but the plastic fronts on the file cabinets meant there was more
exposed area of flammable material and the total mass of plastic was greater.

Table 2-3. Contents of WTC workstation.

Combustible Combustible
Component Mass (kg) Fraction Mass (kg)
Work surface—melamine laminate over medium density 79.4 1.0 79.4
fiberboard, 4 pieces, 6.1 m total length x 0.61 m wide x 30 mm
thick
27 reams of paper and 14 document boxes 63.7 1.0 63.7
Computer keyboard 1.2 1.0 2
Plastic waste basket 0.7 L0 0.7
36 nylon carpet tiles with rubber backing 38.0 0.9 34.2
Plastic doors for 2 cmn to 76 cm wide shelves 4.4 (est.) 1.0 4.4
High-end bulldog chair—fabric, polyurethane foam, 22.4 0.8 17.9
thermoplastic shell and base
Computer terminal, ABS 17.6 0.3 5.3
Computer processor 12.3 0.3 3.7
6 wall panels of steel construction with an 0.32 ¢m thick 89.2 0.23 20.5
hardboard septun, fiberglass insulation, and fabric 15.4 kg wood
5.1 kg fabric

Three 2-door filing cabinets similar to those above plus a 136.9 0.02 (est.) 2.7 (est.)
smaller portable filing cabinet
Total 465.8 0.50 233.7

Note: Bold items have values different from those in the generic workstation.









