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"This fapcﬁ documents the msxpiscah%e ioss of United ﬁurémes ﬂaght 535 a

Baemg 7’«%?-29-5 after the airplane had completed its turn onto the final 2pproach course
o mz&way 35 at Colorado Springs Muricipal Alrpor:, Colorado Springs, Colorado, on
March 3, 1967. The safety issues discussed in the report are the poteniia
- meteorological hazards to airplanes in the area of Colorado Spﬁngs p—:::temat airpiane or

-wea’s addressed to the Federa!l Aviation Adminisiration.

systems anomalies that could have precipiteted a ioss of control, and the design of the
main rudder powar contrel unit servo vaive that could present sgmﬁcant flight controi
- difficulties under ceriain circumstances. - Rscommendations conceming these issues
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EXECUTIVE SUMMARY

On March 3, 1991, g United Airdines Boeing 737, registration number
NSOOUA, operating as flight 585, was on a scheduled passenger flight from Denver,
{Colorado, to Colorado Springs, Colorado. Visual meteorclogical conditions
prevailed at the ame, and the flight was on an instrument flight rules flight plan.
Mumerous witnesses reported that shorily after compieting its tum onto the final
approach course o runway 35 at Colorado Springs Municipal Airport, about (944
Mountain Standard Time, the airplane rolled steadily to the right and pitched nose
gown until it reached a nearly vertical attitude before hitting the ground in an area
krown as Widefield Park. The abiplane was destroyed, and the 2 flight
crewmembers, 3 flight attendants, and 20 passengers aboard were fataily injured.

The Mational Transportation Safety Board, afier an exhaustive
mvestigation effort, could not identify conciusive evidence to explain the loss of
United Airlines flight 585.

The two most likely events that couid have resulted in a sudden
uncontroilable lajeral upset are a malfunction of the airplane's lateral or directional
ceutrol system or an encounter with an unusuaily severe atmospheric disturbance.,
Although ancmalies were ideniiffed in the airpiane’s rudder control system, none
woulc have produced a radder movement that could not have been easily countered
by the zirplane's lateral confrols. The most likely atmospheric disturbance to
procuce &t uncontroliable rolling moment was & retor {a horizontal axis voriex)
produced bv z combination of high winds alofi and the mountainous terrain.
Conditions were conducive to the formation of a rotor, and some witness
observations support the existence of a rotor at or near the time and place of tie
accident. However, too littie is known about the characteristics of such rotors {o
conchde decisively whether they were a factor in this accident.

e issues ir: 2his investigation focused on the following:

L Potential meteorological hazards to airplanes in the area of
Colorado Springs, Colorado, especially on the approach and
departure paths associated with Colorado Springs Municipal
Alrport.




2. Potential airpiane or sysiems apomalies that could have
precipitated a loss of control.

3. The design of the mam rudder power confrol unit servo valve
that could preseni significant flight control difficulties under certain
circurnstances.

Recommendations concerning these issues were addressed to the
Federal Aviation Administration.

vii
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1. FACTUAL INFORMATION

i1 History of Flight

On March 3, 1991, a United Airdines (UAL) Boeing 737, registration
number N9SOUA, operating as flight 585, was on a scheduied passenger flight from
Denver, Colorado, to Colorado Springs, Colorado. Visual meteorological
conditions (VM) prevailed at the time, and the fight was on an instrument flight
ruics (IFR) flight plan. Numerous witnesses reported that shortly after completing
its turn onto the finzl approach course fo runway 35 at Colorado Springs Municipal
Airport (CO8S), about 0944 Mountain Standard Time, the airplane rolied steadily to
the right and pitched nose down until it reached a nearly vertical attitude before
hitiing the ground in an area known as Widefield Park. The airplane was destroyed,
and the 2 flight crewmembers, 3 flight attendants, and 20 passengers aboard were
fataily injored.

Flight 585 originated in Peoria, Ilinois, and the intended destination
was Colorado Springs, Colorade, at 0946.} It had intermediate stops in Moline,
iinois, and Denver, Colorado. The flighs was conducted under the requirements of
14 Code of Federal Regulations (CFR) Part 121, The airplane departed Peoria on

143 times are Mountain Standard Tirme (MST based on the 24-hour clock, unless
oitherwise indicated. .
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schedule at 0500 and arrived in Molire 6 minutes behind schedule at 0532. 1t
departed Moline on schedule at 0600 and arrived at the Denver Stapleton
International Airport (DEN) at 0800, 13 minutes ahead of schedule.

The pilots for the Peoria to Moline to Denver segments of the flight
reporied that there were nro cpen maintenance writeups or deferred minimum
equipment list (MEL} jtems in the airplane's maintenance log. The pilots reported
ne abnormal situations selated to the airplane during the flight to Denver. A
scheduled crew change tock place in Dienver.

The cargo manifests for the flight indicated that no hazardous material
was on board. The casgo bay areas contained passenger baggage, spindle
assemblies, a casket, and printed papers. Loading personnel reperted that all of the
cargo was properly restrained by the pit cargo net/stanchions installed in the cargo
bins.

The weather briefing message that the flighicrew received before
departing Denver included the (750 Aviation Surface Weaiher Observation for
Colorado Spnings, as follows:

Clear, visibility 100 miies, temperature 49 degrees F, dew point
degrees F, winds 330 degrees at 23 knots, gusts to 33 knots,
altimeter setting 30.03 inches of Hg, cumulus over the mountains
northwest.

The UAL mechanic who was responsible for receipt and dispatch of
the flight reported that during his routine exterior inspection of the airplane, he
found that the latch on the electronics and eguipment (E and E) door was not in is
normat flush stowed pesition. He checked the security of the door and stowed the
latch. He stated that, "other than that {stowage of the latch], the aircraft deparied
normally.”

Flight 385 departed Denver at 0923, The captain was flying the
airpiane and the first officer was making the radio transmissions. The airplane was
scheduled to arrive in Colorado Springs at 0946, While en route to Colorado
Springs. the flightcrew sent an zircraft comrnunications addressing and reporting
system (ACARS) message updating its estimated arrival time to 0542,
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The cockpit voice recorder (CVR) tape revealed that at 0930:37, the
flightcrew received automated terminal information service (ATIS) information,
version "Lima,” that was about 40 minutes old. ATIS "Lima" stated, in part:

Wind three one zero at one three gust three five; low level wind
shear adviscries are in effect; local aviation wind waming in effect
calling for winds our of the northwest gusts to forty knots and
above.

According to the CVR and flight data recorder (FDR), the flightcrew
added 20 knots to the approach landing reference target airspeed based on the ATIS
information. The full CVR transcript is contained in appendix D.

At $832:35, the first officer reported their altitude to Colorado Springs
Approach Control as 11,000 feet, saying that they had received ATIS information
"Lima.” Approach Control then told the fiight to depart the "Springs” VORTAC
{very high frequency omnidirectional radic range/uitra high frequency tactical air
navigation aid) heading 1635 degrees for a vector to runway 35 for a visual approach.
Wind information was issued as 320 degrees at 13 knots, gusting o 23 knots. At
0934:06, a descent was issued to 10,000 feet, at the pilot's discretion, and a further
descent to 8,500 fect was issued about 3 minuies later. The first officer then
reporied the airport in sight, and approach control instructed them to maintain "at or
above 8,500 until on base, runway 35, cleared visual approach, contact tower
119.5." She repeated the instructions and contacted the fower.

At 0937:59, the first officer reported to the tower, "...cleared for a
visual to 35." The local controiler then cleared the flight to land and issued the wind
as 320 degrees at 16 knots with gusts to 29 knots. The first officer then confirmed
that they were cleared to land on runway 35, and asked whether there were any
reports of 2 loss or gain of airspeed from other airplanes. The local controlier
replied that the last repont was the one reported by a Boeing 737. The first officer
then asked the controller, "could you repeat it please?” At (0938:29, the local
controller replied that a Boeing 737 reported a 15-knot loss at 500 feet, at 400 feet
"plus 15 knots,” and at 150 feet, "plus 20 knots." The first officer replied, "sounds
adventurous, uh, United five eighty five, thank you.”

Adrport traffic was issued to the flight by the tower controller at
0540:47, "...eleven o'clock five miles northwest bound straight in for runway three
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~zero.” The first officer replied that they would look for him and then asked how

many miles the traffic was from them. The local controller replied, "eleven to ten

o'clock and five mﬂes for United five eighty five." The first officer replied, "five
~ eighty five, roger.” At 0940:44, the first officer asked the controller the

~ whereabouts of the traffic. The local controller transmitted, "United 585, the

Cessna traffic is ten to nine oclock now as you re in your fumn, passmg behind you,
. no factor :

At 0941:23, the }ocal controlier dlrected the ﬂlght "after landmg, hoid :
short of runway three zero for departing traffic on runway three zero," -The first _
officer replied "we'll hold short of three zero United five elghty ﬂve " l'hls

transinission was the last one recewed from fhght 585

More taan 65 witnesses were interviewed dunng the initial field phase

of tbe investigation and more than 100 other witnesses came forward during a

follownp visit to the accident site area about a year later. The majority of the

witnesses who observed the flight of the airplane on March 3, 1991, indicated that

' aithough the airplane was fiying at an altitude that was lower than what they were

accustomned {o seeing, it appeared to be operatmg normally until it suddenly rolled to
 the right and descended info the ground : : :

Many witnesses reported that the ar’piane rolied wings ievel |

: momentanly (as it lined up with the runway) and that it rolied to the right until it
was inverted with the nose nearly straight down. Some of them saw the nose rise
-during the initiation of the mght roll. ' :

One clderly couple, who was repoﬁediy waikmg ﬁzrough Widefield
Park at the time of the accident, stated to another witness that a tiquid substance
from the airplane fell onto their clothing which "smelled very bad." Repeated

“efforts tc find and interview this couple have been unsuccessful. These efforts

-included a door-to-door search of the houses in close proximity to the park, a

circulated composite picture of the male, as weII as local radio and teiev:swn mws _

coverage. :
One witness, who ‘was about 6 miles west of the accident site, reported
seeing several rotor clouds? in the area of the accident, 10 to 15 minutes before the

 2Rotor: A vortex of air generated about a horizontal axis by high winds over
mgz.ia: ,.crram Characteristics are similar to but less sevore than a tornado. Roters are
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crash. That witness said that the rotor clouds were accompanied by thin wispy
condensation. Another persan., who passed west of the accident site betweeﬂ 0830
and {)%{} a‘epamd seemg “torn wispy a:imx@s" in the area of the accident.

- Samﬁ witnesses. repm%eﬁ seeing a white mist in mﬁ area i}f the right
wing about the time that te airplane began. its rapid roll to the right. No other - .
witnesses - the parx or aimg the ﬂigmpath, ﬁ:’pam,ﬁ liquid falling from the
miane - o L o

 In the final mmuis ef the ﬁzbi"‘i eﬂdeme fmm the recorded radar data,
“the CVR, and the FDR indicates that the normal acceleration varied between 0.6
and 1.3 G. The airspeed was at about 155 knots with 2.t 10 knot excursions. Af
0937:32, the flight had been cleared for a visnal approach to mnway 35 at Colorado. _
Springs and the airplane was approaching the extended runway centerline at 300
degrees, consistent with a 45 degree intercept of the final approach path to the
airport. The indicated altitude was 8 000 feet and a descent was just commencing.
Ten seconds later, the heading began to change about 0.5 degrees per second unil
the heading was 320 degrees. The thrust of each engine was reduced from about
6,000 pounds to abeut 2,000 pounds approximately 40 seconds before the crash. At
that time, the airplane began descending at about 2,200 feet per minute;, a rate
greater than required to remain on & standard approach to the airpoit. %everal |
seﬁonds later the thmsi was mcreased to ab@ui 3,000 pounds per engine. :

Abou 20 sesends prior to the crash tbe rate of headmg chwgc .
increased, consistent with a 20-deg*ec bank angle and 2 turn for alignment with the

- runway. Sixteen seconds prior to the crash, the thrust was increased to about 6,000 |

pounds per engine. As the thrust was increasing, the first officer made the "1 000
feet” caill. Within the next 4 seconds, and about 9 seconds prior to the crash, the
heading rate increased to about 5- degz'ees per second to the right, nearly twice that
of a standard rate turn. The first officer said "Ch God," followed by the captain, in
the last 8 seconds, calling for 15 degrees of flaps. This selection of 15-degrees
flaps, in combination with increased thrust, is consistent with the initiation of a go- _'
around. The altitude decreased rapidly, the indicated airspeed mcreased to over 200
knots, and the normal acceleration mcreased toover 4 G. : :

:'sbmet_'rms evident by a cloud ﬂ‘nat'appears in the form of a stationary roll usually on. the leeward
side of nd.ﬂe When viewed fr m the mr a roter cloud looks like a line of cumulus clouds.
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The airplane impacied relatively flat terrain 3.47 nautical miles south of
the south end of runway 35 and .17 nautical miles to the east of the extended
centerline of runway 35 at the Colorado Springs Municipal Airport. All of the
occupanis on board the flight received fatal injuries. The airplane was destroyed by
impact forces and posicrash fire,

The accident site coordinates were 38 degrees, 44 minutes and 09.4
seconds north latitude, and 104 degrees, 42 minutes and 42.4 seconds west
longitude at an elevation of 5,704 fect above sea level. The accident occurred
during daylight hours.

i.2 injuries to Persons
Injuries Crew Passengers  Others Total
Fatal 5 20 0 25
Sericus 0 0 0 0
Minor/None 0 LY = 0
Total 5 20 0 25
1.3 Damage to Aircraft

'The airplane was destroyed by ground impact and postcrash fire. The
value of the airplane was estimated by UAL to be $14,200,000.

1.4 Otber Damage
There was no damage to structures on the ground. Trees adjacent to
the impact crater were damaged by flying debris and soot, and nearby patches of

grass north and northeast of the crater were scorched. The size of the impact crater
measured approximately 39 feet by 24 feet and was about 15 feet deep.

1.5 Personnel Information

The flightcrew consisted of the captain, first officer, and three flight
aiterdants. {See appendix B).




151 TheCaptain

 The captain, age 52, was hired by United Airiines on May 15, 1969.
He possessed a cument Airline Transport Pilot (ATP) vertificate and a current first
class medicat certificate. He had accrued a total flight time of 9,902 hours, of which
1,732 hours were in t%\e B»‘? 3’7-29@ thas; msiuded 891 hm.z's as captam

Tms landmg was me captams first at COS as the pzl@t-m-csmnanﬁ
_ However it is likely that the captain had landed many times at COS in the 16 years
he had worked for UAL as a flight crewmember. Dhring the accident flight, he
commented to the first officer that he had "never driven to Colorado Springs and not
gotten sick” (3927:31), signifying that this was probably not his first landing or first
experience with turbulence on the segment to COS. He had conducted 14 ﬂights
into and out of Denver chmng the 96 days '@zefere the accade;zt '

182 The Fss‘sé Officer

The first officer, age 42 Was !med by UAL on Nﬁvember 21, 1988
held a current ATP certificate and 2 current fisst class medical certificate. She had
- accrued a total ﬂlght time of 3,903 hours, including 1 077 hours as first ofﬁcer in the .

_ B 737 Thxs landing was her secend at COS. ' : : '

153 Flightcrew Activities

. | 'Aécsidmg to UAL records, the captain and the first offi icer were pajred

-together on a 3-day trip begu:mmg on February 22, 1991 {that endeé 6 days befme
thc accrcfsem trlp) == _ _ _

o - The captam was off duty on Febmary 25 and 26 and tlaen i’iew a3- day :
trip begmnmg on February 27. The last day of the trip began with 3 departure from

o Seattle, Washington, at 0726 Pacific standard time (PST) and ended with an arrival .
at San Francisco, California, at 1330 PST. This trip was followed by a 2-day tip
. beginning on March 2 (the accident trip), which was the capiam 8 last scheduled trip

 before a 2-week vacation. From March 23 Ehrough 25, the captam was scheduied to
perform his anmaal pmﬁmency check. . |

. The first ofﬁcer flew a 3—day trip beginning on February 25, and she
was off duty on February 28 and March 1. The accident trip was not scheduled, but
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she volunteered for it the previous night. According to the scheduler, she did not
know ihe identity of the captain when she accepted the trip.

The accident trip began with a reporting time of 0545 PST at Qakland,
California, on March 2, and a departure at 0735 PST. The first day consisted of
landings at Los Angeles, California, and Sacramento, California, and ended at 1828
MST with a landing at Denver. After flying, the crew checked into the hotel at
Denver at 1915, according to hotel records. A UAL pilot, who was acquainted with
the first officer, said he spoke with both crewmembers when they arrived at the
hotel. He said that the first officer invited him to join her and the captain for dirmer
at a nearby restaurant, but since he had already eaten, he declined the invitation.

The next day the crew checked out of the hotel at 0721 and took the
0730 courtesy bus to the airport. The UAL pilot, who was taking a different bus,
said he spoke again briefly to the first officer. He said that she appeared alert and
that she asked him about what she could expect on a trip to Colorado Springs since
it would be her first flight to that airpost. The pilot advised her to check the weather
ahead since it could be a short fiight, and the first officer indicated she was farniliar
with short flight segments. A member of the UAL training staff said that he greeted
the captain around 0815 outside the Denver Operations/Dispatch area and that the
captain seemed fine and "didn't look unrested." The Denver Customer Service
Agent, who handled the departure of the accident flight, said that the captain
commented “we'll be back in'a few minutes” as the agent was closing the door
(referring to the fact that the flight was scheduled to return to Denver after landing
at Colorado Springs). He described the captain as a "real confident-type guy" and
"very nice feliow" who appeared to be in exceptionally good spirits. He described
the first officer as a quiet person who “had her mind on what she needed to get
done.” He indicated that both crewmembers appeared rested and seemed to get
along well.

A check of Federal Aviation Administration (FAA) records showed
that neither the captain nor the first officer had any prior accidents, incidents, or
violations,

1.54 Air Traffic Control Personnel
The local air traffic controller who was working the No. i position in

the Colorado Springs tower at the time of the accident became a full performance
level controller at that facility on August 11, 1990. The controlier who was working




the gmﬁhd control/flight data position in the towe r. at the time of the accident . S |

became a full perfemance k:ve} coniroller ai Co]orad@ Spﬂngs on September 13
1990, _ . : -

. The radar south contmilel pesmon at the Demer terminal radar )
approach control {TRACON) at the time of the accident was staffed by a full
pe'fomce ievel controller who had been cemﬁed on March 20, 1990,

16 Azrpiane Information
161  Gemeral

: The an'plane a Boemg 737-291 Advanced, serial number 22‘742 was
_ mam%‘acimed in May 1982. (See appendix ). % was powered by two Pratt &

- Whitney FT8D-17 engines, The airplane was owned and operated by UAL Ii; had

_ -_h@m acqusrad by UAL fn.,m Fronner Airlines on June 6, 1986. ' .

By the accident date, the airplane had accumulated 26, 050 homs and
19,734 cycles. Its most recent "C" cleck and Heavy Maintenasice Check-4 was

accomplished by UAL on May 27, 1990. At that time the sirplane had accumulated

24,004 hours and 18,298 cycles.

| -«Vbight and ha&ance’ information was corputer generated by UAL's
foad planning function. The computerized mode! ased inpat from passenger service,
- fueling, and ramp cargo functions to provide closeout information to the flightcrew
through ACARS. - Flight 585 departed Denver at a takeoff gross weight of 77 859
pounds The center of gravity {CG) at the time of takeoff was 25.3 percent of mean
- aerodynamic chord (MAC). “The forward and aft CG limits at the takeoff weight
were 5 and 31.4 percent MAC, respectively. The weight at the time of the accident
was 76,059 pounds, and the CG was 25.7 percent. This was based upon an
estimated fuel burn of 1,800 pounds which was generated from UAL's h:stoncal fuel -
burmn records for the airplane, _ -

'1;6,2 - Mamtemnce History

Al UAL Aircraft Maintenance Information System (AMIS) entries for
'NS99UA from December 15, 1990, to March 2, 1991, were reviewed by the Safety
Board, as well as all nonroutine items from the last Heavy Maintenance Check-4
and "C" check. All AMIS entries lsted by the Air Transport Association (ATA)
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Specification 100, chapters 22 (Autopilot), 27 (Flight Controls), and 29 (Hydraulic
Systems) for Febmary 1988 through January 1991 were also reviewed.

The records review revealed that there had been five writeups from
January 30, 1991, to Febiuary 6, 1991, stating that the No. 1 engine pressure ratio
(EPR) was sluggish and slow to respond. The final correciive action was recorded
as: "Replaced transmitters, replaced indicators, checked lines and fittings for leaks,
finally flushed manifold and probes."

On February 14, 1991, the flightcrew reported that the CAT T coupled
approach was unsatisfactory. They said that the airplane "tried to land to left of
[the] runway." The corrective action was signed off as: "Accomplished full ground
CAT 5l system check, OK. Returned aircraft to CAT II status.” On February 15,
1691, the flightcrew reported: "Last two coupled approaches have been excellent.
Autopilot checks good per maintenance manual.”

On February 25, 1991, the flightcrew reported: "On departure got an
abnormal input 1o {the] rudder that went away. Pulied yaw damper circuit breaker.”
The corrective action was signed off as: "Replaced yaw damper coupler and tested
per {the] maintenance manual.” Interviews with the flightcrew of that flight
indicated that, at the time of the event, the airplane was between 10,000 feet and
12,000 feet mean sea level (msl) at an indicated airspeed of 280 knots, in smooth air
with the landing gear and flaps up. The first officer was flying the airpiane with the
autopilot off. The flight had just leveled off, and the first officer was in the process
of retarding the power levers to the cruise setting when there was an uncommanded
vaw. He estimated that the yaw was to the right 5 to 10 degrees. In the time that it
took him to close the throttles, everything returned to normal. The first officer did
not recail any uncommanded movement of the rudder pedals. The yaw damper was
tumed off and its circuit breaker was pulied before landing,

On Febraary 27, 1991, a writeup by the flightcrew stated "Yaw damper
abruptly moves [the] rudder occasionaily for no apparent reason on [the] "B"
actuators. Problem most likely [is] in [the] yaw damper coupler...unintended rudder
input on climbout at FL [flight level] 250. A/P [auto-pilct] not in use, tamed yaw
damper switch off and pulled {the] circuit breaker. Two inputs, one rather large
deflection....” The corrective action was signed off as: "Repiaced rudder transfer
valve and [the] system checks OK." Interviews with the flightcrew of the flight
revealed that the first officer was flying the airplane and indicated that he believed
that his feet were on the rudder pedals zt the time of the event. While climbing
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through 10,000 feet, hic said he experienced several rapid "jerks” that he could not
identify. The flight encountered light turbulence at the time. While continuing the
climb between 25,000 feet and 28,000 feet, he said he felt a significant right rudder
input which lasted between 5 and 10 seconds. The airplane was still in light
turbulence and at 280 knots. “Although he was not sure if his feet were on the rudder
pedals during this later occurrence, he reacted by centering the ball with left madder
input and normal flight was resumed. Both crewmembers looked up at the overhead
panel and saw the No. 1 constant speed drive (CSD) low oil pressure light
illuminated. The yaw damper was turned off and its circu - breaker was pulled. The
CSD light went out, then came back on about 5 minutes later. The CSD was
disconnected, and no further anomalies were experienced during the remainder of
the fiight or subsequent flights.

There were no open maintenance items when the airplane departed
Denver on March 3, 1991. No other maintenance items were found in the AMIS
review that appeared related to the accident circumstances.

All applicable Airworthiness Directives (ADs) had been complied
with. Required actions that were not yet accomplished were within the time limits
specified in the AD.

The hydraulic midder actuator, standby actuator, transfer valve, and
yaw damper coupler are "on condition™ items in the United Airlines maintenance
program.

Subsequent o the records review, the history of the standby rudder
actustor was reviewed in detail because of discrepancies found during the actaator's
disassembly (see section 1.16.4.1 of this report.) The actuator was manufactuied on
October 3, 1981, by Hydraulic Units, Inc.--now Dowty Aerospace. It had been
instailed on N999UA by Boeing during manufacture of the airplane. It had not been
removed from the airplane by either Frontier Airlines or by UAL. It was identified
by the manufacturer's part number 1U1150-1 and Beeing part number BAC10-
607974, serial number 0953,

3"0On condition™ means that maintenance is performed only after a defect is noted
during inspection, rather than on 3 time or ¢ycle basis.
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1.6.3 Flight Control Systems Description
1.6.3.1 General Hydraulic System

The Boeing 737 series airplane incorporates three functionally
independent hydraulic systems which operaie at approximately 3,000 pounds per
square inch (psi) pressure. The systems are designated as system "A,” system "B,"
and the "standby" systern. Each system has its own independent reservoir.
Although systems "A" and "B" normally provide dual hydraulic power for flight
controls, either system alone wili power the flight controls. The ailerons and
elevators can also be operated manually, without hydraulic power. The rudder also
may be operated with the "standby" hydraulic sysiem. The capacities of the
hydraulic pumps in the systemn are sized so tha¢ the operation of any one of the four
"A" or "B" system hydraulic pumps is capabdle of full flight cortrol authority for its
respective system operation.

The "A" hydraulic system, which is powered by two engine-driven
hydraulic pumps {(one driven by each engine), provides power for flight controls,
landing gear, nose gear steering, aiternate brakes, inboard flight spoilers, engine
thrust reversers, and ground spoilers. The landing gear may be lowered
hydraulically with the "A" system or released to free-fall manually.

The "B" hydraulic system, which is powered by two electric motor-
driven hydraulic pumps (one powered by each engine), provides power for flight
controis, normal brakes, trailing edge flaps, leading edge flaps and slats, and
catboard flight spoilers.

The "standby” hydraulic system is powered by an electric pump and is
activated by arming ALTERNATE FLAPS or selecting STANDBY RUDDER A or
B on the overhead panel in the cockpit. This system powers the rudder control
systern and provides an alternate source of power for both thrust reversers and
extends the leading-edge flaps and slats in the altemnate mode. Normal operation of
the airplane is with the "A” and "B" hydm 'ic systems switched to ON and the
ALTERNATE FLAPS switched OFF.

Two flight control hydraaiic modules (one each for "A" and "B”
hydraulic systems) are installed. Each hydraulic module is a manifold assembiy
coniaining a spoiler snutoff vaive, flight controls shutoff valve, low pressure
warning switch and a compensaior cartridge. The compensator cartridge mainiains
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return fluid from the aileron, rudder, and elevator power control units after hydraulic

- system shutdown. This fluid is used to compensate for velume changes in the : .
hydrauhc system due to temperatum changeés or fluid loss. Motor operaied shutoff

valves within the moduie are commanded to their operatmg pf‘smons by the ‘ilght
conirai system sthches in the cocxput ' :

1 6 3.2 Laterai Controi System

Late"al control is provaded by an alleron and two ﬂ1 ght spoﬂers on each

wing These controls are operated by either control wheel in the cockpit. The

pilot’s and copilot's control ‘wheels are connected by cables-to an aileron control -
quadrant whzch nperates the alleron power control umt xhrough a mechanicai
imkage : :

3 "i"he base of the copllats controi column is eqmpped W1th a ,-,ystem
. which allows normal control wheel motion to be transmitted through the left aileron
cables only. If a malfunction occurs that jams the aileron control system, lateral
(rofl) control is accomplished by operating the ﬂight spoilers with the right aileron

cables centrolied from the copilot's control column. Control wheel movement of . "

more than 9 degrees left or nght is requn'ed to operate the spmlers through the
transfer mechamsm : :

| A spo;ler mixer combines lateral mput from the axleron syatem with

speed ‘brake lever position to allow the flight spoilers to augment lateral control
when simultaneously being used as apeedhrakes -The spoiler mixer also functions -
as a ratio changer which varies the output to the spoiler mixer for a given magmtude ECEEE
of input from the aileron system, depending on Speedbraky lever settmg The output‘ BN

-decreases as speed brakes are raised.

An aﬂeron sprmg cartndge (pogo) provades the mechamcai input
ccnnecﬂon between thc copilots aileron mput and the mput to the aileron power
con%rol units. : - : : =

T.he spoller system is 1solated from the axlcron system by four shear.
rivets at the a‘tach pomt hetween the spnng canndge and the control quadrant mput
crank. .

: 'Ihae mlerons are. pewered by two mdependent hydrauhc power cona:rolr
umts {PCUS) one connected to system "A" and the other connected to system "B"
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Either unit is capable of providing full-;ange lateral control. Aileron trim is
provided by a mechanical actuator which repositions an aileron centering
mechanism.

Two flight spoilers on each wing operate in conjunction with the
ailerons. When the speedbrake handle is in the DOWN detent, the flight spoilers
become operaticnal on the up aileron wing at 9 degrees (plus or minus 1 degree)
equivalent control wheel rotation. In the FLIGHT detent, the spoilers become
operational immediately at any control wheel rotation.

The outboard flight spoilers are operated by hydraulic system "B"
while the inboard flight spoilers are operated by system "A". Ali four flight speilers
also may be operated together to serve as aerodynamic speed brakes. Aerodynamic
forces limit panel extension within appropriate limits for the airplanes structural
design. Two ground spoiiers are also located on each wing to provide aerodynamic
drag for ground operation only. Tne ground spoilers are protected from airborne
operation by a ground spoiler bypass valve connected to the right main }andmg gear.
The ground spoilers are powered by hydraulic system "A”".

1.6.3.3 Longitudinal Control System

The Boeing 737's elevators are powered by two independent hydraulic
power control units. One actuator is connected to hydraulic system "A" and the
other is connected to hydraulic system "B". Either unit independently can provide
full pitch control. Pilot input to the elevator power control unit is from the control
column through a dual-cable system and torque tube which is connected fo both
elevators. With either hydraulic system OFF, the elevator control system unlocks
the tab for that system. With both hydraulic systemis OFF, the elevator contro!
system automatically reverts to manuat function.

Longitudinal trim is provided by a movable horizontal stabilizer,
operated by a single dual loadpath ballscrew, Power for the ballscrew comes from
three sources; the main electric trim motor, the autopilot trim motor, or the manuat

trim system. Manual stabilizer trim control wheels are located in the cockpit and

connect through a cabie system to the stabilizer,

A hydraulic "feel” system provides control column forces proportioned
to airspeed and center of gravity. Airspesd (pressure) and stabilizer position (CG)
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are sensed by the elevator feel computer to provide the appropriate control column
forces.

The elevator installation aiso incorporates balance tabs which are
normally locked to the eievator when hydraulic pressure is applied to the elevator
tab lock actuators. The right tab lock actuator is powered by the "B" hydraulic
system. The left tab lock actuator is powered by the "A" hydraulic system. When
hydraulic pressure is removed from the actuators the tabs then become mechanicaily
linked to the elevaior movement, The tabs are installed to reduce control surface
operational forces during manual reversion operation.

1.6.3.4 Directional Control System
Directionat control of the airplane is provided by rudder pedals through

a hydraulically powered rudder without a tab. A rudder PCU is connected directly
to the rudder and is powered by hydraulic systems "A" and "B" and operates

through a dual load-paih linkage. Rudder backup power is provided by a standby

actuator which is powered by the "standby” hydraulic system. Any single hydraulic
system power source will provide rudder control. The rudder is operaied by
hydranlic power only, and there is no manual reversion capability. (See figure 1).

Tne rudder PCU includes dual tandem hydraulic actuators within the
unit. Hydrauniic system "A" provides power to the forward actuator through the
hydraulic system "A" flight control module. Hydraulic system "B" provides power
through the hydraulic system "B" flight control module to the rear actuator.

The standby rudder actuator :s not normally powered. When operation
is selected by the "A" or "B" flight control switches {either swiich positioned to
STBY RUD), the actuator is powered through the standby rudder sysiem. At least
one side of the main power control unit is not powered when the standby actuator is
powered. No more than two hydrautic systems can be used tc operate the rudder.

inputs from the rudder pedails or trim actuator are simultaneous to the
main (MPCU) and the standby actuator, When pressure is not available for any
systerm, 2 bypass valve is positioned to connect both sides of the piston in that
sysiem's actuator to the same port of the control valve to prevent a hydraulic lock.
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Figure 1.—~B-737 rudder control system
main power control unit and standby actuator.




17

When standby rudder operation is activated, standby pressure opens
the bypass valve and connects the actuator chambers to separate contrel vaive ports.
Control inputs, operating the external crank, position the control valve to apply
pressure in one chamber and open the other to return.  'The actuator housing strokes
on the piston to position the rudder and null the control valve.

The rudder is also controlled by the vaw damper system which
operates through "B” system hydraulic contro! in the main power control unit. The
yaw damper operates independently of the pilot’'s control system and does not result
in feedback at the rudder pedals. The components of the system consist of the yaw
damper shutoff valve {engage solenoid), transfer valve, yaw damper actuator, and
the yvaw damnper raie sensor. The yaw damper is limited to a maximum of 2 degrees
of radder deflection in either direction. The yaw damper is engaged by activating a
solenoid which then allows "B” system hydraulic flow through the transfer valve.
Electrical current flow through one of two opposing coil windings within the tvansfer
valve causes the hydraulic fluid flow to be displaced, which causes a slide valve to
be operated, and then causes the primary rudder valve to be driven in one direction
or the other. This results in rudder deflection.

Rudder trim is mecnanically operated via cables from a control knob
on the aisle stand to a2 mechanical actuator attached to the feel and centering
mechanism at the rudder.

1.7 Meteorologicai Information
1.7.1 Observations and Forecasts

The 0850 and 0950 surface weather observations for March 3, 1961,
made by ceriified weather observers of the National Weather Service (NWS) at
Colorado Springs were, i part, as follows:

0850: Record, clear, visibility 100 miles, temperature 49 degrees F,
dew point 9 degrees F, winds 330 degrees at 23 knots, gusts
33 knots, altimeter setting 30.03 inches of Hg, cumulus over the
mourntains northwest.

(950: Record special, clear, visibility 100 niles, temperature
53 degrees F, dew point 8 degrees F, winds 320 degrees at
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20 knots, gusts 28 knots, altimeter setting 30.02 inches of Hg,
altocumulus over mountains northwest.

The NWS office is located on the west side of the Coloradc Springs
airport. The maximum wind speed determined from: the NWS Wind Gust Recorder
Record from 0930 to 0250 was 29 knots. The minimum wind speed from 0930 o
0950 was 7 knots. The NWS wind sensor is located near the center of the airport
about 10 meters above ground levzl (agl).

The Low Level Windshear Alert System: (LLWAS) at Colorado
Springs was operational on the day of the accident. It consisted of six sensois
tocated around the airport, each approximately 20 feet agl. Based on data from the
LLWAS sensors, at (532:43, the radar south controller in the Deaver TRACON
1ssued wind information to the flightcrew as "320 at 13, gusts 23." About 0933:06,
the LLWAS readout indicated centerfield winds of 320 degress, 13 knots, with
gusts ¢ 23 knots. These were the last recorded gusts on the LLWAS readout
before the accident. The printout of the data lasted until about 0957.

Winds broadcast by the local controllers in the Colorado Springs tower
just prior to the accident were as foilows:

0538:07: 320 degrees at 16 knots, gusts 29 knots.
0942:44: 300 degrees at 20 knots, gusts 30 knots.
0943:20: 300 degrees at 22 knots, gusts 30 knots.

These wind values were not consistent with the recorded LLWAS wind
values. Although the direction was consistent with the recorded data, the recorded
wind speeds were significantly lower than those broadcast by the controller. In an
effort to try to understand these inconsistencies, Safety Board investigators visited
the FAA's Aeronautical Center in Oklahoma City, Oklahoma, on April 30, 1951,
and the LLWAS data printow’ of wind values and approximate times were verified.
The local controlier, in a subsequent interview, stated that the LLWAS was the only
instrument in the tower cab that indicated wind direction and speed. He siated that
he had referred to the LLWAS indica?or for wind information when the airplane was
on the local control frequency.

The Safety Board was unable to determine the reason for the
discrepancy between the recorded and broadcast LLWAS winds. The locations and
plots of data from the LLWAS sensors are contained in Appendix G.
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A locally operated air qguality network cf meteorological sensors
existed in the COS area. Data from these sensors were obtaineg by the Safety
Board. Somge of the pertinent data from the Pinello site, 2.7 miles northwest of the
accident site, are lisied below:

Time wpD* WS> o
0920 327.5 21.8 11.9
0930 314.2 20.8 12.1
0940 280.0 10.4 12.6
50 327.2 6.4 13.4
1000 314.9 8.5 14.3
1610 — —- —
1020 193.8 11.1 13.1

Wind direction and wind speed are 10-minute averages. The height of
the wind sensor is 10 meters agl. A continuous recording of wind direction for the
Pincllo site showed a wind shift (northwest to southwest) about the timc of the
accideni. The maximum wind speed recorded did not exceed 16 mph during the
period of (940 to 0950 . The contimuous recording of wind speed was not available
because the recording pen ran out of ink.

Acoustic Doppler radar data were obtained from the same network for
the times from 093¢ to 1000 at the Nixon Base located 6.2 miles south of the

accident.

Height (Meters agl wD’ ws8
60 165 2.1
90 158 2.3
120 143 2.5
156 144 22
180 146 2.4
210 144 2.7

4WD: Wind direction m dcorees true
SWS: Wind speed in miles per hour

OT: Temperature in degrees C

TWD: Wind direction in degrees true.
8WS: Wind speed in meters per second.
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240 142 2.9
270 142 2.9
500 136 3.2

A plot of the datz of the Air Quality Network provided to the Safety
Board by a Cenified Consuiting Meieorologist of Greystone Development
Consultants, Inc., showed a wind shift line at 0940 and 0930 in the arcg of the
accident. At 0940, winds north of the wind shift line were from the northwest about
10 miles per hour and south of the line scuthzast adout 6 miies per hour. At 0950,
winds north of the line were from the northwest about 6 miles per hour and south of
the line from the southeast ybout 5 miles per hour.

The Safety Board's Man Computer Interactive Data Access System
(McIDAS)® was used to examine the wind data from the LLWAS and air quality
network. The Safety Board's examination of the data showed significant wind
convergence and vertical axis vorticity (rotation) in the arca just south of the
accident site argund the time of the accident.

The Safety Board calculated altimeter settings from station pressure
values obtained from stations in the Colorado Springs Air Quality Network and
station pressures obtained from the Air Force Academy (AFF). The Colorade
Springs altimeter setting was from the Colorado Springs surface weather
observation for 0950.

All times for the altimerer settings listed below are for 8950.

Location

AFF 350.03 14 miles N-NW
Chipita Park 30.57 17 miles NW
Woodmen Valley 30.06 11 miles N-NW
COS 30.02 4 mifes N
Nixon Base 28.98 82 miles §
Nixon North 30.08 5.7 miles S

YInteractive Metzorological Analysis and data management computer systemn.
MCcIDAS is developed and administered by the Space Science and Engineering Center at the
University of Wisconsin, Madison, Wisconsin.
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Upper Air Data

Ugper 2ir wind data for 0700 for the AFF!0 i a5 foliows:

Heightin  Wind Direction Speed

Feetagl  (Degrees True) (Knots)
500 295 9
1,000 290 10
1,500 290 16
2,000 290 21
2,500 295 25
3,000 295 28
4,000 305 35
5,000 3¢ 43
6,000 325 51

Data from the Chatfield Profiter!! {53 miles north-northwest of the
accident site) showed a wind speed of 39 knets from the northwest at 6,600 feet
increasing to 2 wind speed of 142 knots from the aorthwest at about 14,900 fect.
The Profiler daia were centered around a time of 0830.

The following relevant Pilot Reports (PIREPs) were made the day of
the accident:

At 0615, a B-747 at FL370, 10 nautical miles south of Denver
reported moderate turbulence and 2 moderate mountain wavel%

While over Colorado Spring. at 0628 during a descent, a B-737
enccuntered +20-to -30-knots on final approach to runway 35.

At (732, a B-737 encountered severe turbulence at FL200
approximately 46 nautical miles south southwest of Denver, 1t lost
about 400 feet during the encounter.

10AFF field elevation is 6,572 feet.

i1vertically pointed radar that is used to measure winds in the atmosphere.

124 wave i the atmosphere which is caused by and is therefore stationary with
nespect to the mountain.
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At 0758, a B-727, at FL310, encountered a moderate mountain
wave of +/ -40 knots approximately 48 nautical miles northwest of
Denver.

At 0815, a Beech 36 at FL200, 30 nautical miles southwest of
Denver, reported "S500 to 1,500 feet (per minute)
downdrafts...unable to maintain altitude.”

Qver the Colorado Springs, Pueblo area, at 0850, a Cessna 172
reported moderate to extreme turbulence between 7,000 and
8,000 feet.

At 050G, a B-737 at FL350, 55 nautical miles west southwest of
Denver, encountered moderate chop in mountain waves.

Over the Colorado Springs, Pueblo area, at 0916, at 9,000 feet,
several aircraft reported moderate 1o severe turbulence at or below
9,000 feet.

At 0920, 2 B-737 at 500 feet, while on final approach to ruaway 33
at Colorado Springs, reported low level wind shear of -15 knots at
500 feet, +15 knots at 400 feet, and +20 knots at 150 feet.

The captain of Continental flight 166, a B-737-200, who departed
runway 35 at COS, about 4 minutes afier the accident, reported
gusty winds but no wild gyrations. He said it was & normal
Colorado windy day.

The pilot of a Cessna airplane who was located about 4 miles
northeast of the accident at the time of the accident, reported slight,
occasional, moderate chop at 7,000 feet. Also noted were indicated
airspeed fluctuations between 63 and 105 knots with v« tical speed
ingdications of approximately 500 feet per minute,

The captain of UAL flight 714, a Boeing 737-300, who departed
runway 30, COS, at 0905, reported light chop with one "good
sinker.”
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The following in-flight weather advisory was pertinent to the time and
area of the accident:

SIGMET (significant metcorological information) Juliet 1. valid from
0915 o 1315 local, called for mountains! (sic) occasional severe turbulence
18,000 feet to 38,000 feet reported by 737 and 727,

Information pertinent to the accident contained in the Area Forecast
(FA). issued by the National Aviation Weather Advisory Unit in Kansas City,
Missouri, at 0445 on March 3, and valid until 1000 on March 3, was as foilows:

a)  Flight precautions: Turbulence.

b} Light occasional moderate turbulence below 20,000 feet with
iocal strong up and downdrafts over and near the mountains.

The Terminal Forecast (FT), issued by the NWS Forecast Office in
Denver, Colorade, for COS, in effect for the time of the accident is as foliows:

COS FT..0728 to 1000...Clear, winds 340 degrees at 20 knots
gusts 35 knots.

An Aviation High Wind Advisory issued by the NWS at CQOS, valid
from OR0C to 1460, was in effect for COS. It called for northwest winds 25 knots
with possible cccasional gusts to 40 knots, especially in the foothilis.

The NWS nbhserver on duty at the tune of the accident was certified o
make swrface weather ooservations. He had been at COS since May 199G, and
worked the 0800 to 1600 shift, which he characierized as routine. He said that from
0900 to 1000 the winds were gusty and the wind direction varied about 20 to 30

degrees.

The Denver Air Route Traffic Conirol Center Weather Service Unit
{CWSU} meteorologist who was on duty at the time of accident worked the 0600 1o
1400 shifs. He had been at the Denver CWSU since November 1999, About (7053,

3About 1030, "mounmins” in Juliet 1 was comected to "moderate.” The
SIGMET and correcied SIGMET were issned by the Nadonal Aviation Weather Advisory Unit in
Kansas City, Missouri.
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he provided an area briefing (Area 3, which included the COS area) to the area
manager in charge. A copy of the briefing was provided te the supervisor. The
briefing forecast was for light to moderate turbulence below 40,000 feet with
isolated severe turbulence at and below 18,000 feet. He was aware of moderate and
severe turbulence reports pertinent to Denver's airspace, including some severe
turbulence reports below 20,000 feet. He did not issue a Center Weather Advisory
{CWA) for severe turbuience because he believed the requirements for issuance
were not met. Requitements for a CWA are to supplement or enhance SIGMETs.
He stated that the Radar Remote Weather Display Systemn (RRWDS) was not
showing any precipitation echoees in the area of COS at the time of the accident.
The RRWDS was set to the Limon, Colorado, NWS weather radar.

The forecaster at the Mational Aviation Weather Advisory Unit in
Kansas City, Missoun, stated that he did not issue a SIGMET for low level
wrbuience for the area of COS because most pilot reports were of moderate
intensity and were local in nature. In addition, light to moderate mrbulence below
20,000 feet was forecast in the FA.

The Aviation Forecaster at the NWS Forecast Office at Denver did not
append a low level wind shear (LLWS) remark to the COS FI. The forecaster
siated that analyses of the continuously available profiler data (wind speed and
direction} at Denver indicated that the remark was not necessary. In addition, the
forecaster never saw the 0920 pilot report that indicated a 20-knot gain of airspeed
by a B-737. NWS forecasters do routinely look at pilot reports; however, the
forecaster stated that this might have been an oversight.

Weather observations from the AFF indicaied that there were rotor
clouds to the west setween {708 to 0900. Rotor clouds were not reported on the
next observation, According to weather personnel at Peterson Air Force Base,
coliocated with COS, rotor clouds have been observed previously in the area of the
airport in COS3 but that such an ocomrence is uncommon. The weather radar af
Peterson did not detect any weather echoes at 0950, Due 10 strong gusty surface
winds, there was an LLWS Advisory in effeci.

The Safety Board was informed by A. J. Bedard, Jr.,'* Nationai
Ceeanic and Atmosphcric Administation (NOAA), that amospheric rotors can
occur in the area where the accident occurved. He stated that atmospheric rotors

14gypervisory physicist for the Wave Propagation Laberatory, Boulder, Colorado.
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can occur some distance downwind from the front range of the mountains and can
be quite strong.

A saiiplane piiot, who flies in the area north of COS, was interviewed
by Safety Board mvestigators and stated that he thought the existence of a mounizin
wave and ammosphernic rotor in the area of the accident was possible. He added,
however, that he believed the rotor would be farther south than usuai. He said that
he had flown in many rotors and that, on occasion, he had nearly lost control of his
satlplane. He said that it was possibie for a rotor to come close to the ground. He
mentioned that he had seen tow planes peneirate rotors, 2 situation that resulted in
bank angles of 90 degrees.

Another sailplane pilot, who had 15 years experience in mouniain wave
flving in the COS area, stated thai he was at Meadow Lake (14 miles northeast of
the accident) planning to fly on the moming of the accident. After taiking to a pilot
who terminated his flying because of "turbulent, squirrely conditions,” he decided
not to fly. He commented that it is "not uncommon” for rotor clouds to touch the
ground at the AFF and the monument area north of CCS. He also saxd that the rotor
ciouds did occur south of COS, although they were rare.

According to the World Meteorological Organization, the base of rotor
clouds is genewally near or below ridge lines, yet the tops may be considerably
higher than ridge lines and may merge with the lenticular clouds {lens-shaped]
directly above. Unlike the lenticular clouds, rotor ciouds show evidence of strong
and occasionally violent turbulence. They are constartly forming on the windward
side and dissipating on the leeward side and appear to rotate--the upper portion
moves forward while the lower portion moves backward towards the mountain. A
succession of rotor clouds may appear at wegular intervals downwind from the
mountain tidge. Rotor clouds develop In standing =ddies that form in the lower
layers under e crests of the mountain wove. Lenficular clouds may be visible
above these clouds. However, rotor clouds often provide the only visible evidence
of the mountain wave. Clouds may or may not oo.ur with rotors, depending on the
moisture profile of the atmosphere. Therefore, rotors inay be invisible to the eye.
(See figurs 2).

A glider instructor, who had been in the COS area for more than 23
vears, stated that arcund 1200 on the day of the accident, he observed a rotor hit the
ground with estimated wind speeds of 70 to 80 miles per heur. He was inside a
huilding at a wrecking yard when he heard the rear of the wind.
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Figure 2.--Types of airflow over ridges: (a) laminar streaming; {(b) standing eddy
streaming; (¢) wave streaming; and {(d and e) rotor streaming. Dashed line on left
indicates vertical profile of horizontal wing speed
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He then went outside and saw a rotor impacting the ground in the vard,
which he said was azbout 1/2 mile east and 5 miles north of the exiended centerline
of runway 35 at COS. Tree limbs were blown off and car hoods were damaged. He
believed that the rotor was part of 2 line of rotors exiending north to south which
would most likely have exiended {o the area where the accident occurred. He stated
that the year's weather activity had been highly unusual with many days of strung
dewnsiope winds and rotors. He said that he had experienced vertical velocities of
5,000 10 6,000 feet per minute in rotors and that rotors can be as small as a
“gymnasium” or many miles long. He added that the force of rotors impacting the
ground has severely damaged houses, railroad cars, and trucks.

In a subseguent written statement, the instructor told the Safety Board
that the wrecking yard was about 12 statute miles north of COS and 1 statute mile
east of the extended centerline of iis runway 17-35 and that the elevation was 7,300
feet. He stated that on the moming of March 3, 1991, he observed a rotor system
on a line paraliel to the Front Range, passing over the wrecking yard and other
points north and south, especially south because of the angle of Pikes Peak, Mt
Rosa, and Chevenne Mouniain with the northwest prefrontal wind. He said that on
the morning of the accident, there was an unusually strong prefrontal weather
system and a sky full of rotor clouds. He added that he had flown gliders into
vertical velocities of more than 5,000 feet per minute in and around rotor/wave
sysiems and that pitch changes of 60 degrees and roli changes of 180 degrees
{inveried)} are not uncommon.

A Continental Airhines pilot, who had flown in the COS area since
19635, statzd that during strong mountain wave conditions, rotors have occurred over
the approach to runway 35. He said that he has flown in rotors in the COS ares in
T-37, T-38, and B-727 airpianes, but that any roll activity was countered by aileron
application without difficelty. He has seen airplanes roli to 43 degrees in rotors.
On the day and approximate time of the accident, he observed a lenticular cloud
over Pikes Peak. He stated that given the right conditions, rotors can exist along the
route from Denver to CO8. The rotors are accompanied by moderate {o severe
turpulence. He said that he has heard from many pilots that the area south of COS
is extremely rough to fly. He added that during suitable conditions, a primary wave
is located over Manitou Springs (16 miles northwest of the accident site), a
secondary wave is just north of the AFF, and a "tertiary"” wave extends over COS

The Weather Briefing Message, printed March 3, at 0808, for the
Benver {DEN) 1o COS segment, provided to the crew of flight 585 by UAL
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consisted of map features, origin, destination, and alternate weather, destination area

weather; PIREPs, and en route NOTAMSs. The map features section was valid from

March 3 mountain standard time to March 4 mountzin standard time. It was a

de:as,npuon of the maximum wind speed and location, the 0200 surface pressure
center, frontal poeition, and VFR conditions predlcted forthe Rock;es

_ ¢ DEN weather included surface observati{ms for 0551, 0652, and
0759; the DEN NWS FT vaiid from March 3 to March 4, and the UAL DEN FT
and DEN NOTAMSs. The observations indicated clear skies, 70 miles visibility, and
northwest winds with gusts to 19 knots. Bofh the NWS and UAL Terminal
Forecasts were similar ard calisd for X'FR conditions.

The COS weather included the 0551, 06350, and 0750 surface
observations, the COS NWS FT Amendment 2, and the COS NOTAMs. The -
surface observations indicated clear skies, unlimited visibility, and northwest winds
gusting 31 to 37 knots. The FT calied for VFR conditions with winds 340 degrees
at 20 knots, gusting to 35 knots. No weather was included for an alternate airport,

nOr was any required.

UAL meteorologists issue routine forecasts for clear air turbulence
{CAT) and mountain waves over the United States. In addition, forecasts for
nonconvective LLWS were issued for only major hubs and COS was not covered.

At 0825, on March 3, UAL issued a CAT mountain wave forecast
covering Montana, Wyoming, snd Colorado, for FL200 to 390, valid 0825 to 2000.

172 Topics from Meteorological Meeting -

The Safety Board's Meteorclogy Group convened a meeting in
Boulder, Colorade, on March 27, 1991, with scientists from NOAA, the Nationa!
Center for Atmospheric Research (NCAR) and the University of Wyoming to
discuss orographically generated weather phenomena that might be pertinent to the
accident. The topics raised were historical in nature and were not present on March

3, 1991, except as noted. The following are poirts raised during the meeting that

the participants agreed upon:

0 The parameters of a representative atmospheric rotor are as
follows: a radius of 500 meers; a linear increase of tangential
velocity from the center to 500 meters. Velocity at a radius

o
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of 500 meters is 30 meters per second. The change in
velocity is 30 meters per second per 500 meters. Outside a
radius of 500 meters, the tangential velocity decreases as
1/radius. The rotational rate of the core mass would be 0.06
radians per second or 3.5 degress per second. This
information was obtained from 2 measurements of Doppler
Lidar and FM/CW Doppler Radar, conferences with other
scieniists, and time lapse movies.

Surface pressure drops of as much as 10 millibars czn be
expected in strong eddies.

Observations were made in the Boulder area of trash cans
flying up the streets at high speed and then flying back down
the streets at high speed.

A documentary film demonstrated that vertical axis rotation
of lenticular clouds ca:i reach speeds of 10 meters per second
and heights of 3 to 4 kilometers.

Impoitart accepted meteorological parameters in obstacle
flows are wind speed strength, variation of wind speed with
height, variability of wind (gusts/surges), angle relative to
obstacle, obstacie shape and height, relative position of
obstacles, stability of the atmosphere (temperature variation
with height), and humidity.

The numerical modeling of lesward waves is complicated.
There is a stroug interaction of leeward waves with the
surface.

Caution must be used in applying surface data to determine
conditions aloft.

There are not many measurements of atmospheric rotors.
Rotors can form in lines several hundred kilometers long.
The front of the rotor has the most severe turbulence.
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In the past, horizontal gusts have existed at high altitude
(40,000 feet), 60 tc 80 miles per hour over mountainous
terrain. Moreover, a 16-G load is estimated to have occurred
based on the damage sustained to a sailplane during similar
high altitude winds.

Acceleration of the flow of air above 10,000 feet to more
than 60 knots occusred over Denver about 700 on March 3.

From the Chatficld Profiler data, a change of horizontal wind
speeds in the vertical of 50 meters per second per kilometer
coincided with a period of accelerated winds over the
continental divide.

Rotors can descend and interact with the ground and produce
strong surface winds.

Airflow over the mountains excites gravity waves, sometimes
resulting in a large amount of horizontal vorticity tilting to
vertical vorticity downward.

Horizontal vorticity that is parallel to the mountains, when
tilted to vertical, results in gusts.

Numerical modeling in January 1989 showed vertical axis
vorticity in the COS area. Meteorological conditions were
similar to the day of the accident.

The maximum speed that can be generated in vortices is
unknown.

Yorticities generated b} the numerical model were about 1/10
the vorticity of a tornado.

A University of Wyoming instrumented King Air 200 flew
approaches into COS the day after the accident. The general
weather condition, such as occurred on March 3 in the COS
area, occurs 10 to 15 days a year. When the King Air fiew
on March 4, the weather conditions were similar to those on
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March 3. Its data showed a wind shadow east of Pikes Peak
below 11,000 feet. During the flight test, the wind shadow
extended from about 10 kilometers south of COS to 5 to 10
kilometers north of COS. There were lighter winds and a
wind reversal in the shadow. Vortices and turbulence were
present at the interface between strong winds and light winds
in the shadow. Above the ground, waves were producing
vertical roll; 800 to 1,000 feet per minute vertical velocities
were recorded during the King Air flights.

0 Wave activity over the mountains is a function of
atmospheric stability and wind speed. Small differences in
these parameters produce large differences in the atmospheric
response.

) Isolated phenomena {(horizontal and vertical axis vortices)
caused by Pikes Peak are probably more significant than
o typical mountain wave phenomena.

o On March 3, according to Geostationary Operational
Environmental Satellite (GOES) data, there was no evidence
of rotors in the COS area at the time of the rccident. A weak
cap cloud was seen in imagery near Pikes Peak through
GOES data. GQES BAND-10 data showed a trough of a

~ mountain wave near the Colorado Rockies front range (area
of warm temperatures).

1.7.3 Witness Informaticen and Satellite Data on Vortices

The follewing information supporis evidence of a strong horizontal axis
vortex at the time and in the area of the accident:

0 A witness report of a brief 90 mile per hour or stronger
(132 feet per second or stronger) gust from the west about
2 miles east (downstream of thie accident site) and a witness
report of a 50 to 70 knot gust abcut 1.25 miles east of
accident site. Gusts occurred about the time of aircraft
impact. Another witness reported a possible strong gust a
few blocks west northwest of the accident site about the time
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of the accident. Most witnesses near the accident site
reported light winds. Mean upper flow had a westerly
component.

0 GOES visible satellite imagery examined on McIDAS
showed an upper air cloud feature whose southward extended
axis is moving across the accident location about the time of
the accident. Analysis of satellite imagery showed the
feature to be moving southeast about 45 meters per second.
This feature may have been an area of upward vertical
motion containing vortices. There seems to be support in the
witness statements for the feature seen in the satellite
imagery. In addition to the two wimesses noted above, a
witness at a golf course northwest of the accident site
reported a brief strong gust, swirling winds, and downdrafts
about 5 to 7 minutes prior to the accident. He estimated
wind speeds at 50 to 60 miles per hour. At about 0940, a
motorist southeast of that location (about 3 miles northwest e
of the accident site) reported a brief gust that almost blew his
car off the road. A person in a Chevrolet S-10 Blazer
reported a brief strong wind about the time of the crash. He
was located a few blocks west northwest of the crash site.

Evidence of the existence of vortices in the area of the accident:

) King Air flights on the day after the accident measured
turbulence and vertical velocities of 800 to 1,000 feet per
minute in the area where the accident occurred. Atmospheric
conditions were similar to the day of the accident.

0 The Super King Air pilot ran into "terrible shear” in the area
of the crash. At 7,500 feet AGL the airplane lost 20 knots of
airspeed, and 100 feet of altitude. He described it as a very
hard hit. He departed from Fort Carson at 0800 MST on the
day of the accident.

e Examination on McIDAS of wind data from the Colorado
Springs Air Quality Network and LL.WAS at the approximate
time of the accident showed a discontinuity in the wind field
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oriented wes! to east in the area of the accident. The flow
was converging in this area, and along this discontinuity,
vortices could form.

Observations of horizontal axis vortices (rotors) on the day of the
accident:

0 Rotors were reported southwest of the AFF prior to the
accident,

o Three distinct rotor clouds at 11,000 feet to 12,000 feet
moving east-southeast were observed by an airline captain at
about 0845 in the Palmer Lake area (15 miles north-
northwest of COS).

0 A rotor was observed hitting the ground around noon about
12 miles north of COS with estimated wind speeds of 70 plus
miles per hour. Calm retumed after 30 secords.

One person Iccated about 6 miles west of the accident site cbserved
several rotor clouds near Widefield within 10 to 15 minutes of the accident. He
estirnated the rotor clouds to be at 7,000 feet but was unsure of their intensity.
However, he also observed rotor clouds over his home rotating very fast. He said
that the rotors were accompanied by very thin wisps of condensation.

1.7.4 Previous Accidents/Incidents Attributed to Yortices

A review of accidents/incidents involving horizontal axis vortices { not
including vortices generated by aircraft) for the past 30 years includes the following:

0 4 B-52 lost about 75 percent of its vertical stabilizer and
rudder while flying at 350 knots indicated airspeed (KIAS) at
a pressure altitude of 14,300 feet msi 5.4 miles east of
Spanish Peak in Colorado, on January 10, 1964, The ground
eievation was about 8,500 feet. The mountain top level was
13,500 feet. Boeing calculates the angular velocity at .66
radians per second for this event. Maximum gusts exceeded
140 feet per second.
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A BOAC 707 experienced structural failure while fiying
between 320 and 370 KIAS at 4,900 meters misl, 6 kilometers
east of the summit of Mr. Fuji, Japan, on March 5, 1966.
There was a strong mountain wave system leeward of
‘Mt Fuji. The breakdown of waves resulted in small-scale
turbulence with an intensity that might have become severe or
extreme. in a short period of time. The aircraft suddenly
encountered abnormally severe gust loads exceeding the
design limit and disintegrated in the air in a very short period
of time. At the summit of Mt. Fuii (3,776 meters), the wind
was north/west at 60 to 70 knots.

A BAC-111 experiencad struciural failure between 2,000 and
3,000 feet near Falls City, Nebraska, on August 6, 1966.
Ground witnesses observed the aircraft fly into or over a roll
cloud preceding a thunderstorm and shortly thereafier saw an
explosion in the sky followed by a fireoail falling out of the
cloud. Vortices were associated with the outflow of cold air
from an approaching squall line.  The forces and
accelerations produced by this encounter cansed the fin and
right tailplane to reach their ultimate ioads with near
simultaneons failures resulting.

A Fairchild F-27R, flying about 11,500 feet around 220
KIAS, experienced an in-flight structural failure resulting
from an enccunter with severe to extreme turbulence on
December 2, 1968, at Pedro Bay, Alaska. A consultant
caicuiated the existence of an intense low-level mountain
wave aboui 5 miles downwind from the ridge of Knutson
Mountain (approximately 6 miles northwest of Pedro Bay).
A rotor region of mountain wave would have existed between
2,000 feet and 3,000 feet over the northern tip of Pedro Bay.
The gust loads in the rotor were beyond the uliimate design
limits of a transport-category airplane. The investigation
showed that the right onter wing, the empennage, portions of
the left wing, and other components of the aircraft structure
had separated from the aircraft in flight.
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1.7.5 Review of Information Obtained from A.J. Bedard, jr., NOAA:

o Summary of hazard potential for March 3. There was a
moderate potential for a steady-state horizontal roil vortex
associated with a lee wave. There was 2 moderate to high
potential for a nonsteady horizontal roll vortex associated
with a wind surge and moving downstream. The potential
was high for a steady state 2-D twin vortex pattern with
sporadic instabilities rolling up into vertical axis vortices.
The potential was high for Ven Karman vertex shedding.
The highest potertial was for a strong vertical axis vortex
associated with a wind surge.

o A significant pressure drop (in some cases over 21 millibars)
will occur in the core of a strong horizontal axis vortex that is
stationary or is moving with the medium. A pressure drop
wili aiso occur along the edge of the core (about 1/2 that of
the core pressure drop). If the vortex is moving relative to
the mediom, the pressure distsibution becomes more
complicated even though the rotational flow is the same. Ina
strong vortex moving relative to the medium (translating
voriex), the pressure distribution is strongly dependent on a
position in the voriex. A pressure decrease still occurs in the
core. However, there are regions above the core where the
pressure change is small and pressure increases can occur. In
addition, very strong pressure decreases of as much as 50
miilibars may occur just below the core of a strong, moving
voriex.

o Strong rotors would be accorapanied by an audible "roaring”
sonnd. The intensity of the sound increases rapidly as the
tangential speed increases.

Appendix F contains excerpts from relevant literature and
correspondence pertaining to rotors and mountain waves and other terrain-induced
atmospheric phencmena.
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1.8 Aids To Navigation
Not applicahle.
1.9 Communications

There were no radiotclephone transmissions received by any ground
station indicating troudle with N999UA. No discrepancies were noted on any
comimunications equipment that potentially could have affected flight 585.

1.19 Aerodrome Information
1.16.1 General

The Colorado Springs Municipal Airport is a public-use airport owned
and operated by the City of Colorado Springs. It is controlled by an FAA tower that
is attended 24 hours a day and has been classified as a Federal Aviation Regulation
(FAR) 139 index C airport since May 1973. The elevation of the airport is 6,172
feet. The atrport has two runways, runway 12/30 (8,511 feet by 150 feet) and
runway 17/35 (11,021 feet by 150 feet). Rumway 35 has a 1,000-foot paved
stopway, a precision approach path indicator (PAPI}, and a full instrument landing
system (ILS). The glideslope is 3 degrees. For the 12 months ending September
27, 1990, takeoff and landing operations totaled 176,880 movements, of which
18,912 were air carriers.

There are extensive areas of high terrain in the COS area. Minimum
sector altitudes {MSAs) of 9,000 feet exist within 25 nmi from the north northwest,
clockwise through south of the airport. Higher elevations with area minimum
altitudes (AMAS) above 16,000 fect lie to the west within 15 nmi of the airport.

COS is not categorized as a special airport by the FAA or UAL. There
are some specific airports where the FAA has determined that special qualifications
are required for pilots to land, as provided in FAR section 121.445 and Advisory
Circular number 121.445-1D. UAL has similar procedures for certain airports.

1.19.2 Weather-Related Accident/Incident Data

The National Transportation Safety Board's accident data files were
reviewed for accidents that occurred within the State of Colorade in which




B wmdshear or mountam wave actmty were c1tcd as causal or conmbutory to the S

mishap. The data rev;ewed covered. the penod from December 24, 1974 to

- - September 2, 1990. Of the 31 accxdents reviewed, only. one was listed as havmg 2

"~ -occurred in pmxnmty to Colorado Sprmg , Colorado. This nonfatal accident, which
" took place on December 1, 1983, occurred when a sailpiane encountere_d a mountam |

- wave near the Black Forest Ghder Port while on approach 0 land

. 1._1.1_ thht Recm'ders

il . The Bocmg 737 Cockp:t Voice Recorder (CVR) and ngml thht

' Da»a Recorder (FDR) are lecated in the airplane fuselage, aft left side, within the
- pressurized area of the axrplane ‘Both recorders from flight 585 were recovered _
~ from the accident site and sent to the Safety Boards Iaboratoms in Washmgton, o
- DC, for readout. : . '

SR The FDR was a. Falrchxld Model FS(}G senal number 4016 The
) recorder has the capabﬂxty to record many parameters however, it was mstaﬂcd n

- NS99UA to record orﬂy 5 parameters: - _heading; altitude; airspeed; nomnal "

acceleration: (G loads)” 15; and microphone keyving. All parameters were sampied and -
recorded. once per. second except vefttcal accclemnon, whzch was samplcd 8 times -
. per second EOREEIRS : : : .

The FDR sustained extensive: nnpact damage to its axftemal dust cover
sleeve and internal electronic components. The dust cover sleeve was cut away

from the protectlve casings to remove the intemal tape assembly ‘Once the tape - |

- assembly was opened, the tape cover was found broken and the tape medium was

- partially dislodged and crumpled; however the tape was 0t tom or mfmgled, and - .

' the data were extractable

- Frgure 3 shows the ground track thh selected CVR data. Fzgure 4 isa
' _profﬂ» vxew of the fhghtpath with seiected CVR data. . RET

I56’:40&{1 is a unit of acceleranon equal to me accclcranoa of the Earth's grawty, 3
fuscd 10 measure the forcc on a body undergoing acccleranon and e"{p"essed as a multiple of the -
Earth’s acceleration. ' :
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The CVR was a Sunstrand Model V557, serial number unknown. I
sustained some structural damage, but the crash case maintained the overall integrity
of the recording tape. Due to the severity of the impact and the nature of the tape
cartridge employed in this CVR, the tape had s¢veral creases which degraded the
audio quality on playback. Also, due to the ejection of the CVR from the airplane
into a nearby shallow creek, the CVR sustained minor water contamination that had
no apparent contribution to the relatively poor playback quality of the tape. The
CVR had no fire or smoke damage. The playback tim= of the tape was 30 minutes
and 14 seconds. An acoustic spectral study was performed on the CVR tape to
determine the rotational frequencies of the engines prior to the accident. It was also
used to attempt to determine whether the airplans's stabilizer trim achz"tions during
the final stages of the approach were the result of pilot trim switch actuations or
autopilot trim inputs.

The rotational frequencies of the engines from approximately 2 minutes
and 14 seccnds prior to impact showed normal operation except that continuous
frequencies duriag the final 10 seconds of tape were not attainable because of strong
foreground noises in the cockpit. The study of comparative speciral data of the ttim
acoustic signatures heard on the CVR tape and that of manual frim switch actuation
heard on a reference test tape showed that the trim rates were pilot inpuis rather
than from the autopilot. Sounds consistent with abnormal events, such as bird
strikes, structural failure, or catastrophic engine failures, were not found.

1.12 Wreckage and Impact Information

The wreckage site was located about 3.47 nmi south of the south end
of runway 35 at COS and .17 nmi to the east of the extended centerline of the
runway. The elevation of the crash site was zbout 5,704 feet above msl
Measurements ¢f the wing tip debris, the engine shafts, and the tree strikes indicated
an impsct heading of 205 degrees, an 80-degree nose-low attitude, a 4-degree nose-
right yaw, and a right rolling motion. The flightpath direction was about 020
degrees magretic, and the flightpath angle was about 80 degrees down. The
wreckage debris found outside the crater were mostly to the northeast, although the
airpiane heading was aligred to the southwest (nearly vertical, nose down) at
ground contact.

The normal acceleration just prior to ground contact was abeut 4 G,
requining & 16-degree angle of attack at 212 knots. Witnesses reported continuous
smooth rolling and pitching from normal flight attitudes ail the way © ground




4]

contact. The airplane flightpath and attitude at ground contact can be described as
1oliows:

With the airplane pointed northeast, aligned with the wreckage
scatter, roll the airplane inverted, and pitch the airplane down 84
degrees to establish the fiightpath. Then continue ithe pitching of
the nose 16 additional degrees (angie of agtack) to 100 degrees (10
degrees past vertical) to establish the pitch attitude of the airplane.
In this attitude, the airplane is then nos2 dcwn 80 degrees, upright,
and pointed to the southwest while still moving towards the
northeast.

Witnesses saw no pieces of the structure fall from the airplane prior to
the wpact. Ag aerial search along the flighipath found no debris that had separated
from the airplane before ground impact. There was no evidence of fire south of the
principal impact crater. The airplane’s fuselage had severe accordion-like fore and
aft crushing throughout its entire length with overstress breaks. Except for two aft
fuselage sections of skin and small debris, the entire fuselage was contained within
the impact crater.

Wreckage examinations were conducted on site, at a local storage
facility, and at the faciliies of various manufacturers. Fuselage examination
revealed no evidence of any preimpact failures or malfunctions. The windshield
was severely cracked from overload consistznt with terrain impact at a high vertical
speed. The severity of the impact and postcrash fire precluded documentation of the
relative positions of the cockpit seats and rudder pedals. No damage was found that
could be associated with preimpact strikss with birds or other objects.

Parts of the door assemblies were examined. The evidence is
consistent with all doors being locked, and no evidence of preimpact failures was

found.

The left wing was partially in the crater at the crash site. The entire
length was broken into pieces, and the portion of the wing in the crater was bumed
and partiaily consumed by fire. The leading edge devices, although severely
crushed, revealed evidence of having teen in an extended positicn. All of the
leading edge devices, spoilers and aileron actuators were in and around the crater.
The slat actuator in the number one position was still attached to the wing structure.
Wing structures, containing the fuel cells, were concave, ruptured and burmed. The
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ieft 2ileron, flaps and slats were found at the wreckage site. The No. 3 slat zctuator
was found in the mid-position, and the No. 2 leading edge flap actuator was found
approximately 1/2 inch from full extension. Ne control system parts were missing.

The right wing was partially in the crater. The entire wing, from the
ergine attach points outboard, was severely crushed. The outer 35 feet of the wing
was located outside the crater and was embedded in the ground with the leading
edge down and the chord of the wing perpendicular to the ground. The leading edge
devices, aithough severely crushed, were in an exiended position. The cuter 6 feet
of the wing had broken off and had marks and damagc consistent with tree strikes.
The wing was near a tree that had marks consistent with wing impact. The wing
panels were split oper: and bowed in a convex manner consistent with hydraulic
{fuel tank) overpressure. The inboard portions of both wings from the engine attach
points to the fuselage were in numercus pieces. Some portion of the lighier
structure had melted. The wing flaps were separated from their tracks and were
recovered at the crash site. Measurements of the fiap jack screw positions
cotresponded to symmetnical flaps on the left and right side. According to Boeing
technical data, the measurements indicated 10-degree outboard anl 12-degree
inboard flap positions corresponding o FLAPS 10 position of the flap handle. The
right aileron was separated from its wing and recovered about 25 feet north of the
wing.

The vertical stabilizer and rudder were in the impact crater, damaged
severely by impact and fire. Remnants of the vertical stabilizer and rudder were
removed from the crater and examined for preimpact abnormalities. The vertical
stahilizer fin cap was damaged but complete. The lower vertical stabilizer front
spar stucture was in the crater and was severely damaged by impact. The attach
fittings and bolts were complete and included portions of rib structure and stabilizer
skin. Approximately 4 feet of the lower rear and faise vertical stabilizer spar
assemblies were found atiached to their respective fittings. The rudder attach poinis
were found with the hinges, bolts and a 4-foot section of the mdder still attached.
Both rudder control systems were damaged but found connected to the lower
poriion of the rudder at their respective attach points. The two counterweights were
in the crater, detached from their respective attach points. Several sections of
bumed and damaged rudder were found that included inspection ports and
attachmeni fittings.

The horizontal stabilizer was in the crater, in pieces and severely
burned. The horizontal siabilizer parts were located at the top of the pile of
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destroyed airplane debris. The star section (front and rear horizontal spar to
fuselage attach structure) was seoarated into three major pieces. A 3-foot section of
the night-hand horizonial stabilizer front spar was attached to the center section of
the star section with the spar attachment bolts and fittings intact. A smal! section of
the lefi-hand horizontal stabilizer front spar was attached to the center section of the
star section with the spar attachment boits and fittings intact. A S-foot section of the
right-hand horizontal stabilizer rear spar was attached to the center section of the
star section with all three attachment bolts and fittings intact. A 4-foot section of
the left-hand horizontal rear spar was attached to the center section of the star
section with all three aftachument bolts and fittings intact. Both the left and right
borizontal stabilizer hinge ittings and bolts were examined for security and
preimpact malfunctions. No abnormalities were noted. The center section
jackscrew and jackscrew system were examined, and no abnormalities were noted.

The ieft and right clevators were destroyed during the impact and
postcrash fire; however, parts of the elevators from the tips to the center were found
and examined. Both the left and right elevator balance hinges (three on each side)
were found and examined. All six balance hinges had structural damege indicative
of overstress and all had hinge pins and attachment hardware that were complete.
Both of the outboard clevator counterweights were i the crater. Both left and right
mboard elevator linge points were intact with poriions of the respective elevator
balance tab push rods (two on each side).

The landing gear assemblies were in the crater in the extended position.
There was some fire and extensive impact damage to all three landing gear
assemblies. The tires iocated in the crater were severely burned. The right main
gear outboard tire was about 200 feet northeast of the crater. The right main gear
cutboard ran half was about 173 {eet northeast of the crater, All of the landing gear
actuating cylinders were in the extended position. Both main landing gear over-
center focking arms were in the iocked posiion. No evidence of preimpact
maifunciion was found with the actuating cylinders.

The left engine was buried sbout 10 feet nciz down in the ground
under the lefi wing at about 2 75-degree impact angle. The nose cowl and the inlet
cases were destroyed. The first and second stage compressor disk modules were
about three feet ahead of the outer fan case. The fracture surfaces on these pans
revealed characteristics of tensile overioad. All first stage fan blades were broken
off just above the plafform. Most second stage fan blades were broken off, but
those remaining were bent opposite to the direction of rotation of the compressor.
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The left engine ¢hrust reverser had separated from the engine and was
located about 150 fect northeast of the impact crater. It was impact damaged, but
its wack and actuating mechanism were intact and in the stowed position.

The left engine separatcd in sections during its removal from the impact
crater. The inspection of it disclosed nc mechanicai problems that would have
precluded normal operation prior to impact.

The forward portion of the right engine was buried about 7 feet in the
ground under the right wing at an angle of about 50 degrees. The portion aft of the
combustion section of the right engine was separated, and some parts were located
about 25 feet north of the impact crater. The combustion chambers were exposed
from the aft end and did not exhibit any distress or metalization. The right thrust
reverser was located about 140 feet north of the impact crater, in hinc with other
paris that had exited the engine. The thrust reverser was in the stowed position.
The high pressure turbine (HPT) rotor from the right engine (minus the shaft) was
lpcated 533 feet north of the impact crater.

The first and second stage compressor fan disk modules were located
about 1 foot forward of the outer fan case. The first stage fan blades were separated
from their disk and were in the impact crater. The remaining fan blades were
pushed back and bent opposite to the direction of rotation of the low pressure
compressor. Most of the second stage fan blades were broken off at their platfonns.
The memaining blades were bent opposite to the direction of rowation of the

COTIPTESSOL.

Examination of the right engine during its remeval from the ground
revealed that it was twisted clockwise, as if the front was stationary and the aft end
was rotated clockwise. The turbine disks and blades for the first through the fourth
stages of the compressor, the low pressure turbine (LPT) and HPT shafts, and
various vane airfoi! and shroud fragments were removed and examined at the UAL
Maintenance Operation Center at San Francisco, California. The inspection of the
fight engine and its assocwated components did not reveal any mechanical problems
that weould have precluded nommal operation prior o impact.

Damage to the cockpit area of the airpiane preciuded meaningful
examination of most of the cockpit eguipment and indicating sysiems. The engine
ndicating mstrumentation was recovered in a condition which permitted meaningful
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examinaiion. Examination of the engine indicating instrumentation indicated that, at
impact, the Ny speeds for left and right engines were 86 percent and 84 percent,
respecrively. EPRs were 1.97 for both engines. N; speeds were found at 93
percent for the lefi engine and in the range of 86-88 percent for the right engine.
These indications are sufficient to show that both engines were producing nearly
symmetric thrust at impact.

The pilct's and copilot's glareshield anpunciator panels were siso
recovered and examined. Light bulb filamert analysis of the captain's annunciztor
pane} indicated that the FLT CONT, FUEL, and OVHT DET indicators may have
been illuminated at impact or as a result of the accident events. The copilot's
annunciator pane} indicated the potential for ilumination of the HYD, OVERHEAT,
AIR COND, and an unused segment of the annunciator panel. A heasted filament in
the bulbs of the unused segment of the annunciator pare] s unexplainable except for
the possibility that the press to test circuit was activaied during the impact sequence.

A considerable number of airpiane components were removed from the
wreckage for later examinations. Section 1.16 contins descriptions of those
examinations.

113 Medical And Pathelogical Information

The capiain held a vaiid first class airman medical certificate dated
December 7, 1990. The Safety Board and UAL reviewed the captain's company
medical records, including records of annual physical examinations and medicail
ciaims made by the captain to the insurance carrier employed by UAL. There was
no record of hospitalization or major medical claims. Family members and
coworkers said that the captain exercised regularly and appeared fit, and that he did
not smoke or drink alcohol. Based on the medical examination on October 24,
1690, the capiain's overall cardiac risk factor was assessed as "below average.” On
his FAA medical records of December 7, 1990, the captain's height was listed as
5 feet 7 inches ,and his weight was iisted as 145 pounds.

The first officer beld a valid first class airman medical certificate dated
August 21, 1990, The Safety Board and UAL reviewed the first officer's medical
records and medical claims made by the first officer to the insurance carrier
emmployed by UAL. They indicated that she had no hospitalizations or major
medicai claims. Family members and coworkers said that the first officer exercised
regulariv, did not smoke, and was an occasional drinker. Based on the medical
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examination of August 21, 1990, the first officer’s cardiac risk factor was assessed
as “low." Her height was listed as 3 feet 4 inches, and her weight was listed as
130 pounds.

Accosding to Boeing, in compliance with Federal regulations, the seat
of the B-737 is designed to be adjusiable to provide full flight control authority to
pilots having a minimum height of 5 feet 2 inches. The actual position of
crewmember seat settings could not be determined from the wreckage. However,
the captain cautioned the first officer to "watch your feet here comes the rudder”
during his control check (0914:20), suggesting that he was positioned to use full
rudder authority. Boeing has also indicated that 80 pounds of leg pushing force is
necessary io achieve full rudder authority under normal operation. An aeromedical
official who reviewed the medical records of the captain and first officer said that
either crewmember should have been capable of providing this leg pushing force.

The cause of death for the 20 passengers and 5 crewmembers was
determined to be blunt force trauma.

Toxicological testing on tissue samples obtained posthumously from
the captain and first officer was compleied by the Coroner's Office of El Paso
County, Colorado. The samples tested negative for alcohol, major drugs of abuse,
and prescription and over-the-covnter medications.

A panel of medical authorities reviewed all available autopsy evidence,
including x-ray records of the feet and flight boots of both crewmembers, to
determing injuries that might have been causeqd by hand or feet contact with control
wheel and pedals. In the case of the captain, the panel noted minimal deformation
of the left foot and 'ess deformration of the right foot. In the case of the first officer,
the panel noted symmetrically pronounced deformations of both feet.

In accordance with its drug testing program, the FAA obtained urine
samples from four conirollers at the COS tower: the ground controller/CIC; local
controller; arrival controller; and supervisor. The samples, obtained between 2200
and 2320 on March 3, 1991, were tested for the five drugs specified in the protocol
of the National Institute of Drug Abuse (NIDA): marijuana, cocaine,
amphetamines, PCP, and opiates. No positive results were reported to the Safety
Board, as required by Federal stziute if positive results are found. The four
controllers deciined to provide bloed and urine samples for testing by the Safety
Board.
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Blood and urine samples were provided voluntarily to the Safety Board
by the departure controlier at the Denver terminal radar approach conirol
{TRACON) facility. No testing was conducted on these samples because of an
absence of evidence that this controller’s actions were invoived in the accident
sequence.

1.4 Fire

An intense ground fire melted localized sections of the airplane
struciure and scorched nearby trees and the ground swrrcunding the crash site.
There was no indication of any fire prior to the impact with the ground.

Fire fighting equipmeni arrived at the accident site within minutes of
the crash and proceeded to extinguish the fire.

i.15 Survival Aspects

The accident was not survivable.
1.i6 Tests and Research
1.16.3 Recerded Radar Data

The Safety Board obtained and reviewed recorded radar data from the
Denver Air Route Traiiic Control Center (ARTCC). The data covered the period
from initial contact with flight 585 at 0923 hours during climbout from Denver unti}
the loss of radar contact about 4 miles south of the approach end of runway 35 at
CQS arcund (944 hours. This information showed a normal flight until the airplane
turned onto final for rinway 35. The last radar datz point was recorded about 16
seconds prior to the crash.

The radar data show that the airplane was approaching the airport from
the southeast at an altitude of about 7,900 feet. The course was consistent with a
45-degree intercept angle to the final approach course with the intercept 4 to § miles
south of the runway. While the airplane was about 1 nmi east of the final approach
course, it started descending at 2 rate consistent with that required to maintain a
flightpath aligned with the 3-degree glideslope. About 20 seconds laier, the descent
rate increased, resulting in a new 7.5-degree flightpath, or 2,200 feet per minute
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| down and me airplane descended beiow the glidesiope. The mrpiane crashed dboui
37 seconds after ii’ae initial departure from the ghdeslope

1162 Modeling and Ssmulatmﬁs_of Atmosphez'as: Disturbances and
' Airplane Flight Dynamics

Three wmuiatlons were conducted during this investigation: 1) NCAR
- used sophisticated atmosphemc numerical computer modeling of air movements in
the Rocky Mountains near COS to define poteriai flow fields that might have been
present; 2) a specialized computer siimulation was used to define possible roil angle -
and sideslip angle time histories that would preduce flightpaths consistent with
recorded radar data, FDR data, crash site location, and crash attitudes; and 3)
‘Boeing used its engineering simulator to examine the effects of various atrospheric
- disturbances and/or flight control malfunctions on ihe ﬂxghtpath of a 3-737—200
Advanced airplane.

11621  Modeling of Atmospheric Disturbances: NCAR Weather Study

- Personnel from the Mesoscale and Microscale Meteorology Division of
NCAR were contacted by the Safety Board. A contract was awarded to NCAR to
use known environmental data to simulate a downslope windstorm event similar to
the conditions that may have existed at COS on March 3, 1991 in order to determine
- whether it rnight have contributed to the crash of the airplane. The accident airplane
case was more complex (o model than had originally been expected because of
“current modeling technigues related to wind, temperature, and humidity upstream of
the mountains. Current modeling is based on the assumption that the fiow
approaching the mountain is horizontally uniform and, therefore, 2 smgle sounding is
used to describe those conditions. :

: The conditions on the day of the accident were compilicaied by a trough

that was over the Rocky Mountains at the time of the accident. The use of a single
sounding to describe the basic flow over the Colorado region on that day was
therefore niot appropriate. Other soundings used in the rmdei for the studies gave
different results, and none of the cases studied indicated a severe windstorm event.
Due to the extensive horizontal variations over Celorado that day, the study
indicated that no single sounding existed that could be usad to initialize the model -
that would be representative of the flow over the front range at the time of the
windstorm.
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Observations indicated that there was a severe windstorm over the
front range of the Rockies at the time of the crash. The study indicated that severe
windstorms over the Rockies have consistent characteristics because they are
caused by low-level stable air flowing over the orography, exciting highly nonlinear
breaking gravity waves. Waves result in the generation of severe turbulence, rotors
and hydraulic jumps. The jumps are regions where the flow rebounds in the vertical
ta its original level of equilibrium, after passing over the mountain range, and they
can produce updrafts excesding 40 myfsecond. The NCAR study indicated that the
horizontal widths of these jumps are believed (o be quite narrow, producing regions
of extreme horizontal variations in the updrafts. Hydraulic jumps may be found with
mountain wave activity.

The study referenced a windstorm that cccurred on the front range on
January 3, 1989, when conditions were similar to those existing at the time of the
accigent . NCAR persormel completed a series of simulations of this windstom that
covered a large portion of Colorado and showed a strong concentrated region of
upward motion (jump) with upward velociiies exceeding 40 m/second traveling up
and down the foothills of the Rockies in the Boulder region.

in the COS ares, the jumps exhibited much more variability than along
the Boulder region front range. The orography is highly structured in the COS arca
and dominated by the presence of Pikes Peak and the Palmer divide. The horizontal
shears associated with these jumps were limited by resolution (the shear was forced
by the mode! to be spread out over about 4 kilemeters (km) ) and were therefore
about 10 m/fsecond per km. It could be anticipated that the higher resolution
simulastions would show much isrger shear values because a model selects the
narrowest scales it can resclve for its largest gradients, and the peak gradients are
usually larger when using higher resolutions.

Some idealized two-dimensional simulations were performed on the
Janpary 9, 1989, case which showed tha: at higher resolutions, smail-scale eddies
were generated within the high-wind regions on the mountain slope. These eddies,
which contained very high velocities both in the horizontal and vertical that varied
sharply over short distances, traveled down the lee siope and out onto the plains.

The orientation of the jumps observed in the January 9, 1989,
siraulations was typically parailel to the front range. It could be expected, therefore,
that the traveling updrafts associated with these jumps would pass over the
north-scuth COS runway with an orientation more or less paralie} to the runway. If
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an airplane were approaching the runway from either north or south, it would
experience 2 rapid increase in upward motion as the jump approached, and the
upward motion on the west-facing wing would be higher than that on the east side.
The report stated that runwzy 35 has the worst possible crientation in terms of
airplane safery in the presence of downslope windstorm events.

The report indicated that it was impossible to determine from modeling
whether a traveling jump actually cccurred on March 3, 1991, in the COS area.
Models, even at high resolution and properly initialized, can only suggest the
structure of the siorm and cannot indicate precisely where the various features
within it were located af a particular time. Only observations of wind and vertical
motion near the accident site conld determine whether a jump was at that location at
the ume of the accident. Modeling can only determine whether such an event was
possible. Based on the study and the opinions of NCAR personnel, who are familiar
with observations in the area, such an event was possible on March 3, 1991.

Two recommendaiions were generaied by the study with respect o
airplane safety in severe downslope windstorms in the COS area. First, there should
be several surface observing stations in the valleys on either side of Pikes Peak to
provide warrings about the development of strong winds associated with mountain
windstorms. These stations would be able to detect any exiremely strong winds that
could exist in these valleys without any winds noticeable in the region of the airport.
Such observations couid alert the tower that gusts or strong updrafis might begin
traveiing out over the plains. Further, there is a strong need for an improved and
more agvanced level of airline transport and commercial pilot training regarding
mountain windstorms. Based on FAA commercial pilot exam listings that are
categorized by subject, the FAA requirements for commercial pilot understanding of
orographicaily induced sirong downslope winds are aimost nonexistent; also, the
FAA manuals contain minimal information on this topic.

As a result of the information developed during the investigation and
gzined during this study, on July 20, 1992, the Safety Board issued two safety
recommendations to the FAA:

Develop and implement a meteorological program {o observe,
document, and analyze potential meteorciogical aircraft hazards in
the area of Colorado Springs, Colorade, with 2 focus on the
approach and departure paths of the Colorado Springs Municipal
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L Airport. This program should be made operatlonal by the wmter of _
- 1992, (Ciaas H, Pnonty Actmn) (A-92w57) ' '

- Mevelop a broader metwrologlcal aircraft hazard program to
‘include other airports in or near mountainous terrain, based on the -
results obtained in the Colorado Sprmgs, .Colorado, area. (Ciass H '

- Prxonty Action) (A-92-58) - o o

 Section 4 contams the status of the FAA actxon on these
- recornmendations, . o

Lis22 Safety Board Simulations
The Safety Board u%cd a specmhzed computer simulation to deﬁne, _

- poss:bié roll angle and sideslip angle time histories that would produce flightpaths
consistent with recorded racar data, FDR data, crask site location, and crash

attitudes. - Initial ‘conditions that affected the calculated flightpaths were ground .-

track angle, ground speed, starting positions, starting altitudes, flightpath angle,

weight, thrust, and aercdynamic coefficients related to lift, drag, and side force. S

- Time-dependent variables that affected the calculated flightpaths were roll angle,

- sideslip angle, nomnal acceleration, wind direction and velocity, and airplane

configuration. The initial conditions and time-dependent variables were varied to
achieve maiches between calculated parameters and recorded data. The calculated
ground track was compared with the radar data. Calculated airspeeds, altitudes, and
headings were compared with FDR data. Calculated lmpact attitudes were
' compared thh thnse derived fmm cra,sh szte data

n general, roil angie, s1deshp angle, and wind time hisiories were -

varied, while the time histories of normal acceleration and airplanc configuration

~remained constant. In addition. the initial ground speed and ground track were

- modified with wind conditions to achieve a match with initial headmg and mdlcated
- azrspeed data. : :

- Modeling was starte¢ about 36 seconds prior to the crash and was

' '_ coz’tmued to impact. The starting time was. consistent with the third from the last _. |
radar data point at 1631:10, Reasonable matches of altitude, alrspeed headmg, and

impact position were obtamed in some cases.
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The modeling showed that large, rapid rudder mputs mltlated near the
;nme s)f the upset would have resulted in heading angles different from the recorded

headmg data. The best matches of recorded data and impact ‘conditions were

~obtained with roll rates of about 11 degxees per second from wings level to 80
~ degrees and 22 degrees per second from 80 degrees to 180 degrees of roli while the -
sideslip angle was 0. Initial rol! ratcs greater than 20 degrees per second generated '
calculated values different than the vaiues of recorded data. : . -

- 1,16.2.-3 Boeing S:mulatmns

SRR 'i‘he Safety Board and paxtzes to the investigation met on. May 10, Iuly_ N
17 and August 1, 1991, and Apri! 28, 1992, at Boeing to examine the effects of =

various atmospheric disturbances and/or flight control malfunctions on the flightpath |

of a B-737-200 atrplane. Boeing developed simulator models of the atmosphenc .
d:stu*‘bances and eould demonstrate vaneus controi malfunctxons :

: '{he sunulator was flovn by a2 Boeing pilot and pﬁot;.a from the
"mvestxgation team operations group who attempted to maintain control of the

~ airplane while encountering atmospheric disturbances or control m_aiﬁmctlcqs The

pilots -attempted to follow the flightpath of the accident airplane, as determined by

‘radar data. The visual scene showed the rotor, airport, crash site, terrain features,
‘and lead-in poles representing an approximate flightpath of the accident airplane.

- The rotor portion of the v1sualwaﬂon was disabled on selected runs. About 250 _

- simulator runs were completed. - :

Stationary and- translaung rotors were modele& 5 ':I'hey could be

modified by varying the core radius, tangential velocxty, posztlon and orientation.

(azmuti’l and elevatlon angles)

- The rotanonal nature of rotors may produce rap;diy changmg air ﬂow_- "
~ fields relative to an airplane encouniering such a rotor. The changing flow fields

* 'produce changes in angle of attack, sideslip angle, and lift distribution across the -

wing. The resulting laieral or directional imbalances contribute to uncommanded
- girplane motions. NOAA estimizd that a typical rotor on the day of the accident
- could have a rotational velocity of ,06 radians per second (3.4 degrees per second)
with a radius of 1,640 feet and a tangentsal velocity at the core edge of 100 feet per
second. : o
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Simulations showed that the .06 radian per second rotor had little effect
on airplane conirol except that performance problems could develop if the airplane
remained in the down-flow field of the rotor. In a sustained downflow, the airplane
would either have to fose altitude or airspeed, similar to the outcome of entering the
downflow fieid of a microburst. Performance calculations have shown that the
accident airplane could have been in a downflow field of about 80 feet per second
for about 30 seconds, possibly induced by a rotor's downflow field or some other
atmospheric disturbance. The airplane did lose altitude at a higher than normal rate,
but the airspeed remained constant at the flaps reference speed rius 20 knots for the
approach to landing.

In a sequence of simulations, the severity of the rotor was increased
until encounters produced extreme control difficulties. The engineering group, with
the Boeing pilot, determined that rotors with rotation rates of 0.6 radians per second
{34 degrees per second) with a 250 feet core radius (150 feet per second tangential
velocity) generated extreme control difficulties. Control problems were especially
notable at the edge of the core. The airplane tends to roll into the core when
positioned just outside of the core and tends to roll out of the core when positioned
iust inside the core. Operationally, pilots found that a more moderate rotor with 0.4
radian per second rotation and a 230 feet core radius (100 fest per second tangential
velocity) produced significant control problems and even loss of control if recovery
procedures were not promptly implemented. A "loss of control,” as defined by the
pilot group, did not necessarily result in a crash but in the Joss of precise operating
control of the airplane, such as inability to maintain a desired heading or roli angle
for short periods of time.

Encounters with strong stationary atmospheric rotors are expected o
produce significant errors in the indicated altitude and airspeed recorded on the
FDR. Rotors result in low pressure near the core, similar to tornadoes. A low
pressure area will result in an increase in indicated altitude while the actual altitude
remains constant. Data extracted from the FDR from UAL 585 failed to show the
existence of an error in recorded indicated altitude. An anomaly in recorded
indicated altiude was identified in the FDR data of an L-1011 that traversed a
microburst-induced horizontal axis vortex.'® In addition. data supplied by NASA
(Wingrove correspondence to Safety Board investigators, dated April 16, 1992)

16Aircraft Accident Report, Delia Air Lines fiighi 191, Dallas/Fort Worth
International Airport, Texas, August 2, 1985 (NTSB/AAR-86/053).



RN L4 D B e R S R

54

showed significant increases in indicated altitude when airplanes have encountered
vortices at high altitude.

A strong flow field passed through the COS area at or near the time of
the crash and, according to NOAA and NCAR scientists, the flow field could have
produced a large upflow (hydraulic jump) which, in turn, could have produced a
series of transiating rotors. The rotors could have been small but severe. Rotors
with a 0.6 radian per second (34 degrees per second) rotational rate, a 250 foot
radius, and a 150 feet per second tangential velocity were possible, according to
NOAA and NCAR. Based on a review of visible and infrared satellite imagery cn
the Safety Board's McIDAS, the air mass was moving about 100 feet per secend fo
the east.

According to NOAA, transiating rotors are similar to stationary rotors
except that they move and create a localized flow field, in addition to the rotational
flow field. One unique aspect of a translating rotor compared with a stationary rotor
is that a discernible pressure gradient may not be present in certain regions of the
transiating rotor, although the rotational effect remains the same. Further, when
simulating an encounter with a translating rotor, the localized flow field produced by
the rotor translation was assumed to be a straight wind, west to east. The wind was
vectorially added to the tangential velocities of the rotational flow field. The
velocity of the localized flow field was set at 100 feet per second within the core of
the rotor and was decreased as the distanca from the core increased (by a factor of
core radius divided by the distance from the center of the core). For example, at the
eastern edge of the core, two velocity components would be present. The tangential
velocity associated with a 0.6 radian per second, 250 feet diameter clockwise
rotating rotor would be 150 feet per second down. The localized flow field would
produce a 100 feet per second velocity to the east. At 500 feet to the east of the
center of the core (2 times the radius), the tangential velocity would be 75 feet per
second and the west-{o-east velocity would be 50 feet per second.

In addition, the rotor and localized flow field could be moved in unison
and translated at velocities up to 100 feet per second. The rotor could also be
moved up or down, tracking the airplane, to ensure that the airplane intercepted the
rotor at a predetermined point.

Simulator runs were made with 0.3, 0.4, and 0.6 radian per second
translating rotors. Many crashes occurred during encounters with a 0.6 radian per
second translating rotor. A few crashes occurred during encounters with a 0.4
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radian per second transiating rotor, and no crashes occurred during encounters with
a 0.3 radian per second rotor.

The following observations were made: 1) the addition of the
translating rotor increases the difficulty in maintaining control; 2) an encounter with
a 0.4 radian per second translating rotor was approximately equivalent in severity to
an encounter with a stationary 0.6 rotor; 3) an encounter with a 0.4 radian per
second translating rotor was very difficult to control, requiring an appropriate,
aggressive response using the flight control (some aggressive flight control
applications resulted in more severe control problems); 4) an encounter with the 0.4
radian per second translating rotor occasionally resulted in a crash; 5) an encounter
with a 0.6 radian per second translating rotor was frequently uncontroilable and
often unrecoverable, resulting in a crash; 6) airspeed was a factor, and extra speed
increased the airplane’s controllability and decreazsed the effect of atmospheric
disturbances; 7) any hesitation in arrerting uncommanded rolls resuited in exireme
roll attitudes; and 8) in several cases, the airplane rapidly mecved east to west
through the rotor with little control difficulty.

The Safety Board requested that two B-737 crewmember pairs, who
were uunfamiliar with rofor simuiations, attempt to fly the simulator while
encountering translating rotors. The visual portion of the rotor was disabled,
althcugh the remainder of the visual scene was present, minus the last lead-in pole
and the crash site identification pole. Observers noted that the element of surprise
subsided after the first encounter and that the crew performances during the
encounters with translating rotors were similar to the perferrnances of pilots with
prior experience in flying through transiating rotors.

The possibility was considered that a strong, west-to-cast, windshear
or gust front may have accounted for the upset. Boeing designed a model to
simulate the west wind increasing from O to 200 knots in 4 to 40 seconds while the
airplane was moving north. The simulated lateral windshear produced rapidly
changing air flow fields with the potential for loss of control. As the airplane
penetrated the shear, large side siips developed with predictable airplane responses.
Lateral windshears that were severe enough to produce control difficulties also
produced flight responses that were clearly different than those recorded from the
accident airplane. Lcteral windshears produced 1) large changes in keading into the
wind; 2) large increases in airspeed; and 3) rapid rolling away from the wind if not
controlied by the pilot. As the roll angle increased, the wind-induced side slip angle
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transitioned into wind-induced angle of attack with marked increases in nommal
acceleration (G-load).

The Safety Board and Boeing conducted separzte studies to determine
possible local wind conditions. Each siudy used FDR data and radar data. In
addition, Boeing used a National Aeronautics and Space Aaministration (NASA)
program that uses known airplane performance data to caiculate vertical wind. The
caiculations show large reversals of wind at various positions. Strong vertical
velocities were derived in the Beeing study, peaking at 40 to 80 feet per second
down, depending on whether the radar data was smoothed or unsmoothed,
respectively.

The wind calculations were used as input data in the airplane
simulations. The large wind excursions in the simulation resulted in large airspeed
¢xcursions and did not match the airspeed data recovered from the FDR.
Simulations showed that airplane control was not affected by the wind excursions.

The Safety Board reguested data from Boeing concerning the effect of
rudder hardover failures on the flight dynamics and controllability of B-737-200
airplanes. Boeing responded with a series of letters describing the modeling of
rudder hardovers on the B-737-200 flight simulation. In all cases, high rates of
rudder deflection resulted in large, rapid heading excursions. Although roll angles
could reach large values, prompt wheel and elevator input resulted in regaining roil
control rather than contacting the ground. An uncommanded rudder deflection to
7.5 degrees (consistent with one theory of uncommanded rudder deflection) was
easily controilable with control wheel (aileron/spoiler) deflection. Delaying
recovery for 25 seconds resuited in ground contact. Failure of the B hydraulic
systein would limit the {ateral control response. An isomediate response to a rudder
hardover (full rudder deflection) would have been required if a B hydraulic system
failure occurred simultaneously.

Boeing provided data showing that a rudder hardover to the mechanical
himits (approximately 26 degrees) could result in large yaw and lateral excursions
even if full wheel conirol was used {(approximately 107 degrees). Flap position and
airspeed are important when determining controllability during a rudder hardover
condition. With the rudder at about 25 degrees airplane nose right (ANR), the
foliowing conditions would exist at 150 to 160 knots calibrated airspeed (KCAS).
Bank angles are noted as left or right wing down (LWD, RWD) and provide
constant heading trim schution (no tums), except for the last case,
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Side Slip -

* Bank

Wheel
Angle | “Angle - Angle Angle
__25 ANR 40 14ANR  35LWD  18LWD
25 ANR 30  15ANR . 4LWD 17LWD - =
'-: 25 ANR 25  ISANR  68LWD  '1I6LWD ~
*23 ANR 15 = 17 ANR ' 167LWD  23LWD = -
* 21 ANR 10 16 ANR. [0TLWD: 19LWD
*25ANR 10 13ANR 107LWD 40RWD
* Less than full rudder allowed to mamtam dmacuonal control
*k Loss of dlrccnonal control :

At 10 and 15 degrees of ﬂap settmg, hcadmg cannot be mmtamed

- - w'th full rudder deflection.  If full right rudder is achieved with a_ 10-degree flap

. setting, for example, headmg control is lost and, according to Boeing, a steady 40-

 degree right-wing-down trim solution is attained that results in turning flight to the
- right even with full left wheel deﬂecuon Immediate, full control wheel deflectmns
: wou!d be reqmred to prevent a lateral upset m the pmsence of a mddcr hardover

. _ The Safety. Board e&aluated the ﬂlght dynaﬂncs assocxated w;th other :
- potential system failures. Various mechanical failures were simulated as follows: -
- 1) leading edge slat failed to extend; 2) leadzng edge Krueger flap failed to extend;

3) yaw damper malfunctxon (2 degrees), 4) flight spoiler float; 5) a rudder contml' o

systemn malfunction that would cause 8 ~degrees of rudder deflection {See section’
. 1.16.5); 6) combmed spoiler float and B hydraulic system out; 7) asymmetric thrust

with 8 'degrees of rudder; 8) madvertent ﬂ:ght spoxler deployment and 9) rudder .
“hardover while at ﬂaps 30 ' '

Sunulatxons showed that the various mechamcal failures failed to
~ produce sxgmﬁcant controi difficulties. Most of the mechanical faxiures were.

- deseribed as "nonevents” (not a contrel pmb!em) In the presence of turbulence, the o .

- simulations indicated ‘that the leadmg edge slat and Krueger ﬁap failures would

 probably go unmoticed. A yaw damper hardover (2-degree rudder deflection)
required. 20 degrees of wheel and a floating spoiler required 25 degrees of wheel
- deflection. Rudder c!eﬁect:ons of 103 aegrees attn‘buted to gailmg

_ 17A condition whe:cby contact forces betwcen mating surfaces producc locauzcd
_wclﬁmg, transfer of mazcrial and roughcmng of each surface. :
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controtlable with 40-degree wheel deflections. Asymmetric thrust with 8 degrees of
rudder defiecticn required 30 degrees of whee! deflection.

1.16.3 Engine Mount Examipations

The three engine mount cone boits from both the left and right engines
were located and sent to the Safety Board's Materials Laboratory for examination.
All six bolts were found mechanicaliy damaged and separated at the undercut radius
between the threaded end and conical portions of the bolts. Examination of the
bolts revealed fracture features and deformation consistent with overstress
separations. There was no evidence of fatigue cracking or other types of preexisting
defects.

1.16.4 Examination of Flight Controls and Gther Systems

A total of 46 components were removed from the airplane and
firnctionally tested or examined at the UAL Maintenance Coerations Center in San
Francisco, California, under the supervision of the Safety Board, Each component
was unpackaged. documented in the position found, photographed, cleaned as
necessary, and x-rayed when possible. They were then disassembied and tested
when possible. - Parts were substituted if the testing necessitated a substitution.
Certain examinations req’red the destruction of part or all of some components. A
few components required metailurgical examinations.

The 46 components examined included engine indicating instruments,
yaw damper electronics, priinary flight conirols, inciuding the rudder, ailerons, and
elevator, secondary flight contrels and spoilers, leading edge devices, the flap
control module, and the trailing edge flap control valve. In addition, the yaw
damper coupler and the rudder power control unit transfer valve, both of which had
been removed froi the airplane before the accident flight, were bench checked.

Additional functional testing and/or teardown inspections of
components removed from the airplane took place at the Boeing facilities in Seattle,
Washington. These components included the "A" and "B" and standby hydraulic
system pressure modules, the "A" and "B" svstem flight control modules, the
landing gear maintenance valve, the standby rudder actuator, the rudder main power
control enit (MPCU), the elevator feel and centering mechanism, the aileron force
limiter, and the autopilot and flight director mode control panels. The elevator feel
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computcr, which had been testeq earher at the UAL Mamtenam:? Operatxons .. '_ B
Cemer, was fm‘ther msted S -

Of the ccmponents testf:d at UAL -and Baemg, 10 WEre. founci w&h. -

anomalies. The condition of these componems, along with their respeciive o

abnonnahtles and potemlai systems effects, whew apphcabie, was as follows:.
' i 36 4 1 Hyﬁ?;&;&hc-Sys&_em Press_ssre Meduies

The hydraulic system |

_presssxre modules located dﬁwmtseam @fthe h}drauhcps provide a means to- .

-simplify fluid handiing and reduce the number of fittings in the hydraulic system.
The module consists of two pressure filters, two check valves, two pressure
- switches, and 2 pressure relief valve. The entire module can be replaced on the
&lrplane A failure within the module such as a crack or jam of a moving part or.
major internal or external ieakage, could i nnpatr the "A" hydra‘uhc system functmn.

: One of two filter elements was darker than the other eie'nem A
dxscelorefi deposit was found in the pressure port. A metallic particle was in the :
check valve msiai}ed in po;rs: €, causmg itte stlc}: to the open posztmn -

System gff§§§- . To test the effects of the dmcoiored ﬁlter on the
hydraulxc system performance, both filters from the "A" module were flow checked.
Both filters passed Boeing's required flow rate for acceptable pexfmmance -
Thesefore, it was determined that the discoloration of the ﬁitef had no effeci ofi the
operation of the hvdrauiz{: or fh ght cantrol sys;..ms '

The effect of the metallic pamcie in the port number 6 check valve of
the mod.x!e was considered. The check valve is insialled to prevent flow from the
“B" hydraulic system to the "A" system if the ground interconnect valve is open.
Operation (opening) of the ground interconnect valve requires 28 VDC power from
the battery bus to be available, the parking brake to be set, and the ground <
| interconnect switchto be "OPEN." . | '

o It was @tc_mmad that in the absence of other multiple system failures
that were not observed in the components examined, the open check valve in port
number 6 would not affect the operation of the airplane’s hydraulic or flight zontrol
system because the ground interconnect valve was not open and no ﬁydmubc *‘imd
or pressure was availabiﬂ- 1o flow through the check valve.
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3 Hyd ¢ Systern | ure Moduje: Corrosion was observed
on the filter bew! area outs:de of the ﬁlier element on the port 4 and port 5 side.
Epoxy particles were aiso in the filter bowl on the port I and port 2 side. Two
sheared backup rings were on the pressure switch cavity. A green-colered deposit
was found in the check valve caviiy.

System effects: The anomalies in the "B" hydraulic system pressure
module were determined to have no effect on the operation of the hydraulic system
or flight control systems. The surface corrosion on the filter bowl area would rot
effect the system. Chemical and infrared-spectrographic examination of the epoxy
particles indicated that they were epoxy of the DGEBA type. This epoxy is used as
an adhesive in the manufacture of the filter. The green-colored deposit removed
from the check valve cavity was identified as aluminum phosphate. The source was
not identified. Its presence in the cavity hiad no effect on the operation of the check
valve or the systems that were associated with the check valve.

The portions of sheared backup rings in the pressure switch cavity on
port 1 and port 2 were determined to have been debris from a previous disassembly
of the module and were not portions of the backup rings instailed with the pressure
switch in the module. The examination indicated that all backup rings associated
with the cavity and pressure switch were intact. The presence of the portions of the
backup rings wouid not have affected the operation of the hydraulic or flight control
systems.

; ik dule: Examination of the
standby rydrauhc system medule md:cated that both motor—operated shutoff valves
were in the "OFF" position. Additional festing of the unit confirmed the hydraulic
iniegrity of the unit to a point that & could be determined that the standby unit was
off and would have been capabie of operation, if needed.

The valve cavity on port 2 and port 4 contained a section of a sheared
backup ring. The pressure relief valve was in the open position.

Sysiem effects: The sheared Teflon backup ring in valve cavity port 2
and port 4 was cetermined to have no effect on the operation of the hydraulics or
flight control systems.

Port 2 and port 4 are the pressure ang retum circuits, respectively, for
the operation of the airplane’s rudder systemi. The ports are connected internally
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within the standby hydraulic system pressure module by the hydraulic standby
system rugder shutoff vaive. With pressure applied to port 1, leakage was observed
from port 2, port 3, and port 4. Visual examination of the shutoff valve indicated
that it was closed; therefore, none of the ports should have had hydraulic fluid flow.
Further testing of the standby module with a new rudder shutoff vaive installed
indicated that leakage occurred from port 2, port 3 and port 4 when pressure was
applied to port 1.

Disassembly of the module revealed that 2 portion of a sheared backup
ring from the second iand!? of the standby rudder shutoff valve was in the valve
cavity. All other backup rings and O-rings were intact. There was no evidence of
O-ring extrusion or failure.

Further examination of the module indicated that the leakage between
ports occurred because of free flow through the pressure relief port on the vaive, X-
ray examination and subsequent disassembly of the relief valve gave no positive
indication of the reason for failure of the valve. During disassembly, a particle too
small for identification or collection was observed in the fluid in the valve. After
cleaning, the valve's components were reassembied and the vaive did not leak.

The function of the relief valve within the module is to provide a means
for pressure 10 be relieved to the retum side of the hydraulic system in the event of
biockage or obstruction of the downstream side of the module. The valve is a bal}
and spring-type check valve,

Failure of the relief valve would have no effect on the normal operation
of the airplane’s hydraulic or flight control systems. The valve would not see
hydrauiic pressure or flow uniess the standby hvdraulic system was activated.
There is no indication that &ie system was activated in this accident.

licht itrol M ugs: The flight control
modules (one each fﬂr A" and 'B’ fhgm control systems) comam shutoff valves
and a flow compensating device in a modular package. The motor-operated shutoff
valves within the module are commanded to their operating positions by the flight
control sysiem switches in the cockpit.

18Grooved area on component normally used to contain O-ring assembly.
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Exammancn of the flight control {"A" and "B" systems) modules
revealed that all shutoff valves were open {the normal position for flight). All
pressure sensing switches were tested and found {0 be operating nommally, During
the examination, sheared backup rings and a "nibbled” O-ring were found in the
valve cavities. O-rings showed signs of discoloration and/for extrusion. The damage
to the O-rings could allow leakage between the pressure and retumn hydraulic ports -
of the module. It was determined that excess leakags between the ports could aliow
ﬁaw to the flight control sy stermn actuators.

: It was determined that additional testing was necessary to determine
the effects of leakage on the flight controd system. On May 21, 1991, under the
 supeivision of the Safety Board, testing was perfarned at Boeing. A new ﬂsght
‘control module was used for tﬂu tests.

Inan attemnpt to duplicate ith& worst case condition for the tests, one O-
ring and both backup rings were removed from the shutoff valve of the test unit.
After these tests, the damaged G-ring {rom the accident airplane (flight control
module, serial number 1870) was installed in the module, and leakage was
measured. The C-ring was then repositioned, and leakage readings were retaken.
The maximum leakage obtained with the damaged O-ring was 0.06 gallons per

* minute (gpm). The rate of leakage decreased as pressure was increased from 1,000
psi to 2,000 psi to 3,000 psi. The tesis and subsequent evaluation showed that the
leakage of 0.06 gpm would have no noticcabie effect on the operaticn of the
airplane.

1,,16.4.2 - Lateral Control System

o : General: The ieft and nght aileron bus cabies whlch connect the. two
' cac::git camro; coium:ns, were removed from the aileron bus drum and examined,
Metallurgical examination of the cable ends indicated a one-time tensile overload
failure of the cables. The aileron bus drum rivets were found sheared which allowed
the drum to rotate approximately 90 degrees. This damage occurred as a result of
irnpact and did not exist prior to impact. '

X-rzy examination of the spoiler mixer and subsequent dmassembly
mdzcatsd that the flight spoiler position at impact was approximately 4 degrees left
wing down at impact. The x-ray alsc indicated that the ground spoilers were down ,
at zmpaf‘i : :
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,  The aileron spring caﬁndge (pogo) was found bent upward by evtemdi
z;mpacf forces, and the aileron spring was extended 1.12 inches. Althcugh the
cariridge was ?Jem and the spring extended, the:length from one end to the other was
nearly the same as if the cartridge was properly instalied and the spring was not
extended. In normal operation, the aileron spring cartridge is not extended or
compressed, It would be extended or compressed as a result of conirol system
Jammmg in ﬁ*e roll axis, orasar sult of the noted crash mduced defomatisn

-An analysis of the deformano 1 of the aileron spring carmdge indicated
that with the extension found, the copilet's control whee! would have been deflected
about 79 degrees counterclockwise, which would have resulted in spoiiers No. 2
and 3 deflected 24 degress. This deflection would have required approximately 85
pounds of force by the copllot to deform the aileron spring cartridge.  Another -

- correlation of spoiler mixer impact position and zileron spring cartridge deformation

indicates that spoilers No. 2 and 2 could have been at approximately 4 degrees at B

impact and the copilot's control whee! would have been deflected counterclockwise
31 degrees. The aileron MPCUs were consistent with a zero aileron pnsmen
Actual impact control wheel positions could not be determined by examining the
control wheels for the captain or copilot. The ground spoiler control valve was
tecovered and examined. Grime present on the exposed pcrmn of the shde
mdxca.ted that the spmlers were down at impact. : T

The four aluminum all cy shear rivets at the attach point between the
' Spnng cartridge and the control quadrant input crank were found sheared. Analysis
of the metal smears in the shear faces indicate that the clevis attach arm connected
to the aileron spring cartricze was forced in the opposite relative direction of -

rotation at the time of faiture.. This would indicate the integrity of the control system '
inputs from the copilot's column to the spoiler mixer at impact. '

| Meta} slivers were in the mput side of |
the filter. . '

- System gﬁ'gg S: The metal shvers on the mpui side of the filter were
from a source upstream of the actuator. The filter was in good condition. The next
component upstream of the actuaior {and possible source of the slivers) is the
system "A" flight control module. The No. 6 flight spoiler's piston head seals were
split and torn. The No. 6 flight spoiler is the closest inboard flight spoiler and, along
with spoiler No. 3, did not exhibit metal slivers in the filter. The metai slivers would
not have affec:i‘ed the opcmt:en of the airpiane



Ng..Z Flight Spoiler Actuator: Metal sizvers were found in the input
sxds csf me acmators ﬁlier A smaii metal chxp was found i in the thermal relief valve :
cavity. . - '

system) effects: Metal siwer“. fmrad on the input side of fnc actuamrs o
ﬁﬁter would have ﬁngmgted upsiream from the unit. The piston head seals were alse
split and torn similar to the No. 6 flight Spozler actuator. The MNo. 7 actuator is
paired hydraufically with the No. 2 actuator on the lefi wing. There were no
anomalies found with the No. 2 actuator. The metal slxvers would not affect ﬂzs =
operatmn of the airplane.

_1.36.4.3 Lungituﬁma! Control System
Geperal: Both elevator tab lock actuators were removed from the

airplane wreckage and _exammeci Evidence to. dcten_m_ne the position of the elevator _-
tab lockout piston was. inconclusive. Examination of the horizontal stabilizer

jackscrew indicated that the horizontal stablhzer was. posmcnea at 0.75 degrees N |

leading edge down at impact.

Eievator Feel Computer: A smail mfetal chip was in ﬁae"'A" system__ :
filter eiemeni. _ '
S;yﬁgm_ﬂgﬁa The metal chip found in ) the "A" system side filter umt :

~ showed that the filter was performing its intended function of cleaning (filtering) the - |

system's hydrauhc fluid and did not indicate a system failure. Other damage noted
in the feei computer was attnbuted to the alrpiane S nnpact mﬂ‘i the ground.

1.i6.4.4 | Dsrectmnai Control System

' nirel Unit (MPUUY: The rudder MPCU
' prevxdes hydrauhc powe. to posmon the anjp]ancs mdder The rudder MPCU

includes dual tandem hydraulic actuators within the unit. Hydrauhc system "A"
provides power to the forward half of the actuator {cylinder and piston head) -

through the hydraulic system "A" flight control module. Hydraulic system "B" :
, pmv;des power thmugh the flight control module to the rear naif of the actuator.

The rudder MPCU was substannahv damaﬂed by external impact, fire, o o

and smoke. A bypass valve within the "A" side of the unit was stuck in the

unpressurized bypass condition as a result of heat-deteriorated fluid. The unit aiso.

exhsztea szgx}s of heat distress characterized by residue of overheated hydraulic -
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fluid within the unit. However, the end gland side of the pistcn was clean and Cry
arid appeared different than other areas on the "A" side of the MPCU.

The "B" system side of the rudder MPCU did not exhibit the same
degree of heat distress as the "A" system. The cylinder bore, piston, and center
gland exhibited slight wetness and no evidence of heat-deteriorated fluid. A small
amount of water was in the fiiter cavity of the "B" system side.

The input pushrod that connects a torque tube to the MPCU input
crank was broken and the fracture was attributed to exposure to the fire.

System effects: The rudder system was evaluaied to determine if a
local fluid leak couild deplete the hydraulic fluid in the rudder system. It was
determined that loss of fluid in the radder MPCU, if it occurred in flight, weould also
indicate a loss of hydraulic system fluid in the system reservoir which would result
in a loss of system pressure that could be detected by the crew. The evidence in the
rudder MPCU indicated that the fluid was released from the MPCU during the
impact sequence and not prior to impact. It also is believed that the water entered
the system after impact and that the system was open at that time because of impact
forces.

Standby Rudder Actyator: The - pass valve in the standby rudder

acteator was examined and found damaged by heat. Melted O-rings and backup
rings were found along with bumed hydraulic fluid. There was no evidence of
preimpact physical damage in the bypass valve. X-rays of the package show that
the bypass valve was in the unpressurized "bypass” position and the piston was
extended 1/16 inch from the center.

Exammation of the conirol valve indicated that there was no preimpact
physical damage. Etching (belicved to be a result of bumt hydraulic fluid) within
the valve indicated that the valve was in the neutral position during the fire. This
was determined by lining up etchings with known port positions.

The fracture on the input push rod that connects a torque fube to the
actuator valve input lever was determined to have occurred prior to the fire and was
due to side loads with out significant compression loads. The input lever was about
1/16 inch from neutral when found at the accident site. The lever was in the dead
band (null) area. The siops on the actuator housing were not damaged and the input
lever was not damaged at the point of contact with the stops.
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During the initial disassembly of the standby rudder actuator, it was
noted that the bearing through which the shafi connecting the input crank to the
controf vaive slide passes was difficult 1o remove. Subsejuent examination revealed
evidence of galling on the bearing surface of the input shaft (P/N 1087-23} and
mating bearing nut (P/N 1087-22). Normally, the standby actuator is not ssed and
the mput lever arm is free to rotate as required to accommeodate the relative motion
between the rudder and torgue tube. The shaft extends through the bearing which is
threaded into the body of the standby rudder actuator. The bearing is torgued and
safety wired into position. A £.72-inch input lever is attached ic the end of the
shaft. According to the manufacturer, the maximum force to move the inpat lever
shouid not exceed 0.5 pound. The shaft and bearing are 3 matched pair because of
the requirements for ease of operation and tight tolerance. The presence of galling
could cause the shaft to bind.

1.16.5 Detail Examination and Tests of Standby Rudder Actuator Input
Shaft and Bearing

A review of the design of the B-737 rudder control system revealed
that binding of the input shaft to the bearing that is threaded in the actvator body
could potentially cause flight control problems even though the standby rudder
hydraulic system is not pressurized. In the rudder control system, the pilot pedal
movemernt is applied through a mechanical control system to a lever arm to rotaie a
torque tube in the empennage. Other lever arms attached to the iorque tube transmit
linear motion to the ends of the input cranks for both the MPCU and the standby
rudder actuator. (See figure 5).

In normal operation, the input cranks to both the MPCU and stanchy
rudder actuator will rotate, providing the serve valve command o the urits, and the
rudder will be hydrauiically moved by the MPCU. The rudder movement is in tum
fed back mechanically to both the MPCU and standby actuator systems so that
when the rudder surface deflects to the position commanded by the pilot, the input
cranks on both of the uanits will be meiumed fo their nuil positions. Thus, there is a
geometric relationship between the rudder position, the input crank of the MPCU,
the torque tube, and the input crank of the standby rudder actaator that is retained
during normal operation. I, however, the input crank on the standby rudder
actuator is not free to rotate with respect to the actuator housing because of galling
between the shaft and bearing, the actuator housing, input crank, and control rod
will act as a rigid link between the rudder and the torgue tube. The inability to
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Figure 5.—Standby rudder actuator.
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change the length of this link by rotation of the standby rudder actuator mput crank
within the actuator housing wili affect the feedback mechanism between the rudder
position and the MPCU input crank. This cendition can resuit in problems ranging
from high pilot control force necessary to move the rudder to uncommanded rudder
deflections.

The worst case condition would be one in which a pilot applies a rapid
rudder pedal movement that is transmitied through the torgue tube to move the input
crank on the MPCU to its mechanical stops before the rudder begins to catch up to
the commanded pedal position. Concurrently, the input crank on the standby rudder
actuator would be rotated about 4 degrees from its nuil position. If the input crank
were bound to the actuator housing in this position, the geometric relationship 10
null the MPCU would not be achieved. Theoretically, the MPCU will continue to
move the radder hydraulically. and the rudéer movement will be transmitied theough
the rigid I.x created by the bound crank in the standby actuator to produce
continued rotation of the torgque tube so that the input command to the MPCU is
perpetuated until the rudder reaches its full deflection mechanical stop in the
direction originally commanded. If this should occur, the continued rotation of the
torque tube will move the pilots’ pedals and will react against a proportionally
greater restoring moment provided by the rudder centering unit.

Three factors could ameliomte the effect of a bound input shafi and
bearing. The first is the elasticity of the control system linkage that, against a
definable Joad, will permit sufficient deformation of the otherwise rigid link
feedback loop to null the MFCU servo valve. The second factor is the application
of a load sufficient 10 break icose the binding between the input shaft and bearing,
The third facter is a loss of torque of the bearing in the standby rudder actuator
housing 10 permit the rotation of the bearing and shaft together within the housing to
compensate for the bound shaft.

Because a rudder control systern problem appeared to be a possible
explanation for the icss of control, the Safety Board conducted a detailed
examination of the input shafi and beaning and required tests to be conducted to
determine the maximum rudder deflection that would result from binding between
the shaft and bearing.

Examination of the shaft and bearing from the standby rudder actuator
at the Safety Board's Materials Laboratory revealed that some of the sofier bearing
material had transferred onio the surface of the harder shaft. A similar type of
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problem had reportedly caused operational problems in B-737 airplanes on at least
three previous occasions, according to an article in Boeing's In Service Activities,
Report 86-05, May 8, 1986.

The bearing and the shaft are manufactured and installed as a matched
pair. On September 3, 1986, as a result of the three previous incidents of galling
between the input shaft and bearing, a design change was made by Boeing that
increased the clearance between the two parts in the galled area by reducing the
diameter of 2 portion of the shaft. New and reworked actuators are identified by
suffix ietter "A" added to the unit serial number. Measurements showed that the
diameter of the standby rudder actuator shaft from the zccident airplane had not
been reworked or manufactured to the dimensions for the increased clearance.
Maintenance records of the airplane indicate that the standby rudder actuator had
been installed on the airplane since new.

During installation, the required instailation torque on the bearing is
560 to 600 inch-pounds. The bearing is secured in its instalied position with a
safety wire and a mechanics seal. One end of the wire is pulled through two heoles
in the hexagonal head of the bearing, and the other end is connected to the body of
the actuator. A safety wire, withiout the mechanic’s seal, was present prior to the
examination.

Visual inspection of the pans revealed soot accumalations and
discolored hydraulic fluid residue on the underside of the bearing flange and on the
surface of the housing boss, indicaiing that these surfaces had not been maied
together during the fire.

Dunng the examination, the bearing was reassembled into the actuator
body so that the fire witness marks on the actuator surface and the bearing flange
matched and the bearing was situated as close as possible to the actuator's housing
surface. In this position, it was noted that an additional 30-degree rotation was
required in order for the bearing flange to mate against the actuator boss.
Comparison of the reassembled bearing to an x-ray radiograph made prior to
disassembly showed that the bearing, as found after the accident, had been backed
off (unscrewed) about 30 degrees of rotation from its fully seated position.
However, the galled part of the bearing and shaft couid be aligned only when the
bearing was fully seated, and the standby rudder actuator input jever was in the
neutral position.
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Boeing specifies that the maximum force reguired to move the standby
rudder actuator input lever positioned at the ead of the lever should not exceed 0.3
pound. Testing was performed by Boeing, under the direction of the Safety Board,
in order to estimate the force required at the end of the lever arm to produce visible
deformation on the hexagonal attachment hole flats. Testing indicated that the
minimum force to produce the deformation was 220 pounds. No deformation or
damage was noted on the flats of the attachment hole in the lever arm of the unit.

Additional calculations and testing showed that when the shaft and
tearing are galled and bound together, a force at the end of the lever can untorque
the bearing from its seated position. If the bearing tightening torgue is within the
specified range of 500 to 600 inch-pounds and the shaft is frozen to the bearing,
calculations show that the force required at the end of the input lever to untorqgue the
bearing is between 70 and 80 pounds.

Tests were conducted at the Boeing facility in Renton, Washington,
under Safety Board direction in order to estimate a binding force produced by the
galling found on the accident airplane's components. The shaft and bearing were
custor: manufactured with a known clearance between the parts. In order to
produce binding, the clearance between the test parts was much less than that
specified for production parts. Four sets of specimens, each comprised of one shaft
and one bearing, were tested using simulated flight cycling profiles. The testing of
each pair was discontinued when the lever force reached a target value. After each
test, the parts were disassernbled, the galling pattemn on each specimen part was
examined, and the surface area of the gall was measured using a binocular
microscope. The binding force versus the estimated galled area in the shaft and the
bearing for each iest specimen were plotted and compared to the measured area of
the gall in the accident shaft and bearing. The binding forces were estimaied to
equate 1o 68 and 78 pounds at the end of the input crank, based on the areas of the
galling on the shaft and bearing from the accident zirplane.

During the postaccident disassembly of the unit, the bearing nut was
remeoved from the actuator housing. The torque applied to the bearing during this
removal process was not recorded. However, during the process, the torque to
rotate the bearing around the shaft was reacied by a ball machined on and
protruding from the shaft that was seated into a mating socket in the servo valve
slide. Caiculations showed that the maximum torgue that could be reacted by the
shaft ball before fracture equated to about 76 pounds at the end of the lever. The
shaft and ball were intact after disassembly.
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Thus, the effect on rudder control was examined, assuming that a force
of about 80 pounds applied at the end of the standby rudder actuator input lever was
necessary to rotate the shaft with respect to the actuaior housing; the rotation could
be effected by untorquing the bearing (in one direction only) or overcoming the
galling force. As the rudder moves, the load applied to the torque tube will be
reacted by the restoring moment of the centering spring and any added restoring
force applied to the pilots’ pedals. As this load is applied, the resulting deformation
of the control linkages between the point of application at the torque tube to the
standby rudder actuator attachment at the rudder--torsional windup of the torque
tube, bending of the input lever, and any looseness in linkage connections--will
offset the effect on the MPCU direct feedback so that the MPCU input crank will be
moved toward the nuil position. If the standby rudder actuator input lever is bouiid
in an angular position near to null, the pilot may be abie to contro! the rudder
position with relatively low pedal force.

If the standby rudder actuator input lever is bound with an angular
displacement from null greater than about 1.4 degrees, the load necessary to nuil the
MPCU servo valve through deformation equals or exceeds the 80-pound load at the
end of the standby rudder actuator crank necessary to overcome the binding or
untorgue the bearing. According {o Boeing, the centering spring restoring moment
will reach this ioad with a rudder deflection of 3 to 5.5 degrees depending upon
tolerances. A force applied at the pilot's rudder pedal would be additive to the
centering spring load to reduce rudder deflection. A pedai force of 47 pounds or
greater could even achieve some opposite direction rudder.

A maximum yaw damper defiection of 2 degrees at the rudder wouid
produce a 1.34-degree displacement at the lever, and would require 75 pounds of
load at the lever to overcome. Pilot pedal forces of 35 pounds would be sufficient
to bend the standby rudder actuator input crank sufficiently to regzin control of the
rudder.

During a routine TJAL airplane maintenance uisncction, the bearing
was found loose (unscrewed), and the safety wire wac broken on the standby rudder
actuator from another B-737. The standby mudder actuator was removed and
shipped to the Safety Board's Materials Laboratory for examination.

Examination of the unit disclosed that the bearing and the shaft were
galled. The area of galling on the shaft and bearing from this unit was about the
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~ same, or slipghtly larger than thzt found on the shaft and bearmg from the acczdem
a;rgime

Three in-service witness marks were observed on the surface of the
kousing boss. One of the marks appeared to be a dist mark and coincided with the
‘edge of the bearing flat when the bearing was motationally tightened in the actuator
body using hand force. The other two marks appeared to be rub marks. The mb
marks corresponded to the bearing hex nut flat, as if the bearing was backed off 5.3
. degre&s and 17.8 degzees, from its tzghtened posmon :

i.16.6 ~ Main Power Tonirol Umt Anumaiy Bunng ﬁmuné Check

. On July 16, 1992, a United Azrimes ca;}tam ona B— ’3’! ?(X} agfciane
dlss;overed that the rudder pedal stopped at about 23 percent left peds} travel during
a flight controls check wh:aie taxiing tc iakeoff from Chicago’s O'Hare airpori. The

_ amirplane was returned to the gate and the main power control unit (MPCU) was

‘removed. The captzin reported that he had moved the rudder pedals more rapidiy
than he normally would have moved them during a preflight rudder control check;
about the same rate that he might have used during engine out V| training,

The MPCU was subsequently subjected to tests and examination at the -
UAL facilities in San Francisco, California, and at the Parker Hannifin facility in
frvine, California. Parker Hannifin manufactures the MPCU, which mcﬁudes the
dual tandern actuating c:yimder and a dual wncenmc SEIVo valve -

The servo valve is a modular unit that consists of two concentric siides.
The primary slide moves within the secondary siide which, in tumn, moves within the
valve housing. The iwo slides are moved by summing levers which add the motion
from the yaw damper and input crank. Motion of fiie input crank is controlled by
rudder pedai deflection and feedback from motion of the rudder. When rudder
motion is commanded, the input crank will move the servo valve slides to connect
hydraunlic pressure and return circuits from systems A and B to the appropriate sides
of the tandem actuator pisions to extend or reciract the piston rod. The initial
-command signal is nulled by a mechanical feedback loop as the rudder reaches the
cormanded deflection.

During the subseguent testing of the rudder MPCU, anomalous actions
were observed when the input crank was held against the MPCU body stops and the
yaw damper pision was in the extend position. The results ranged from sluggish
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movement of the actuator piston to 2 full reversal in the direction ol piston travel
opposite to the direction being commanded, High internal fluid leakage was also
noted. The capabiiity of the MPCU te produce force to move the rudder against
aerodynamic Ioads was not measured. he interaction of the yaw damper and the
observed MPCU operation is not fully undersiood. In addition, it is unknown
whether the yaw damper was commanding rudder movement at the time that the
UAL captain performed the rudder contro! check. Tapping on the dual servo valve
pody or actuator summing ievers prompted the MPCU to retum to normal operation.
Releasing the force on the input crank also retumed the MPCTU to normal operation.

An examination of the servo vaive components and analysis by Boeing
and Parker Hannifin showed that the anomalous operation of the MPCU was caused
by aberrant movement of the servo valve slides. (See figures 6 and 7). During
norinal operation, the primany slide moves about .043 inch relative to the secondary
slide. Further movement of the input crank will produce simultarieous movement of
both slides for another .063 inch relative {0 the housing. In testing the subject
MPCU, it was originally believed that initial movement of the primary slide caused
simultaneous movement of the secondary slide as if the two slides were bound
togethcr. This would have resuited in an overtravel of the secondary slide relative
to the vaive housing. During tests, the overtravel of the secondary slide resuited in
unintended and abnormal porting of hydraulic fluid between the pressure, return,
and cyli:ider poris. The initial effect . ., o mgn leakage from pressure to retum with
a reduction of the differential pressure at the cylinder ports for both the A and B
systems. However, in the subject MPCU, and potentially in others depending on
tolerances, the total travel of the secondary slide before contacting a meachanical
stop in the valve resulted in a partial or full (3,000 psi) pressure differentia! across
the acwator pistons that was opposite to the direction of the commanded signal.
Thus, 2 pilot desiring left rudder could conceivably end up with a right rudder
mavement, This conditicn could only occur if the rucder pedals were moved rapidly
to command a maximum rate of rudder iravel or if the pedal was fully depressed to
commang full deflection of the rudder.

Buring subsequent tests, it was determined that the overtravel of the
secondary slide was not a result of binding, but rather a result of a failure of the
secendary swnming lever to make contact with its respective stop. The failure was
atiributed to a2 manufacturing out of tolerance condition which permitied the
secondary surnming lever to miss the external stop,
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Because of the nature of this accident, the MPCU serve valve module

from NS99UA, the accident airplane, was also subjected to tests involving abnormal

‘movement of the concentric primary and secondary shides. It was found that the
tolerances of this unit were such that maximum travel of the secondary slide,

~ irrespective of the relative position of the primary slide, would not resuit in &=

reversal of pressure differential across the actuator pistons. In the worst case, with

the secondary slide against its internal stop, an internal leakage was produced with a

resultant 66-percent drop in maximum pressure differential across the pistons. This
condition would limnit the rate of rudder movement and the maximum deflection that
couid be achieved against acrodynamic icads. In addition, the secondary summing

 lever was making full contact with its respective stop which would elmmate one

-condition that could lead to an ovemavei of the secondaxy slide.

Boeing and ?arkex Hamuﬁﬁ are cumnﬂy developing de31gn changes to

the duai servo valve that will prevent ovsrtravel of the secondary shide.
1,16;.‘7 ~ Other Documented Rudder Cmtmi Incidents

Accordmg to Boemg, B-737 series atrplanes have flown about 50
million hours since entering service. Boeing data also show that therc have been
five other incidents related to the MPCU. It is believed that two of the events were
detected in flight. - | - ) |

On July 24, 1974, the flightcrew of a B-737 reported that a rudder
moved “full right” on touchdown. The investigation revealed that the primary and
secondary control valves were stuck together by a shot peen ball lodged in the
valve, .

On Gctober 30, 1975, the flightcrew of a B-737 reported that the
rudder pedals moved to the right "half-way” and then jammed. This action was
repeated three times and then corrected by cycling the rudder with the standby
rudder system. Further exas:énation indicated that the system was contaminated by
metal particles. '

Another report on October 30, 16735, indicated that during an MPCU
insp.ction, a jammed control valve was found. The data associated with this repo:t
are insufficient to determine the cause of MPCU removal.
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On August 31, 1982, a B-737 reported that the rudder "locked up” on
approach and that the flightcrew initiated a go-around and activated the standby
rudder system. This landing was uneventful. The examination of the MPCU
revealed interna! contamination and wom seals resuited in the MPCU having a
limited capability to generate enough force to move the rudder.

On November 8, 1990, during an overhaul, an MPCU was found to
have internal corrosion. The primary slide was stuck ait neutral to the secondary as
a result of corrosion. There were no reports of malfunction prior to disassembly.

Examination ¢f the summing levers and other components of the tested
actuators, summing levers, and servo valves revealed that the secondary summing
lever from the unit that failed the ground control check on July 16, 1992, was out of
iolerance. The part was 0.020 inches too large at the point where it first touches the
secendary slide. In additior, the chamfer at that point was 50 degrees rather than 45
degrees. Beth :iolerance errors and installation matchups could result in the
secondary summing lever missing the secondary external stops. allowing the
secendary slide and lever to move beyond the normal range of travel (overtravel).
The dimensions from the accident airplane were proper, and the evidence shows that
the secondary summing lever was properly contacting the external stop. Anotner
overtravel condition can develop if the primary slide binds to the secondary slide.
However, testing showed that reversal did not occur. ’

An additional examination of the units from UAL 585 and the one that
failed the ground check revealed that the sockets of the primary slides had wear
putterns in the ball sockets and corresponding wear on the pritnary summing lever
balls. The wear within the sockets was generally along the side of the socket that
was toward the slide lands, consistent with the summing lever forcing the ball into
the servo body.

Normally, the primary summing lever applies force to move the
primary slide. The motion of the primary slide is resisted Ly light friction forces
from the secondary slide and a one pouid bias spring that presses the primary slide
intc the summing lever ball. The motion of the secondary slide is resisted by
friction between the slide and the valve bore and a 12 pound centering spring.

The primary slide from the accident airplane exhibited 6 semicircular
discolorations on the lands. The Safety Board belizves that these areas of
discoloration were created during the postcrash fire. These six areas were aligned
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with the porting holes on the inside bore of the secondary slide establishing the
relative positions of the primary and secondary slide at the time of the fire. The
re!atave pesmeon of the. secandary shde was near neutral .




79

2. ANALYSIES
2.1 General

The flightcrew of flight 585 were trained and gualified in accordance
with applicable Federal regulations and UAL company standards and requirements.
Background evidence on both pilots was unremarkable. There was no evidence of
relevant human performance issues for either pilot. Injuries io the pilois were
consistent with the comments contained on the CVR that the captain was attempting
to prevent the accident. Autopsy, CVR, ATC information. and review of medical
records revealed no evidence of physical or psychological factors that were causal
to the accident.

The airplane was certificated, equipped, and operated according to
applicable regulations. The UAL operating procedures for the Boeing 737 were in
conformance with the established requirements of Boeing and the FAA. The
airplane was properly loaded and the cargo and baggage were properly secured.

There were no ATC factors found tha? contributed to the cause of the
accident.

Analysis of ATC and FDR data show that the airplane intercepted the
glideslope at 0942:50 and started a normai descent. However, about 10 seconds
later, a deviation from steady flight began, just before the weak "wow" comment
was recorded on the CVR. The airplane descended below the glideslope for the
next 30 seconds until lateral control was lost. At ihe time laterai contro! was lost,
the airplane was about 400 feet below the glideslope. Evidence from the CVR
indicated that the pilots were caught by surprise by a rapidily developing event
during which control of the airplane was lost,

Witness observations confirmed that the airplane was banked right,
while tuming from the 45-degree intercept to final approach alignment with the
runway. As the airplane neared the end of the turn (nearly aligned with the runway),
it momentarily rolled wings levei and then commenced to roil to the right at a steady
rate. The roll continued untii the airplane was inverted with the nose nearly straight
down. At about the time the airplane was roiling wings level, and started the final
rolling maneuver to the right, witnesses reported that the nose was sising. However,
the FDR shows that the airplane continued to descend and the accelerometer data
does not indicate an increase in the airplane’s load factor that would be consistent



with the n0se nsmg (mcrease in the angie of attack) dunng the initial phase of ﬂle .
upset. The load factor started to increase when the airplane was banked to abowt $0
degrees and the flightpath had failen to over 20 degrees beicw the horizon and
z‘cacheé about 4 & pno' to ground varstact .

S Cﬁments on the CVR n’dicate that the pllots were alert md
“aggressive throughout the final 9 secorids. The Safety Board assumes that the crew
responded rapidly with control wheel rotation to connteract the roll of the aupiarle
The focus of the mvestigatwn and analysis therefore centers on events that. might
~ have produced roliing moments greater than those that can be countered by the B-
737's lateral control system. I control countermeasures were applied in a rapid
manner, only large sideslip angles, severe atmospheric disturbances, control systern
._ anamahes or simctural failures could produce rolling: moments greater than the
restoring capacity of the airplane’s lateral contro} system. - In addition, if the crew
used rudder control to either reduce a potential sidesiip or create a sideslip angle
- aiding in rol! recovery control, then the upsetting event had o be even more severe
jthan that which couid be correcied b} eontrol wheei alone.

Saiety Board sunulamns showed that roil rates of abaut 11 degrees per
second from wings level to 80 degrees and 22 degrees per second from 80 degrees
‘to 180 degrees of ro!l resuited in calculated ﬂlght parame*ers closely matcmmg
mwrﬁe& daia.

The Safetf Board atter:pted to determme an 1dent1f able reason fer the
loss of control of flight 585 and the inability of the flightcrew to prevent the
accidont, During the course of the mvest:ganon and analysis of the available data,

several possible scenarios were considered. These scenarios included loss of
mzectional conirol (uncommanded rudder defleciion); loss Gf lateral control (failure
in the lateral control systems--flaps, slats, spoilers, and ailerons); atmospheric
distarbances (windshears or rotors); or a combination of airplane malfunctions,
asmospheric d:sturbances structural  failures, engine failures, or flightcrew
perfommce | "

2‘2_ | Engil_:e.es o
The Safety Board considered the possibility that one or hoth of the

engines malfunctioned during the final portion of the flight and initiated a loss of
' cantmi or prevented the flightcrew from maintaining control. This analysis included
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exanunanon of the evzdence from the wreckage, zhﬂ C¥ R spectrai sxgnafures and- .
aerodynamxc ﬂﬁnuiatmn

The posth*sh exanumﬂon of thc engines, as weli as the mdxcanons oft
the engine pressure ratic (EPR) gauges and transmitters, showed that the engines-
were developing power at the time of impact. The evidence was conclusive and the
indications of power were similar in both engines. Nonetheless, there is some .
evidence to support.a theory that one or both engines had flamed out in flight,
caused conirol dzfﬁr"uitles and then recove.red to m}fmai operation before rmpact '

The CVR spectral analyses show twa sepaxate 31gnatures conszstent o

thn engine characteristic frequencies, just prior to the comment "Oh God." The . N

frequencies indicate the engines were developing nearly equal thrust at that time. -
The signatures disappear in the foreground noise at the "Oh God" comment and are
not seen for several seconds thereafter. Four or five seconds prior to impact, two
signatures were noted that are consistent with two engines accelerating with one
engine leading the other by 2 secends. However, the gaps in the spectral tmces:
preclude firm caﬁclusxons that the observed traces were from the engines. )

Also, some witnesses mported hearing pOppmg or crackmg sounds
commg from the airpiane when it was about 1/2 mile from the crash site. Witnesses
aiso reported observing a "mist” trailing the airplane’s right wing. Both the sounds
- and the mist could have been associated with engine surges (compressor stalls) that

could have accompanied an attempted rel:ght and acceleratxon of engmes in the-.-
- presence of turbulent air. :

‘However, engine thrust variations alone, even with a total flameout,
cannot explain the ioss ‘of lateral control. Simulator tests showed that the
asymmetrical thrust differences produced by a failure of one engine or a 5-second.
split in engire acceleration were easily handled with flight controls assuming all
hydraulics systems were operational. The simulator tests showed that thrust.
differentials consistent with the signatures from the CVR would produce some
‘yawing and rolling moments. However, at the airspeeds recorded on the FDR, the
“effects of asymmetric thrust would have been minima! and well within the capabahty _
of the airplane’s lateral and directional control systems.

_ The Safety Board aiso conssdered the effects that a failure of one or
bo%h engmes would have on the airplane’s hydraulic systems. In the B-737, the A
nydraulic system is powered by engine-driven hydraulic pumps on both engines.
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_ Either pump is capabie of maintaining the syszem operating ' pressure while 2
“delivering 22 gallens per minuie flow. At engine windmilling speed, the flow

- capability of the purnps- drops to 4 or 5 gallons per minute. However, even with-
-maximur utilization of the flight controls, including a s;multaneous flap retraction,

_ the flow requirement would be about 4 gallons per minute. Thus, even with a
complete flameout of both- engmes, there should be adaquate hydmuhc power

 available to the A hydraulic system to provide for fhght control. Also, as an engine

‘accelerates from windmilling speed, the flow capacity of the engine-driven pump -
" increases immediately. Further evidence of normal hydraulic capabxixty on the A -

- sound of flap handle movement recorded on the CVR to impact was consistent with

- system was. provided by the elapsed time *’or flap retraction. The time from the B

-~ the- normal flap retraction speed f“om the 3G-degree posmon to the 10- degiee )

) pommn as found dzter the czash

| _ ’Ihe B hydraulsc system is powered by two enectnca. motor—dnven .
hydmuhc pumps, ¢ach of which is &:apable of mamtammg system pressure while

- producing 6 gallons per mmute flow. It is possible that, at engine wmdnuilmg-'
speed, the constant speed drive would. not maintain the electrical generator -

 frequency and the associated electrical buss would drop off line. However, if this
- had occurred, the FBR and CVR, which are powered by the same busses, would:

- have ceased to operate. Since there i is no evidence of an mterrupnon of electrical
 power to €ither’ of the recorders, the Safety. Board concludes. that the electrical _
.. busses and. she Fespective electrical motor—dnven hydrauhc pumps remamed_ Lo

. powered thmugbcm the ﬂ;ght

' With both the A and B hydramhc systems operatmg, it can be assumed :

that, absent some other unidentified failure, there was sufficient control capability to

c'op# with dny: combination of engine. thrusi variations. Thus, while the Safety -

. Board cannot rule out the possibility of engine surges or'a mormentary asymraetric

thrust condition, the Board concludes that these factors, if they did occur, shouid I}Ot_ :

have: resulted in the loss cf control cwdent in this auc:ldent
23 Strucmres |

AH of the airplane’s fhght control structure was fsund and exarmned

exeﬁpt for a portion of the rudder and vertical stabilizer. The wreckage was
localized, and there was no wreckage found along the flightpath. The portion of

rudder and vertical stabilizer not examined consisted of composite material located

in the middie of the surfaces. Fragments of charred composite fabric were found
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with the extremiiies of the surfaces indicating that they were present at impact and
bumied during the postcrash fire,

Reconstruction of the wing structure indicated that all of the parts were
attached until impact. Examination of fractures of the wings indicate that the failure
modes were consistent with impact overload failures. Examination of the wing flaps
showed that the flaps were attached to the wing structure and there were ng
mechanicai failures prior to impact with the terrain. The positions of ail of the flap
jack screws indicated that there was not a split flap condition and the flaps were at
the [0-degree position at impact. This position was further confirmed by
metallurgical analysis of the detent track from the flap handle moduie. Examination
of the ailerons indicated that they were attached to the wings until impact. The
continuity of the flight control cables throughout the wings indicated that the aileron
cables did not malfunction in the wing areas. The attach points for the spoilers
indicated that they were atiached to the wing structure until impact. Crushing of the
leading edge devices (slats) in the extended position indicated that all of the slats
were properly extended at impact.

Reconstruction of the empennage revealed that all parts were atiached
to the structure until impact. The recovery of the rudder top cap and the balance
weights at the crash site indicated that the rudder was present and intact at impact.
The recovery of the elevator end balance weights and the elevator hinges at the
crash site indicated that the elevators were present and intact at impact. Examination
of the elevator control mechanisms indicated that there was no elevator malfunction
prior to impact. Examination of the horizontal stabilizer indicated that there was no
preimpact malfunction or failure of the horizontal stabilizer.

Numerous examinations of the wreckage failed to produce evidence of
preimpact structural problems. Engine mount separation points showed evidence of
impact overload. All doors were closed and latched.

The Safety Board considerad the possibility that the "mist” trailing the
wing observed by witnesses was produced by fuel or hydraulic fluid resuiting from a
structural failure of some nature. However, the investigation disclosed no evidence
of a structural failure that would have aliowed fuel or hydraulic fluid to escape.
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24 Systems

From the flightcrew conversations rzcorded on the CVR and the
flightpath described by FDR data, it is evident that the loss of control occurred
suddenty and that the crew were not aware of any prior problems with the airplane’s
systems. However, the lateral upset and the flightpath of the airplane during the
final 9 seconds of flight could have resulted from a flight control system
malfunction, Thus, the Safety Board's investigation focused on an examination of
the wreckage and all recovered components of the airplane’s hydraulic and flight
control systems in an effort to identify any anomalies that could have produced the
loss of control.

The onset of the loss of control occurred nearly 30 seconds after the
flaps were extended to 30 degrees. The trailing edge flaps and leading edge devices
would have began extending immediately and would have reached the command
position before the first officer's comment, "we're at a thousand feet,” which was
made in a tone of voice that did not express unusual alarm. Thus, the Safety Board
concludes that the fiap operation was symmetrical and normal.

2.4.1 Hydraulic Power

The primary flight controls of the B-737 are powered by the
independent A and B hydraulic systems previously discussed in section 2.2. A loss
of fluid or pressure from cither of these systems would result in a loss or
degradation of some flight control functions. However, the Safety Board found no
indications that the systems had malfunctioned, except for a stretched bulb filament
in the HYD indicating light on the first officer's annunciator panel. Because several
other light bulb filaments were stretched, some of which wouid normally illuminate
only in a press-to-test check, the Board does not view this evidence as meaningful.

The evidence also shows that the motor-operated shutoff vaives in both
the system A and Systern B flight control modules were open and that the motor-
operaied shutoft valves in the standby hydraulic system module were off or closed.
Because impact loads do not usually affect the position of motor-operated valves, it
is assumed that the systems were operated in this normal configuration before
impact. Had the flighicrew been aware of an A or B hydraulic system problem, it
would be expected that they would have talked about it and perhaps seiected the
standby system. Thaus, the Safety Board believes that the A and B systems were
pressurized and capabie of delivering hydraulic power to the flight controls.




85

The teardown examination of the hydraulic components showed
considerzble evidence of contamination in the A, B, and siandby systems. Most of
the contaminants were poitions of "0O" rings or backup rings that had migrated
through the system and were trapped in fiiter housings. In those cases where
contaminants were found to potentially affect the function of relief or check valves,
it was determined that there would have been no effect on essential flight control
cormponents. While the level of contamination in the hydraulic systems of this
airplane seemed excessive, the Safety Board did not determine whether the. level
was atypical to that which would be found on other airplanes of comparable vintage.

24.2 Flight Control Systems

From the FDR data, it is apparent that the airplane’s departure from
controlled flight began with a sudder roll to the right. A lateral or directional flight
control problem could produce such a maneuver whereas a longitudinal control
systerm maifunction would produce a pitching maneuver evident by a sudden change
in the airpiane’s load factor. Such a change was nct evident on the FDR
acceleration or heading data.

There were nc anomalies found in the longitudinal flight control
components that were available for examination, The elevators were recovered at
the accident site and the horizontal stabilizer was trimmed in a normal range.
During the attempted recovery from the upset, the airplane’s load factor increased io
about 4 G--a maneuver that would have required a pilot-commanded elevator
deflection. The Safety Board thus concludes that the elevator control system was
functional until impact.

: The lateral control system consists of ailerons and flight spoilers
controllable by the captain’s and first officer's control wheels. The aileron power
control units provided evidence that the ailerons were at or near neutral at impact.
There were no anomalies noted in the actuators that could account for an
uncommanded movement. Although there was some conflicting evidence regarding
flight spoiler position, ail of the damage was consistent with impact-appiied loads.
The aileron spring cartridge, which is installed to permit independent operation of
the left or right ailerons in the event that the opposite side of the aileron system
becomes jammed, was bent and extended. This damage also was readily
=xplainable by impact loading and is not viewed by the Safety Board as evidence of
an in-flight problem. Thus, there was no evidence that a iateral control system
malfunction occurred in flight.
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There is alse no evidence that a ground spoiler deploved to cause the
lateraf upset. The condition of the ground spoiler conirct valve siide was consistent
with a retracted spoiler position. Further, had either the flight or ground spoilers
been extended in flight, the airplane would not have been able to achieve a 4-G lozd
factor at 212 KIAS without activating the stall warning stick shaker. The sound of
the stick shaker was not heard on the CVR.

The simulation conducted during the investigation determined that a
20-degree or greater defiection of the rudder io the right could induce extreme
control difficulties and could lead to a rolling moment consisient with that cbserved
by witnesses and determined during flightpath analysis of this accident. However,
the absence of a significant heading excursion on recorded FDR data indicates that
the deflection rate of the rudder would have had 1o have been less than 5 degrees
per second. The Safety Board was therefore concerned about the previous
maintenance discrepancies relating to rudder operation on the accident airplane.
The Board's concermn was further heightened when two separate anomalous
conditions appeared to have the capacity to produce a slow ratz uncommanded
rudder deflection.

‘The first condition of concern was the galling on the standby rudder
actuator input crank shaft and the bearing through which it passes as found to exist
on the accident airplane. The second condition of conicern was the potential for
abnormal hvdraulic porting within the rudder MPCU as a result of overtravel of the
serve valve secondary slide as found during a preflight rudder check on another B-
737. Subseguent investigation has shown that a siow moving rudder is unlikely in
either condition.

3% K ¢ies: . The first evidence of 2 potential rudder
contro} preblem on N999UA occurred on Febiruary 25, six days before the accident
flight, when the flightcrew on that day experienced a ransient uncommanded yaw to
the right. The crew tumed off the yaw damper and no further uncommanded yaws
were observed during the flight. Following that flight, UAL maintenance replaced
the yaw damgper coupler. However, on February 27, another crew experienced an
uncomunanded yaw to the right, and they, wo, tumed off the vaw damper to
eliminate a recurrence of the problem. The UAL maintenance personnel then
replaced the yaw damper transfer vaive in the rudder MPCU. No further problems
were encountered prior to the accident flight.
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The Safety Board believes that the UAL maintenance efforts to
troubleshoot the system were in accord with normai practices. However, it is
doubtful that these actions corrected the problem since subsequent tests of both of
the removed components showed that they operated normally. During the
examination of the MPCU recovered froin the wreckage, it was noted that one of
the electrical wires to the solenoid was lcose and circuit continuity was intermittent.
The Safety Board believes that this intermittent circuit could have been the cause of
the uncommanded yaws experienced on the earlier flights. If this were the case, the
effect of the discrepancy would be eratic deflections of the rudder when the yaw
damper was in use. However, by design, the authority of the yaw damper is limited
to 2 degrees of rudder travel. While uncommanded rudder movements of 2 degrees
or iess could produce noticeable side loads, they would have iittle or no effect on
airplanie controllability.

' aliing: The Safety
Board believes that the bmdmg orf the mput shaft to th& beanng that is threaded in
the standby acmuator body could also have produced the two transient uncommanded
yaws experienced during previous flights. As discussed in section 1.16.5, a rudder
movement initiated by the vaw damper will produce a smail angular movement of
the standby actuator inpri crank. If the crazk is not free to move relative to the
actuator body, the feedback loop to the MPCU servo valve will be affected so that 2
rudder deflection command signal may be applied to the MPCU through rotation of
the torque tube. The rudder could then move beyond normal yaw damper limits
untii an opposing load sufficient to cvercome the binding force between the standby
actuator input shaft and bearing applied by the centering spring is reached. At this
point, the MPCU servo valve null can be restcred. The resultant defiection could be
as much as 5.5 degrees. The simulation tests showed that this rudder movement
could be easily countered by the airplane’s lateral conirols. Although the airplane
would be in a sides'ip with some resuliant performance penalties, a ioss of control is
unlikely.

Moreover, the Safety Board believas that the finding that e bearing
nut was rotationally backed off about 30 degrees from the standby acmator bedy
when the unit was examined following the accident is significant to this analysis. It
was evident from the soot patiern on fhe actuator body that the bearing was in this
position, rather than the position that would correspond to 2 properly forgued nut,
before the unit was exposed to the posicrash fire. The Safety Board does not
believe that the loss of torgue and rotation can be attributed to impact loads. The
postaccident examination also showed that, after cleaning the threads, the bearing
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nut rotaied freely in the body. Given this condition, the potential binding between
the input crank shaft and the bearing nut would have no longer provided the rigid
link between the rudder attachment and the torque tube that is necessary to produce
uncommanded rudder deflections.

The Safety Board considered the possibility that the bearing nut was
backed off from the housing during flight by a ratcheting motion wherein the binding
caused by galling was dependent upon the direction of rotation of the shaft within
the bearing. However, in order for the input shaft {o move relative to the bearing
nut, the bearing nut must be held in position relative to the actuator or housing. A 4-
degree misalignment is the maximum that can occur with a properly connected
system and without the bearing nat moving. Once the bearing nut moves within the
housing, the torque is broken and further movement between the input shaft and
bearing nnt is unlikely unless a resistance to bearing nut motion is reestablished. A
series of at least eight such excursions would have to take place before the nut could
be moved 30 degrees. The Safety Board discounts this theory as extremely
untikely.

The Safety Board belicves it more likely that the nut was backed off
during mainteaance inn which the MPCU was removed from the airplane. With the
MPCU removed from the control systen:, movement of the rudder surface from side
to side would be resisted only by the standby actuator and torque tube. The
centering spring would resist torque tube rotation so that the rudder movement
would normally resuit in a rotation of the standby actuator input crank within the
bearing. The standby actuator input crank couid have been moved to its mechanical
stops with the input shaft rotating in the bearing nut against the galling resistance.
Vhen the system was reconnected, the rudder would have been repositioned and the
lever retumed to its normally neutral position while backing off the bearing nut
rather than repositioning the shaft in the nut. The final position of the lever would
be neutral, and the bearing nut would be backed off, up to 30 degrzes. Such
rotation of the nut would probably break the safety wire, which might not be noticed
if the standby actuator is not the focus of the maintenance.

Boeing tests have shown that a bearing nut that has backed off 30
degrees and is frozen to the input shaft is free to rotate about the nut threads without
interfering with the rudder system operation.
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The Safety Board concludes that the bearing nut was backed off prior
to the accident and that the galling was not contributory to rudder control problems
at the time of the accident.

Although the FAA has not required such inspections, UAL inspected
other B-737s to determine whether other examples of standby actuator input shaft to
bearing galling existed. One B-737-200 airplane was found to have a galled bearing
nut and input shafi. The safety wire to the bearing nut was missing, with only a
small fragraent in the nole on the bearing nut. The nut was backed off about 20
degrees. This airplane had received maintenance writeups for rudder problems
several years ago. Several components were change4, and no additional complaints
had been received. Safety Board metallurgisis characterized the galling as worse
than that found on the accident airplane. The airplane that the galled actuator was
removed from had apparently been operating for some time with the galied actuator.
There were no indications that the galled actuator had ever been detected by flight
or maintenance crews within the preceding several vears. It is belicved that galling
occurs shortly after the unit begins operation because the condition that causes
galling is the lack of clearance between parts. After the bearing nut backs off,
galling ~eases to be a problem.

As a result of its concern about galled standby rudder actuator bearings
on other B-737s and B-727s, the Safety Board issued Safety Recommendation A-
91-77 to thz FAA on August 20, 1691 (See section 4).

MPCU secondary slide overtravel: After the July 16, 1992, incident

i which an abnormal rudder operation was observed by a pilot during a preflight
controls check, it was discovered that the tolerances in the MPCU servo valve input
iever mechanism, valve housing, and slides could result in a degradation of MPCU
force capability or piston travel opposite to the commanded direction. The
extensive tests and analyses that were conducted disclosed that several concurrent
conditions must exist to produce this aberrant operation of the MPCU.

First, the dimensional buildup of the secondary slide relative to the
vaive body has to permit hydraulic fluid flow outside the normal passage in the
event that the secondary slide moves beyond its normal renge of motions and attains
an overtravel condition. Hydraulic flow outside the normal passage would have to
be severe encugh to produce hydraulic pressure drops or pressure reversals resuiting
in the loss of hinge moment capacity or, in extreme cases, a rudder motion in the
direction opposite the input command. Second, a mechanism riast exist to produce
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the cveriravel, for exampie, the secondary slide sticking to the primary slide.
Motion of the primary slidzs could then push the secondary slide into the overtravel
condiiion. Third, nput commands through the pedeais have to induce large rudder
MPCU input crank deflections, normaily fo the vaive hody siops of the input cvank.

When the MPCU servo valve moduie from N999UA was examined, it
was found that the tojerances were such that maximum trave! of the secondary slide
irrespective of the relative position of the primary siide would not result in a reversal
of pressure differential across the actuator pistens. In the worst case, an inteinal
leakage was produced with a 66-percent drop in maximum pressure differential.
This condition would limit the rate of rudder movement and the maximum deflection
that could be achieved against aerodynamic loads. Further, had the unit from
NO9ISUA been susccptible to a rudder reversal, the MPCU input crank deflection
necessary to produce an uncontroliable right rudder would have required an initial
maximum rate or full deflection left mdder command by the pilot. Tt is highly
unlikely it:at a pilot would use the rudder in this manner on a landing approach, even
in turbulence. Moreover, this initial left rudder command would have produced a
heading excursion which was not evident on the FDR,

Therefore, tie Safety Board concludes that the MPCU design
tolerances and the resuliant possibility of a secondary slide overtravel condition
were not factors in this accident.

Nonetheless, the Safety Board is concemned that this condition could
cause significant flight control difficulties under certain circumstances--for example,
if sudden, large rudder pedal inputs are needed in response 1o an engine failure
during takeoff or initial clhnb. Tims, the Safety Board believes that the posifive
measures that were communicated © the FAA on November 10, 1992, in Safety
Recommendations A-92-118 thoough A-92-121 are waranied. (See section 4).

The Safety Board is also concerned that the potential for this aberrant
operation of the B-737 udder MPCU was not found during the unit's initial design
acceptance tests or during ihe postproduction functional tests of individual units,
The Board has recently been advised by Boeing that the test procedares have been
modified so that a unit's susceptibility to abnomz! operation under unique
conditions will be identified.
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2.5 Environmental Factors
2.5.1 General Conditions

The accident occurred in visual meteorological conditions(VMC). The
sun was at an elevation of 33.2 degrees at an azimuth of 134.9 degrees. Clear skies
and a visibility of 100 miles was reported at COS at 0850 and 0950. Most of the
witnesses to the accident reporied clear skies. During the approach to COS and
prior to wne right roll, flisht 585 encountered moderate turbulence below 9,000 feet,

According to the National Weather Service (NWS) Operations
Manual, moderate turbulence occurs with peak acceleration greater than S5t0 1.0 g.
Air Weather Service (AWS) CAT Forecasting Techniques notes that a 15- to 25-
knot variation in airspeed can result from mederate turbulence. In addition, several
pilots in the immediate COS area reported turbulence of moderate intensity.

Based on other pilot reports of low altitude severe turbulence, a
SIGMET for severe turbulence and a Center Weather Advisory for severe
turbulence should have been issued by the NWS. It should be noted that the
possibility of isolated severe turbulence below 18,000 feet was included by the
Denver Center (ZDV) Meteorologist in his Area Forecast for the ZDV area. In
addition, a low altitude tusbulence (CAT) advisory should have been issued by the
UAL Meteorology Department. However, these omissions are not factors in the
accident. The crew anticipated turbulent conditions along the route from DEN to
COS. They also encountered twri=alence curing the entire flight from DEN until the
initiation of the uncontroilabie right roll. The Safety Board believe that immediately
before the lpss of control, the turbulence encountered by flight 585 was moderate.
Moderate turbulence was forecast by the NWS in the Area Forecast.

The FDE mnformation shows that flight 585 was encountering no
greater than +/- 10 knot airspeed fluctuations and moderate vertical acceleration
excursions prior to the onset of the lateral upset. A pilot report for COS at 0920
stated that a B-737 (Continental 168) approaching runway 35 en-ountered an
airspeed loss of 13 knots at 500 feet agl, an airspeed gain of 15 knots at 400 feet
agl, and an airspeed gain of 20 knots at 150 feet agl. Another aircraft located in the
area of the accident reported that its airspeed fluctuated between 65 to 105 knots
while trying 1o maintain 80 knots airspeed. While the changes in airspeed of flight
385. Continental 186, and the other aircraft in the area are not indicative of a
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‘microburst or convective windshear, the rapid positive and negative; changes in
- airspeed are cmsistem with an-environment chamcterized by gusty winds.

_  Based on the Pilot Repert of Continental 166 ( 2@ knot azrspeed. gain)
the COS terminai forecast {COS FT AMD 2 031410) should have been amended by

- the NWS Forecast Gffice in Denver to include a nonconvective LLWS advisory.
However, other aspects of the COS FT were substantially cosrect. An LLWS
Dotemial statement should also have been mchlded in the Area Forecast ISSLud it
H mz (SLCFA 031145). o :

While this omission by the N‘WS was 1ot a facmr in the aﬂcxdent the
' bafﬁty Board is concerned that information on LLWS pertmem to avzatzon safety
was not included in the Temmai and Are.a F@mcasts - |

2.5.2 _ Cbara{:tersstacs ef Honzs wta! Ax:s Yortex (Rawr}

- The Safety Boar{i mvestlgated the pressure dxsmbunon ma horizontaE. _
axis vortex to determine whether a corresponding pressure differential was evident
in-the air Speed and aititude data 'recarded at the time of the accident.

Equations pmvzded by NGAA 0 caiculdﬁc ‘chc pressure drop in 3
: vor{ﬂx showed about a 21.5 millibar pressure decrease in the core of a vortex of

strength omega equals .6 radians per second. At the core eage: (radius equals 250

feet), the decrease was about 10,7 millibars. At a radius of 600 feet, the decrease
was about 1.9 millibars. Since 1 millibar equais .03 inches of Hg., the above
pressure decreases would amount to altitude increases of about 645 feet, 321 fest,
and 57 feet, respectively. In a .4 radian per second voriex the pressure decrease in a
~core with a radius of 250 feet would amount to about 9.2 miilibars. At the core
edge, the decrease would have been about 4.6 miilibars and at a radius of 500 feet,
the decrease would have been about .8 millibars. These pressure decreases amount
- to altitude increases of about 276 feet, 138 feet, and 24 feet, respectively. The
equations used tc calculate the pressurse drop in a vortex show that the pressure drop
in the core is a function of the density and the tangentia! speed but not a function of -
the core radius. The pressure drop at the core beundary is equal to about 1[2 the
pressure drop in the core. :

o Therefore, given a tangential speed of 100 feet per second, the pressure
drop in the core is the same regardless of the core radius (tangential speed and
density the same). However, the pressure gradient would increase as the core radius
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decreases given the same tangential speed and density. According to NOAA
personnel, these values of pressure decrease are valid only if the vortex is stationary
or if the vortex is moving with the medium. If the voriex is moving on the edge of a
wind surge or if the vortex is moving relative to the medium, the situation regarding
the pressure decrease is more complicated.

NOAA calculated the pressure distribution associated with a vortex
with an angular velocity of .4 and .6 radians per second {clockwise rotation) moving
relative to the medium with a translation speed of 100 feet per second {west to east).
The calculation showed that pressure increases can occur above the core center. At
around 200 feet above the core center, near the core edge, in a .4 radians per second
translating vortex, a pressure increase of about 5 millibars occurs (corresponding to
an indicated altitude decrease of about 150 feet). A pressure increase of about 2
millibars occurs about 200 feet above the core center (corresponding to an indicated
aititude decrease of about 60 feet). About 200 feet below the core center near the
core edge, a pressure decrease of about 14 millibars occurs (corresponding to an
indicated altitude increase of about 420 feet). About 200 feet below the core center,
a pressure decrease of about 30 miilibars is seen (corresponding to an indicated
altitude increase of about 900 feet). In the core center, the pressure decrease is
about 6 millibars (corresponding to an indicated altitude increase of about 120 feet).
In a .6 radians per second transiating vortex, a pressure increase of about 5 millibars
is seen about 200 feet above the core center near the core edge. At 200 feet above
the core center, the increase in pressure amounts to about 1 millibar (corresponding
to an indicated altitude decrease of about 30 feet). About 200 feet below the core
cenier near the core edge, a pressure decrease of about 25 millibars (corresponding
to an indicated altitude increase of about 750 feet) is seen. At 200 feet below the
core center, a decrease of about 50 miilibars (corresponding 0 an indicated altitude
increase of about 1500 feet) is seen. In the core center, the pressure decreasz is
about 20 millibars (corresponding to an indicated altitude increase of about 600
feet). It can be seen from these results that there are regions in z strong translating
vortex where the pressure change is small and positive, resulting in small decreases
in the indicated aitirude. While in other regions the pressure change is large and
negative, resulting in large increases in the indicated altitude.

A review of the accident report on Deitz Air Lines flight 191, which is
cited in the factual section of this report, showed that the airplane penetrated
horizental axis vortices in the thunderstorm: outflow. Penetration of these vortices
resulted in an increase (spike) of about 100 feet in the altitude, as seen on the FDR.
If 2 verticai tangentiai flow of 49 feet per second occurred, as noted in the report of
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that accident, the NOAA equations show about an 80-foot increase in indicated
altitude. The calculations thus show good comelation with flight recorded data.
Therefore, the pressure decrease can be calculated using the equations supplied by
NOAA for a voriex moving with the medium.

In addition, data suppiied by NASA personnel showed significamt
recorded aititude increases (pressure decreases) experienced by aircrafi penetrating
vortices at high altitude. These increases were on the order of 150 o 300 feet
(Wingrove Report dated April 16, 1992). Therefore, this report also showed that
the altitude increases (pressure decreases) seen are consisient with those expected
using the equation supplied by NCAA.

Other data show that a vortex moving relative to the medium or on the
edge of a wind surge would still have a significant pressure decrease at and below
the core. However, above the core a small pressure decrease or a positive pressure
increase may occur. According to NOAA, if a vortex existed at the time and
location of the accident it would have likely been moving on the edge of a wind
surge. However, in this case, the associated pressure changes as a function of
distance from the core would be very complex, and further study i needed two
accurately define them.

The NCAR aimospheric simulation for the COS area for March 3 was
inconclusive. NCAR scientists had insufficient data to initialize the model.
However, a January 9. 1989, windstorm showed the existence of concentrated
regions of upward motion {(or jumps) in the Boulder and COS areas. There are
similarities between windstorm events on z case-by-case basis. However, the
regions of upward motion generated by the modei for the January 9 case were not of
sufficient strength to cause controilability probiems in a2 B-737. Shear values
{change in tne vertical velocity with horizontal distance) were much toc smali; about
10 meters per second per kilometer {01 per second). Boeing used this data in a
simulation invelving 2 B-737 and found that it was essentially a nonevent. Shear
values in the rotor simulation were on the order of 4 1o .6 per second, 40 ¢ 60
times greater than those of the January 9 case. Larger shear values may exist in
these regions althougn there is no direct evidence of such values.

There is evidence of the existence of a horizontal axis voriex at the
tine and i the area of the accident. The strongest evidence regarding the existence
of a vortex of the sirength Boeing calculated as necessary to cause airplane
controllabilitv problems are the witness reports east of the accident site of a 90 mile
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per hour gust and gusts of 50 to 70 knots. The 90 mile per hour gust was estimated
based on a previous 70 mile per hour recorded gust that did not shake the house of
the witness. The gust encountered about the time of the accident did shake his
house. Another witness who was approximately 1.25 miles east of the accideat site
reported gusts of 30 to 70 knots. However, ihese two witness reports were not fom
a direct measurement of wind speed. In addition, these gusts could have been
straight line gusts rather than the result of a horizontal axis vortex hitting the ground.

Normally, intense rotors produce a distinctive "rcaring” sound. A
person 12 miles north of COS reported a rotor hitting the ground about noon. He
was inside a building and went outside to observed the rotor after hearing what he
descrived as a roaring sound. However, there were no reports from witnesses 10
this accident regarding such sounds.

Further, because a horizontal axis vortex strong enough to cauase
airplane control problems would have a core pressure several tenths of an inch of
Hg. lower than the ambient pressure, a transient increase mn altitude of several
hundred feet should have been noted on the FDR if flight 585 had penetraied the
core of a vortex. If the airplane penetrated the edge of a vortex, an increase in
aititude would be seen, depending on whether the vortex was stationary or moving
with ths medium, moving relative to the medium, or on a wind surge. Such an
attitude spike was not seen in the FDR data. However, transients in altitude were
seen in the FDR data of Delta flight 191 and in other aircraft that penetrated
vortices. It is possible that positive pressure errors, ntroduced in the airplane
pressure sensing system of flight 585 by the vortex system and airplane
accelerations, could offset the pressure drop. In addition, the altitude increase may
be nidden in the data, or the airplane penetrated above the core of a vortex moving
relative to the medium, or on a wind surge, where the pressure change was small.

Most of the weather investigation focused on the possibility of a rotor
as a cause or a factor in this accident. However, another atmospheric phenomenon
was considered as possibly occurring at the time. This phenomenon is a
concentrated region of upward vertical motion {(or jump). Based on data supplied by
NCAR, Boeing simulated the zircrait response ic a jump, Boeing found it to be a
nonevent. Shear valugs needed to be about 40 o 60 tmes greawer ¢ present
problems to the airplane. Although no direct evidence exisis, scientists at NCAR
helieve that atmosphere hunps can have much greawer shear values. These values
may De streng encugh tu cause airplane controllability probiems.
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While approaching COS, flight 585 probably encountered
orographically induced atmospheric phenomena, such as updrafts and downdrafts,
gusts, and vertical and horizontal axis vortices. The most likely phenomenon that
would cause the airplane to roll was a horizontal axis voriex. The Safety Board
believes it possiple that flight 585 encountered a strong horizontal axis vortex that
induced a rolling moment which exceeded the airplane’s control capabilities, but the
FDR data is not consistent with such zn encounter.

2.5.3 Flight Simulations with Atmaespheric Disturbances

The airplane simulator was "flown” through various atmospheric rorors
and windshears. The changing flow fields relative to an zirplane encouniering such
a rotor produce changes in angle of attack, sideslip angle, or Lift distribution across
the wing. The resulting latera! or directional imbalances contitbute to
uncommanded airplane motions. The rotor size and strength were varied as was ‘he
orientation of the rotor’s longitudinal axis. The elevation angie of the rotor was
varied from horizontal to vertical. The zzimuth angle was generally north-south, but
varied +/- 30 degrees. The approach path of the airplane was varied to intercept the
rotor from many angles.

NOAA originally estimated, and NOAA research work has confimed,
that a typical rotor on the day of the accident could have a rotational velocity of .06
radians/second {3.4 degrees per second) with a radius of 1,640 feet. The tangential
velocity at the core radins would have been 100 feet per second. Simulations
showed that such a retor had little effect on airplane control except that performance
problems could develop if the zirplane remained in the downflow field of the rotor.
In a sustained downflow, the airplane wouid either have to lose aliitude or airspeed,
similar to the ocutcome of entering the downflow field of a microburst, Perfermance
calculations have shown that the accident airplane could have been in a downflow
field of zbout 8G feet/second for about 30 seconds, possibly induced by a rotor's
downficw field or some other atmospheric disturbance. The airplane did lose
altitude at a higher than normal rate, but the airspeed remained constant at the flaps
reference speed plus 20 knots for the approach to landing.

In a sequence of simulations, the severity of the rotor was increased
untii encounters produced extreme control difficulties. It was determnined that rotors
with rotation rates of 0.6 radians/second (34 degrees per second) with a 250 feet
core radius (150 fest/second tiongential velocity) generated extreme control
difficulties. A more moderate roter with 0.4 radian/second rotation and a 250 feet
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core radius {100 fecifsecond tangential velocity) produced sigaificant control
problems and even loss of control if recovery procedures were not promptiy
implemented. A "oss of control” as defined by the pilot group did not necessarily
resuit in a crash, but in the loss of precise operating conirol of the airplane, such as
the inability to maintain a2 desired heading or roll angle for short periods of time.

Gust fronts (horizontal gusts from the side of an airplane) can produce
large sideslip angles with the potential for loss of control. However, once through
the disturbance, the sideslip angles quickly return o near zero unless other factors,
such as rudder deflection, remain. Simulations show that as an airplane penetrates a
shear, large side slips develop with predictab’: airplane responses. Windshears or
gust fronts severe enough to produce control difficultiss also produced flight
responses that were clearly different than those recorded on the accident airplane.
Gust fronts produced large changes in heading into the wind, large increases in
airspeed, and rapid rolling away from the wind if not controlied by the piloi. As the
roll angle increased, the wind-induced side slip angle transitioned into wind-induced
angle of attack witn marked increases in normal accelerstion (G-load). Heading
data from the FDR was clearly not consistent with data recorded during simulation
efforts. The Safety Board concludes that large sideslip angles resulting srom
atrnospheric disturbances did not affect the airplane.

26 Combination of Factors

It is pessible that a combination of individual, noncritical events led to
the crash. For example, the meteorological conditions had the potential to produce
controt difficulties, and the MPCU had two design features that could have resuited
in loss of conirol or effectiveness of the rudder. Further, the standby rudder actuator
and yaw damper had ancmalies that could have caused minor control difficulties,
Lastly, it is possible that some undetermined flightcrew action or inacsion could
have contributed to the loss of control.

As the airplane was turning from the 45-degree intercept angle 1o final
approach, aligned with the runway, if is possible that atmospheric disturbances
rapidly rolied the airplane wings level against pilot control inputs t¢ continue the
right bank. If the ~ilot applied additional control forces to continue the bank to the
right at the same time that the airpiane reached 2 position at which the rolling
moment caused by an atmospheric disturbance reversed, an excessive right roll and
subsequent loss of control could have been precipitated,
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While the E'\ard cannot entirely discount zhe possibility of a pamai
~loss Gf rudder response, simulator data have shown that the lack of rudder response
lswemd only a small amount the required rotor severity for ar upset. Regardless of
the availability of rudder motion, a severe rotor 10 times worse than those
previcusly documented would have had to be present to cause the upset. A less
severe rofor motion, combined with pilot delay in reaction, couid also have led to
the upset. H@wever, the CVR data revealed a rapid verbai and presumabiy
' _physzcai respons\, to the upset by the psis‘{s

: The Safety Board also acimowiedges the pOSSlbﬁit} that some pomon N
of the flight control system malfunctioned and went undetected during the
investigation. However, the Safety Board believes that the likelihood of a loss of
rudder responsz due to the rudder system anomalies identified during this
_mvesugatm is low. The Safety Board considers the presence of a severe rotor:
more  likely, aitbough the Safety Board cannot explain the absence of cerfain
expected events, such as pressure changes that should be apparent on an mdwatcd
aitzmde readout ef the FDR. : :

In conclusion, the Safety Board could not rule out a possible
combination of events that was the cause of the loss of control and subsequent
crash. Similarly, there was insufficient evidence to support such 2 combmanon of
evenis as causal.

2.7 Elight Data Recorder
2.7.1 History and Current Reguiremenis

FDRs, as originally implemented in the 1950s on transport-category
aircraft, were oscillographic engraving devices (foil recorders) mandated to record 6
vatues {parameters), including altitude, airspeed, heading, vertical acceleration, very
high frequency (VHF) microphene keying and timme. In 1964, CVRs were mandated
for transport-category aircraft to record 30 minutes of audic on 4 channels from
engine start to engine shutdown.

in 1970, FDR regulations were modified to require 17 specific
parameters on all newly certificated transport-category airplanes. Furthermore,
these 17 parameters were required o be recorded in 2 digitai format. This digital
format recording requirement could not be met using foil recorders, so new digital
FDRs were designed for this purpose. The airplanes undergoing certification at that
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&irﬁe ihat were subject to these new regulations are the so- called wide-bodied -
aircraft -and include the B-747, the Douglas Aircraft Compcmy DC-10 and the
Lockheed L-i(}ii '

“The new reqmrementb in 1970 for 17 parameters rﬂcﬂrded dlgﬁaéiy did

1ot app!y to previously centificated aircraft, even though thousands of these built
after 1970 would ultimately be placed into service. These aircraft include the B-
707, B-720, B-727, B-737, the Douglas Aircraft Company DC-8, DC-9, and the
Convair 550 and 880. o o |

In 1987, after many years of prompting by the Safetv Board, the FAA
issued rulemaking requiring that all foil secorders in service be repiaced with digital
recorders {stiil recording only the basic 6 parameters) by 1989 and further requiring
_thaz aii FDR-eqmpned aircraft record at least 11 specific paz‘ameters by 1994,

In 1988, afaer continued prompting by the Safety Board. fhe FAA
issued even broader requirements for flight recorders. It mandated that after
Getober 11, 1991, ali newly manufactured transport-category aircraft record 28
specific parameters, but it did not impose any further retrofit requirement for
existing instailations except for renatxvaiy recemi} *nanufautuned aircraft equipped
thh a dignal data bus. '

: ~ In addition to the changes maadated for transport-category aircraft; the
1988 mlemaking addressed for the first time, flight recorder r’equrrﬁmems for
general aviation aircraft, including business jets and commuter aircraft.

After October 13, 1991, every turbine-powered aircraft requiring two
crewinembers for flight and cdpable of carrying six passengers or more was required
to bﬁ equipped with a CVR. Every existing turbine-powered aircraft capable of
carrying 20 of more passengers was required io be eguipped with an FDR with
recording capabéiities consistent with the requirements for their transport-category
contemporaries. Every newly manufactured turbine-powesed aircraft capable of
carrying 10 passengers or more was required to be equipped with an FDR capable
of recording 17 specific parameters.

With the exception of the 1994 reguirement 1o upgrade all FDR-
eqm ped aircraft to be capable of recording 11 specific parameters, ali FAA flight
recording objectives set forth in the 1987 and 198% rilemakings have been
accamplished. |
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However, the 1994 objective appears to be at risk because of 2 petition
to the FAA by the Air Transport Association (ATA) for relief from that reguirement.
The ATA states in its petition that many of the aircraft in its member operators'
fleets that will be affected by this requirement will be retired from service within the
very near future.  They claim thai this is inevitable because ihe economic
consequences of meeting upcoming FAA noise requiremenis make retention of these
airplancs unlikely. The FAA published 2 Notice of Proposed Exemption to ATA
members late in 1992 to grant relief from this pending requirement. The Safety
Board submitied comments to the FAA on its Notice and strongly urged the FAA to
reconsider granting ihis relief. The Board's letter pointed out that operators were
given 7 years to comply with this requirement and included examples of accident
investigations involving pre-1970 certificated airplanes, including UAL's B-737 that
was the accident flight 585 at Colorado Springs, that would have been enhanced by
the existence of 11-parameter FDR daia.

The FAA has not yet published a final ruling on this matter.
272 Use During Investigation

The airplane was eguipped with a S-parameter digital FOR. The
tlightpath, pitch, and roll angies were determined by calculations using the heading
and normal acceleration data. FDRs are required to have more parameters by 1994,
wicluding these to provide roli and piteh attitude data, as well as thrust data. The
availavility of roll attitude data would have provided direct information about
sideslip angies when the roll angle and headmng data were compared, thus permitting
a more aecurate analysis to determine the namre of the airplane’s final maneaver.
Had radder, aileron and spoiler deflection data been available, investigators would
have been able to compare the airplane’s theoretical performance with other data
that described the airplane’'s flight profile to determine with a high level of
confidence the effect of extemnal forces, such as would be produced by a rotor. The
direct evidence provided by the parameters wouid also have permitied an analysis of
flight control system and engine function.
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3. CONCLUSIONS

Fmdmgs :

' 1 " The ﬂlghtcrew was certlﬁcated a.nd quahﬁed for the fhght

2. The a_zrplane _: was properly. oemficatﬁd- and mamtamed in

accordance with existing regulations. Maintenance actions to

correct the previous discrepancies related to uncommanded rudder

 inputs were proper and in accordanoe with mamienancc manual

proccdmes

3. . The airplane was dispatched in accordance with company
procedures and Federal regulations. ‘Dispatch of the airplane with

an moperatzvc AFU generator was not a factor in the accident.

. :4. - There was no ev;dence that the perfonname of the flightcrew

was affected by illness or incapacitation, fatigue or problems

‘associated with personal or professional backgrounds. Procedures

and cailduts were made in accordance with UAL prﬂcedures.

5. There were no air traffic ccnm}l factors m the causa of the_
cident.

6. There was no evidence of any preimpact failure or

malfunction of the structure of the airplane or of the airplane's’
electrical, instrument, or navigation systems.

7. - Both engines were operating and developing power at the

- time of impact.

8.  The crew did not report any malfunction or difficulties.

9. There were anomalies found with the hydraulic and flight
control Systems, but none that would explain an uncommanded
rolling motion or initial loss of control of the airplane.
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| '10:.. Gaiiing found on the input shaft and %}Paririg from the staiﬁdby
- rudder actuator power control unit could not cause sufficient rudder L
~ deflection to render the axrplane uncentfol!able '

,} ’I‘he anplane encountered a number of orographlcaliy induc ed
atmospheric phenomena including updrafts and downdrafts, gusis,
“and vertical and horizontal axis vortices. A horizontal axis vortex ic
- the most likely phenomena that could have caused the airpEane to
“roll uncontroliably.. However, the FDR does not conclusively
support an encounter of a vortex of the strength newssary to cause
an uncontroilable roli of the azrpiane

12, Either - metéoro}ogicai' pheﬁozhena or an un{iet.ctéd' |
mechanical malfunction or a combination cf bs:;th could have led to -
- the loss of control.

32 E Pmbable Caizsie'

~The Natlopal Transportation Safety Board after an exhaustive _
mvestzgatlon effort, could not. identify conciuswc evidence o explam the Ims of |

_ Um;ed Airlines ﬂ;ght 585.

The two most hkely evenis that coas!d have *esulted in a sudden
uncontrollable lateral upset are a maifunction of the airplane’s lateral or directional

control system or an encounter with an Lnusuaily severe atmospheric disturbance. .

Although anomalies were identified in the airplane’s rudder control system, non
would have produced a rudder movement that could not have been easily countered
by the airplane's lateral controls. The most likely atmospheric disturbance to

 produce an uncontrollable rolling moment was a2 rotor .(a horizontal .axis vortex)

produced by a combination of high winds aloft and the mountainous terrain. -
Conditions were conducive to the formation of a rotor, and some wimess
observations support the existence of a rotor af or near the time and place of th
accident, However, too little is kniown about the characteristics of such rotors to"
conclude decisively whether they were a factor in this accident.
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4. RECOMMENMDATIONS

Following incidents that involved anomalies in the B-737 rudder
gystem, on November 10, 1992, the National Transportation Safety Bozrd made the
following recommendations to the Federal Aviztion Administration:

Require that Boeing develop a repetitive maintenance test
procedure to be used by B-737 operators to verify the proper
operation of the main rudder power contre! unit serve valve until 2
design change is implemented that would preclude the rossibility of
anomalies attributed o the overirave] of the secondary slide. {Class
L, Priority Action) (A-92-118)

Require that Boeing develop an approved preflight check of the
rudder system to be used by operators to verify, to the extent
possible, the proper operation of the main rudder power control unit
servo valve until a design change is implemented that would
preclude the possibility of rudder reversals attributed to the
overtravel of the secondary slide. {Class I, Priority Actien) (A-92-
119)

Require the operaiors, by airworthiness directive, to incorporate
design changes for the B-737 main rudder power control unit servo
valve when these changes are made available by Boeing. These
changes should preclude the possibility of rmadder reversals
atiributed fo the overtravel of the secondary slide. (Class II,
Priority Action) (A-92-120)

Conduct a2 design review of servo valves manufactured by Parker
Hannifin having a design similar to the B-737 rudder power control
unit servo valve that control essential flight control hydraulic power
conirel units on iransport-category airplanes certified by the Federal
Aviation Administration to determine that the design is not
susceptible to inducing flight control malfunctions or reversals due
to overiravel of the servo slides. {Class II, Priority Action® (A-92-

121)
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Because of iis concern about galled standby rudder actuator bearings
on other B-737s and B-727s, on August 20, 1991, the Safety Board issued Safety
Recommendation A-91-77 to the FAA as follows:

Issue an Airworihiness Directive requiring a check on ail Boeing
737 and 727 model airplanes with the P/N 1087-23 input shaft in
the rudder auxiliary actuator unit for the force needed io rotate the
input shaft jever relative to the P/N 1087-22 bearing of the auxiliary
actuator unit. During this check, the bearing should be inspected to
determine if it rotates relative to the housing. Al shaft assemblies
in wihich rotation of the bearing occurs, or in which excessive force
is needed te move the input lever, should be removed from service
on an expedited basis and the assemblies should be replaced with a
P/N 1087-21 shaft assersbly that has a reduced diameter on the
unlubricated portion of the shaft in accordance with revision G of
the P/N 1087-23 engineering drawing. All assemblies meeting the
force requirement shouid be rechecked at appropriate intervals until
replaced with a P/N 1087-21 shaft asserably contzining a P/N 1087-
23 shaft that has a reduced diameter op the unlubricated portion of
the shaft.

Tne FAA's response to this recommendation, dated October 9, 1991,
stated that it agreed with the intent of the safety recommendation and that it was
considering the issuance of a netice of proposed rulemaking (NPRM) to address the
problem.

On MNovember 21, 1991, the Safety Board responded to the FAA's
letter, indicating that it was pleased with this response. Pending notification of
progress on the NPRM, the Safety Board classified Safety Recommendation A-91-
77 as "Open--Acceptable Response.”

On January 3, 1992, the FAA issuzd an NPRM (Docket No. 91-NM-
Z57-AD) proposing to adopt an zirwerthiness directive (AD) applicable ic ali
Boeing Model 727-series airplanes and ceitain Mode! 737-series airplanes. This
MPRM proposed to require inspection of the input shaft in the auxiliary {standby)
rugder power control unit and to reqguire reporting 0 the FAA on units that fail the
inspection test procedure.
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In a letter dated March 27, 1992, the Safety Board expressed its
concern 1o the FAA that the second part of the Safety Board's recommendation
regarding inspection of the bearing was not included in the NPRM. The Safety
Board believes that inspection of the bearing for rotation in the housing and for the
integrity of the safety wire is an essential part of the entire inspection. Further, the
Safety Board advised the FAA that it believed the proposed time frame for
compliance with the inspection (4,000 flight hours) might be excessive. The letter
stated that the proposed AD, if it included the modifications described above, would
fulfill the intent of Safety Recommendation A-91-77. Pending notification of
progress on the NPRM, the Safety Board classified A-91-77 as "Open--Acceptable
Response.”

Because there has been no further action taken by the FAA on is
proposed rulemaking and because another airline has found galled bearings during
an inspection, the Safety Board reiterates Safety Recommendation A-91-77 and
urges the F4A to expedite action on its AD. Therefore, the Safety Board has now
classified A-91-77 as "Open--Unacceptable Action.”

In addition, as a result of information developed during e course of
this investigation, the Safety Board reiterates the following two safety
recommendations ¢hat it issued on July 20, 1992, to the Federal Aviation
Administration:

Develop and implement a meteorological program to observe,
documnent, and analyze potential meteorological aircraft hazards in
the area of Colorado Springs, Colorado, with a focus on the
approach and departure paths of the Colorado Springs Municipal
Ajrport. This program should be made operational by the winter of
{992, (Class I, Priority Action) (A-92-57)

Lrevelop a broader meteorological aircraft hazard program to
include other airports in or near mountzinous terrain, based on the
results obuaained in the Colorado Springs, Colorado, area. (Class il
Priority Action) (A-92-38)

The FAA's response to these recommendations, dated October 8, 1992,
siated that it agrees with the intent of these safety recornmerndations which propose
a two-phase program to observe, document and aralyze potential meteorological
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aircraft hazards. The FAA anticipates, based on budget constraints and program
priorities, that the work on these projects could start in fiscal year 1995.

The Safety Board notes that the FAA agreed with the intent of these
safety recommendations and that it plans to address their intent through an
interagency program with the National Oceanic and  Atmospheric
Administration/Forecast  Systems Laboratory  or the Mational Science
Foundation/National Center for Atmospheric Research. However, the Safety Board
is concemed that the FAA believes that due to budget constraints and program
priorities, these projects cannot be started until fiscal year 1995. The Safety Board
understands the difficulty in funding these projects in fiscal year 1993, but believes
that the FAA should reevaluate its priorities to include them in 1993. Pending
further information concerning fiscal vear 1993 funding, the Safety Board classifies
Safety Recommendations A-92-57 and A-92-58 25 "Open--Unacceptable
Response.”

BY THE NATIONAL TRANSPORTATION SAFETY BOARD

Carl W, Yogt

Chairman

g Coughli

Vice Chkairman

John b, Lauber

Member

Member

December 8, 1992
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5. APPENDIXES
APPENDIX A
INVESTIGATION AND HEARING

1. Investigation

The National Transportation Safety Board was notified of the accident
about 1200 hours Eastern Standard Time,; on March 3, 1991. An investigation team
was dispatched from Washington, D.C. late that afternoon and was met at the
Colorado Springs Airport by personnel from the Safety Board's Fort Worth Regional
office. After a brief visit to the accident site, an organizational meeting was helg,
during which on-scene investigative groups were formed for operations, structures,
systems, weather, powerplants, survival factors and air traffic control. Later, groups
were formed for aircraft performance, VR, FDR, sound spectrum, human
performance, maintenance records, and mztaliuxgical examinations.

Parties to the mvesttgatlon were the FAA, United Airlines, Boeing
Commem& Airplane Group, United Tzchnologies-Pratt and Whimey, the National
Air Traffic Controller Association, the Intemnational Association of Machinists and
Aerospace Workers, and the Air Line Pilots Association.

2. Public Hearing

The Safety Board dic not hold a public hearin:g on this accident.
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APPENDIX B
PERSONNEL ENFOR MATION

S Captam HamidL Green

Captam Green, age 52, possessed an Airline ’I‘ranspon P:Iot (ATP)._._'_-_' S

' centificate No. 1573331 dated September 19, 1989, which carried the following =

ratings: airplane multiengine land; B-737/A; commercial privileges for airplane f  :
“single -engine land.  His current first class airman medical certificate, dated -

December 7, 1990, contamed the restriction that he possess correcting glasses for

‘near vision while @xercmmg the pnvxleges of his airman certificate. Fe had |

‘experience as a copilot (filst officer) on UAL's B-727 and B-737 alrplanes as well

. as flight engineer experience (second officer) on the DC-8 and B-727. He had = =
- accrued a total flight time of 9,902 hours while employed with UAL, of which 1,732 . R
- was in the B-737-200. His pilot-m-command time in the B-737-200 was 891 hotirs - '

~ and 31 minutes.  His block to block time during the previous 24 hours, 72 hours, 30

days ‘and 9C days . were 4 hours 15 minutes; 14 hours 27 minutes; 68 hours 20
o mmutes and 195 hours 49 minutes, resg)ecnvely ' o

. _.'___Fzrst Officer Pamcxaz{ Ezdson o =

*First Officer Eidson, age 42, held an ATP centficate No. 429961904[ =

 with the foilowmg ratings and limitations: airplane multiengine land: commercial

| privileges airplane. single engine land. - Her first class airman medical certzﬁcate o

- ‘dated Augusi 21, 1990, contained no limitations. She had accrued a total flight time
of 3,903 hours of which 1,303 were with UAL. Her flight time in the B-737-200, all

with UAL, was 1,077 hours. Her {ight time the previous 24 hours, 72 hours, 30

._ :_-days and 90 days were 4 hours 15 minutes; 5 hours 24 minutes; 67 hours 42
-minutes; and 189 hours 48 minutes. This was b-r second landing at Colorado
Springs. She had conducted a total of 3 ﬂlghts into and out of Denver dunng the -

- -9“—6&« penod pr;or to thc accmwnt
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APPENDIX C
AIRPLANE INFORMATION

The airplane was powered by two Pratt & Whitney JT8D-17 engines;
seriai number 702691 on the left, and serial number 708831 on the right. Engine
‘records indicate that the left engine was installed on Deceinber 9, 1989, and had
26,659 hours and 20,627 cycles of operation. The right engine was installed on
January 17, 1989, with 22,303 hours and 18,831 cycles of operation.
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APPENDIX D

COCKPIT VOICE RECORDER TRANSCRIPT

Legend of communication descriptions, abbrevistions, acronyms
and symbols used in the attached CVR transcript:

CaAM
RDC

con

NAV

PA

DENTWR
DENDE?P
COSAFRP
COSTWR
*

§

()
{1

Cockpit area microphone voice or sound source
Radioc transmission from the accident aircraft

Radio transmission to the accident aircraft (other then
live ATC)

Navigational radio transmissions to the accident aircraft
Aircraft public address system

Veice {(or position} identified as Captain

Voice (or poesition) identified as First Officer
Unidentifiable voice

Denver Local Controller (tower)

Denver Departure Controller

Colorado Springs Approach Controller

Colorade Springs Lecal Conatroller (tower)
Unintelligible word

Expletive delzted

Pause

Questicnable text

Editorial insertion

Break in continuity
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APPENDIX E
NCAR WEATHER STUDY
— Py Neoral G ron Aomatnc Resacn g0

P.C. Box 3000 ¢ Bogider, Colomado @ 80307-3000

25 February 1992
Mr. Greg Salottolo
National Transportation Safety Board
800 Independence Ave. SW
Washington D.C. 20594

Dear Mr. Salottolo:

As per our agreement, Bill Hall and I hove attempted to simuliate the 3 March
199! downslope windstcsm event in Colorade Springs as part of the effort to
determine whether it may have coniributed to the crash of the Boeing 737 on
that day. Unfortunstely, the 3 March case bas turned out (o be more complex to
mwodel than we had originally expected. This is due to the way we currently treat
the conditions of wind, tempersture, and bumidity upstream of mountsins in the
inodel. The assumption is that the flow approaching the mountain is horizontally
uniform, and therefo. e we use a single sounding to describe those conditions. The
conditions on 3 March were complex due to a trough situated over the Rocky
Mountains between the synoptic sounding times at 127 3 Macch and G0Z ¢ March.
Thus ihe use of a single sounding to describe the basic flow over the Colorado
region on 3 March is not apprepriate. We tried both the Grand Junction 12Z and
Lander 122 soundings as inpuf to the moedel for cur 3 March studies. Each gave
different resuits, and neither case indicated a severe windstorm event in the model.
Drue to the extensive horizontal variations over Colorado that day, it is our opinion
that no sounding exisis that we ¢an use to initialize our model which wouid be

representative of the flow over the Front Range at the time of the windsiorm.

We kaow from cbservations that there was a severe windstorm event over the
Frout Range of the Rockies on 3 March 1991 during the time of the crash, Scvere
windsiorm events possess & lot of similarities from caze to case since they are
cansed by low-level stable air fowing over the arography, exciting hizhly nonlinear
breaking gravity waves. Waves result in the generation of severe turbulence, rotor
and hydraulic-iype jumps. “Jumps” are regions wheze the flow rebounds in the
veriical back to its original level of equilibrinm, afier passing over the mountain
range. and they can produce updrafts exceeding 40 m/s. The hozizontal widths
of these jumps are believed to be guite narrow, producing regions of extreme
horizontal variations in the updrafis.

3 rase which we believe is quite similar to the 3 March event oceurred on 8
Iannary 1989, and in terms of aircraft saiety is, in our opinion, representative

Phone: 303 [97.5828 © FAX: 308 §97.8381 o Telez: 98578] @ EMAIL: clark@mmm vear.edu

The National Centor for Atmoapheric Resrarch 2 vpereted 3y the Purrttnily Corporation
Jor Atmosphere Besesreh under sponsovshap of the Nationcl Srirnce Founduiion,
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of the important dynamical characteristics present on 3 March 1991, We do not
have any reason 1o believe that the severe windstorm event of 3 March 1991 1s
fundamentally any different than the one which occurred on 9 January 1989. Thus
we can al least draw some information from that event which is relevant to the one
related to the accident.

We have completed a senies of simulations of the 9 January 1989 windstorm
event on the Colorado Front Range. These simulations cover a large portion of
{'cloradoe using 10-km horizontal grid resolution with 500 m in the vertical. Nested
within this domain is a second domain with 3.33-km horizontal grid resolution
covering all of the Front Range and adjacent plains. Nested within this second
domain are third and fourth domains situated over the Boulder and Colorado
Springs area, respectively. These third and fourth domains use 1.11-km resolution
in the horizontal again with 500 m in the vertical. Figure 1 shows the orography
of these inner most domains. The light dashed lines in these plots are not of
particular interest here and represent surface values of negative vertical velocity.
This Iighest resolution is still rather low for the purpose of determining details
of the morphological structures within windstorms which may affect aircraft
safety: but it is. to our knowledge, the highest resolution available on this topic
«nd the highest we can currently achieve for Colorado windstorms when we retain
variations in all three dimensions.

Wkhat the simulations chow is a strong concentrated region of upward motion
{or jump) with vpward velocities exceeding 40 m/sec snaking up and down the
Front Range. basically along the foothills of the Rockies in the Boulder region. Fig.
2 shows vertical velocity, w, at four different times spaced 5 minutes apart at 1 km
above ground level {AGL). These plots are from the high resolution Boulder zrea
subdomain (Fig. 1a). The jump surges to and from the plains at times which can
bre seen in the temporal and spatial variability of w in Fig. 2.

Fig. 3 shows vertical cross sections of w and § {potential temperature} for the
solid line marked A-B in Fig. 2. Note how the width of this updraft is sbout 4 Az
wide which means it is resolution Emited. The plot of  along A-B gives a good
approximation of the air meotion. Since 8 is approximately conserved, the contours
of # represent irajectories of the air. The rebounding nature of the low can be seen
in 1his figure.

In the (lolorado Springs area the jumps exhibit much more variability than
along the Boulder region front range. As noted earlier the orography is highly
structared in the Colorado Springs area and dominated by the presence of Pikes
Peak und the Palmer divide. Fig. 4 shows w at 1 km AGL for the Colorado Springs
subdomain {Fig. 1b} for four tisnes spaced 5 minutes apart. The updraft associated
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with the flow coming off the valley hetween Pikes Pesk and the Palmer divide
shows a fair amount of time wariability in this figurs. Fig. 5 shows vertical cross
sections of 1w and 8 for the heavy Lne marked C-D in Fig. 4. Once again we see
that the width of the updraft { 20 m/s amphitude in this case} is four grid peints
wide indicating poor model resofution. The 9 feld again shows a jumyp ke nature
to the air trajectories but vot as clearly asin Fig. 3. We conclude frcm these
results that the horizontal shears assocdiated with these jumps are resolution-
limited {the shear is forced by the model to be spread out over about 4 km) and are
therefore about 10 m/s per km. We fully expect that higher resolution simulations
would show much larger shear values since, when a model seiects the nurrowest
scales it can resolve for its largest gradients, we usually find the gradients are even
larger when we are able to use still higher rescletions.

We have performed some idealized iwo-dimensionel simulations of the §
January case which show that at higher resolutions smzll-scale eddies are generated
within the high-wind regions on the mountain slope and these cddies, containing
very high velocities both in the horizontal and vertical which vary sharply over
short distances, travel down the lee slope and out onto the plains. Some results
of thexe experiments are shown in Fig. 6 which shows a train of updrafts and
downdrafis in the lee of the mountain pesk. Such eddies appear to be similar
Lo those nbserved with lidar observations by Nieman et al. These idealized
sinndations. we belisve, appear o be on the verge of resolving the truly transient
eddies and traveling updrafts that are perhaps the most relevant to aircraft safety.
However. hecause of the idealized nature of this experiment, it is unwise to attempt
{o exirapolate these results to the real situation.

The orientaiion of the jumps observed in the 8 Japuary simulations are
typically parallel to the Front Range so that we would expect traveling updrafis
associated with jumps to pass over the north-south Colorado Springs runway with
ap orientation more or less parzllel to the runway. In other words, if an aircraft
were approaching the sunway from either North or South, it wouid experience 2
rapid increase in upward motion as the jump approached; that upward motion
on the west-facing wing would be higher than that on the east side. Whether
this difference would be encugh to affect aircraft stability cannot be determined
from our models 1t can be said, however, that Runway 35 has the worst possible
oricuiation in terms of aircraft safety in the presence of downslope windstorm

ocvenis,

it is also not possible to determine from modeling whether 2 traveling jump
acinally occurred on 3 March 1991 in the Colorado Springs srea. Models, even at
ingh resclution and properly initialized, can only suggest the structure of the storm
and cannot indicate where precisely the various features within it were located at
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a partienlar time. Only observations of wind and vertical motion near ihe runway
could tell if a jump was over the runway at the time of the crash. All that can be
deterniined is whether such an event is possibie. From our studies and familiarity
with observations, we helieve it is possible. As to the vertica! velocity gradient, this
will have to be determined from observatious and perhaps estimated from future
modeling.

Recommendations

We would like to make two recommendations with respect to future aircraft
safets associated with severe downslope windstorms in Colorado Springs and
elzsewheze.

First. there should be several surface ubserving siations in the valleys on
either side of Pikes Peak. These would provide warnings of the developunent of
strong winds asseciated with windstorm events. In most cases the windstorms
develp pear the mountsins, and it is quits possible that extremely strong winds
exist in these valleys without any noticeable winds in the region of the sirport.
Such observations could alert the tower that gusts or strong updrafis may begin
traveling out over the plains.

Second. for our recommendation to be practicable, there is 2 sirong need for an
improved and more advanced level of training in this area. The FAA requirements
for rommercial pilots’ understanding of orographicaily-induced strong downslope
wined events are, in our opinion, practically non-existent. We base this comment on
our reading of the FAA commercial pilots’ exam Estings which are categorized into
subjects. The FAA manuals themselves contain minimal information on this topic.

Canclusions
W present the following conclusions:

e There was a severe downslope windstorm in progress along the Colorado Front
Range at the timue of the crash of the Boeing 737 at Colorade Springs on
3 March 1901,

e Modeling indicates that there are narrow regions of strong upward motion,
rxceeding 40 m/s at times, paralie! to the Front Range during storms similar
{1r the one on 3 March.

¢ The narrow upward velocity regions, or jumnps, move back and forth relative to
the mouniains during a storm.
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e Such a jump could have ruoved over the runway at the iime of the crash.
However, there is no way to tell, either from modeling or from available
observations, whether one was passing over the runway at the time of tke crash.

e We cannot tell from our modeling how rapidly vertical velocities vary
horizontally in the jumps. We suspect that the gradients can be very large,
but we don’t know whether they can become large enough to affect aircraft
stability. If they can, we think such an occurrence would be rare.

Sincerely,

v - CK

Terfy L. Clark

6 Attachments

ec: R.L. Gall
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Fig. 1 Orography associsted with the third and fourth high-resolution domains.
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the Boulder ares is evident in Fig. 1s wherens the orography in Celorado Springs
sres is dominsted by Pikes Peek and the Palmer divide. The heavy solid styuight
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Fig. & Vestical welocity pattergs from s two~dimensonel simulaticn of the § Jag
1889 event. The coptous interval is £ m/s with solid representing npdrafts sad
deshsd representing downdrafts. The two updrafts macked with serows are moving
out onto the plains a2 about 6.5 m/s. The horizonta] resolation for this case iz 832
m. Maxirzum: horizontal shears sre about 10 /s per m,
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APPENDIX F

REVIEW OF LITERATURE AND CORRESPONDENCE RELATED TO

The following are excerpts from literature and corvespondence dealing

SEVERE WEATHER PHENOMENA

with orographically induced weather phenomena:

From "Aviation Aspects of Mounizin Waves” World Meteorological

Organization (WMO - No. 68. TP. 26):

O

By far the most common and most important seat of
turbulence in mountain waves is the area of the roter clouds.
These clouds form in standing eddies under the wave crests
at an altitude which is comparabie with the height of the
mountain that produces the wave. Measurements made in
standing eddies downwind from the Montagne de Lure in
France (height 1,400 meters above surrounding terrain) have
reveaied that the strong variations in the wind speed ranging
from 10 to 25 meters per second {m/sec) occur inside these
eddies and that the vertical speeds can vary from +8 m/sec to
-5 m/sec in 2 or 3 seconds. This is equivalent to 2 vertical
acceleration of 20 4 G,

Rotor turbulence is much more intense in waves generated by
the larger moun‘ains. Violent sharp-edged gusts exceading 12
m/sec have been measured in some Sierra waves, and
experienced pilots have reported complete loss of control of
their aircraft for short periods while flying in the rotor areas.

The danger of rotor turbulence to aviation is accentuzied by
the fact that the downdraft in the lee of the rotor and the
updraft on the other side of it can drag the atrcraft into the
rotor cloud.

The most dangerous situation occurs when lack of moisture
prevents rotor cloud formation. In this case, no prior visual
warning is given.
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G Mountain wave formation requires a marked degree of
atmospheric stability in the lower layers.

0 Vertical variation of the wind is alse important; and wind
normal to the mountain ridge and the wind direction is almost
conciant with height.

o Wave streaming occurs in the lower layers with strong winds
that increase with height; in the lower levels stationary
vortices form with reversed flow at ground level.

o Rotor streaming occurs when a very strong wind extends to a
hrnited height not io exceed 1.5 times the height of the ridge,
and is capped by z layer of appreciably weaker wind. The
disturbed part of the air flow is in the form of a system of
quasi-stationary voriices rotating in opposite directions.

0 Winds need to be within 30 degrees of the direction normal
to the mountain ridge.

o The presence of a jet stream with its high wind speeds and
strong vertical windshear is an important factor in the
occurrence of powerful waves particularly in the lee of large
mountains such as the Rockies.

o The turbulence within a system of standing lee-waves is most
frequent and most severe in the standing eddies under the
wave Crests a2t mountain top level.

From "Asmospheric Turbulence,” John C. Houbolt, April 1973, AlAA
Journal:

o Wind flow over mountains ofien exhibits four characteristics:
turbplence on the immediate lec side; a stratified gravity
wave pattern, extending for great distances on the lee side;
shear-induced rotors under the crests of the gravity waves;
and lenticular like clouds at altitude in the wave cresis. The
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lee side turbulence and turbulence associated with the rotoss
can be especially severe.

c Generation by shear of severe rotors by a moving cold front
is believed to be the cause of the crash of a BAC-1i]
airplane in Nebraska in August 1966.

From "Synoptic Features of the Mountain Wave at Denver, Colorado,”
United Air Lines Meteorology Circular No. 41, October 1, 1956:

o Kequirements for mountain wave formation: wind flow
normal to the range, with a wind speed of 25 knots or more at
mountain top level; a wind profile which shows an increase in
wind speed with altittde near mountain top level and a strong
steady flow at higher levels to the tropopause; an inversion or
stable layer somewhere below 600 millibars.

From Aerospace Safety, April 1964, "B-52 Incident at Sangre de Cristo
Mountains, Coloradoc™:

o We elecied, since we were going to overfly the low level
course at ihis intermediate altitude, to run through the
35Cknot condition at 14,000 feet altitude. From this
relatively smooth air, we hit what I would term near
catastropiic turbulence. The encounter was very sedden and
lasted zbout 10 seconds. During the first part of the
encourier, the airplane appeared to be stable in that it wasn't
moviug in roll nor particularly in yaw, and there wasn't
anytaing on the instruments that would indicate anything
mere than normal excursions. As the encounter progressed,
w2 received a very sharp-edged blow which was followed by
many more.  As the first sharp-edged encounter started
bleeding off, we developed an almost instantaneous rate of
roll at fairly high rate. The roll was to the far left and the
nose was swinging up and to the right at a rapid rate. During
the second portion of the encounter, the airplane motions
actually seemed to be negating my control inputs. 1 bhad the
radder to the firewalil, the column in my lap, and full wheel,
anid I wasn't having any luck righting the airplane.
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-+ o . The aircraft was struck by severe clear air turbuience of
- mountain wave origin. The winds about the time of the
incident were 65 knots out of the west and 27 knots out of
the south (s'esultant vector magrﬁtuée T0knots).

: Addmonai mfonnat:on regardmg the above mczdem
From Boemg memorandmn on ;! January 28, 1964:

o ’I‘mbuience in the lee of a peak due to high winds can be
expected to cause some sharp-edged gusts ‘which may excite
siructuml modes.

o  The airplane is ‘believed to have flown through an area
containing the combined effects of a rotor associated with a
mountain wave and lateral shear due to airflow around a iarge

o The gust initially built up from the right to a maximum of
about 45 feet per second (TAS) {true airspeed], then reversed
to a maximum of 36 feet per second (TAS) from the left,
before swinging to a straight downdraft of 85 feet per second
(TAS). Next, there was 2 build-up to a maximum of about
147 feet per second (T AS) from the left followed by a retum
to 31 fect per secand (TAS} ' '

o  This pattern of variation of gust velocity and intensity is
telieved to be consistent with the probable occurrence of
mountain waves in the area. Iis character-is essentially that
which is associated with the rot_or_oi’ roll cloud, which stands
in the lee of a ridge at approximately the same altitude.

From "Turbulent Kinetic Enerey Budgets Over Mountainous Terrain,"
Theodore S. Karcostas and John D. Marwitz, Jourm;f of Applzed Mezeomlagv
February 1980:

o Airflow around Elk Mountain in Wyéming. The streamlines
diverge on the windward side of the mountain and converge
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behind it, causing the air to flow up the lee slope. A flow
separation occurred due to a contribution of factors, including
the adverse pressure g-adient, the friction and the shape of
the mountain. A reverse eddy-type flow occupied the space
between the separated streamiines and the mountain. The
separated area was characterized by generally high mixing
rates, lower wind speed and regions of systematic reverse
fiow. This reversal was accompanied by the formation of a
large semipermanent eddy. The wind speed increased along
gither side of the mountain. Due to the flow separation, two
high speed jets of 18 meters per second were present on each
side of the mountain.

o A rather interesting phenomenon was cbserved downwind of
Elk. A buoyant eddy of less than 1 kitometer in size was
detected by aircraft.

From ‘“"Mesoscale Meteorology and Forecasting,” American
Meteorological Society, 1986:

o Strong mountain waves are likely to develop when mountain
barrier has a steep lee siope; upstream emperature profile
exhibits an inversion or a layer of strong stability near
mountain top height with weaker stability at higher levels.

o The strongest Colorado Chincoks occur during wave evenis
when there is a large region of high pressure upstream of the
mountains to the west, and a rapidly developing lee-side
trough or low pressure center in the high plains to the east or
northeast.

From "Mesoscale Atmospheric Circulations,” B.W. Atkinson, 1981:

0 Beneath a weil-established mountain wave lay a rotor in
which the air at the base generally moves toward the
mountain froni. This is now a well-established phenomenon
of lee-wave situations, particularly when the latter are well
developed. Owing to the large vertical shear in the rotor, the
characteristic roll cloud which often forms has the
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appearance of rotating about a horizontal axis. The low level
winds beneath rotors are much lighter than elsewhere, but
violent turbulence frequently occurs in the vicinity of rotor
clouds.

From "A Feview of the Evidence for Strong, Small-Scale Vortical
Flows During Downslope Windstorms,” A.J. Bedard, Jr.,1990:

0 Paper presents evidence for the existence of vortical flows
and other small-scale features associated with downslope
windstorms.

' Some of these cbstacle-induced ctrculations appear directly
related to mouriain Jee waves producing near-surface effects.
Hallet {1969) described an observation of a rotor-induced
dust devil, and Bergen (1976) reviewed evidence for the
occurrence of "mountainadoes” as a significant source of
darnage in the Boulder, Colorado, region.

0 One interpretation of these observations of damage is that a
concentrated jet of air approached the surface. If it is
associated with a lee wave segment interacting with an
upstream obstacle, or gap between obstacles, such a jet could
have strong vertical axis vorticity on its periphery.

o From the tree damage pattern, a radius of 30 meters seems
reasonable for an eddy core size. For a mean wind speed of
30 meters per second, a maximum tangential speed of the
eddy of greater than 75 meters per second is obtained.

From "Front Range Windstorms Revisited,” Edward J. Zipser and
Alfred J. Bedard, Ir., Weatherwise, April 1982:

o The sporadic high wind events at Boulder took place in a
limired easterly flow region, in a pattern aloft that could be
attributed to a rather large rotor at low levels.
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