PETER GALISON

AN ACCIDENT OF HISTORY

We regularly ask after the limits of historical inquiry; we agonize over the right
combination of psychological, sociological, and technical explanations. We struggle
over how to combine the behavior of machines and practices of their users. Imagine, for
a moment, that there was a nearly punctiform scientific-technological event that took
place in the very recent past for which an historical understanding was so important that
the full resources of the American government bore down upon it. Picture further that
every private and public word spoken by the principal actors had been recorded, and
that their every significant physical movement had been inscribed on tape. Count on the
fact that lives were lost or jeopardized in the hundreds, and that thousands of others
might be in the not so distant future. Expect that the solvency of some of the largest
industries in the United States was on the line through a billion dollars in liability
~coverage that would ride, to no small extent, on the causal account given in that history.
What form, we can ask, would this high-stakes history take? And what might an inquiry
into such histories tell us about the project of — and limits to — historical inquiry more
generally, as it is directed to the sphere of science and technology?
There are such events and such histories — the unimaginably violent,
destructive, and costly crash of a major passenger-carrying airplane. We can ask:
What is the concept of history embedded in the accident investigation that begins
while crushed aluminum is still smoldering? Beginning with the Civil Aeronautics
Act of 1938, the Civil Aeronautics Authority (a portion of which became today’s
~ National Transportation Safety Board) and its successors have been assigned the
task of reporting on each accident, determining what happened, producing a
probable cause” and arriving at recommendations to what is now the Federal
viation Authority (and through them to industry and government) that would
void repetition. Quite deliberately, the NTSB report conclusions were
squalified from being used in court: the investigative process was designed to
¢ some freedom both from the FAA and from the courts. Since its
blishment, the system of inquiry has evolved in ways I will discuss, but over
last half century there are certain elements that remain basically constant.
m these consistencies, and from the training program and manuals of
estigation, [ believe we can understand the guiding historiographical principles
nderlie these extraordinary inquiries. What they say ~ and do not say — can
us about the broad system of aviation, its interconnectedness and
;bilities, but also, perhaps, something larger about the reconstruction of the
ined human and machinic world as it slips into the past.
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e that aims to re-explain aviation accidents. Such efforts are

There is a wide literatur
planation

not my interest here. Instead, 1 want to explore the form of historical ex
realized in the accident reports. In particular, I will focus on a cluster of closely related
instabilities, by which I mean unresolvable tensions between competing norms of
explanation. Above all, the reports are pulled at one and the same time towards
localizing accounts (causal chains that end at particular sites with a critical action) and
towards diffusing accounts (causal chains that spread out to human interactions and
organizational cultures). Along the way, two other instabilities will emerge: first, a
sharp tension between an insistence on the necessity of following protocol and a
simultaneous commitment to the necessary exercise of protocol-defying judgment.
Second, there is a recurrent strain between a drive to ascribe final causation to human
factors and an equally powerful, countervailing drive to assign agency to
technological factors. To approach these and related questions, one needs sources
beyond the reports alone. And here an old legislative stricture proves of enormous
importance: for each case the NTSB investigates, it is possible to see the background
documentation, sometimes amounting to many thousands of pages. From this
“docket” emerge transcripts of the background material used to assemble the reports

themselves: recordings and data from the flight, metallurgical studies, interviews,
gh preliminaries. Our first narrative begins in

psychological analyses. But enou
anuary 13, 1982.

Washington, DC, on a cold Wednesday afternoon, J
The accident report opened its account at Washington National Airport. Snow was

falling so hard that, by 1338, the airport had to shut down for 15 minutes of clearing.

At 1359, Air Florida Flight 90, a Boeing 737-222 carrying 5 crewmembers and 74

passengers, requested and received their Instrument Flight Rules clearance. Twenty
minutes later, a tug began de-icing the left side of the plane, then halted because of
further departure delays. With the left side of the aircraft cleared, a relief operator
replaced the initial one, and resumed the spraying of heated glycol-water mixture on
the right side. By 1510, the relief operator finished with a final coat of glycol,

inspected the plane’s engine intakes and landing gear, and found all surfaces clear of
snow and ice. Stuck in the snow, the Captain blasted the engines in reverse for about
a minute in a vain effort to free the plane from its deepening prison of water, glycol,

ice, and snow. With a new tug in place, the ground crew successfully pulled flight
90 out of the gate at 1535. Planes were backed up
the Fast Coast as they waited for landing clearance.
seventeenth in line for takeoff.

When accident investigators dissected the water-
voice recorder (cvr), here is what they tr
We are in the midst of their “after start” checklist.
a 34 year-old captain for Air Florida, speaks first on

Roger Alan Pettit, a 31 year-old ex-fighter pilot
1538:06 Wheaton/CAM-1 {my insertions in curly brackets} After start

Pettit/CAM-2 Electrical
Wheaton/CAM-1 Generators

in holding patterns up and down
Taxiways jammed: flight 90 was

soaked, fuel-encrusted cockpit

anscribed from time code 1538:06 forward.
Captain Larry Michael Wheaton,
CAM-1. The first officer is
for the Air Force; he is on CAM-2.
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Pettit/ CAM-2 Pitot heat {heater for the ram air intake that measures airspeed}

Wheaton/CAM-1 On

Pettit/ CAM-2 Anti-ice

Wheaton/CAM-1 {here, be.cause some of the listeners heard “on” and the majority “off”, the
tape was sent to FBI Technical Services Division where the word was judged to be “off” },Off

Pettit/CAM-2 Air conditioning pressurization
Wheaton/CAM-1 Packs on flight

Pettit/ CAM-2 APU {Auxiliary Power Unit}
Wheaton/CAM-1 Running

Pettit/CAM-2 Start levers

Wheaton/CAM-1 Idle [ ... ]

Preparation for ﬂight includes these and many other checklist items, each
conducted in a format in which the first officer Pettit “challenges” captain Wh’eaton
who then respor}ds. Throughout this routine, however, the severe weathe;
commanded.the flightcrew’s attention more than once as they sat on the taxiway. In
the repqrtorlal 1anguag§ of the investigators’ descriptive sections, the follow.ing
| excerpt illustrates the flight crew’s continuing concern about the accumulating ice

snow and slush, as they followed close behind another jet: ’
?;41653(1)4:?1 the flr.st oﬁ;;cerTc;)lntinued to say, “It’s been a while since we’ve been deiced.” At

121, the captain said, “Tell you what, my windshield will be deiced, don’ .

] | R , don’t kn b
:;/lmgs: T}}@ first officer then commented, “well - all we need is the inside of the w?r:;sa al?;livr:y
ISZ;gggttlt?s :;;tgionna spee(i Lclip (znG eighty anyway, they’ll shuck all that other stuff.” Ayi

32, ain commented, “(Gonna) get your wing now.” Fi .
officer asked, “D’they get yours? Did the ingti e )
‘ - “Dthe 7 y get your wingtip over ’er’?”” The captain replied, “
got alittle on mine.” The first officer then said, “A little, this one’s got about : ;Lllr;rltzgltlg(:l’al}

an'inch on it all the way.”!

Then, just a little later, the report on voice recordings indicates:

gtptliiéieﬁl t(?igrsth O?Eerfasked, “See this difference in that left engine and right one?” The
¢ ed, “Yeah.” The first officer then commented, “I don’t k ’sdi '

it’s hot air going into that right one, that i ' his exhaust Why e it o
ks B o b gl X must be it — from his exhaust — it was doing that at the

rea\;\;l;llscilhgmem exactly the first officer had in mind is not clear; the NTSB (for
e Sim‘lecoli:ne gpparent shortly).later argued that he was attentive to the fact
exh;ust ooty 'etl ard tEgme Pressqre Ratios (the ratio of pressure at the intake and
- o 1hea1}[h erefgre a primary measure of thrust), there was a difference in
G e0 er engine 1pstruments. These others are the N1 and N2 gauges —
S . ﬁhrc];::}tl of maximum rpm of low and high pressure compressors
e ; Osnd aust Ggs Temperature gauge (EGT), and the fuel flow gauge
. thafthereswperh mlr}ute. A'pparentl.y satisfied with the first officer’s
e as hot air er}tenng the right §ngine from the preceding plane,
by hS was respoqs1ble for the left-right discrepancy, the captain and
= f}; e topic. B}lt 1c§ and snow continued to accumulate on the wings
om the cockpit voice recorder tape recorded four minutes later. T(;
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understand the first officer’s intervention at 1558:12, youneed to know thafythe “bugs”
are hand-set indicators on the airspeed gauge; the first corresponds to V1, the
“decision speed” above which the plane has enough speed to accelerate safely to flight

and below which the plane can (theoretically) be stopped on the

on one engine
d off

runway. The second speed is VR, rotation speed at which the nosewheel is pulle
the ground, and the third, V2, is the optimal climbout speed during the initial ascent, a
speed set by pitching the plane to a pre-set angle (here 18°).

1553:21 Pettit/CAM-2 Boy, this is a losing batle here on trying to deice those things, it (gives)

you a false sense of security that’s all that does

Wheator/CAM-1 That, ah, satisfied the Feds

Pettit/CAM-2 Yeah
1558:10 PettittCAM-2 EPR all the way two oh four {Engine Pressure Ratio, explained below}

1558:12 Pettit/CAM-2 Indicated airspeed bugs are a thirty-eight, forty, forty four

Wheaton/CAM-1 Set

1558:21 Pettit/CAM-2 Cockpit door
1558:22 Wheaton/CAM-1 Locked
1558:23 Pettit/CAM-2 Takeoff briefing

1558:25 Wheaton/CAM-1 Air Florida standard
1558:26 Peitit/CAM-2 Slushy runway, do you want me to do anything special for this or just go

for it?
1558:31 Wheaton/CAM-1 Unless you got anything special you’d like to do
1558:33 Pettit/CAM-2 Unless just takeoff the nose well early like a soft field takeoff or something

1558:37 Pettit/ CAM-2 T1! take the nose wheel off and then we’ll let it fly off

1558:39 Pettit/CAM-2 Be out of three two six, climbing to five, 1’11 pull it back to about one
point five five supposed to be about one six depending on how scared we are.

1558:45 (Laughter)
As in most flights, the captain and first officer were alternating as “pilot flying”; on
this leg the first officer had the airplane. For most purposes, and there are significant
exceptions, the two essentially switch roles when the captain is the pilot not flying. In

the above remarks, the first officer was verifying that he would treat the slushy runway

does any “soft field” — the control wheel is pulled back to keep weight

as one typically
p the

off the front wheel and as soon as the plane produces enough lift to kee
nosewheel off the runway, it is allowed to do so. His next remark re-stated that the
departure plan calls for a heading of 326-degrees magnetic, that their first altitude
assignment was for 5,000 feet, and that he expected to throttle back from thrust (EPR)

takeoff setting of 2.04 to a climb setting of between 1.55 and 1.6. Takeoff clearance
came forty seconds later, with the urgent injunction “no delay.” There was another
incoming jet two and a half miles out heading for the same runway. Flight 90’s engines
spooled up, and the 737 began its ground roll down runway 36. Note that the curly

brackets indicate text I have added to the transcript.
1559:54 {Voice identification unclear} CAM-? Real cold here
1559:55 Pettit/CAM-2 Got ‘em?
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1559:56 Wheaton/CAM-1 Real cold
1559:57 Wheaton/CAM-1 Real cold

1559:58 Pettit/CAM-2 God, look at that thing

1600:02 Pettit/CAM-2 That doesn’t seem right does it?

1600:05 Pettit/ CAM-2 Ah, that’s not right

1600:07 Pettit/ CAM-2 (Well) —

1600:09 Wheaton/CAM-1 Yes it is, there’s eighty {knots indicated airspeed}
1600:10 Pettit/CAM-2 Naw, [ don’t think that’s right

1600:19 Pettit/CAM-2 Ah, maybe it is

1600:21 Wheaton/CAM-1 Hundred and twenty

1600:23 Pettit/CAM-2 [ don’t know

1600:31 Wheator/CAM-1 Vee one

1600:33 Wheaton/CAM-1 Easy

1600:37 Wheator/CAM-1 Vee two

1600:39 CAM (Sound of stickshaker starts and continues to impact)
16(?0:45 Wheaton/CAM—] Forward, forward {presumably the plane is over-rotating to too high
a pitch attitude}

1600:47 CAM-? Easy
1600:48 Wheaton/CAM-1 We only want five hundred {feet per minute climb}

1600:50 Wheaton/CAM-1 Come on, forward

1600:53 Wheaton/CAM-1 Forward

1600:55 Wheaton/CAM-1 Just barely climb

1600:59 Pettit/CAM-2 (Stalling) we’re (falling)
1601:00 Pettit/ CAM-2 Larry we’re going down, Larry
1601:01 Wheaton/CAM-1 I know it

1601:01 ((Sound of impact))

The' aircraft struck rush-hour traffic on the Fourteenth Street Bridge, hitting six
occupied automobiles and a boom truck, ripping a 41-foot section of the bridge wall
along with 97 feet of railings. The tail section pitched up, throwing the cockpit down
towa‘rds the river. Torn to pieces by the impact, the airplane ripped and buckled
sending seats into each other amidst the collapsing structure. According t(;
pathologists cited in the NTSB report, seventy passengers, among whom were three
fants ?md four crewmembers, were fatally injured; seventeen passengers were
Qapa‘.:ltated by the crash and could not escape.? Four people in vehicles died
edla.tely of impact-induced injuries as cars were spun across the bridge. Only the
sec’u.on of the plane remained relatively intact, and from it six people were
hged m"to the Ffé?—degree ice-covered Potomac. The one surviving flight attendant,
at?ndsdlmmoblllzeq by.the cold, managed to chew open a plastic bag containing a
’ on device and give it to the most seriously injured passenger. Twenty minutes
a Parks Department helicopter arrived at the scene and rescued four of the five
018; a bystander swam out to rescue the fifth.3
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PETER GALISON
2. THE PHYSICS OF FAILURE
Why did flight 90 crash? At a technical level (and as we will see the technical never

is purely technical) the NTSB concluded that the answer was twofold: not enough
thrust and contaminated wings. Easily said, less easily demonstrated. The crash
team mounted three basic arguments. First, from the cockpit voice recorder,
investigators could extract and frequency analyze the background noise, noise that
was demonstrably dominated by the rotation of the low-pressure compressor. This
frequency, which corresponds to the number of blades passing per second (BPF), is
closely related to the instrument panel gauge N1 (percentage of maximum rpm for

the low pressure compressor) by the following formula:
BPF (blades per second) = (rotations per minute (rpm) x number of blades)/60

LEGEND

NB2AF ESTIMATED
FLIGHT PATH EEansm

Percent max rpm (N1) = (rpm x 60 x BPF x 100)/(maximum rpm x number of

blades)
Applying this formula, the frequency analyzer showed that until 1600:55 — about
six seconds before the crash — N1 remained between 80 and 84 percent of
 maximum. Normal N1 during standard takeoff thrust was about 90 percent. It
appeared that only during these last seconds was the power pushed all the way. So
why was N1 so low, so discordant with the relatively high setting of the EPR
at 2.04? After all, we heard a moment ago on the CVR that the engines had been set
at 2.04, maximum takeoff thrust. How could this be? The report then takes us back

PROBABLE
| FLIGHT

to the gauges.
The primary instrument for takeoff thrust was the Engine Pressure Ratio gauge,
the EPR. In the 737 this gauge was read off of an electronically divided signal in
which the inlet engine nose probe pressure given by Pt2 was divided by the engine
_ exhaust pressure probe Pt7. Normally the Pt2 probe was deiced by the anti-ice bleed

WASHINGTON
NATIONAL
AIRPORT
air from the engine’s eighth stage compressor. If, however, ice were allowed to form
in and block the probe Pt2, the EPR gauge would become completely unreliable. For

with Pt2 frozen, pressure measurement took place at the vent (see figure 2) — and the
pressure at that vent was significantly lower than the compressed air in the midst of

the compressor, making
apparent EPR = Pt7/(Pt2-vent) > real EPR = Pt7/Pt2.

Since takeoff procedure was governed by throttling up to a fixed EPR reading of
04, a falsely high reading of the EPR meant that the “real” EPR could have been
ch less, and that meant less engine power.

0 test the hypothesis of a frozen low pressure probe, the Boeing Company
gineers took a similarly configured 737-200 aircraft with JTSD engines
mbling those on the accident flight, and blocked with tape the Pt2 probe on the
ber one engine (simulating the probe being frozen shut). They left the number

ngine probe unblocked (normal). The testers then set the Engine Pressure Ratio

0 % 1 Mile '
= = — S =1 )

Figure 1. Flightpath. Sources: National Transportation Safety Board, Aircraft Accident
Report, Air Florida, Inc. Boeing 737-222, N62AF, Collision with 14th Street Bridge, near

Washington National Airport Washington, D.C., January 13, 1982, p. 7, figure 1. Hereafter,

NTSB-90.
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FUEL FLOW INDICATOR
Engine Instrument Indication: Engine instrument Indication:
1.70 EPR P, probe blocked 2.04 EPR

Engine anti-ice-Off Normal Operation

Indicates fuel consumption
rate in pounds per hour
(PPH).

XHAUST GAS TEMPERATURE
(EGT) INDICATOR

Indicates turbine exhaust gas
temperature as sensed by ther-
mocouple.

Figure 3. Instruments for Normal/Blocked Pt2. Source: NTSB-90, p. 26, figure 6.

Figure 2. Pt2 and Pt7. Source: NTSB-90, p. 25, figure 5.

Sel ;}II\E, ]%VGT, and Fuel Fl_ow —remained at the level expected for an EPR of 1.70.
L ti O?st hI;?lw clear: 11}stead of two engines operating at an EPR of 2.04 or
| s‘[1 Zach, flight 90 had ‘taken off, bobbled into a stall, and begun
- i s the 14th Stree.t Bridge with two engines delivering an EPR of 1.70,
;750 Ibs of thrust apiece. At that power, the plane was only marginally able

indicator for both engines at takeoff power (2.04), and observed the resulting
readings on the other instruments for both “frozen” and “normal” cases. This
experiment made it clear that the EPR reading for the blocked engine was deceptive
— as soon as the tape was removed from P12, the EPR revealed not the 2.04 to which
it had been set, but a mere 1.70. Strikingly, all the other number one engine gauges
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to climb under perfect conditions. And with wings covered with ice and snow, flight
90 was not, on January 13, flying under otherwise perfect conditions.
Finally, in Boeing’s Flight Simulator Center in Renton, Washington, staff
unfolded a third stage of inquiry into the power problem. With some custom
programming the computer center designed visuals to reproduce the runway at
Washington National Airport, the 14th Street Bridge and the railroad bridge. Pilots
flying the simulator under “normal” (no-ice configuration) concurred that the
simulation resembled the 737s they flew. With normalcy defined by this consensus,
the simulator was then set to replicate the 737-200 with wing surface contamination
— specifically the coefficient of lift was degraded and that of drag augmented. Now
using the results of the engine test and noise spectrum analysis, engineers set the
EPR at 1.70 instead of the usual takeoff value of 2.04. While alone the low power
was not “fatal” and alone the altered lift and drag were not catastrophic, together the
two delivered five flights that did reproduce the flight profile, timing and position of
impact of the ill-starred flight 90. Under these flight conditions the last possible time
in which recovery appeared possible by application of full power (full EPR = 2.23)
was about 15 seconds after takeoff. Beyond that point, no addition of power rescued
the plane.*

Up to now the story is as logically straightforward as it is humanly tragic: wing
contamination and low thrust resulting from a power setting fixed on the basis of a
frozen, malfunctioning gauge drove the 737 into a low-altitude stall. But from this
point on in the story that limpid quality clouds. Causal lines radiated every which
way like the wires of an old, discarded computer — some terminated, some crossed,
some led to regulations, others to hardware; some to training, and others to
individual or group psychology. At the same time, this report, like others, began to
focus the causal inquiry upon an individual element, or even on an individual
person. This dilemma between causal diffusion and causal localization lay at the
heart of this and other inquiries. But let us return to the specifics.

The NTSB followed, inter alia, the deicing trucks. Why, the NTSB asked, was the
left side of the plane treated without a final overspray of glycol while the right side
received it? Why was the glycol mixture wrongly reckoned for the temperature?
Why were the engine inlets not properly covered during the spraying? Typical of the

ramified causal paths was the one that led to a non-regulation nozzle used by one of
the trucks, such that its miscalibration left less glycol in the mixture (18%) than
there should have been (30%).5 What does one conclude? That the replacement
nozzle killed these men, women and children? That the purchase order clerk who
bought it was responsible? That the absence of a “mix monitor” directly registering
the glycol-to-water ratio was the seed of destruction?® And the list of circumstances
without which the accident would not have occurred goes on — including the
possibility that wing de-icing could have been used on the ground, that better gate
holding procedures would have kept flight 90 from waiting so long between de-

jcing and takeoff, to name but two others.”

There is within the accident report’s expanding net of counterfactual conditionals
on of these

a fundamental instability that, I believe, registers in the very concepti
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accident investigations. For these reports in general — and this one in particular —
systematically turn in two conflicting directions. On one side the reports identify a
wide net of necessary causes of the crash, and there are arbitrarily many of these —
after all the number of ways in which the accident might nor have happened is
legion. Human responsibility in such an account disperses over many individuals.
On the other side, the reports zero in on sufficient, localizable causes, often the
actions of one or two people, a bad part or faulty procedure. Out of the complex net
of interactions considered in this particular accident, the condensation was dramatic:
the report lodged immediate, local responsibility squarely with the captain.
Fundamentally, there were two charges: that the captain did not reject the takeoff
when the first officer pointed out the instrument anomalies, and that, once in the air.
the captain did not demand a full-throttle response to the impending stall. Conside;
the “rejection” issue first. Here it is worth distinguishing between dispersed and
individuated causal agency (causal instability), and individual and multiple
responsibility (agency instability). There is also a third instability that enters, this
one rooted between the view that flight competence stems from craft knowledgé: and
the view that it comes from procedural knowledge (protocol instability).
The NTSB began its discussion of the captain’s decision not to reject by citing the
Air Florida Training and Operations Manual:

Under adverse conditions on takeoff, recognition of an engine failure may be
difficult. Therefore, close reliable crew coordination is necessary for early
recognition.

The captain ALONE makes the decision to “REJECT.”

On the B-737, the engine instruments must be closely monitored by the pilot
ngt flying. The pilot flying should also monitor the engine instruments within
his capabilities. Any crewmember will call out any indication of engine
problems affecting flight safety. The callout will be the malfunction, e.g.
“ENGINE FAILURE,” “ENGINE FIRE,” and appropriate engine numb;:r. ’

The decision is still the captain’s, but he must rely heavily on the first officer.

The initial portion of each takeoff should be performed as if an engine failure
were to occur.?

ke NTSB report used this training manual excerpt to show that despite the fact that
QCO-.pﬂOt was the “pilot flying,” responsibility for rejection lay squarely and
mblgugusly with the captain. But intriguingly, this document also pointed in a
rent dlrec‘.[ion: that rejection was discussed in the training procedure uniquely in
s 0;‘ th_e failure of a single engine. Since engine failure typically made itself known
. tdh};t"fe;e(i(,:es:t)etvyeen the two er'lgines’ performance instruments, protocol
. EV . efl attention to a comparison (cross-.check) between the number one
O Sgléle‘& anq here the two were reading exactly the same way. Now it
o mvestigators later noted that the reliance on differences could

part of the problem.? In the context of training procedures that stressed the




14 PETER GALISON

cross-check, the absence of a difference between the left and right engines strikes me
not as incidental, but rather as central. In particular it may help explain why the first
officer saw something as wrong — but not something that fell into the class of
expectations. He did not see a set of instruments that protocol suggested would reflect
the alternatives “ENGINE FAILURE” or “ENGINE FIRE.”

But even if the first officer or captain unambiguously knew that, say, N1 was low
for a thrust setting of the EPR readout of 2.04, the rejection process itself was
riddled with problems. Principally, it makes no sense. The airspeed V1 functioned as
the speed below which it was supposed to be safe to decelerate to a stop and above
which it was safe to proceed to takeoff even with an engine failure. But this speed
was so racked with confusion that it is worth discussing. Neil Van Sickle gives a
typical definition of V1 in his Modern Airmanship, where he writes that V1 is “The
speed at which ... should one engine fail, the distance required to complete the
takeoff exactly equals the distance required to stop.”1% So before V1, if the engine
failed, you could stop in less distance than you could get off the ground. Other
sources defined V1 as the speed at which air would pass the rudder rapidly enough
for rudder authority to keep a plane with a dead engine from spinning. Whatever its
basis, as the Air Florida Flight Operations Manual for the Boeing 737 made clear,
pilots were to reject a takeoff if the engine failed before V1; afterwards, presumably,
the takeoff ought be continued. The problem is that, by its use, the speed V1 had
come to serve as a marker for the crucial spatial point where the speed of the plane
and distance to go made it possible to stop (barely) before overrunning the runway.
In the supporting documents of the NTSB report (called the Docket) one finds in the
Operations Group “factual report” the following hybrid definition of V1:

[V1 is] the speed at which, if an engine failure occurs, the distance to continue
the takeoff to a height of 35 feet will not exceed the usable takeoff distance; or
the distance to bring the airplane to a full stop will not exceed the acceleration-
stop distance available. V1 must not be greater than the rotation speed, Vr
[rejecting after rotation would be enormously dangerous], or less than the
ground minimum control speed Vmeg [rejecting before the plane achieves
sufficient rudder authority to become controllable would be suicidal].!

Obviously, V1 cannot possibly do the work demanded of it: it is the wrong
parameter to be measuring. Suppose the plane accelerated at a slow, constant rate from
the threshold to the overrun area, achieving V1 as it began to cross the far end of the
runway. That would, by the book, mean it could safely take off where in reality it
would be within a couple of seconds of collapsing into a fuel-soaked fire. The question
should be whether V1 has been reached by a certain point on the runway where a
maximum stop effort will halt the plane before it runs out of space (a point known
elsewhere in the lore as the acceleration-stop distance). If one is going to combine the
acceleration-stop distance with the demand that the plane have rudder authority and

that it be possible to continue in the space left to an engine-out takeoff, then one way

or another, the speed V1 must be achieved at or before a fixed point on the runway. No
such procedure existed.
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SE.ldI}f, as the NTSB admitted, it was technically unfeasible to marry the very
precise inertial navigation system (fixing distance) to a simple measurement of time
elapsed since t[he start of acceleration. And planting distance-to-go markers on the
runway was dismissed because of the “fear of increasing exposure to unnecessary
high-speed aborts and subsequent overruns ... .[that might cause] more accidents
than they might prevent.”12 With such signs the rolling protocol would presumabl
demand that the pilots reject any takeoff where V1 was reached after a certain poin}‘:
on the runway. But given the combination of technical limitations and cost-benefit
decisions about markers, it was, in fact, impossible to know in a protocol-following
way whether V1 had been achieved in time for a safe rejection. This meant that the
procedure of rejection by V1 turns out to be completely unreliable in just that case
where the airplane is accelerating at a less than normal rate. And it is exactly such a
low-acceleration case that we are considering in flight 90. What is demanded of a
pilot—apilot on any flight using V1 as a go-no-go speed —is a Jjudgment, a protocol-
defying judgment, that V1 has been reached “early enough” (determine(,i without an
instrument or exterior marking) in the takeoff roll and without a significant anomaly.
(Given the manifest and recognized dangers of aborting a high-speed roll.
“significant” here obviously carries much weight; Air Florida, for example forbid;

_ its pilots from rejecting a takeoff solely on the basis of the illumination of thé Master
Caution: light. )3

The NTSB report “knows” that there is a problem with the V1 rejection criterion

though it knows it in an unstable way: ’

It is not necessary that a crew completely analyze a problem before rejecting a
takeoff on the takeoff roll. An observation that something is not right is
sufficient reason to reject a takeoff without further analysis ... The Safety
Board’ concludes that there was sufficient doubt about instrument readings
egrly in the takeoff roll to cause the captain to reject the takeoff while the
aircraft was still at relatively low speeds; that the doubt was clearly expressed
by the first officer; and that the failure of the captain to respond and reject the
takeoff was a direct cause of the accident, 4

¥ndeed, after a careful engineering analysis involving speed, reverse thrust, the
1way Surface,_ and braking power, the NTSB determined the pilot could 1’1ave
ed even with a frictional coefficient of 0.1 (sheet ice) — the flight 90 crew
Id not have had trouble braking to a stop from a speed of 120 knots on the
ff ro;l. “Therefore, 'the Safety Board believes that the runway condition should
;’;Wz:rrll éit efg.c’flosr in any decision to reject the takeoff when the instrument
€:trictiloes this mean? What is this concept of agency that takes the theoretical

‘ g result ’c’ompgted months later and uses it to say “therefore ... should not
?t;fa‘c:srlg lis it that the decision that runway condition “should not have
- frjctjzn ! ;erfb?en apparent to a Laplacia.n computer, an ideal pilot able
e etlicients by s1ght and from it deceleration distance using

4 g power, and available reverse thrust? Robert Buck, a highly
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t — a 747 captain, who was given the Air Medal by:President

experienced pilo
“How was a pilot to know that

Truman — wrote about the NTSB report on flight 90:
[be could have stopped]? No way from training, no way was there any runway

coefficient information given the pilot; a typical NTSB after-the-fact, pedantic,

unrealistic piece of laboratory-developed 16

Once the flight was airborne with the stic
alarm blaring, the NTSB had a different criticism: the pilot did not ram the throttles

into a full open position. Here the report has an interesting comment. “The Board
ust because of the concern about

believes that the flightcrew hesitated in adding thr
exceeding normal engine limitations which is ingrained through flightcrew training
programs.” If power 1s raised to make the exhaust temperature rise even

momentarily above a certain level, then, at bare minimum, the engine has to be
completely disassembled and parts replaced. Damage can easily cost hundreds of
thousands of dollars, and it is no surprise that firewalling a throttle is an action no
trained pilot executes easily. But this line of reasoning can be combined with
arguments elsewhere in the report. If the captain believed (as the NTSB argues) that
the power delivered was normal takeoff thrust, he might well have seen the stall
warning as the result of an over-rotation curable by no more than some forward
pressure on the yoke. By the time it became clear that the fast rate of pitch and high
angle of attack were not easily controllable (737s notoriously pitch up with
contaminated wings), he did apply full power — but given the delay in jet engines
late. The NTSB recommended

between power command and delivery, it was too
«“indoctrination” to allow for modification if loss of aircraft is the

information.
kshaker vibrating and the stall warning

changes in

alternative.!?
In the end, the NTSB concluded their analysis with the follow

probable cause, the bottom line:

The National Transportation Safety Board determine

ing statement of

s that the probable cause

of this accident was the flightcrew’s failure to use engine anti-ice during
ff, their decision to take off with snow/ice on the

ft, and the captain’s failure to reject the takeoff
gine

ground operation and takeo

airfoil surfaces of the aircra
during the early stage when his attention was called to anomalous en

instrument readings.'®

But there was one more implied step to the account. From an erron

reading and icy wing surfaces, the Bo
a localizable faulty human decision. Now they began,
decision itself under the microscope. Causal diffusion s

3. SOCIOLOGY ON THE FLIGHTDECK

In the NTSB’s final judgment of probable cause w
that the captain failed to reject the takeoff “w
anomalous engine instrument readings.
cause assessment, the investigative team did ¢

eous gauge
ard had driven their “probable cause” back to
tentatively, to put that human
hifted to causal localization.

as an explicit reference to the fact
hen his attention was called 0
» Though not formalized in the probable
omment elsewhere in the report that
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the Safety Board strongly believed in the training program of command decisi
resogrce managemept, role performance, and assertiveness. As the NTSB 601.51011&
outl,llt 6l:ad zltlriady,t}n June of 1979 (A-79-47), recommended flightdeck rgsoolflliie
management, boosting the merits of icipati i
‘.crainir}g for other cockpit crewmemberP:.lrIgz;Ea;IZZWm:$;§::;n;r:;i assimveness
in which causal agency fell not to individual but to group (social) ps ‘thO rl gy
ﬁmnev'vorfh(dubblz:d Cockpit Resource Management or CRM) waspfa}i]rlyor:ciyr;t];};ﬁ
came In the wake of what became a se i i
interpretefi record of Air Florida flight 90 bz:;;za: loazloclf Iinatclf;td ::rtli. The NISE-
For United Airlines, the transformation in their view of CRM camer;".oll i
December 28, 1978 loss of their flight UA 173. Departing Denver to}zvéllrég 00
pound§ of fuel, with 31,900 predicted necessary for the leg to Portlem\?dv1 th D’Z?Og
came in for ﬁna} approach. When the gear lowered, those in the bod O’f the | .
hea'rd a loud noise and sharp jolt. The captain felt that the gear had gesce (61: Iziane
rapidl'y, and noted that the gear lights did not illuminate. Asking his secon?i efﬁtoo
to glve us a cu{rent card on weight, figure about another fifteen minut ) ”C}fr
re.celved a query in reply, “fifteen minutes?” To this, the captain responded ?‘Sﬁ’{ he
give us thr.ee or four thousand Ibs. on top of zero fuel weight.” Secorf)d officer: Sa ’
_enough. Fifteen minutes is really gonna really run us low on fuel here,” thcer.l nOF
“we got about three on the fuel and that’s it.” When the first officer ur, ed e‘f‘l\;t?r-
g:;;]g go (lioi; ali'en\%pi,” the captain responded “why?” To which thegﬁrs,t oﬁ’?cre(;
responded “Fue I” Within eight minutes the plane was down in the wood 1
the city, with a loss of ten lives.!® The canonical i i o ace '011‘51(_16
terms of a failure of communication: Why, Uiii‘lczgeriirflti?rlltéznpzzgrfﬂzlaCCldem o
know, was the captain not listening to his officers? vanted o
Ofllk)cecli);dX%gIFo Uliiteg ﬁli\zlines’ CRM curriculum of the mid 1990s, the conversion
irlines to ( came seven years after the United 17’3 h, i
aftermath of its own disastrous flight 191. Approaching Dallas F i aivpor .
August 2, 1985, Delta’s L-1011 hit a microburst de:g ad a(i i o the oot o8
disintegrated. The question raised by investigator; w:es1cenhe ﬁmo o gTound, -
ptain had entered an area of known lightning — thai :Z ty Sy e Prudent
se .to the ground and in a shaft of pounding rain “Probagles:ay . ﬂ’l’u'ndersmm .
lewn to enter the cumulonimbus area, a lac.k of trainirfauisrf eI;] e
m(ii}?g;izzdglélck of timely windshear warning. Unlike the capgtain of I(:Jellllzfedfrlo%l
e In,sileoacolni ;iliiiets;zdfhetre; hthta‘f[ }:he Delta captain was not listening to
g » gl act that the captain was described as o
111}%2’/ &;gfgtierii:%gesnons frgm flightcrew members,” the Board did nrolf i‘:;:;
T Olme}ted ct;y him. But because neither first nor second officer
e cont1.nue: ‘a‘lpproach, the NTSB held the flightcrew responsible
o ilnui. Suggestlons were not forthcoming,” concluded the
e s of which the NTSB argued that air carriers should provide
e 198r8an1gemegt and assertiveness training for their crews.20
i s, the alrlme.s beg@ to develop their CRM courses, they
¢k to the by-then widely-discussed proceedings of a meeting’; held
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under NASA’s auspices in San Francisco over 26-28 June 1979. In various ways, that
conference set out the outline for hundreds of courses, books, and pamphlets
designed to characterize and cure the “dangerous” failures of communication on the
flightdeck. Most prominent among the speakers was Robert Helmreich, a social
psychologist from the University of Texas at Austin, who came t0 the problem
through his work on Navy and NASA crew training efforts for the space program.
Psychology (Helmreich declared at the San Francisco meeting) had so far failed
those in the cockpit. On one side, he noted, there was personality psychology which
had concentrated solely on exclusion of unacceptable candidates, failing utterly to
capture the positive individual qualities needed for successful flight. On the other
side, Helmreich contended, social psychologists had so far ignored personality and
focused on rigorous laboratory experiments only loosely tied to real-life situations.
Needed was an approach that joined personality to social interaction. To this end he
advocated the representation of an individual’s traits by a point on a two-dimensional
graph with instrumentality on one axis and expressivity on the other. At the far end of
instrumentality lay the absolutely focused goal-oriented pilot, on the extreme end of
expressivity lay the pilot most adept at establishing “warmer” and more effective
personal relationships. In a crisis, (argued the authors of United’s CRM course) being
at the high end of both was crucial, and likely to conflict with the “macho pilot” who
is high in instrumentality and low in expressivity.?!

In various forms, this two-dimensional representation of expressivity and

instrumentality crops up in every presentation of CRM that 1 have seen. Perhaps the

most sophisticated reading of the problem came in another plenary session of the
1979 meeting, in the presentation by Lee Bolman from the Harvard Graduate
School of Education. Bolman’s idea was to pursue the mutual relations of three
different “theories”: first, there was the principals’ short-term “theory of the
situation” which captured their momentary understanding of what was happening,
here the pilots’ own view of the local condition of their flight. Second, Bolman
considered the individual’s longer-term “theory of practice,” that collection of skills
and procedures accumulated over a period of years. Finally, at the most general
level, there was a meta-theory, the “theory-in-use” that contained the general rules
by which information was selected, and by which causal relationships could be
anticipated. In short, the meta-theory provid
“expected outcomes.” Deduced from observation, the
predictively successful account of what the subject will
situations. But Bolman noted that this ©
with views that the subject may explicitly claim
Espoused knowledge was important, Bolman
highlighted errors or gaps in the “theory in use™:

when it exists in the espoused theory but not in the theory-in-use

Knowledge is “intellectual”
the individual can think about it and talk about it, but canno
it exists in the theory-in-use but not the espoused theory;
ain how it is done. Knowledge is “integrated” when there is sync
ry-in-use: the person can both think it and do it.?

the person can do it, but ¢

expl
theory and theo

ed “core values,” “beliefs,” “skills,” and
“theory in use” was the
actually do in specific
theory-in-use” only partially overlapped
to have (“the espoused theory™).
argued, principally insofar as it

t do it. Knowledge is “tacit” when
annot

hrony between espoused
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Bottom line: Bolman took the highest level theory (“theory-in-use”) to be
extremely hard to revise as it involved fundamental features of self-image and
lifelong ha‘pits. The lowest level theory (“theory of the situation”) might be fevised
given specific technical inputs (one gauge corrected by the reading of two others)
but frequently will only-actually be revised through an alteration in the “theory of
practice.” It was therefore at the level of a “theory of practice” that trainin r}\;vas
most needed. Situations were too diverse and patterns of learning too ingrainef to be
subject to easy alteration. At this level of practice could be found the learnable skills
of advocacy, inquiry, management, and role modification. And these, Bolman and
the airlines hoped, would contribute to a quicker revision of a faulty ‘7‘the0ry of the
situation” when one arose. CRM promised to be that panacea.

Textbooks and airlines leaped at the new vocabulary of CRM. Stanley Trollip and
Richard Jensen’s widely distributed Human Factors for General Aviation (1991)
graphed “relationship orientation” on the y-axis against “task orientation” on the
abscissa. High task orientation with low relationship orientation yields the dreadful
amalgam: a style that would be “overbearing, autocratic, dictatorial, tyrannical

ruthless; and intimidating.” ’ ’
According to Trollip and Jensen, who took United 173, Delta 191, and Air Florida
. 90 as principal examples, the co-pilot of Air Florida 90 was earnestly asking after
take-off procedures when he asked about the slushy runway departure, and was
(according to the authors) being mocked by captain Wheaton in his respon;e “unless
you got something special you’d like to do,” a mockery that continued in the
silences with which the captain greeted every subsequent intervention by the co-
lot.23 Such a gloss assumed that copilot Pettit understood that the EPR was faulty
nd deﬁngd the catastrophe as a failure of his advocacy and the captain’s inquiry.

nce again agency and cause were condensed, this time to a social, rather than of
adflltlon to, an individual failure. Now this CRM reading me;y be a wa ’ of
lossing the evidence, but it is certainly not the only way; Pettit may have noteg the
repancy b'etween the EPR and N1, for example, noted too that both engines were
ding identically, and over those few seconds not known what to make of this
mstance. I'want here not to correct the NTSB report, but to underline the
ity of these interpretive moments. Play the tape again:

. Pettit (CAM-1): “That’s not right ... well ... >

ptain Wheaton (CAM-1): “Yes it is, there’s eighty”

(CAM-2): “Naw, [ don’t think that’s right ... . Ah, maybe it is.”

gton (CAM-1): “One hundred twenty”

t (CAM:-2): “I'don’t know.”

gggthtbbe that in. these hesitant, contradictory remarks Pettit is best
: t(})l te advocatz{ﬂg a rejected takeoff. But it seems to be at least worth
g that when Pettit said, “I don’t know,” that he meant, in fact, that he did

Hg?'[es'put it f).nly slightly differently than Trollip and Jensen when the
s insfructional materials to tell new captains to analyze themselves
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The Grid Approach To Job Performance ;
A study of how the Grid framework applies to the cockpit can aid individuals in exploring
alternative possibilities of behaviour which may have been unclear. Understanding these
concepts can enable a person to sort out unsound or ineffective behavior and replace it

with more effective behaviors.
The Grid below can be used as a frame of reference to study how each crewmember
approaches a job.

High 9|18 \ 9,9
— Emphasis on needs of people Relationships of trust ;nd re- |
and satisfying relationships spect in work accomplishment
8 leads to a comfortable and from commitied people.
friendly atmosphere and work
™ tempo. :
o 7
2
=}
& 6
]
tom
g 5 55
‘;_’-_ The n ity of accomplishing
8 the task properly is balanced with
4 maintaining morale at an
acceptable level. .
3 : -
Efficiency of operation is &
result of controlling conditions
so that the human element
2 Minimum effort is expended 10 interferes to a minimum
accomplish task. degree.
Low 11 1,1 9,1
5 6 7 8 9

2 3 4

Concern for Performance High

1

1, “Introduction to

Figure 4. United CRM Grid. Source: United Airlines training manua
» MN-94, 10/95, p. 9.

Command/Leadership/Resource Management,’
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;E;ifgie;z;rt ’t}llzeafhrid% a matrilxdputting “concern for people” against “concern for
. of several decision-making elements then
formanc . et graphed
Grid: mqullrly, advqcacy, conflict resolution, and critique. Inqﬁirygrfoﬁ ee:xafl t?ee
zgg‘l;ss f]ﬁlti SlS V\;\gﬁl 1In the (1,9) quadrant: “I look for facts, decisions ;nd beliefs ?ha%
; I am not inclined to challenge other ¢ bers” i
(9,1) quadrant as “[ investigate m e bty
. y own and others’ facts, decisions, and beliefs i
/ : N ) elief:

deplgl in <)1'*c1teark to ‘t,)’;on top o’f any situation and to reassure myself that others a:esngi
gat mfg {“msu‘ es.”2* United’s gloss on Flight 90°s demise is not much different from
“bat(; rollip an((ii J}elnsen: the first officer made various non-assertive comments

ut he never used the term, ‘Abort!” The Captai i inqui
and advocacy of the First Officer.”?5 prain falled to respond (o the inquiry
Not surpn;mgly, the 747 pilot I quoted before, Robert Buck, registered, in print
a st;;nuoui }sagreemept. After lampooning the psychologists who were ,intrllljdin ’
ot r1ts coc pl‘[‘,‘ Buck dlsmls§ed t'he CRM claim that the accident was a failure o%v
assertiveness. “Almost any pilot listening to the tape would say that was not the cas
but rather that t.he crew ~members were trying to analyze what was going o Te
ffurt'ht‘ar substantiate this is the fact the copilot was well-known to be an iss;:t' )
1\;1[('111\1/1dua1 whq would have.said loud and clear if he’d thought they should abort if;i
~ 1t' snow falling, a following plane on their tail, ATC telling them to hurry, and -th
ra'lgmg controversy over V1 still in the air, Buck was not at all surprised gy t nei :
pilot aborted the launch. urprised that neither

Agan} and again we hav.e within the investigation a localized cause in unstable
suspension over a sea of diffuse necessary causes.?’” We find agency personalized
ﬁve(? wherc? the ability to act lies far outside any individual’s control. And finall ;e
ind a strict and ~yet unstable commitment to protocol even when, in ())Iiher
91;?}111;1;@11;:%, rgamtenance of that protocol would be equally C(’)ndemne:i In flight

nal condemnation fell squarely on the should f in. Accor

- i 1 ers of the captain. According

NTSB, ple errors of failing to deice pro ili

\ v perly, failing to ab
;1 ia;i}lvn%v z)nirrtxmi;hately engage full power doomed him and scores of ogthera; o
] o turn to a very different accident i i i
ndling of a crippled airliner left hi bt colcbentod by e MTSE,
“ ‘ m not condemned but celebrated b
we will see even then, the instabiliti i ot and the
, ities of localized cause

an/technological bounda ive i e

! ry pull the narrative into a singul int i i
- . gular point in space, t1

ion, but always against the contrary attraction of necessary causei that ;I:fli

here else.

4. OUT OF CONTROL

Anli i
9uvsf:nﬂ;ght 23?2 was 37,000 feet above Iowa traveling at 270 knots on 19
p,I - V,i bcctordlng to the NTSB report, the flightcrew heard an explosion and
. passéigz and sil(;ltter. From instruments, the crew of the DC-10-10
b 1s could see that the number 2, tail- ;
eliverin , tail-mounted engine, was
. I;ghg[()wel(’i (see figure 5). ‘The captain, Al Haynes, ordere%i the engi?lz
, and first officer Bill Records reported first that the airplane’s
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normal hydraulic systems gauges had just gone to zero. Worse, he notified the captain
that the airplane was no longer controllable as it slid into a descending right turn. Even
massive yoke movements were futile as the plane reached 38 degrees of right roll. It
was about to flip on its back. Pulling power completely off the number 1 engine,
Haynes jammed the number three throttle (right wing engine) to the firewall, and the
plane began to level off. “I have been asked,” Haynes later wrote, “how we thought to
do that; I do not bave the foggiest idea.”?8 No simulation training, no manual, and no
airline publication had ever contemplated a triple hydraulic failure;?® understanding
how it could have happened became the centerpiece of an extraordinarily detailed
investigation, one that, like the inquiry into the crash of Air Florida 90, surfaced the
irresolvable tension between a search for a localized, procedural error and fault lines
embedded in a wide array of industries, design philosophies, and regulations.

At 15:20, the DC-10 crew radioed Minneapolis Air Route Traffic Control Center
declaring an emergency and requesting vectors to the nearest airport.3¢ Flying in a
first class passenger seat was Dennis Fitch, a training check airman on the DC-10,
who identified himself to a flight attendant, and volunteered to help in the cockpit.
At 15:29 Fitch joined the team, where Haynes simply told him: “We don’t have any
controls.” Haynes then sent Fitch back into the cabin to see what external damage,
_if any, he could see through the windows. Meanwhile, second officer Dudley

Dvorak was trying over the radio to get San Francisco United Airlines Maintenance
to help, but without much success: “He’s not telling me anything.” Haynes
answered, “We’re not gonna make the runway fellas.” What Fitch had to say on his
_return was also not good: “Your inboard ailerons are sticking up,” presumably held
_up by aerodynamic forces alone, and the spoilers were down and locked. With flight

attendants securing the cabin at 1532:02, the captain said, “They better hurry we’re
gonna have to ditch.” Under the captain’s instruction, Fitch began manipulating the
hrottles to steer the airplane and keep it upright.3!
. Now it was time to experiment. Asking Fitch to maintain a 10-15° turn, the crew

gan to calculate speeds for a no-flap, no-slat landing. But the flight engineer’s
ponse — 200 knots for clean maneuvering speed — was a parameter, not a procedure.
it DC-10-10 had departed from its very status as an airplane. It was an object
king even ailerons, the fundamental flight controls that were, in the eyes of many

tians of flight, Orville and Wilbur Wright’s single most important innovation. And
wasn’t all: flight 232 had no slats, no flaps, no elevators, no breaks. Haynes was
in command of an odd, unproven hybrid, half airplane and half lunar lander,
rolling motion through differential thrust. Among other difficulties, the airplane
scillating longitudinally with a period of 40-60 seconds. In normal flight the plane
llow such long-period swings, accelerating on the downswing, picking up speed
, then rising with slowing airspeed. But in normal flight, these variations in pitch

s) naturally damp out around the equilibrium position defined by the elevator
e, however, the thrust of the numbers one and three engines which were below
1 of gravity had no compensating force above the center of gravity (since the
nted number two engine was now dead and gone). These phugoids could only

by a difficult and counter-intuitive out-of-phase application of power on the

Aft Tail
Mounted Engine

Wing Mounted Engines

. 5 DC-10 Engine Arrangement. Source: Na}nonal Tramsportatllcl)r;j ii gﬁia}; ’:
Igglirde Aircraft Accident Report, United Airlines Flight 232, 1\/I<:§];)9onne:2 P ;
D(éd—lé-m Sioux Gateway Airport, Sjoux City, lowa, July 19, 1989, p. =,
Hereafter, NTSB-232.
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Figure 6. Ground Track of Flight 232. Source: NTSB-232, p. 4, figure 2.

throttling down on the slowing part of the

cycle.32 At the same time, the throttles had become the only means of controlling
airspeed, vertical speed, and direction: the flight wandered over several hundred miles
as the crew began to sort out how they would attempt a landing (see figure 6).

d to make a forced landing,

To a flight attendant, Haynes explained thathe expecte
allowed that he was not at all sure of the outcome, and that he expected serious
difficulty in evacuating the airplane. His instructions were brief: on his words,
“hrace, brace, brace,” passengers and attendants should ready themselves for
impact. At 15:51 Air Traffic Contro dioed flight 232

ller Kevin Bauchman ra
requesting a wide turn to the left to enter onto the final & for runway 31—

pproach
and to keep the quasi—controllable 370,000 pound plane clear of Sioux City itself.
However difficult control was, Haynes concurred: “Whatever you do, keep us away
from the city.” Then, at 15:53 the crew told the passengers they had
minutes before the landing. By 15:58 it became clear
the 9,000 foot runway 31 would not happen, though
runway 22. Scurrying t0 redeploy the emergency equipment that w
99 — directly in the landing path of the quickly approaching jet—Air
began to order their last scramble, as tower controller Bauchman
work sir, we're gettin® the equipment off the runway, they’ll line
Runway 22 was only 6,600 feet long, but terminated in a field.
runway they would have a chance to make and there would only be

downswing and, even more distressingly,

about four

their original plan to land on
they could make the closed
ere lined up 08
Traffic Control
told them: “That’l
up for that one/’
It was the only
one chance. A
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1559: imi i
thm?t li;l tt(l)aiegg);sn(cll }?oxn‘futy warning came on ... then Haynes called for the
off or we’ll lose it t;a’t’: v‘;;l}:tc’?tix}:;rl:’ ?:E Ell*“n e e it ofTieor began
: . Fours

i;s\ligiisolge“left Al [Haynszs]” “left throttle,” “leeftc,(’)’n‘(‘llseiit”erl’c;[gi’ﬁ;zt ‘;f;erlﬁggag
o thr;lg;:iz,’sthe glgh_t wing dipped and the nose dropped. Impac‘f wafeat
the concrete. Carmheerllii; ;ang %;l;;iglent;he rig'ht e o (e clroe lodeed in s
corn field to t.he west of runway 17/35%,an§ lr)léz:nlzt(())dguirf ﬂ%i:“ cSre et
and forward side of the fuselage settled east of runway 17/3.5 Withi:): i"ompamnem
some passenger§ were wa}lking, dazed and hurt, down runway 17 oth:rw Secl(:nd&
themselves up in the midst of seven-foot corn stalks disorier,ned Sdgallt o
powerful fire began to burn along the exterior of thé fuselage fi et and
emer'gfl:ncy personnel launched an all-out barrage of foam on ‘[heg ce rtagmenp -
surviving passengers .emerged. One passenger went back into the bu ing rcckass
to pull o.ut a crying ‘mfant. As for the crew, for over thirty-five mri[rllilrig Wfd(age
gleedgaci:d in a waist-high crumpled remnant of the cockpit — rescue crewessvtvl‘xey .

irplane fragment assumed anyone inside was dead. When h ained
g)nsmousness, Flt'Ch was saying something was crushing his’chest dirtewlfsg@r}[;d
Wg;%?;n(‘;i? (;oilzlile'[. iie(t:}(::da;)ﬁic.er Dvorak found some loose inSI;Iation whilé]h h:

uminum t 1 i i

emergency pel.rsonnel brought the four (;n;l:liré:a(ic tcz[::rrrlxt;fnr;efsnzﬁly’ oo,
]')vorakZ and FlFCh) to the local hospital .33 Despite the loss of over ezlty}rlleS:iR(elC(')rds’
it was, in the view of many pilots, the single most impressive piece o?lt‘re hVe'Sv
ever recorded. Without any functional control surface, the crew saved 185 Eﬁzggg

passengers on flight 232.

No ! bearing No. 2 bearing
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Spinner cover

fan rotor disk

Stage 1 fan rotor disk

‘a
a Rotor Assembly. Source: NTSB Report,p. 9, figure 5
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Engine

Hydrautics 3

Area Missing
From Airplane

Hydrautics 2
Hydraufics 2

Elevator Actuator
(4 per airplane)
2

Actuator Position Hydraulic

RH Inbd Elev
LH Inbd Elev
RH Outbd Elev
LLH Outbd Elev

Not to Scale

Figure 8. Planform Elevator Hydraulics. Source: NTSB-232, p. 34, figure 14.

able cause centered on the numbes 2 (tail-
on wrought at the

aged plane

From the start, the search for prob
mounted) engine. Not only had the crew witnessed the destructi
tail end of the plane, but Sioux City residents had photographed the dam
as it neared the airport; the missing conica

photographs. And the stage 1 fan (see figure 7), ¢
aumber 2 engine after the crash, was almost immediately a prime suspe

became, in its own right, an object of localized, historical inquiry.
From records, the NTSB determined that this particular item was
General Electric Aircraft Engines facility between 3 Septe
1971. Once General Electric had mounted
shipped it to the Douglas Aircraft Company 0

on a new DC-10-10. For seventeen ycars, the stag
gix fluorescent penetrant inspections, clocking 41,009 engine-on h

surviving 15,503 cycles (acycleis a takeoff and landing
d the results were catastrophic. When

1 section of the tail was immortalized in

onspicuously missing from the
ct. It

brought into the
mber and 11 December

the titanium fan disk in an engine, they
1 22 January 1972 where it began life
¢ 1 fan worked flawlessly, passing
ours and

).34 But the fan did fail on
the 'tail
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. fg;‘gl ‘;}xlllsﬂ:ljmaﬁeawh?t seemed an impossible circumstance had come to pass: in
, ee hydraulic systems were gone. This occurred despi :
each of the three independent s ' 5 e Mot
ystems was powered by its own i
each system had a primary and backuy s ot
! p pump, and the whole syste
backstopped by an air-powered i e e
: : pump powered by the slipstream. Desi
physically isolated the hydraulic lines one from th ain, a5 in the A
. : . [ ¢ other.?s And again, as in the Al
Ftlomn;i; 90I a(]:;ll'dirtlté (t)hehmvestlgators wanted to push back and localize the czus;
structure. In Flig , the NTSB passed from the determinati
tion that there 1
thrust to why there was low thrust to whk i ma' hd moe
y the captain had failed to command m
0
?rgst. NOV\(; they wgnted to pass from the fact that the stage 1 fan disk h;z
isintegrated to vyhy it had blown apart, and eventually to sow the faulty fan di
could have been in the plane that day. B fon disk
Three months gfte}r the. accident, in October of 1989, a farmer found two pieces of
the stage 1 fan disk in his corn fields outside Alta, Iowa. Investigators judged from
the plctur§ reproduged here .that about one third of the disk had separated, with one
fracture line extending radially and the other along a more circumfer ’t' 1
(See figure 9.) ential parh
Upon an.alyS.13, the pear-radial fracture appeared to originate in a pre-existin
‘ fatlgu'e region in the disk bore. Probing deeper, fractographic, metallographic ang
ihemlgal analysis shpwed Athat t.his pre-existing fault could be tracked back to a metal
‘ er;or .that ghowed itselfina tmy.cavity only 0.055 inches in axial length and 0.015
inches in radial deltpth‘: about the size of a slightly deformed period at the end of this
typed sentencg. Titanium alloys have two crystalline structures, alpha and beta, with
gtrangfprmatlon temperature above which the alpha transforms into beta. By a’ddin
1mplint1§s or 1eltll(i)ymg elements, the allotropic temperature could be 10\x;ered to thi
oint where the beta phase would be present even at
, temperature. O h
loy, Ti-6A1-4V was known to be hard | was oxpor i
, very strong, and was expected to maintain 1
iZlgth up to 6001degrees Fahrenheit. Within normal Ti-6Al-4V titanium thilrtl\:s
oscopic crystal structures should be present in abou iti ’

‘ ' [ str . t equal quantities. But insid
tn;yﬂc;vny buried in the fan disk lay traces of a “hard alpha inclusion” titaniimi
dnes CIf\/—a small volume of pure alpha-type crystal structure, and an elevated
o S 1;6 to the': presence of (contaminating) nitrogen.¢
] 01;1% hte i\]l?slr};a('i of t};e many ;)ther necessary causes for the accident aside, the
: investigators focused on the failed titanium 7

: \ gat , and even m
%0??t¥ht;ny cavity with its traces of an alpha inclusion. What caused the alI())}rlz
? re were, according to the investigati i i

— 1oV ‘ . gation, three main steps in th
lznt (;)fettl}tlamgm—a‘l‘loy fan disks. First, foundry workers melted thg Variou:
ano%, . ertms a “heat” or heats after which they poured the mix into a
. Cuégo : econd,.the. manufacturer stretched and reduced the ingot into
- Oefri 'coulld slice into ;maller pieces (“blanks”). Finally, in the third
. geometr}ta?lum production, machinists worked the blank into the
ical shapes — the blanks could later be machined into final form

the afternoon of 19 July 1989, an
engine tore itself apart, one hydraulic system was lost. With tell-tale traces of
left their distinctive marks on the empennage (se€ IPI}lla inclusions were just one of the problems that titani d
s had & anium producers and
known about for years (there were also high-density inclusions, and

titanium, shrapnel-like fan blades

figure 8). Worst of all, the flying titanium severed the two remainin

g hydraulic lines.
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the segregation of the alloy into flecks). To minimize the hard alpha inclusions,
manufacturers had established various protective measures. They could melt the
alloy components at higher heats, they could maintain the melt for a longer time, or
they could conduct successive melting operations. But none of these methods offered
(so to speak) an iron-clad guarantee that they would be able to weed out the
jmpurities introduced by inadequately cleaned cutting, or sloppy welding residues.
Nor could the multiple heats absolutely remove contamination from leakage into the
furnace or even items dropped into the molten metal. Still, in 1970-71, General
Electric was sufficiently worried about the disintegration of rotating engine parts that
they ratcheted up the quality control on titanium fan rotor disks — after January 1972,
the company demanded that only triple-vacuum-melted forgings be used. The last
batch of alloy melted under the old, less stringent (double-melt) regime was Titanium
Metals Corporation heat K8283 of February 23, 1971. Out of this heat, ALCOA drew
the mietal that eventually landed in the stage 1 fan rotor disk for flight 23237
Chairman James Kolstad’s NTSB investigative team followed the metal, finding
that the 7,000 pound ingot K8283 was shipped to Ohio for forging into billets of 16"
diameter; then to ALCOA in Cleveland, Ohio, for cutting into 700 pound blanks; the
blanks then passed to General Electric for manufacture. These 16" billets were tested
with an ultrasonic probe. At General Electric, samples from the billet were tested
numerous ways and for different qualities — tensile strength, microstructure, alpha
phase content and amount of hydrogen. And, after being cut into its rectilinear
machine-forged shape, the disk-to-be again passed an ultrasonic inquisition, this time
by the more sensitive means of immersing the part in liquid. The ultrasonic test probed
the rectilinear form’s interior for cracks or cavities, and it was supplemented by a
chemical etching that aimed to reveal surface anomalies.?® Everything checked, and
the fan was then machined and shot peened (that is, hammered smooth with a stream
of metal shot) into its final form. On completion, the now finished disk fan passed a
fluorescent penetrant examination - also designed to display surface cracking.?® It was
_somewhere at this stage — under the stresses of final machining and shot peening — that
he investigators concluded cracking began around the hard alpha inclusion. But since
o ultrasonic tests were conducted on the interior of the fan disk affer the mechanical
stresses of final machining, the tiny cavity remained undetected.4
The fan’s trials were not over, however, as the operator — United Airlines —
uld, from then on out, be required to monitor the fan for surface cracking.
otocol demanded that every time that maintenance workers disassembled part of
fan, they were to remove the disk, hang it on a steel cable, paint it with
escent penetrant, and inspect it with a 125-amp ultraviolet lamp. Six times
the disk’s lifetime, United Airlines personnel did the fluorescence check, and
ime the fan passed. Indeed, by looking at the accident stage-1 fan parts, the
Board found that there were approximately the same number of major
ons in the material pointing to the cavity as the plane had had cycles (15,
This led them to conclude that the fatigue crack had begun to grow more or
h’e very beginning of the engine’s life. Then (so the fractographic argument
’1th cach takeoff and landing the crack began to grow, slowly, inexorably,

| 2.
Figure 9. Stage 1 Fan Disk (Reconstruction).Source: UAL 232 Docket, figure 1.10
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Figure 10. Cavity and Fatigue Crack Area. Source: NTSB-232, p. 46, figure 19B.

out from the 1/100" cavity surrounding the alpha inclusion, over the next 18 years.

(See figure 10.)
By the final flight of 232 on 19 July 1989, both
Board believed the crack at the surface of the bore was alm
ducers, since interior faults,

finding exonerated the titanium pro
no actual cavity, were much harder to find. It almost exonerated General Electric
1d not have registered such an interior filled cavity

because their ultrasonic test wou

with no cracks, and their etching test was performed before the fan had been

machined to its final shape. By contrast, the NTSB laid the blame squarely on the
nce team. In particular, the report aimed ifs

United Airlines San Francisco maintenal
cross hairs on the inspector who last had the fan on the wire in February 1988 for the

Fluorescent Penetrant Inspection. At that time, 760 cycles before the fan disk
disintegrated, the Safety Board judged that the surface crack would have grown o
almost fi". They asked: why didn’t the inspector se€ the crack glowing under the
{{lumination of the ultraviolet Jamp?#? The drive t0 localization had reached ifs
target. We see in our mind’s eye an inculpatory snapshot: the suspended disk, the
inspector turning away, the half-inch glowing crack unobserved.

United Airlines’ engineers argued that stresses induced by rotation could have
closed the crack, or perhaps the shot peening process had hammered it shut,

General Electric and the Safety
ost fi" long.4! This
especially one with
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gngzr;t;:izheart;l(lil(;:lzsigte:; ?gfet ilg)mﬂantering.43 The NTSB were not impressed by
‘ R at the fluorescent test was valid. After i
gﬁlg/lsslli }:3}(111 2}}:?:21 I)tepe}ltrant dye inside the half-inch crack found in tahli, rztzlzifnelrceﬂ
fon "rhe NTSBarril it gd penetrated the crack. So again: why didn’t the inspector
e ctor failed o I 1uge : the bore area 'rarely produces cracks, so perhaps the
nspector ok intently where he did not expect to find anything. Or perh
A ck was obscured by powder used in the testing process. O s the
mspector had neglected to rotate the disk far enough around the é:ab; pterhaps nd
aqlspect allflts parts. Once again, a technological failure became a “hun?anofzciota \ ind
the root of an accident, and the “performance of the inspector” became th rontma
issue. Truf, the Safety Board allowed that the UA maintenance mf the cenre
;ﬁ};;zv;is:n Ce?(r;fézhzzs(;\;?;;land “based on industry standards.” But nfn-odgersirntllc:ivjz
ittle supervisi
equivalent con.clusion was thatp“a slesézzda?)ji: (Z)tf r:;ecsl}’ r\f/ilsmr?earilc}; (o ensune
advocacy and }nquiry). For just this reason the NTSB had com: deow( tOhencslure
?;em[irllof;i:t/(;i 1111r11 the 1n§pectiqn program that had failed to find the flaws ?ea(;rrl (?[n
. res accident in April 1988.44 Here then was the NTSB ifed
source Of flight %32’5 d.emise: a tiny misfiring in the microstructure of -i?tmﬁed
iﬁfolz ; SV];OIa:sg lesgectlgn procedure, a humanly-erring inspector. And, oiccla 21;2;1:1]
= g P ed a single cause, a single agent, a violated protocol in a fatai
eqf:;tl evzrv};w};erledthe report’s trajectory towards local causation clashes with its
v }E’ erful draw towa_rds the many branches of necessary causation; i
f;rlljee; :[[hztrcepolr; Lmstably d@assembled its own conclusion. There were sjalfzta
e thato\t:, . C:;w}el: been 1nstall§d to prevent the total loss of hydraulic liquici/
i ave slowed its leakage. Engineers could have designeci
il (E;s t at unlfi have set the tubes further from one another, or devised
. togh ;) minimize the darn‘agelfrom “liberated” rotating parts. There were
o (deSigned\g prolduced the titanium — as, for example, the triple-vacuum
e osnal Irlne tbaway hard alpha défects) that went into effect mere weeks
o . heal;m eﬁr 8283. Would flight 232 have proceeded uneventfully if
e o mﬁ ad been implemented just one batch earlier? There are
o sd st ht at could have been applied, including the very same
ke 2 ™ at GEAE used — but applied to the final machine part. After
! - inplr9 711tself noted that other companies were using final shape
ot , and the NTSB also contended that a final shape
could continue to Eztetﬁzlr;gzgtﬁiigiﬁlem% ?nz il dhreotom oot
s 1em ; —ramified in all directions, and with thi
losophyargxfe érrllgz:zzmgemng net'of z’ztgency. For example, in a section labetlhels
o e irframe Design,” the NTSB registered that in retrospect
ey ﬂp?ocedurés should'have “better protected the critical
L o {ﬁ:i j;?;ls._ S%uch a Judgment immediately dispersed both
ed the control mechanism for thilzi;?;;;’:ggme, an regulatony apparatus tht
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At an even broader level of criticism, the Airplane Pilots Association criticized the
very basis of the «“extremely improbable design philosophy” of the FAA. This
“philosophy” was laid out in the FAA’s Advisory Circular 25.1309-1A of 21 June 1988,
and displayed graphically in its “Probability versus Consequence” graph (figure 11) for
aircraft system design.® Not surprisingly, the FAA figured that catastrophic failures
ought to be “extremely improbable,” (by which they meant less likely than one in a
billion) while nuisances and abnormal procedures could be “probable” (1 a hundred
thousand). Recognizing that component failure rates were not easy to render
numerically precise, the FAA explained that this was why they had drawn a wide line
on figure 11, and why they added “the expression ‘on the order of” when describing
quantitative assessments.”® A triple hydraulic failure was supposed to lie squarely in
the one in a billion range — essentially so unlikely that nothing in further design,
protection, or flight training would be needed to counter it. The pilots union disagreed.

For the pilots, the FAA was missing the boat when it argued that the assessment of
failure should be “so straightforward and readily obvious that ... any knowledgeable,
experienced person would unequivocally conclude that the failure mode simply would
not oceur, unless it is associated with a wholly unrelated failure condition that would
itself be catastrophic.” For as they pointed out, a crash like that of 232 was precisely a
catastrophic failure in one place (the engine) causing one in another (the flight control
system). So while the hydraulic system might well be straightforwardly and obviously
pendent failure, piece of flying titanium could knock it out even if

proof against inde
all three levels of pumps were churning away successfully. Such externally induced

failures of the hydraulic system had, they pointed out, already occurred in a DC-10 (Air
Florida), a 747 (Japan Air Lines) and an L-1011 (Eastern). “One in a bilion” failures
might be soina make-believe world where hydraulic systems flew by themselves. But
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they don’t. Specifically, the pilots wanted a control system that was completely
independent of the hydraulics. More generally, the pilots questioned the procedure of
risk assessment. Hydraulic systems do not fly alone, and because they don’t, any
account of causality and agency must move away from the local and into the vastly
more complex world of systems interacting with systems.* The NTSB report — or more
precisely one impulse of the NTSB report — concurred: “The Safety Board believes that
the engine manufacturer should provide accurate data for future designs that would
allow for a total safety assessment of the airplane as a whole.”s' But a countervailing
impulse pressed agency and cause into the particular and localized.
When 1 say that instability lay within the NTSB report it is all this, and more. Fot
contained in the conclusions to the nvestigation of United 232 was a dissenting
opinion by Jim Burnett, one of the lead investigators. Unlike the majority, Burnett
saw General Electric, Douglas Aircraft and the Federal Aviation Agency as equally

responsible.
I think that the event which resulted in this accident was foreseeable, even though remote, and that
neither Douglas nor the FAA was entitled to dismiss a possible rotor failure as remote when reasof
able and feasible steps could have been taken to “minimize” damage in the event of engine rotor

failure. That additional steps could have been taken is evidenced by the corrections readily made,
even as retrofits, subsequent t0 the occurrence of the “remote” event.’?

igure 11. Probability Versus Consequence. Source: UAL 232 Docket, U.S. D
, U.S. Department of

lranSpOrtati()n Federal AV iati()] 1 Ad] ) II. I.Sll allof ;y (V] [}
) . “ .
N : : o N stem D Slgn and Analysis,” 6/21/88, AC

. Like a magneti ’ i
0 forelgzng(;rccea irszrrilnezonze?il;:ys S};omt,tt.he historical narrative finds itself
o : : ace-time volume. But the ive i
o ilol‘);;)rlzcsn; }ilziie;tm(;ne.d, derailed by causal arrows pointing elsevrxlf?l;aetl‘r:ozs
" ain t;:lm%n, thf: effects of systems on systems, toward; risk?
i gr e AA 1tself. In this case that objection is not implicit
i Ii:lwnland prmtf:d in the conclusion of the report itself.
i exameis., d\fvould like, finally, to return to the issue of piiot skill
2 e nef in the aftermath of Air Florida 90. Here, as I alread
o sd o thepommuruty was that Haynes, Fitch, ,Dvorak ani
s Ci;);, inary job in brmging the crippled DC-10 down t(,) the
e nx iy tshrltmxay 22. But 1t. is worth considering how the NTSB
L a th ey were not,. m fact, contributors to the final crash
L i fai]ur'e ol eilt ¢ accident, simulators were set up to mimic a total
| a control §urfaces of the DC-10. Production test pil ’
) ere line DC-10 pilots; the results were that flying a machﬁieO;rS;
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that state was simply impossible, the skills required to manipulate power on the
ltaneously the phugoid oscillations,

o control simu
direction, and roll were quite simply “not trainable.”

learned, “landing at & predetermined point and
»53 and the NTSB concluded that

essfully handling this problem.

engines in such a way as t
airspeed, pitch, descent rate,
While individual features could be
airspeed on a runway was a highly random event

“training ... would not help the crew in succ
Therefore, the Safety Board concluded that the damaged airplane, although flyable,

could not have been successfully landed on a runway with the loss of all hydraulic
flight controls.” “[U]nder the circumstances,” the Safety Board concluded, “the UA

flightcrew performance Was highty commendable, and greatly exceeded reasonable
ave great credit to his CRM training, saying it was

expectations.”* Haynes himself g

not

“the best preparation we had.”?
ht 232 was an extraordinary piece of flying,
r dissenting from the

While no one doubted that flig
everyone concurred that CRM ought take the credit. Buck, eve
CRM catechism, wrote that he would wager, whatever Haynes’s view subsequently
was, that Haynes had the experience t0 handle the emergency of 232 with or without
the aid of earthbound psychologists.56 But beyond the particular validity of cockpit
resource management, the reasoning behind the NTSB satisfaction with the
flightcrew is worth reviewing. For again, the Safety Board used post hoc
simulations to evaluate performance. In the Air Florida Flight 90, the conclusion
was that the captain could have aborted the takeoff safely, and so he was condemned
for not aborting; because the simulator pilots could fly out of the stall by powering
up quickly, the captain was damned for not having done s0- In the case of flight 232,
because the simulator-flying pilots were not able to land safely consistently, the
crew was lauded. Historical re-enactments were used differently, but in both cases

functioned to confirm the Jocalization of cause and agency.

5. THE UNSTABLE SEED OF DESTRUCTION
where we can begin to answer {

We now come to a point
ctiform event, conducte

outset. A history of a nearly pun
resources, yields a remarkable document. Freed b

NTSB could mock up aircraft or recreate accident
fractography, and chemica

Forensic inquiries into metallurgy,
extraordinary precision. Investigators have tracked document
decades, interviewed hundreds of witnesses, and in some cases
photographs of the accident in progress. But even when the evid
only just begins. For deep in the ambition of these investigations
aims: inquiries into the myriad of necessary causes evapo
single cluster of causes from fully explaining the event. At
to regain control over the situation, to present recommendations for
lodge moral and legal responsibility all urge the narrative towards a condense

account. Agency is both evaporated and condensed in the
Within this instability of scale the conflict between unde

he question addressed at the
d with essentially unlimited
y wealth to explore at will, the
s with sophisticated simulators.
] analysis have allowed
s and parts back two
ferreted out real-time
ence is in, the trouble
lie contradictory
rate any single cause of
the same time, the drive
the future, 0
d causal
investigative process:
finable skill and fixed
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procedure is played out time and again. O i
procedue ne . On the flightdeck and in th i
expfnsi;e?iféioigﬁdt:f;hmc.lans are asked at one and the same ti:?atl:tzrsl:n;z
e ards iffy 1n§ Judgmen_t and to follow restricted set procedures. Both
ook e . ursle(:1 and lo_cahzed accounts — are crucial. We find in syétemic
 esuphics, profosional eritandmg of th§ connected nature of institutions, people
P immediaté pro] C(msea cu Fures, and. otpects. We find in localization the ;oros pec%
it g guentlal remediation: problems can be posed and ans . d
gineering. To be clear: I do not have the sligh  the
proce@ural changes based on accident reports have saved li e su do'ubt o
essential to recognize in such inquiries and in technofogit:‘;elsé& t}tl'i'same e
‘ : -scien i
ge?zrggzt, tt};le; 12?1;1611;2 sttrams between the;e conflicting explanator; ;:n;)llllslzzrsy e
o “pro,bable npulse owtgrds condensa.tlon of cause, agency, and protocoli in the
e somerinte Cs(()ec 10nA of the acc1c}ent report emerges from an odd alliance
industry itself has no degliett?%eg;?zfgsetgztgrcnoer:tr ibu;e}to L
o as 1 s of the system implic
% nited’soz é(;ci::ﬁlog :r?;?atlo g&l;ﬁ;ilzrc()})lems andlto contain litigatiolr)l. Fi)tlel((i)’wailﬁg
, Ger . or example) laid the blam ited’
i]tl;lc;zeisse?l; iyl)lzlier;rjtlczﬁ inspection and ALCOA’S flawed titanium.”eP(i)lré)tIsJi:\e/S asx
’ et %he §3sztams of the. captain as fully in control of the flight: their
e design phl 1rlllvest1gat10n was that the FAA’s doctrine of “extr-emel
e “gde %socll) y was untenable. In particular, the pilots lobbied forz
L mn ody planes that would function even if all hydraulic fluid
et ;1 measure that the pilots remain authors of the successful
_was ain;ed at insuring thaf larl T;%I;?tgiez: r;;xrzzctil?etn . an?dtheir o
e : at would keep their v
Eegulatorycs(g?lggglzig gxovemment regulators, too, have anpinvestrz(;iipilicz
| Safete ?lt logal causes admitting local solutions. Insofar as
T y, the YlOlathl’l of regulations enter as potential causal
s pC 119n of dlsagter. .P(.)werful as this confluence of stakeholder
e firtgléia I1ty t}? a point, 1§ is not the whole of the story. i
o t.o ;lr tte 1938 Civil Aviqtion Act that enjoined the Civil
A eate gcmdent ri:ports, it is specified that the investigation
i Zesc;llptlon of a “probable cause” of the accident.® Here
o et 1g conc;pt, not a probabilistic one. Indeed, while
| pavia e :dm“certam sectors of legal reasoning, “probable, cause”
- the.U : C,O p:pbqble causg”'i§sues directly from the Fourth
e Caus.e b.ein nstitution, proh'lbmng unreasonable searches and
e b Wi needRed for the issuance of a warrant. According to
e Xne . LaFaYe, the notion of probable cause is never
o e mencgnent itself nor in any of the federal statutory
o ro(rilstmct. In one case of 1925, the court ruled that if a
= Sp; uC he;t ;r(lia’l,l \;/oulq be led to believe that there was a
the issuance of a Warraﬁt.”;o It’lllfrlla’hi?lgeeq’ v e (1813t
y in an even older (1813) ruling,
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probable cause was not “proof” in any legally binding sense; required were only
reasonable grounds for belief. “[Tlhe term ‘probable cause’ ... means less than

evidence which would justify condemnation.”®!
Epistemically and morally, probable cause inculpates but does not convict. It

points a finger and demands explanation of the evidence. Within the framework of
accidents, however, in only the rarest of cases does malicious intent figure in the

explanation, and this very circumstance brings forward the elusive notion of
“human errot.” Now robable cause had its origins in American

while the notion of p
search and seizure law, international agreements rapidly expanded its scope.
Delegates from many countries assembled in Chicago at the height of World War 11

to create the Convention on International Civil Aviation. Within that legal
framework, in 1951 the Council of the International Civil Aviation Organization
(ICAO) adopted Annex 13 to the Convention, an agreement specitying standards
and practices for ajrcraft accident inquiries. These were not binding, and
considerable variation existed among participating countries.
Significantly, though ICAO documents sometimes referred to “probable cause”
and at other times t0 “cause,” their meanings were Very similar — not surprising since
the ICAO reports were sO directly modeled on the American standards. ICAO

defined “cause,” for example, in 1988 as “action(s), omission(s), event(s),
condition(s), or a combi the accident or incident.”®2

nation thereof, which led to
Tndeed, ICAO moved free ause” and “probable cause,”

ly in its documents between “c
and for many years [CAO disc tood extremely close o (no doubt
modeled on) the American mo

ussion of cause S

del.63 But to understand fully the relation between
NTSB and ICAO inquiries, it wou here both investigations
inquired into a single crash.

1d be ideal to have a case W
Remarkably, there is suc

Airlines/American Eagle Avi
1994 in Roselawn, Indiana. On one side, the Americ
probable cause of the accident was a sudden and unexpecte
precipitated by a ridge of ice that accumulated beyond the de-i
investigators argued, took place 1) because ATR faile
precipitation could alter stability and control characteristics and ass
the autopilot; 2) because the French Directorate Général pour Aviation
exert adequate oversight over the ATR-72, and 3) because the Fren

Général pour Aviation Civile failed to provide the
adequate information on previous incidents and accl
conditions.8* Tmmediately the French struck back: It was
argued, it was the American crew. In a separate volume,
submitted, under the provisions of ICAO Annex 13, a dete
that, in its content, stood in absolute opposition to the pro
National Transportation Safety Board. As far as the French were ¢onc
ridge of ice was due to the crew’s prolonged operation of their flight in a freez

drizzle beyond the aircraft’s certification envelope —

configuration altogether incompatible with the Aircraft O

h an event precipitated by the crash of a Simmons

ons de Transport Regiona

bable cause adduced b

perating Manual.%

1-72 (ATR-72) on 31 October
an NTSB concluded that the
d aileron hinge reversal,
ce boots. This, the NTSB
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In both American and Fri
ench reports we find . o
have al o ind the same instabil
Roselawr/iai}; ;rrtlcountezed in Air Florida 90 and United 2321(1;?1 Oofnseullqle tgati b
s zeroed in on localized ca ) and both
a badly desi ici uses (though the Ameri
pulle d};)aceljlfste? de l?cing system and the French on pilot error)nzflgsbfazsliened o
0 a wider scale as they each poi ’ ot Teports
and research . pointed a finger at inad :
the Fremr:; éﬁlotllllgh ;\he Americans fastened on the French Direcatlof;:a(geém']erls 1gh(‘;
- L e American Federal Aviati " néral an
adjudicati : iation Authority). Fo
: HlehaSiZ;l%hzitgeen th§ two versions of the past is irrele}i/)ant }r{a(t)}?ér I;urposes,
eoatire of all fhes ;2 tension between localized and diffused cal..lsation re Wa'm ©
accounts, even though some co . mains a
. - i untr . . ..
tslgﬁzlirglhlw(rlrllmal rather lthar} civil authority (and somelessuz?lns;l CItn;helr mquiries
sensiti\%ey’ toanthcountnes, including the United States, ue becomelg’ do both).
causation—contr e problematic tension between condensed glcrefﬂlsmgly
ntrast, for example, the May 1988 and July 1994 Versions rcl)fAdlffusled
nnex 13:

May 1988: « i
S ;1994. “LSiZetlt; ﬁ?df;gs and cause(s) established in the investigation.”
T S.hould ine1 13 ings and causes established in the investigation T'he li
clude both the immediate and the deeper systemic cz;lus ’ti
€s.

_ Australia simply omits a “cause” or ¢
e pr_obable cause” section. And in m
StraSbourg e :;lclst}; a;ss t;f Enhe anglyzmg the January 1992 Airbus 320 Tl}e}llsiercl:;
e Tty has vand hcd‘7 as disappeared. Does this mean that the problem of
L laced by o oo shed? Ngt at all. In the French case, the causal conclusi
ey Tooal cesc?\/.e sections. One, “Mechanisms of the Accident,” 1'15103
o directce(()lnt }:tlons and the second, “Context of Use” (Con’tejtlfsn cei
- potaon ) dirsted ¢ e reader to the wide circle of background conditions :7:
agency instability lie dee;mi);aigz gl?(ji])litr(r)lz% CXIP Ii'(:iﬂy, ek Seals ar.ld
sur%f}llxgiee;fser; I?;i 1ili)slijlalcemlent of the speciﬁcltcer?n ‘}‘l;ztl(l)sré.c’?l explanation, and they
r s legal, economic, and moral inpoi
. . oral pressure to pin i
- mbe,};aﬁzildrr;el v}i)ah;me; (ap act1or}, gmetal defect, a faulty initrglilél;t)caxsfr;; ;
it fsuc 11112 us;on, an ice-roughened wing, a failure to throﬁle up ZE
e onfined phenorpena bring closure to catastrophe res{rict
gtten sotively, b ; ;ﬁaclogor:;;dj;l;}?s for the future. Steven Cus};ing has
L e ords, of rases, even individual words,
o t]iel:u rrrll\ljsncizlzisttandmgs.fg At takeoft,” with its ambiguous rtz?;r};\c,:
e nytWO fo an action in process, lay behind one of the greatest
L jumbo JGtS. collided in the Canary Islands. Effectivel
e Frenceh (jz;lzal chain to end. Causal condensation promises tz
L eponts oo reﬂr us report suggests, over the last twenty-five years
ol o ected a growing interest in moving beyond the
o soniclos énglz mesoscopic world in which patterns of behavior
Lot t};v e0u d.play arole. In part, this expansion of scope aimed
T en diagnoses of error and culpability. To address th
cockpit culture,” the Safety Board, the FAA, the pilotzS atnz
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the airlines brought in sociologists
CRM that they collectively conjure
fear or boredom is reduced to a problem
don’t know, advocate when you do, reso
psychologists urged a new set of attitudinal co
pilot, harden the passive one and create coor
blocked by poisonous bad attitudes, would be freed, and the
benevolent raling captain, assertive, clear-thinking officers,

controllers, would outwit disaster. As we saw, under the mo

CRM, it has been possible, even canonical, to re-narrate crashes like Air Florida 90
dynamic. But beyond the cockpit scale of

and United 232 in terms of small-group

CRM, sociologists have begun to look at larger “organizational cultures.” Diane

Vaughan, for example, analyzed the Challenger launch decision not in terms of cold
O-rings or even in the language of managerial group dynamics, but rather through
organizational structures: faulty competitive, organizational, and regulative
norms.®® And James Reason, in his Human Error invoked a medical model in which
ever-present background conditions located in organizations are like pathogens
borne by an individual: under certain conditions disease strikes. Reason’s work,
according to Barry Strauch, Chief of the Human Performance Division at the NTSB,
had a significant effect in bolstering attention to systemic, organizational dynamics

as part of the etiology of accidents.”
Just as lines of causation radiate outward

individuals to small collectives, so too is it possible
back to a macroanalysis that puts in narrative view the whole of the technological

infrastructure. Roughly speaking, this was Charles Perrow’s stance in his Normal
Accidents.’t For Petrrow, given human limitations, it was simply inevitable that
tightly-coupled complex, dangerous technologies have component parts that interact

in unforeseen and threatening ways.

Our narration of accidents slips between these various scales, but the instability
goes deeper 1n two distinct ways. First, it is not simply that the various scales can be
studied separately and then added up. Focusing on the cubic millimeter of hard alpha
inclusion forces us back to the conditions of its presence, and so to ALCOA;
Titanjum Metals Inc., General Electric, or United Airlines. The alpha inclusion takes
us to government standards for aircraft materials, and eventually to the whote of the

ines any attempt t0 fix

economic-regulative environment. This scale-shifting underm
position from which to understand the history of
single metric by

a single scale as the single “right”

these occurrences. It even brings into question whether there is any

which one can divide the «gmall” from the “large” in historical narration.
Second, throughout these accident reports (and T suspect more generally in

historical writing), there is an instability between accounts terminating in persons

and those ending with things. At one level, the report of United 232 comes t0 rest
in the hard alpha inclusion buried deep in the titanium. At another level, it fmg.ers;
the maintenance technician w penetrant dye glowill

ho did not see fluorescent
from a crack. Read different ways, a flight 90 could

gists. In the Millsian world of
dictable action in haste,
sfer. Inquire when you
ate resources — the

1d soften the macho
once

and social psycholo
d, the demon of unpre
of information tran
Ive differences, alloc
rrections that wou
dinated systems. Information,
cockpit society, with its
and alert radio-present
re sociological form of

s from individual actions through
to pull the camera all the way

the report on Air Florid

AN ACCIDENT OF HISTORY 39

interpreted as spotlighting the fro .
indication; read ?en pl.tot tube that provided
Bridge was due tinf;:eﬂl‘;?y fth_e 737’s co!llsion impact int% the F Ou:teti(;l‘:l,'l tS}iruSt
rowall the throttle a? ' Sf ailure to de-ice adequately, to abort the takeoff, reet
precarious and unstable e %r‘st sign of stall. Protocol and judgment stoogi(?r “
Roselawn ATR-72 crash leqllllhbr.lum. What to the American investigators f1 nha
woorn a5 a Inomen failin ooked like a technological failure appeared to th Fo o
Such a duality betwege:n the h d e French
possible to trade human an the technological is general. It i
swapped againsta zlursnasri actlon. for a technological one: faih%re thLOI:i;Z zlwalj;s
wehnological failure Car}ll bem failure to make noticeable. Conversel cven,
or used that picce of the e traf:ked back to the actions of those who desi n}e,:’d ebve'ry
o i Michel Callon have material world. In a rather different context Br%no I: ?llt,
with the human.” I vvoulS;;l %ite}?::idb:{alig?e nOnf-human be accorded equal agir?:;
technological in cRet any ixed division betw
narmtivegs abOu;";;:ZZutntshand pu.t it this way: if is an unavoz‘dablzefr;ctllzizan and
contested ambigui -technological systems that we are alwa Ofour
e iguity between human and material causatio ys Jaced with a
ough airplane crashes are far from the world of the Zistorian of science and
n

()g or that ()f the genel‘al hlSt()rian lnterested ln technology the bl
pr() €ms

that engaged the attenti
ntion of the NTSB i i
historians also wa i P mvestigators are famili
it whom we w?ittzo a;’]ce)ld aicnbmg inarticulate confusion to the his?;rizzfz.ctwe
—we seek a mode of reasoning i ors
actors’ understandi oning in terms that ma
the construction S?;i VE? try to reconstruct the steps of a derivation ol}easft?se o
Florida 90’ path to Fopectust as NISE investigators struggle to recreate the Air
fragmentary ovidence of OL}rteenth Street Bridge. We interpret the often cast way.
argue over the ¢ of an incomplete notebook page or overwritten equati o ther
But the | rtorrfecytl interpretation of “really cold” or “that’s not ri hquatxon; they
. heart of the similarity lies el ; right.”
interpretation ' ) s elsewhere, not just in the h i
histofical eXplal;‘;:ign t’?}i tensmn.between the condensation anzngief?eu'tlcs o
e eat maks ;nsee N;l;SB investigators, like historians, face a wléiigrihof
- ; and our writings seek . a
controllabilit gs seek to find in it a rati
broader Cultirzv:cl'{no:-vffu% well how interrelated, how deepl;1 t;)l?sl (i(derge'l o
~ ientific devel ’ cdded m a
Sosperately t opments are. At the i
¢ o . same t
ones, thatyhuntf;m;:1 é narrative that at one moment tracks big eVenltr;l f)avf o
o b e opernican revolution into the lair of Copernicus’C ttohsn‘lan
opernicus’s n<3o-Plll.;Fur~e equant. And at another moment the scalz elc'fmcal
ant to find the real onism or his clerical humanism.” At the micro . 11I e
eats at the Sciem;?urce, the tlpy anomaly, asymmetry, or industriajccil o
overy. Value inverttdcofm munity until it breaks open into a world-chzm?nd
erate disaster, catastr i hrOm the gpoch—deﬁning scientific revolution tn glig
Lokt th’e o ophe too hgs its roots in the molecular: in a badl h0 -
tiny, deadly alpha icoln troller, in a too sharp application of force to gu: Ofn
L ha inclusion that spread its fl yoxe
, 1 a jumbo jet to pieces. aw for fifieen thousand cycles
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At the end of the day, these remarkable accident reports time and time again
¢ a double picture printed once with the image of a whole ecologicalworld of
on in which airplanes, crews, government, and physics connect to one
in overstrike, with an image tied to a seed of destruction,
f flight 800 called the “eureka part.” In that seed almost
All at once it promises that guilty people and failed
d, confined, and that those who died will be
ization against repetition through
is no seed, if the bramble of cause,
fault nucleus, but is rather unstably
-human, and between protocol and
gerous place. These reports,

ly and unstably, to hold that

produc
causati
another, and printed again,
what the chief investigator 0
find satisfaction.
localized, identifie
gh a collective immun
simulation. But if there
e does not issue from a
uman and non
dered and dan
incomplete

gveryone can
instruments will be
immortalized throu
regulation, training,
agency, and procedur
perched between scales, between bt
judgment, then the world is a more disor
and much of the history we write, struggle,

nightmare at bay.
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