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-~ The miormahon comained in this document has been prepared under the dll'eCllOl'l of the

Aerospace Industries Aseociation (AIA) PC 338- 1 Prolect "INVESTIGATION OF ENGINE POWER

 LOSS AND INSTABILITY iN INCLEMENT WEATHER .
 The -et_ajectives o‘f- P‘c‘“ '338.-1 'Pré'je&i.’iiiere a’.e', f'o'l‘lo"ws:r_'

I AR "'Examine the historical record related to single and multlple engine power

. logs’ events |n flrght on trensport type aircraft in mclement weather. R

‘ 2 . ' "Develop processes and/or operatmg procedures that erI muntmtze the pcserbilnies

- “that the first exposure of such probiems wiil be in ail'“ne revenue sennce. FAR 33, 770
o will be revrewed 16 determrne whether revision is requlred endlor the need foran
: -:'-Adviscry Circular addressing test technique '

The PC 338-1. Project directive aiso requested thet a study be aocomplished which wouid
include -an in-service history survey ‘as toliows o :

“ '1. : "Conduct an tn-service history survey of ail turbine powered ﬁxed wung transport type

alrcreit to expose for. analysrs alt srngle and muitiple engtne power Ioss events
(ﬂemeeut run down; shut down stelllsurge which requu'ed power reduction to prevent
' engine damege) soleiy as the result oi flight in inclement weether (rain, treezung raim,
£ hall, snow, sleet; tcing oonditions. volcanrc ash and/or turbuience inciudmg '
ga.ttghtnmg) W S

A review of service exparience indicates that most of the power loss events have occurred
during operation in .heevy rain/hail, or in icing condition, or In turbulence, or with a
ccmbinetion of these'conditicns The study also shows that for turbofan engines the probiem is
mostly limited to high by- -pass ratio engines with only a few events reported on low by—pass
engines

Due to the limited data available on low by-pass engrne events, the mformatlon in this report

 will address only high by pass engine operatton
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Of the four primary weather factors. involved. d_u_.ring power loss everits, (rain, hail, icing and
turbulence) only operatien in heavy rain and/or hail _Witl be discussed in this report. AlA
Project PC 337-1, Natural Ice Effect on High By-pass Ratio Instaliations, reVe"aIe‘d an
operational problem in icing conditions, which is being addressed in AIA PC 338-1 study.
Airplane Operations Manuals currently pmvide procedures for engine operation in icing
conditions, therefore, this will not be addressed herein. Most of the power loss events in

turbulence were limited to one engine manufacturer with the cause understood and corrective

actlon has been taken to sliminate the problem, For this reason, power Ioss events due to
turbulence will not be covered in this report '

_ Operatlon In volcanic ash is not considered in this study for the foltowmg reasons Volcamc ash

encounters are very |mprobable, only three reported for- all commercial- jet operations to date.
Addltlonalty, procedures are available to flight crews in their Operations Manuals should they

- inadvertently encounter volcanic ash. AVOIDANCE is strongly: recommended. Also a review of

current procedures, as. they relate to previous volcanic ash encounters, did not indicate a
requirement to publish new or revised operatmg instructions. *

The mformatron oontained herem was compiled by the Aerospace Industries Assocnation (A I A) _

PC 333-1 pro;ect subcommitiae for Operatronal Factors and Procedures for Hrgh Bypass**
Engines It is intended that the material presented will be used by regulatory, airplane

- manufacturers and arrlme personnel to develop fhght crew trarning, programs and o_perat!ﬁg '

procedures for airplane operations in inclement weather. The material preserited, for the most
part, is general in nature and apphcable to all models of arrptanes equipped with high by-pass
turbine powered engines. :
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(3 D  DEFINITIONS
Terms "Alrcraft“ and "Aurplane are used mlerchangeably throughout thls document and refer ,
only to turbine powered fixed wing transpon type aircraft. .

The Terms spool down, run down spin down roll back are consrdered to hava the same meaning
and are used to indicate an engine thrust loss without oomplete loss of combustion within the

engme

‘-The term "ﬂameout" is used to indicate oomplete loss of oombus'ﬁon withi‘n the engine.

2/17/90
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A review of servrce experrence for high- by pass ratlo engrnes dunng operatlon in mctement
weather, where a power Ioss or rnstabrlrty oocurred has been acoompllshed Events of most
interest to the flrght crews are engine shutdowns (rundown flameout) with no crew actron
During. the study. data for the: following atrplanes and angines were examlned

Airplanes: A300, A310,;A320.'-_DCS-70, o_c-10_, ‘_L-.1'01'1. B737-300, B757, B767 and B747
'Engines: JTeD, GF6,' CFMS6, RB211, szooo,? PW4000, v2500

Durtng the period from January 1, 1980 through December 31 1989 there were 578
~ million engme departures accumulatmg 171 2 million engme hours Dunng this same perlod,'
101 inflight power Ioss events occurred with- 85, of the events resulttng in engine shutdown
(rundown, flameout). . Flgure -1 shows the weather factors rnvotved in alrcraft inflight
shutdown events since January 1, 1980 The majority of inflight shutdowns in cruise oocurred
7 with turbulence as the only weather factor invoived. However during descent approach and
@ - -hotd most of the rnfltght shutdowns mvotved more than one weather factor

5/29/90
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Figure 2 shows the distribution for these mfhght shutdown events Power loss events in
'-'turbulence which resulted in engine surge or stalt and where the engme was shutdown by the

_crew are’ not mctuded

The engme power loss events shown on F:gure 2 during descent are approxrmately equally
divided between the three major engine manufacturers. Most of the events during descent
occurred In ram hail and/or In |cing oondttlons with the thrust tevers at or near tdle where the
engme flamed out or ran down without any crew action . ¢ ' ‘

Figure 3 shows -a more detailed break down of ttame out and. rundown events since January 1,
1980. '

5/29/90
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FIGURES

AIRPLANE EVENTS OCGUHRING SINCE JANUARY 1, 1980, THAT RESULTED IN AN ENGINE
- SHUTDOWN.

* ©  2BAIRPLANEEVENTS |
- - 19 OF 28 INVOLVED SINGLE ENGINES

' - 9OF28INVOLVED MULTIPLE ENGINES

- .16EVENTSF|ESTARTEDANDFIANOK |
| | | - EVENTHESTARTEDANDWASSHUTDOWNAGNN'
~ - 1EVENTNOATTEMPT TO RESTART |
' N - aevawsnesmmnorsuocsssmi.

‘-"7NOINFORMATION
. 3AIRPLANE:MANuFAt;TuREas;NvowED,: -
| OENGNEMANUFACTURERSINVOLVED

- ~+ 240F28 EVENTS INVOLVED RAIN, HAIL AND/OR ICING

- _ . - . THRUST -

- 18ATLOW POWER
- 10 NO INFORMATION
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ln'summary‘, eng'ine power Idss avents occurring sinde January 1, 1980, that were shutdown‘
without crew actlon {e.g.. rundewn or flameout) during descent, hold and approach appear fo
- affect various engzne models and manufacturers (See Flgure 4)

FI.GUREA

IRCRAFI' INFLIGHT HEVENUE SERVICE EVENTS OCGURFHNG SINCE 1/1/80 THAT RESULTED IN

AN ENGINE SHUTDOWN

CBSEFNATIG\IS
. THIS IS THE MOST SIGNIF!GANT FLIGHT PHASE FOFI POWER LOSS EVENTS
.- : VARIOUS ENGINE MANUFACTURERS AND MODELS INVOLVED

~«  APPEARS TO OCCUR DUFI|NG LOW POWER SETTINGS OR AT CONDITIONS WHICH
WOULD BE lNFERFIED TOBE AT REDUCED POWER

. EVENT RATES
o ONE AIRCHAFT EVENT PER 73X 105 AiHGRAFI‘ DEPARTURES
cn - |
- 1.§;7"x 10-7 AlncaAFf 'EVENTS- PE_F! AIRCRAFT DE_PARTURE
"+ ONEMULTIPLE ENGINE AIRCFIAFT EVENT PER 2 3X106 AIRCRAFT
~ DEPARTURES |
R

4.39 X 10-7 MULTIPLE ENGINE AIRCRAFT EVENTS PER AIRCRAFT
DEPARTUHE -
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11-18-06:10:37AM; GE AIRCRAFT ENGINES ;513 T78B 2228 # 27 14

A brlef summary of selected inflight thrust Ioss (rundown, ﬂameout) mc:dents durlng

operatlons in raln and/or hail and/or icing is presented in-this section to give ﬂlght crows

better understandung of the conditions which can result in a thrust loss. A study of these

mcldents will heip flight crews to avoid slmnlar conditions that can result in a thrust Ioss or if
- such oonditlons cannot be avoided, then apply appropriate operating procedures

(:)'_

2/17790 |
3.1

1171872005 10:53AM___ |




11-18—

05;10:37AM; GE AIRCRAFT ENGINES

A 737-300 airplane, equipped with CFM56-3 enginaes, experienced a two engine flameout
during descent in rain, heavy hail, and moderate turbulence.

The flameocut occurred when the airplane was descending through 8,900 feet, airspeed 289

KIAS, TAT +15 degrees C, loft ignition on "Continuous," engine antl-ice off, thrust levers idle,

left-engine N1=33 percent and right engine N1=35 percent. Both engine generators wera lost at
flameout and the crew reverted to standby instrumentation.

Number 2 engine was quickly relit, using a rapid relight procedure, bringing the generatof on.
ling and rastormg normal instrumentation. The number t engine was restarted using the
normal Inflight start procedure and its generator brought on line.

An uneventful landing followed a vlsu_al_approaéh. No_visiblé damage to either engine was
detected during a post ﬂigh't'inspectioh, which included a borescope inspection, nor'was there
any.damage to the inlets or nacelles. There was hail damage to the stabilizer leading edge.
S'ubs'equent testing of the number 1 engine, by CFMI, did not reveal any abnormalities which
could have caused & flameout. ltis suspected that the ingestion of i nmense ram and hail was the |

cause of the ﬂameout

2/17/90 .
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An operator reported loss-of thrust.on both englnes of a 737-300 arrplane ‘which was
-descending between 15,000 and 10, 000 teet in moderate turbulence, hail and heavy rain, The
: atrspeed was 267 knots and TAT -2 degrees C The thrust Ievers were at or near idle when both
-engines flamed out. Emergency electrrcal power was estabhshed and. the APU was started. |
Attempts to restart engmes were unsuccessfut An unpowered emergency Iandmg was made on a
grass strip next to a waterway o : :

- There weére no reports of injuries as a result of the mcrdent There was no darnage to the
airplane except hail dents in horrzontai stabrllzer Ieading edge, parnt chips from the radome,
- and over temperature damage to the right engtne turbine section. At the time of engine .
flameouts, anti-ice was en boost pumps were on and continuous ignition was on.

“The airplene was flbwn out of the sarhe.graes field af_ter repiacing the right engine.

- 5/29/90 : ' ' L S
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. ' . .

A 747 airplane, equipped with RB211 engines, was at 19,000 feet on descent into Jakarta when

it enoountered extremely heavy rain and hail in cumulonimbus cloud. TAT of 14.2°C dropped
+Quickly to +3°C and IAS rose from 280 kts to 298 kis in 3 seconds when Numbers 1 and 4
_;z:?;englnes_ (decelerated fo a sub idle condition. Thrust levers were advanced and engine anti-ice
_E-d_switched on, Engines 2 and 3 responded immediately and engine 4 followed after a short pause.
‘;,.From the DFDR data It appeared that th_e Number 1 engine had just commenced to accelerate |

when the flight crew cut the fuel, believing the engine to have stagnated. The subsequent relight
at FL120 was normat and the fiight landed at Jakarta without further incident.

~‘\ B
R
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: lmtial cpniact came with the wings clippmg trees and poles on both sides of the road ] :
' ,fuselage contacted the- road. impacting cars and a counlry store, breakmg up end bumlng :Some
: survivors were thrown freg durlng fuselage breakup RS :

A DC-8-31 alrcraft was on a 'sch‘edul‘ed ‘do'me‘stic' pés'ssn'ger' ﬂight from Huntsville'to"Atlénta. -

During descent for Atlanta, the aircraft entered a small but intense precrpllatlort area at about
15,000 feet. This small area was part of a much larger area of lesser mtensrty ],n the area of
intense rain: and hail, both engrnes flamed: out and the wmdshleld was crazed or shattered engtrte
inlet falrtngs, wings and empennage leadlng edges also suffered hail impact damage The ptlol
radioed ground control requesting vecior to the hearest airport Durrng the gllde the alrcraft

Jost electnoal power for about: 2 1/2 minutes Unable to reach an arrport the pllot elected to
~.land.on a narrow. road U NI T IS S

'During .th'e glide.. the fllght crew had tried 1o restan engines withdut success.

Weather' : lngestion“ef masslve amounts of water and hall, which in comblnatron wrth thrust_
lever movement, rnduced severe stallrng and major damage fo engrne compressors e

Note: . Although this- event occurred on an alrplane equrpped with low bypass englnes rt
has been included in the history of Selected incidents due to the general knowledge of this
accident in the aviatlon commumty

2/17/90
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" A L1011 airplane, equipped with RB-211-22B engines, inbound to JFK from LAX experienced

" crew reported the sound of heavy rain on the fuselage. About 30 seconds later, when throtiles

“switched to ground start and were successful. The airline later stated that the windmilling

No cause has been determined for the event, but the airlina suspects that the combination of idie

‘alr turbine was deployed 1o provide systems back-up for number 3 engina. The crew deciared

4
1E13 785 2228 # o
2-05:10:27AaM; GE a |l RCRAFT ENGINES : .

HISTORY OF SELECTED INCIDENTS

e

a rundown of engines 1 and 2 about 50 miles northeast of JFK VOR while descending from FL200
Ao FL170. Both engines were later shutdown and restarted and the airplane landed normally & |
short time later. ' _ %
| \

Weather: Heavy rain showers, large thunderstorm buildups in the area, TAT 0°C. .
The flight was on vectors with instructions to slow from 250 KIAS to 220 KIAS. Throttles were »
at idle. During the descent, the crew reported a turbulence spike which the flight recorder .

later revealed to be 1.6g. The autopilot was in turbulence mode, angine anti-ice and engine

ignitions were on. All three engine fuel heat lights were out. During the brief encounter, the

were advanced for level off, engines 1 and 2 did not respond; and the crew reported that they had
ﬂamed'oﬁt. Number 3 engine oon-tinued-_to.dp'erate normally. The APU was started and the ram

an emergency and received vectors direct to JFK. ' ' )
Initial attempts to restart the engines in flight start mode Were unsuccessful. The crow then

engine RPM and airspeed combination were out of the air start envelope.

RPM, rain and turbulence probably accounted for the flameouts.

2/17/90
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A L1011 airpla'ne. equipped with RB-211-22B engines, experienced a #2 engine flameout

. descending through FL160 to FL140 northeast bound into Gander The engme was restaned
later and a normal landing was accomplished. o

Weather: Extremely heavy rain described by veteran Captam as "the heavuest he had ever seen.”
. He aiso initially believed hail was included because of the intense noise. However the post
flight mspectton revealed no evidence of hail. There were |mbedded thunderstorms wtth
_ unknown tops beoause the flight was in oontinuous olouds TAT about +6 C

The descendmg atrplane was mmally on autopilot wuth idle thrust and autothrottles off.
Continuous ignition and engine anti-ice were both on. Inmal speed was 300 IAS slowlng to
about 260 when the ﬂameout was discovered, “The radar was on '50 mile’scale set on oontour

- mode for- the :most: part There was eonslderabie ground clutter but the crew. felt they had

L _avoudad the storm contour areas. Turbulence was moderate “The atrplane had ]ust ridden out a

| ) sugmficant updraft (nose down - airplane cilmbing) when the #2 generator ltght was
discovered on.  This led to flameout recognition: a fow seconds later. The thrust levers may have

" been moved out of idle just befora, or councuding with the generatOr hght on discovery

| After exiting the heavy rain the engine r'éstarted normally uéing-an aéSlstéd, start procedure.

A post flight tn‘Spection revealed no aircraft or engine damage. -

L
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On March 16, 1971, a 747 airplane equipped with JTOD engines, experienced a thrust loss and
nonrecoverabie stall on three engines while descending into Seattle.

<At approximately 16.000 feet the airplane entered clouds. Approximately 2 minutes later, the

‘engine anti-ice was turned on with the thrust levers at idle. The airplane unexpectedly entered
axtremely heavy precipitation of an ice/freezing rain mixture. Over the next few minutes, T
engines 2, 3, and 4 experignced severe engine leing. The thrust levers were advanced slightly
_resulting in EGT increase with no N2 incraase which necessitated shutdown and subsequent h
restart of these engmes

~lthas been concluded that the thrust loss experienced was probably caused by a rapid
“accumulation of ice which severely reduced low compressor flow capacity, thereby suppressing -~
rotor speeds to a level from which engine acceleration was not possible. Operation in accordance
'wﬂh the Airplane Flight Manual procedures for icing conditions would preclude the rapid
aqcumulation of ice and subsequent thrust logs deseribed above.
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- _restarted Initrelly the ﬂight créw 'had difﬂculty stariing number 2'

;513 7886 2228 # 10/ 14
11-18—-06B;10:374AM;GE AIRCRAFT ENG I NES ] .

On May 21 1978 a 747 equipped with JT9D engrnes enceuntered a thrust |oss on three engines -
during descent in clouds with visrbie ice crystals. '

The Iack of engine response on Engines 1, 2 and 4 occured during descent info Honolulu The

_ descent was initiated- at' 37.000 feet with power reduction to idie Fuel heat and nacelie anti-ice
- had been- applied for: twe minutes prior 1o the descent “In the’ vrcrnity of 27 000 feet the thrust

~levers were moved forward fo adjust the descent: The number 3 engrne was the cnly engine

L responding The: airplane had eritered ciouds and the presence of visible ice crystais wes
= reported Anti-ice, fuel heat, and" rgnitron ‘wera Switched on. The arrplane contrnued s descent

10 5 000 feet: wlth the crew unable to obtarn response from Engines 1 2 or 4

As the airplane descended icwer. the fiight engineer requested permrsslon io shut down and
restart number 2 engine. The captain concurred and number 2 engine was shut down and .
ne because cf iow duct

pressure. The englne was finaily started and symmetncal thrust on engine 2 end 3 was regained
at approximateiy 300 feet AFE. : - :

As the airplane slowed on fnal approach, engines 1 and 4 began overtemprng because of reduced o
airfiow. It was decided o dlsregard the overtemping so that closer attention. could be given to
the two -engine approach and iandrng After iendrng engrnes 1 and 4 were shut down

Number 1 engrne wes changed efrer errrval because of turbine. overheat. damage, and number 4

engrne was changed aﬂer two test illghts Maintenance could not find any reason for the
maitunctrons :
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HISTORY OF SELECTED INCIDENTS

On June 7, 1980 a 747 airplane equipped with JT9D engines experienced a lack of thrust fever

response on engines 1, 3, and 4 during a descent through cloud and rain into Toronto.

The crew reportedly attempted to advance thrust on all four engines at 9,000 feet when it was

noted that the cabin pressurization altitude was climbing. Only the number 2 engine responded.

The crew attempted to use a quick relight procedure but was unsuccessful. Each engine was
shutdown and restarted in sequence. Thrust was restored on number 1 engine at 5,500 feet,

number 3 engine at 5,000 feet and number 4 engine at 4,000 feet. AIDS data reportedly shows
engine 1, 3, and 4 were in a state of stall starting at 19,000, 21,000 and 23,000 feet altitudes

respectively. N1 speeds were 26 to 27 percent. The N1 speed on number 2 engine was 30 _
percent at this time. At no time did the engines flameout.

Operatlonal procedures call for a minimum of 50 percent N1 above 10.000 fest in conditms
where lcing may be antlcipated
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On April 12, 1982, during descent a 747 airplane powered by CF6-50E2 engines experignced
a four englne thrust loss. The engines. flamed out at 26,000 feet in-the following order: 2, 4, 1
and 3. The electrical generators tripped off. All engines were restarted and cperated normally
at 22,000 feet approxrmately two: minutes after the last engine had lost thrust ‘Engine restart
‘was normal o

At the trme of the lncrdent the airplane had penetreted cirrus stratus.and cirrus clouds. OAT
& "~ was minus 23 degrees C. There was no visible icing on the airplans. After engine restart at
22,000 feet, some lrght icing was detected, The airplane was returned to service and no
subsequent dittlcultres have been reported L e

Prellmlnary analysrs of the ﬂlght reoorder data revealed that thrust was reduced to ldle tcr
descent-at 37 000 feet. Approximately 2 minutes after thrust reduction, a rapld rise in SAT
from minus 42 degrees C.to inus 25 degrees C. occurred In 44 'seconds. Apprcxlmately 2

_ minutes later engines 2 and 4 tlamed out. About 30 seconds later, engine 1 ran down and engine
@ 3 tlarned out. The transcription showed fuel flow to each engine was not interrupted prior to
engine flameout andlor run down. All engine generated electrlcal power was lost. Engines were
restarted and elactrical power was restored wrthm 80 seconds after electrical power was lost.

The four-engme ﬂameout was concluded ) be the result of ice sheddmg through the hlgh
: pressure cornpressor and to the inlet of the combustor with all engmes in a low idle settrng

2/17/90
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HISTORY OF SELECTED INCIDENTS )

On November 20, 1883 a 747 airplane with RB211-524 - engines was descending through
25,000 feet in icing conditions when #3 and #4 engines ran down.

*The ;f__light crew reported that TAT dropped from plus 12 C to 0 C during descent. Before ignition
“and ant-ice were turned on, the number 4 engine ran down, folowed by the number 3 engine.
Muitiple engine shutdown and restart procedures for these enginas were completed
satistactorily. ' The descent continued through heavy rain and cumulo-nimbus activity with no o
further difficullies. ' '

Ground checks of all suspect systems were satisfactory and the airplane was released. Late-
selection of anti-icing is suspected as the cause. ‘ '

L

2/17/90
: , 3.12 N

11/18/2005 10:53AM |




5

Q;D

;513 T78B 2228 # 14/ 14
11-18-06:10:37AM; GE AIRCRAFT ENGINES ?5 -

. - - . .

On September 29, 1889, a 737-300/CFM56-3B-2 operator encountered hail during descent
in clouds while passing through 17,000 feet. The airplane experienced a brief two engine
spooldown with both generators tripping off. it was reported that the airplane was in the green
zone dtsplayed on the weather radar and at least four miles from any indicated red zone. The
angine ignition was on Continuous with the right ignitor selected and the anti-ice was off. |
Preliminary review of the Flight Data Recorder mdtcated N1 on both engines was at Low Idle
(approximately 26 percent) when the hanl was encountered ‘ '

After departtng the hall area, both engines spooled up from sub-idle ™ normal operation
~ without pilot action. The ﬂight was oompleted with an uneventful landmg An tnspection of the .
atrplane and engines revealed. no damage except for rninor erosion on the radome
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INTRODUCTION

| A nymber of dlfferent weather hazards assoclated with a vanety of weather systems can be

encountered while- in flight. This section identifies and descnbes some oommon weather systems
and the associated hazards iriherent in each . ‘

¥ 'T-'-—‘"’ES 'QF--WEALTHER SYSTEMS AND ASSOCIATED HAZARDS

Weather systems occur in nature over a wide variety of spatral and temporal scales As a:

... general rule the larger the: horlzontal extent of the system the longer lufetime |t ls IIkely to

have Teble { below identlt“es the ‘scales of mterest for thls dISCUSSIOI'I
T WY i Table p.; :

Scale. ) .Horizontal - o rerﬁpo;ral o

_ _ extent , . ~extent

Mesoscale.. - tenstdaféw = - ~1 - 10 hrs
y - ... hundred miles

-Synoptig <+ “afow hundredto ~ ~10 hrs - soveral |
o e A fewithpusand._rnil'_es o .days o oo

' These are oonvectlve soale. isolated thunderstorm cells that often’ develop in the late

afternoon, especlally wer land in the spring ‘and summer months They are also often seen o

the west of trontal systems (see below) over the- ocean “These’ cells generally do not pose as

sigmficant a threat as those found in larger mesoscale oonvectrve systems (see below) however‘

- _they are capable -of produclng high wind shear, heavy rain and/or ‘hall, and Itghtmng They will
. show up on radar as relattvely small circular. echoes and should be avcuded i S
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An MCS is an organized system'of convective thunderstorm cells. A familiar example of an MCS
is a squall ling; a line of convective cells. While the individual cells may have lifetimes as short
#8s 15 to 20 minutes, the squall-line system may persist for several hours as new celis
;-continually form out ahead of the leading edge of the storm. Other MCSs may appear less

3, 12

" ;organized than a squall-ine system, but both squall and non-squall systems will usually appear |

.;pn a radar display screen as a region of contiguous echo with local reflectivity maxima embedded
'within; the larger echo (see, for example, Figs. 1 through 3 in Section 5). The local reﬂectivity
maxima are the individual thunderstorm celis, these regions should certainly be avoided at all
costs, but in general the entire- MCS should be avoided since new calls can develop as quickly as
.10 minutes. Because of the more organized nature of MCSs, the individual cells are stronger,
and can be more of a threat than, airmass thunderstorm cells. Heavy rain and/or hail, higtt_

" wind shear and turbulencs, strong vertical motions, and lightning can be produced by MCSs.

When certain atmospheric conditions are present, supercell thunderstorms can develop. A
supercell storm is really an MCS that rather than having a multi-celluar etrt_tcture, effectively
acts as a eingle strong cell with a continuous updraft and downdraft. In muiticellular MCSs, the
individual cells are self-destructive in that._ the downdraft that eventually develops tends o cut.
off the inflow into the updraft, thereby killing off the supply of moisture and energy fo the cell.
'Superce'll storm‘s'en the other hand'ate characterized by an updraft-downdraft couplet that is
‘non-interfering. As a consequence, the supercetl thunderstorm can be very tong-ltved w:th
litetimes often exceeding six hours Supercells are the mo’t severe storms that can be
encountered. The largest hatlstones and most tornadoes are spawnad by supercell storms.
Extreme hail andlor rain, strong wind shear and turbulence tncludtng tornadoes, strong
vertical air motions (updraft can exceed 75 knots), and lightning are hazards that can be |
-encountered in and around supercell storms. They frequently occur as isolated single-cell
systems, but they can occur with ordinary cells in multi-celluar MCSs or even in a line. Fig. 1
shows typlecal radar horizontal cross-sections of a shpercelt at various altitudes and a vertical
cross—section in the plane of storm motion. There often Is a region of minimum reflectivity
termed the bounded weak-echo region (BWER}, iike that shown in Fig. 1 at 4 and 7 km. The
reflectivity pattern at 1.km is often referred to as a hook echo. The BWER and hook coincide
with the strong updraft region. The BWER or hook will- not always be present and therefore the
refiectivity pattern can look S|mtlar to that of an ordinary thunderstorm cell.
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Fig. 1. a.) Schematic horizontal sections showing: the
altitudes of 1, 4, 7, 10 & 13 km above ground. Reflectivi
the Indentation on the right front qua
- weak-gcho region (BWER or "vault"
reflectivity -maximum’ extending from
Schematic vertical section through the
reflectivity maximum referred to elsaw
. rear flank of the BWER. (From Chisholm and Resnick, 1972)
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drant of the storm at 1 km
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radar structure of a supercell storm at
urs are labeled in dB2. Nota
rm.at 1 km which appears as a bounded -
) at: 4’ & 7:km. On the left réar ‘side of the vault is' a
the top of the vault to the gr
plane of storm motion (alon
here as the hail cascade,

ground (see Fig. 1b). b.)
g CD In Fig.. 1a), Note the
which is situated on the (laft)
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HURRICANES AND TROPICAL STORMS

it is highly unlikely that a commercial airplane wouid have an inadvertent encounter with a

hurricane or fropical storm since these storm systems are very long-lived and are well
.monitored by various meteorological agencies. Therefore, these types of storms will not be
fl_,duscussed here. Numerous publications on tropical storms exist and can easniy be found in the

" meteorological literature.

EXTRATROPICAL CYCLONES (FRONTAL SYSTEMS}

J These are the synoptic-scale weather systems that are tracked daily on weather maps. They are
responsible for much of the day-to-day weather in the mid-latitudes. Most of the precipitation
from extratropical cyclones occurs in the vicinity of "fronts®, so named because they mark the
boundary of two different air masses. Thera is & discontinuity of sorts in relative humidity,

-temperature, wmd and atmospheric pressure across a front. There arg three basic types of

_ froms that accur in extratroplcal cyclones; cold; warm, and oociuded‘ The vertical air -
motions, liquid water contents, and precipntation rates associated with frontal systams are-
commonly much smaller than those associated with convective and mesoscale weather systems. SN
There are, however, important exceptions to this rule. Squall lines can occur several mlles )
‘ahead of or behind oold fronts. Significant convection also commonly occurs in conjunctlon wnth
the cold front, and Iess_ com_monly with the warm or occluded front. It a strong cold front moves

'_throu‘gh a region of warm moist air, as indicated by surface observations, "then convection is
likely to occur ahead of or. along the cold frontal boundary When extratropical cyclones are '
over the ocean, convection commonly occurs behind the cold front. Fig. 2 ||!ustrates an
extratropical cyclone in various stages of its ‘development and indicates the locations of different

fronts. in iis initial stage (Fig. 2a), a cloud band will probably be present in conjunction with .
the statlonary front, but preclpitatlon. if any, will most likely be light. As the system begins to
develop (Fig, 2b), precipitation mtensﬂy_ _lncreases_ and a kink, marking the junction of the L.

warm and cold front, forms along what had been the stationary front. Convective preciphation
_qan start developing at this stage. Fig. 2c shows the mature cyclone with warm, cold, and
occluded fronts. The regions where convective precipitation is likely to occur, if it develops,
_are indicated in the figure. ' If convection does develop, it presents the same hazards to aircraft
as those associated with convection in MCSs. this is especnally true of the convection that can
occur ahead of and alcng the oold front

1 Actually, thera is a fourth front, the stationary front, but it |s slmply a warm or cold front
that isn't moving. :
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Fig. 2. An ‘extratropical cyclone in three stages of s R

development: a) initial stage, b). developing stage, ang )

€) mature’ stage. Non-convective Ppracipitation” usually
occurs as rain or.snow and can ‘fall anywhere urder the .
visible cloud cover, but is usually most intense in a

- broad- region north of the warm front and. in the

vicinity of the cold front.
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Convective precipitation is more common in the spring and summer months. Convection results

when the vertical temperature profile of the atmosphere is unstable. In simple terms, this

occurs ‘when temperatures near the surface of the earth are warm and temperatures aloft are

oold During the spring and summer solar heatmg at the ground is strong and contributes

towards creating an unstable atmosphere. In addltten there is a certain lag time in the heatlng

of the atmosphere, such that as the spring season progresses atmospherlc instabllity increases -
since the earth’s surface warms quickly while the atmosphere is slower to warm. Consequently.
in most areas of the. world, spring is the season in- which convective weather is most likely to
occur. Since all of the weather systems listed above, except extratropical gyclonhes, are
_eonvective or are systems of convective cells, they oecur most frequently in sprang and-

summer. ‘ - - ' -

Extratropical cyclones develop in regions of enhanced synoptic -scale horizontal temperature

gradients The gradlents necessary for the development of frontal systems are most likely to

develop in the winter season when the gradient of solar heating betwesn the pole and equator is :
at its largest. Hence, frontal systems occur most commonly in the winter months. Convection | )
in,frental systems, howsver, is more frequent in the spring for the reasons discussed above. It e
should be pointed out, though, that frontal syetems can occur virtually any time of the year and
likewise, any of the convective and mesoscale systems can occur in the fall and winter as well as

in the spring and summer.

Wind shear and strong vertical motions can have a dramatic effect on flight paths as illustrated
in Fig. 3. Expected flight paths and actual trajectories through a supercell thunderstorm are
shown, The cross-section indicated is from the southwest to the northeast from left to right
across the page. If the storm motion is towards the northeast as indicated, then because of the
three-dimenslonal nature of supercell storms, the cruise altitude flighti path shown would have
to have a significant component through the page towards the south in order to fly first through
the downdraft-and then through the updraft. The glideslope flight path would be effected as
indicated if it is actually along the page towards the southwest as it appears in the figure.

k)
e -
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Fig. 3 shows that as an airplane enters the downdraft at cruise aititude it encounters shear and
then is forced down out of its flight path, then at the interface of the up and downdrafts shear is
again encountered and the airplane Is forced back up to fis flight path and beyond. Upon leaving
the updraft, shear is again encountered and then finally the flight path is recovered. In the
ghdeslope flight path, shear is encountered at the boundary of the thunderstorm outflow (thrs
_iboundary is called the gust front). As indicated in the figure, the downdraft associated with the
greclpitauon shaft can force the airplane into premature contact with the ground. '

The sudden onset of wind shear near the ground from thunderstorm outflows is called a

_ “downburst™ or "microburst’. Wind shear accompanies all thunderstorm outflows, but
downbursts represent extreme cases of outfiow wind shear Usually downbursts occur in
conjunction with the precipitation shaft. Dry downbursts, that is' downbursts that occur in the
absence of precipitation that reaches the ground, are known to occur especially in regions where
c!oud bases are high and the layer below cloud is dry, i.e., the ngh Piains in the US. Itis.
adwsabla to avoid flying below or through convective precip:tatlon shafts espec:ally near the
ground because of the threat of downbursts. ' : :

Heavy convective precipitation in the form of both rain and hail can cdntribﬁt_e. to engine
spoold_own and/or flameout (see, for exampie, Section 2.0). While radar is a valuablé tool for _
agsassing the inflight precipitation threat, it should not be considered perfect. There are many
situations in which intense precipﬂaiion is not SBGn' by the radar. One such case is when
. heavy precipitation is concentrated in-a relatively narrow and/or short shaft, Since. the radar
beam spreads out with distance from the radar, a narrow preciputatlon shaft can be smaller than
the resolution of the radar and therefore a "diluted” echo is retumed. Another situation in
which heavy precipitation can go undetected by the airplane radar occurs when & small pocket"
of intense precapltahon exists above the radar beam. Fig. 4 illustrates this using actual radar |
returns from a convective storm in Alabama. In this particular example, an airplane probably
would not fly through the cloud shown anyway because of the high reflectivity surrounding the
more intense pocket, but it is easy to lmagine similar situations in which an airplane would
intercept an unseen pocket of intense precipitation. Attenuation of the radar beam by
Intervening precipitation is yet another way in which regions of intense preci'pitation can go
unseen;, this is discussed further in the next section.

i
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Perhaps of more cohcem than the threat imposed by heavy rain is that of intense hail.
Unfortunately, on-board radar cannot reliably distinguish hail from rain. Fig. 5 shows the
chance of hail being present versus radar reflectivity. In Fig. 5, it was assumed that magenta
~ was used for reflectivity, but for many of the radar configurations magenta is used to indicate
.ithe presence of turbulence. The color ranges of a Collins 3-cm wavelength radar are indicated
«in the figure. There is no real threat of hail in the black or green return. The chance of hail in
;the yellow regions of the echo dispiay varies from 0 to 22%. I the radar is set such that
f;magenta is used as another reflectivity level then the chance of hail in the red return areas
ranges from 22 to 65%. If magenta is used for turbulence, then all that can be- inferred from a
red echo return is that the chance of hail is greater than 22% and as high as 100%.
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Fig. s Chance of hail being present in the various color ranges of a Collins 3-cm aircraft '
radar. The cross-overs from one color level to the next are marked by the solid vertlcal
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ARINC 708 series radars, standard equipment on all new airplanes since 1980, are
characterized by low power transmitters, flat plate antennas, digital processmg, narrow beam
width and color screen imagery. These new technology, soiid state radars offer Qreater
reliability: and new turbulence detection methods, but also requrre new operatmg techniques and'

knowledge of system limitations. This section describes the new features of the 708 series
radar and reoornmended operating techniques S '

 Chan iy,

With the advent of- digital radar. most operators have made the switch from C-band (5400
MHZ) to x band (9400 MHZ) in therr new arrplanes Some basic properties of radar wave are:

-As fr'equency:increases_, re'fiectivity increases.
-As. frequency increases, attenuation ircreases.
” | _'AS;fl'qu.l,ency increases, beam width _decreaSes-.'_ :

X-band | scores high for total energy return, but due to its higher attenuatlon (signai weakentng)
rate, it loses ability to penetrate clouds with high levels of precipttation Radar manufacturers
have added features for dlsp!ayirlg areas of probable attenuation o

Fieduction in beam width is slgniflcant in lmproving target resolution and definition. The best

return is generated where the target fills the radar beam. For a storm at Go-miie range 10 fill
. the beam of a C-band radar, it would have to be 5 /2 miles in diameter, whtie to fill the beam
' 'of an X-band radar, it would only have to be 3 miies in dtameter ‘

ke

_ Previous generation radars, the monochrome or green screen sets, used high power '(6‘0:'K'W) |

. fransmiters. . By companson the new radar has a power output of about 125 watls. This Iarge . i

_.reductton in transmitter power has been: made possrbie by |mproved recetver technology, such

- . that the ability of the new radar to paint. returns at any given range is comparable to the old :

f;) " high power fadar.. Aside fromi the obvious benefit of reduced Ioad on the alrplane etectrioai PR
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system, the most important benéﬂt from this reduction in power output is the ability to )

accurataly control frequency, which allows implementation of turbulence detection, ground
clutter suppression and reduction in interference.

:The colors represent varlations in rainfall rate and are easier to interpret than the older

.monochrome sets. The color-rainfall calibrations below are rounded numbers encompassing N

- 'slight variations among manufacturers. The precipitation rates are valid only in Auto Gain mode
and for typical size droplets. Be aware that Red and Magenta can have significantly different
meanings depending upon the manufacturer, customer options, and number of colors displayed.

RAINFALL RATE
- BLACK o  VERYLGHT ORNORETURN  Less than | mm/hr
GRERN SR UGHT - -4 mmrhr
YELLOW MEDIUM RETURN - 4-12 mmihr
RED (Monochrome Contour) STRONG RETURN - Greater than 12 mmtr = )
RED (Bendix with Magenta) ~ STRONGRETURN  12.25 mm/hr ‘
RED (Coliins, Honeywell ~ STRONGRETURN 12-50  mm/he
: with Mageﬁté) . _ - ' _
MAGENTA (Bendix) VERY STRONG RETURN Greater than 25 mm/hr

MAGENTA (Collins, Honeywell)  VERY STRONG RETURN Greater than 50 mm/hr
o . - and/or Turbulence >

| smm/sec
'WHITE (Honeywell). S ' ‘Turbulence> 5 mm/sec

Another significant difference is the way the picture is painted on the screen. In the 6Id analog
models, new returns were added by each sweep of the ante_nn'a. and the oid returns gradually bled
away depending on the level of persistence selected. The new radar display is génerated inthe
same way as a TV screen; aach new sweep is a :btally new picn.ire -the old picture is completely
~erased. Thus, there can' be more abrupt changes in the plcture from one sweep to another. Color
changes can occur quickly if a return is close to the threshold between rainfall rate categones
A calibrated radar is one that accurately disptays the true lntensaty of a storm regardiess of |ts

range. The new digital. radars incorporate hypersensitive receivers and sophrst:cated ' o ,j _ _

~ sensitivity time control (STC) circuitry to present a true or calibrated image within a range of
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- approxlmately 60 miles. Therefore, a yellow storm return at 60 mlles will stlll be yellow at
q 10 mlles The calibration accuracy is based on gain control being set at the automatlc preset,

or calibrated pos_ltlon

,Resolutlon characteristics are. improved with flat plate antennas and narrow beams o
Transmatted Ppulse width varies: with the range selected and thus two targets at short range
- would-only have to be one-half mile apart to appear as separate returns whrle at longer ranges,
one.and one-half. mile longitudrnal separatlon wolld be requrred to break out lwo targets In
~ : azumuth the resolutlon qualities ‘are a function of beam wldth but the same princrple applles
- the closer: the: target the better the rasoltition: qualtties A 3 degreo beam can break out two
targets . with one-and one-half mile separaticn at’ ee mrla rango at 100 mllo rango 5 mule '
-separation would be: required 3 - S |

__..-;_..;Sprne energy from the older parabolic antenna was Iost in the slde Iobes resultlng ln more
_'_ground clutter atrlow altlludes and more- close-range weather returns amund " '

. the: mam beam. “The flat: plate antenna transmits“a: narrow focus long-range beam greatly

6 : reduclnq the side lobes and. focusing-mech: more energy into the main lobe. WIth loss of the side

lobes, ﬂlenll:QLhemmas_mp.Le_cmnal As you approach storms or reduce the range. the tilt

must be adjusted downward o avord overscanmng slgnlﬁcant retums i

o PARABOLIC Aureuml S S “FLAT Purrs mﬁ"m
o , B ))))\“\ /i "“"""'”' ' b T/
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MAP MODE

in the old generation radar, the map mode gg%nerated a fan-shaped beam that was effective over
__wide areas from low or intermediate altitudes. This fan beam was not useful at normal cruise
a!titudeé due 1o the energy loss assoclated with the wider beam; so the narrow pencil beam used
m the weather mode was usually used for mapping at high altitude. Now, with the new
r,'-_generation radar, the fan beam has been efiminated, but all that was really lost is the low
altilude, short-range wide area mapping capabrlity Improvements in airborne and ground

based navlgatron alds over the years have made this map mode a secondary function in most areas'

of the world. The mapping function from hrgh altitude is quite effective if, as in weather
avoidance. the tilt control is understood and used properly. For instance, at FL330 with 5
- degrees of down tilt, the beam sweeps a 140-mile swath of ground from 50 to 190 miles in

- front of the alrplane, whereas with 10 degrees of down tilt, the beam sweeps only a.15-mile
,swath of ground from 26 to 41 miles in front of the airplane. Ad]ustment to the gain is
:necessary to "break out" terrain fealures. Too much gain blots the Iandscape paints returns
between targers and obscures landmarks. Since the STC circuit is deactivated in the map mode,
gain will have to be reduced for closer range targets. Good practice in radar mapping can be had
on clear days when moyntains, coast lines, cities, rivers, etc.,.can be seen visually and
oompared to radar screen images. * ‘

With the introduction of doppler techniques in radar turbulence 'detection is dispiayed directly
and more accurately, eliminating pilot interpretation of the weather display. However, rain is
still a required ingredient. The turbulence mode does not display clear air turbulence. By :
measurement of longitudinal velocity of rain, the radar displays those retums that are mowng
in ling with the airplang’s path faster than 11 rnph Due to the properties of the transmitted
beam and pulse repetition frequency limits, this turbulence detection mode Is only effective out

to 50-mile range. It is intergsting 10 note that turbulent areas sometime show up in areas of
light precipitation (green) and not always In areas of moderate (yeliow) returns.

4
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. Ground CIutter Supressron (GCS) uses doppler: frequency shrft ‘as does the turbulence mode
Here, however, any target that exhibits less than 2' mph longitudinal movement Is. considered a
ground return and eliminated. Targets with speeds of 2-11 mph are- oonsrdered precrpitahon

feturns and. those over 11 mph as furbulent preclpttatlon returns. * Tiit angles of no more than

- Minus § degrees suppress ground returns well;. but steeper tift: angles result in Inadequate |
| . Suppression of ground clutter. Since GCS ridentifies” ground’ returns as anythmg that moves

_slower than 3. mph,.it is possible. that slow’ movrng weather returns. may also be f‘ltered out
‘Thus GCS. should not be Iefl on oontlnueusly, but- rather used in qulck analysrs of retums ‘then
tumed off. . - N . . il

5

! ‘ - Prror 1o takeoff itis: deslrable 1o tilt'the’ antenna up to scan for weather
: | ‘,along the departure path During initiat climb, the antenna should remain’ hlted u ‘to"avold
- ground clutter and:to. caincide with thie airplana’s ‘climb- angle. The' antenna stablllzatlon. :
=5 | oontrolled by the: airplane gyro or IRU, is’ relerenoed to the horizon not to the Iongrtudmal axis
“of the atrplahe IO L o _

. _. l. R EE:, orrtlllllllll,,l,)’))))

“ : Range (rei)

0
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Range selection should be appropriate for airplane speed and location of weather returns. As the
airplane continues climbing, the tilt should be gradually decreased to aim at the regions of
maximum precipitation while aveiding ground clutter. Tilt angles below approximdtely plus 4
-degrees will pick up some ground clutter below 5,000 feet AGL.

.Cruise - For cruise, recommended tilt settings vary from one manufacturer to another, but
generally speaking, the tilt should be adjusted so that ground returns are barely visible at the
outer edge of the screen. Ground returns are dispiayed in arcs parallel to range marks. They
m'ergé together as the tilt is brought down and cause shadowing behind prominent features. They
are generally smaller, sharper, and more anguiar than weather returns. The tilt will have to

| ‘ _,be adjusted more frequently as storms are approached or range is changed to avoid ovarscannlng
Having once adjusted the tilt setting, the flight crew should not be contant with Just an
-pccasmnal glance at the screen. Failure to periodically down 1ilt feads 1o "dlsappearmg targets.

T/O13

Tha narrow beam width of the radar presents only a two-dimensional cross section of the storm.

];o--adequate'ly-'analyZe a storm front, the pilot should valy'thq ilt and try to-construct athree- _

"dimensional "picture”® of what lies ahead. Also, since the pdwer' output of the transmitter is

changed significantly as range is switched, the antenna must be re-aimed with each rangé. .

switch. For normal cruise altitudes, it will be mare difficult to detect calls lowsr than the -

cruise altitude Inside of 40-mile range due to ground clutter, particularly over land. For this
. raason. a diveréion route should be initiazed befdre the target is inside of 40 miles. -

Settmg the tilt near zero at cruise altitude can degrade the usefulness of the radar sngmﬂcamly
This radar detects only hquid moisture in the form of raindrops, wet hall, or wet snowflakes.
Unless the beam is aimed at or below the freezing level of weather cells, there may not be
‘suif'caent moisture o paint a return on the radar. '
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~ The National Severe Storm Laboratory in Oklahoma City advises that thunderstorms 1o 60 000
feet show little variation In turbulence mtensrty with altitude. Further. they state that.strong

" vertical drafts and Iarge hail exists to within' several thousand teet of the tops of these storms.
If you can visually confirm that you will top a storm, conservatlve philosophy says you should
top-it by 1,000 feet per 10 knots of wind. at altitude. Smce every degree of tilt moves the beam
*center vemcally (in feet) an amount equal.to 100 times the targets range, you may be able to
'dotermlne your vertical clearance over a storm. Applying this . rule if you picked up a return
at minus 3 degree ttlt and 50 mrle range, its liquid top would be 15,000 feet below ‘you.

Any storm return wlth rncre than one oolor is bound tc have turbuience, even in the green area.
Steep gradients, that Is, thin.lines of color, are areas of greatest turbulence A retum that is
_ changrng shape or-size over.a:short périod of time i potentially very turbutent. The. other _
prime lndrcators of severe: acttvrty and hail- such as ﬁngers. hooks, scalloped edges and _
~ horseshoe. shapes requrre avoidance. and should not be Ignored even rf they are green in oolor
L Tornadoes frequently have very little” morsture and parnt as green narrow curved fi ngers or
: ﬂgure 6's Shape is just as tmpbrtant as color ln determlnlng the intenslty and turbulence of a
=_storm e EEAR M ' -

: D_emm_ Antenna tult will- have to be raised approxlmately one degree per 10 000 teet ot
' _’:descent down 0 15 000 feet, then' one degree per 5 000 feet below 15, 000 feet Ftange shoutd
" ‘be ad]usted as necessary o scart the arnval route adequately ln heavy weather the longest
appropnate renge should be used to ptan a safe storm avordance route; then selectton of shorter
- _ ranges will show: groator detarl as you enter the affected area Ftemember that more trlt
:adiustment vnll be roqutred each trme the range :s swrtched | ‘
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Radar reflectivity, Z, is a measure of the power returned to the radar by precipitation, usuatly
expressed in decibel form, dBZ (= 10 log Z). '

'Airpl"_jane radar will not display clouds, only the raindrops within. The size of the particles are
more: important than the actual tiquid water content. A visible cloud in mist or ice crystal form
may not show up on radar in Auto Gain. lce crystals and other small frozen precipitation
‘particles do not reflect as well as raindrops of the same size. Any hail of significant size will
show up on radar, and when coated with water will become highly reflective.

Figs. 1, 2, and 3 are severe storm PPI displays for S-, C-, and X-band (10, 5, and 3 cm)
weather radars, respectwely The serles lilustrates a fundamental limit to the performance of
aircraft radars as severe storm hqutd water content (Lwc) sensors. ‘

Preotpltatlon elements attenuate as well as backscatter radar energy, and this attenuation fimits
the "depth" to. which a given radar can "peer into” a storm. The shorter the wavelength, the .
greater the attenuation and the shallower the radar penetration depth. Many of the airplane
radars correct for the effects of attenuation. Ultimately, though, heavy precipitation can )
attenuate the beam to the degree that the power returned to the radar is so low that it becomes -
~ indistinguishable from noise. Preclpitation beyond the range where this occurs cannol be seen :
by the radar. Figs. 1-3 illustrate the effects of attenuation on the. radar display. Three' radars, S
'S- c- and X- band (Figs. 1, 2, and 3 respecttvety). scanned the same oonvective storm ‘
system simultaneously and at the same elevation angle In this example none of the three had a
built in correction for attenuation. but note that aven If the X-band radar had corrected for--
attenuation it still would not have been able to "see” many regions of the storm. The region
bounded by azimuths 0 to 90° and the ranges 100 to 200 km was not seen by the X-band radar
(Fig. 3) because the beam had been attenuated completely in the first 100 km. As can be seen in
the S-band display (Fig. 1), there are several areas in this region where the reflectivity
exceeds 40 dBZ (red on aircraft displays). The C-band radar (Fig. 2) is also affected by
attenuation, but not nearly- to the extent of the X-band. :

Most weather radars in the commercial airplane fleet are X-band. The implication of these last
three figures is thus that, though extremely vaiuable, use of such radars for hazardous weather

| avoidance is by no means sure-fire.

b
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~ radar. ‘Range ring intervals are 100 km. Figs
angle. ' |
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270 -
) 090

.20 dBZ

30 dBZ
40 dBZ
50 dBZ

- Fig. 1 PPl scan of a Midwestern United States storm system as seen by an S-band {10CM) |

- 1-3 are simultaneous and at'_the same elevation

2/17/90 - _ - ST

_ 11/18/2005 11:22AM___




# 11/ 13

;513 T78B 2228

11—18-06:11:00AM; GE AIRCRAFT ENGINES

000

o
P
=S

270

7N

_Fig. 2. As In Fig. 1 except from a C-band (5 cm) radar.
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- Fig_.l 3. As fn Fig. 1xex°e 1 from ar R e
" commerclal aireraft. p om an X-band (3 ¢m) radar. X-band is-used in most
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MANUAL GAIN - WEATHER

Manual Gain control may be provided for weather use. It is effective for analysis but should
normally not be left on continuously. The increment of adjustable gain above and below Auto
Gain calibration varies consuderably betwaen models.

glouds or slest.

Decrease Gain periodically on heavy precipitation return to interrogate for most severe
areas. A typical minimum gain is 1015 dBZ below auto calibration. A Contour, Red or
Magenta return at this setting may have 3 to 4 times the water content of the calibrated
setting - a real threat.

#The height of a storm and cell growth rate are Indications of storm severity. | Tops may swell ub_

at rates up to 7,000 feet per minute. An estlmate of storm cell altitudes (withm 100 mnles)
¢an be made by multiplying the range times the tth angle times 100. Increased gain rmay help -
locate the tops.:

Example ‘
Tops identified at range 30 NM
Tilt angle + 10 degrees
~ Height = 30 x 10 x 100 = 30,000 ﬂ

Extremely heavy rainfall can reduce the ablllty of the radar waves to penetrate and present a
full picture of the weather area. This condition is referred to as "attenuation." The condition
can generally be identified by a _complete blac_kout or "shadow” behind a weather cell.
Sometimes ground returns can be he'Ip‘fuI in analyzing the weather situation. Tilt the antenna
down and observe the ground returns around the radar echo. With very heavy intervening rain,

127 13

lncrease Gain when aimed at sub freazing levels to ampilify returns for potential hail, ice

the ground returns behind the echo will not be present but rather wiil appear as a shadow. This

may indicate a larger area of prempatahon than appears on the. mdlcator

CAUTION: A.V.QLD_AHD_NEMEH_EENE[BAIE_A.&[AW.EED.ABEA
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- EFFECT OF WATER INGESTION ON TURBINE ENGINES -
II"IIE DUCTION
. There have been saveral known events in which engmes have expenenced complete thrust loss
during an encounter with heavy rain and hall. In most cases, the thrust losses occurred as the
airplane encountered heavy precipitation and moderate turbulence durlng_descent Engine
thrust was most likely near or at idle setﬂng. however thrust Iever excursrons ‘may have been
made. dunng the event. In one case, an alrplene expenenced a thrust lcss event when heavy _
precipitation was encountered durlng cruuse ﬂight. Whereas englnes are most sueceptible o
rain-ingestion at-the lower thrust. levels assocrated wrth descent and approach itis belleved for
“the" cruise fiight event that the turbulence caused an autothrottle command for thrust reductlon
thereby putting the englne near or at ldle settlng Experience ls mlxed as tc whether the thrust
“losses have been the result of englne surge flameout or rundown ' |

The complicated and vaned lnterectlons that determme the effects of water lngestlon en turblne

:-‘.-'fenglne operation preclude quantltatlve engine module by module analysls The magnitude of the

~ shifts in gas generator performance will vary dependmg upon the partscular czrcumstances

: The general ‘effect, however, is that if Suffi cient water is lngested compressor surge, rundown
of englne flameout. may occur. The purpose of this discussion is to examine the various aspects
of engine instability due’ to Tain, hail and/or sleet ingestion in order to achieve a better
understanding of the. phenomenon The term "water® wrll be used hereaﬂer in place of rain, hail _
andlor sleet ‘ '

.Ingestion of water In liquid or solid form will affect engine operatlcn because of the higher
specific heat of water and the latent heat assoclated with evaporatlon To better understand how

_ lhls applies, a brief explanatlon of the ccmplex process. of oompressor matchlng would be
helpful. ‘ ‘ -
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A high bypass turbofan engine consists of twa or three independent rotors. The speeds at which
each rotor oparates are intended to provide an uninterrupted flow of air through the engine and
the appropriate pressure rise across each oompresso'r. The parameters having the primary
influence on the operation of each compressor are air flow, rotor speed, gaspath pressure and
gaspath temperature. The thermodynamic interrelationship between the compressors and their
. respective turblnes Is referred to as matching. ' ' :

- The ingestion of heavy amounts of water in the gaspath causes the compressors 1 assume new
operating conditions. The reason for this compressor rematching is that when the water is
vaporized within the eﬁgine, it absorbs about 1000 BTU per pound of evaporated water from the
air passing through the engine, effectively reducing the air temperature in the downstream
stages of the compressor and in the combustion chamber. The Ingestion of ice can further

~ increase the cooling in the compressors as it absorbs heat if it melts into water and then more

~heat if this water evaporates. The degree of compressor rematch Is, of course, a function of the

:k_;{water/alr'ratio and'the compressor 'design The cOmpressor rematch moves the high preSsure

_ ‘Ecornpressor operatmg line toward the surge line, as illustrated in Figure 1, thus causmg the

' "compressor to be more suscept"ble to surge. : ‘
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The amount of waier that is ingested by the core of the engine is influenced by the scooping effect
of the engine iniet and by the centrifuging effect of the fan.

_The column of air in front of the engine is captured to a greater or lesser extent by the inlet for
“lfuse by the engine. When flying in rain, this column is, in effect, two columns; one of air

| particles and the other of water particles. The amount of alr ingested by the engine depends on. o
airplane and engine speed. At high airplane speeds and low engine RPM, more air is Inlercepled
by the inlet than the engine requires.. Thus air is spilled around the inlet, effectively reducing o

. the cross section of the column of air being ingested. The water droplets havmg greater
‘momentum, are not spilled around the inlet and the column of water pamcles thus remains
essentially the same size as the inlet pro;ected frontat area. This "scoop factor" can increase
the water/air ratio by as much as 200 percant at the inlet plane. A further increase in
water/air Fatio can occur at the engine core entry plane downstream of the fan as air is further

displacéd into the bypan duct at low power operating conditions. Increasing engine RPM
increases the alrflow requirement, thus reducing the- spillage, while maintaining the same
capture area for water ingestion. Fleduclng airplane speed will also reduce air spillage around )

the inlet. The combined action of increasing thrust and decreasing airspeed can significantly
reduce the ingested water/air ratio as illustrated in Figure 2.
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Airspeed and engine speed aiso are factors in determining how many water droplets, which are

in lipe with the core of the engine, are centrifuged by the fan into the fan exhaust duct. A water

droplet approaching the fan at a high velocity has a better chance of passing through the fan

without making contact with a blade than would a droplet travelling at a lower velocity.
Aikewise, a fan operating at a high rotational speed presents a more solid front to an
,approaching water droplet than does a fan operating at a slower speed and is more likely to
~provide the desired centrifuging of this water. droplet

. The scoop fac_tor_ of the intet and the centrifuging of the fén are separate effects, but as they both
have a direct bearing on the ingested water/air ratio in the engine core they are 1o be considered
as being additive. |

Alr is usually ingested by the engine at a lower velocity than the airspeed of the airplane,
e§pe¢ially at tow th_nist conditions. 1t has been verified that_smaller_water particles in the air
stream tend to approach the fan. at the same veloclly as air; both air and water particles thereby
entering the fan blades at the same angle of atiack. Water particles which impact on the biade
surfaces are centrifuged radially outward away from the compressor infet as described above.
Hail and larger diameter rain droplets, on the other hand, do not decelerate sigmﬂeamly Thay
enter the fan blades at essentially flight velocity and are more likely to pass through the fan
blades dlrectly into the compressor. Also, hall's trajectory in the inlet tends to- be straight and
not follow the flow field thereby, a!lowing a iarger percentage to be captured by the- core/fan-

- duct splitter.. It is s:gmfrcant. therefore. that the hail or large rain droplet trajectary through
fan blades allows more water into.the oompressor than does light rain.

The above two. sections discuss the beneficlal effects on water ingestion rate resulting from
increasing engine speed and decreasing aircraft speed. Since aircraft speed in a storm
environment would likely be fixed at turbulence penetration speed, .éngine FlPM'fs, therefore,
the most significant factor a\(ailable to the flight crew for(lm'proving the engines' water '
ingestion capabllity. Testing has confirmed that ingreasing N1 above the minimum idle setting
significantly increases the capability of the engine to ingest water w1thout expenencing
flameout or engine rundown.
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Figure 3 illustrates this effect. The test first determined the amount of water ingestion

q : required to make the engine rundown or flameout at the minimum idle setting. The process was
then repeated at several increasing N1 settings. - In this test, the water ingestion capability was
imprdved at each successive N1 setting and reached the optimum condition at 45% N1. At that
point the capabl!ity had impi‘oved by a factor greater than two.

Note that the optimum value of 45% N1 mentioned above pertains to a pamcular englne model
Refer o Sectron 7 for recomrnended operating procedures ‘
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Figure 4 illustrates the effect of water ingestion'on the controiled engine response for engines
which use droop governing controls. The dashed lines represent fuel required {operating) lines
for various rates of water ingestion. As the waterlair-rétto is increased, the operating line
moves upwards toward the acceleration schedule. The hrgher the operating line, the more fuel is

. required to run steady-state The slope of the lines of eonstant throttle position on the dnagram

describe the basic charactenstic of a droop govermng control From this, it is apparent that a

~rise In the operating It’ne results in & loss in high pressure compressor spoed (N2 for two- .

_"fspool and N3 for three- spoot engmes) when throttle positlon remains fixed. - The acceleratron
.Q'schedule reprasents the maximum fuellarr ratro avattable to the engine. As the operating Ime

:- fnses |t can under the most severe srtuatlon, reach the aoceteratlon schedule at whtch pomt- '
the fuel oontrol would be unabte to: delrver addrtional fuel 1o acoommodate the mcreasmg water
;;:mgestlon Under this condition, the engine. will rundown 1o the potnt where the maxrrnu ,fuell |
flow avaltable is insufficient to operate the engrne steady-state Thts eoutd dependlng oh the
?amount of’ water being ingested result- m rundown below idle, Ioss ef throttle response end Ioss

_ cal power if. the generator drops otf line. As the aircraft Ieaves the area of heavy
prec:prtatlon the water/arr ratio’ will decrease and the fuel- reqmred line may return te it’s '
:normal settmg, thus allowing the engrne to re aeceterate to the onginat set speed :
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The engine is most susceptible 1o flameout or compressor surge when it has entered a sub-idle
operating condition. . The above mentloned self-recovery. when exiting the rain encounter Is, of
course, predicated on the engtne not havmg experienced flameout or other non recoverable
operating condition during the rundown event. Expenence has also shown that an engine ‘may
hang in a sub-rdie operating oondition and not reoover as mentioned above. In that case; the
engine must be shut down and restarted by the flight crew in order to return to normal
operation. For engane controls which use constant speed governing, the engine response will be
similar to the above except that the rotor speed will not change at constant throttle as water
'mgestion is increased unttl the Iimlting acceleration fuel scheduie is reached At this pomt the
engme wrlt raptdly rundcwn ; ‘ '

The above discussion pertalns lo engmes equipped with hydromechamcal oontrois Engines ,
equrpped with supervlsory eiectronlc controls reaci to water mgestron .in- the samé manner as
hydromechanicai controis : '

: Most Iatest technoiogy engmes are equrpped wrth fuli authonty drgltai electronic controls
(FADEC) which’ sohedute fuei as a iunctio_ ,_‘of rate of change of compressor speed A significant
~ difference Is that the speed derivative control mode provudes consistent eoceieration and _
deceleration thrust’ response as water mgestlon causes the operating line-to rise: . A maximum _
fuel/air ratio ilmrt (fuel flow toppmg) |s sometrmes used \mth the speed -derivative. control
‘ ThIS can have ihe same rundown efiects with rain ingestion as does the acoeieration scheduie
previousiy discussed however the. FADEC maximum fueliair ratio itmit is srgmficantiy higher
than a comparable acceiersticn scheduie Therefore engrnes controlled using a speed denvatrve
controi mode are more tolerant to water ingestlon because they can ingest srgmﬁcantiy more
water beiore rundown is enoountered '

2/117/90 |
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The engine response to throttle movemsant varies depending on the direction the throttle is
moved.

Throttle Advance

As the fuel control operating line rises due to the incfeasing water ingestion, the r
margin between the operating line and the acceleration schedule is reduced. For
- heavy water ingestion, the engine will respond more slowly to an acceleration i

command from the throttle because of the reduced acceleration margin.

Throttle Retard. : o ' _
As the fuel control operating line rises, the margin between the operating line
and the deceleration schedule is increased and the engine response fo a
daceleration command is more rapid than normal. This could enhance the
_ _pmbébillty. of encounterihg a sub-idte condition or engine flameout. -

This operating 'characterlstlc is prevalent in most high by-pass engines. There are some

engines, however, which respond to a deceleration command in a near nor’r_nal manner in a water
- . ingestion event. ' -

EaD" e S TRge] T
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The use of engine and wmg antli-ice durmg a water tngestron encounter affects engine operation
- in_the following manner: T S

The extractlon of bleed air typically provrdes an |mprovement |n surge margm
-? by: Iowermg the" oompressor operating Irne. '

T

Dependmg on the Iocatlon of tha anti- -ice bleed air ports the use of anti ice may
result in some of the water drarning from the compressor '

Dlsao‘vantages
-« cFor engmes not: eqmpped wrth a bleed bias control functron the operatmg IIne. as
: »descnbed in the-fiel control section above moves upward toward the
" acceleration sctiedule as'a resuit of the' need for additional fuel o
_ , compress the air that is eventually extracted from the oompressor This effect
o o which increases the engine suscepttbiiity o rundown. is addttive iothe
</ | operating Ilne shift descnbed above
' _-The net effect of the use of anti-ice. is greatiy dependent on the magmtude of the mdividual
effects whtch in tum, are dependent on the type of engtne bemg considered In general
| however air bleed has. the effect of i mcreasrng ‘surge margrn and decreasrng flameout margin.
'Operatlng experience has:shown that sub-rdte rundown ‘and’ flameout are more predornlnant
L 'problems in water mgestion oondrtions than s’ engrne surge. For thrs reason if anti -ice air-
@  bleed Is not needed for ambient operating condrtrons and |f the engme Is at idfe speed it |s
suggested that anti- ice air bleed be turned otf R '

' 2/17780 L
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Engines typically are not damaged during a heavy rain encounter. Usually the most savere
situation is to experience muitiple engine flameout or surge with a subseq'uent pilot initiated
:, engine shutdown. In one case, however, multiple engines were severly damaged while oporating
.+in an unusually heavy rain storm. The accident investigation found that the engines probably
.+ surged as a result of throttle movement during the period of reduced surge margin as described
.~above. The surges, coupled with the presence of massive amounts of water and hail, caused \
severe compressor blade damage. Continued operation of the engines with damaged compressors |
 caused severe overtemperature in the turbines resulting in subssquent oomplete loss of engine

thrust,

In another case, an engine o.vertomperat_ure occurred while. operating in a sub-idle condition
-after a water encounter. The flight crew‘dld"not recognize the engine overtemperature condition
for several minutes before corrective action was taken. 'Inspection of the engrne after landing
rovea!ad substantial damage had occurred to the low pressure turblne.

EFFECT OF WATER INGESTION ON STARTING | | E

Tests have been conducted to detenmne the effect that water ingestaon has on engme starting
characteristics. The results are as follows

Time from lightoff to idle Increased
Surge margin in the start regime  Negligible differences

Combustion efficiency _ Decreased

' The probability of achieving d satisfactory start is greatly ‘reduced in water ingestion
conditions. . Start attempts will most likely result in no lightoft or in hung starts. Also, it
shouid be noted that, under these conditions, the slow acceleration to |dle of a satisfactory start

can be qulte similar in appearance to a hung stari.

- 2117790
6.14
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The fact that engines are certified to operate safely in hail of specified dimensions should not be
confused with the hazards associated with the ingestion of hail as discussed above. The tests
which .engine manufacturers conduct are to demonstrate that the damage to the engine from the
Impat_:t of ice particlés is within prescribed limits. The effect of ingesting these ice particles on

engine operability is not a primary factor in the certification testing.

Tﬁe ingestion of water by a turbine engine may raesult in the following:

‘Reduced surge margin and flameout margm
Possible englne rundown to sub-idle
. ‘Reduced acceleration capability from sub-idle
 Slower response 1o throttle advance
Rapid response to throttle retard -
‘Reduced _inﬂi_ght start capability

- NORMALRAIN INGEST!ON BY ITSELF, IS NOT LIKELY TO CAUSE AN ENGINE TO RUNDOWN OF!

FLAMEOUT OR SURGE. UNUSUALLY HEAVY RAIN, TYPICALLY REFERHED TOAS"AWALLOF

WATER," OR FWN PLUS AN ADDITIONAL INFLUENCE SUCH ASHAILORA THRO'ITLE TRANSIENT .

18 PROBABLY REQUIRED TO CAUSE AN ENGINE TO F!LNDOWN OR FLAMEOUT OR SURGE.

2/17/90
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OPERATING PROCEDURES
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m g - | ~ OPERATING PROCEDURES

Based on analysis of engine operation in inclement weather, it is concluded that high by-pass
turbine engines have a much greater tolerance to rain, hail and sleet when. operated at thrust

- settings above minimum or low idle. (See Figure 3 in Section 8).- Therefore, if moderate

| ‘andlor haavy rain, hail or . sleet cannot be avoided, the mimmum thrust settings recommended

" by the englne and airplane. manufacturers for operatlon In-such oonditlons, or greatar, shouid be
maintained to mmlmsze engine spooldown or ﬂameout :

The mformatlon presented in this secllon is a summary of key |tems whlch can be used to

2/17/90.
7.1
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OPERATING PROCEDURES
WHENTO APPLY

The following can be used as a guide as o when to apply recommended operating prooedures to
minimize possible engine rundown and/or flameout when moderate to heavy rain, hail or sleet
are encountered or anticipated and is especially appiicable to any low thrust operation. :

Normally commercial arrplanes do not operate in.this. type of weather conditions,
however if they are madvertently encountered it is essential that at least tha minimum
recommended thrust settings be maintained. Extremely heavy precipitation can be
encountered in hurricanes and tropical storms.

Well developed thunderstorms can produce sudden heavy rain and hail (wall of water)

~ which can result In engine rundown and/or flameout. Due to the inability of alrplane
radar fo "see" small pockets of heavy preclpttation. moderate to heavy. rain and/or hail
can be encountered even in the green area on the radar display.. it is also posStble to

- encounter hall while ﬂytng in - the clear (out of clouds) when passirig on the ddwnwind
side of a thunderstorm The reoornmended minimum thrust settlngs or. h:gher should be
matntatned anytime the alrplane is wnthm 20 miles of a thunderstorm

Moderate to heavy precipitation can occur in a broad region ahead of the warm front and
in the vicinlty' of the cold front. Convectwe type precipitation can occur in a squall line .

~ which can form ahead of a fast moving cold front. )

‘Ftecommended operating procedures lo-minimize possible engine rundown or ﬂam'eout should be

37 10

followed when operating in or near convective type weather conditions wheré moderate to heavy_ :

rain, hail or sleet could be enoountered

5/29/90 :
1.2
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~ R R . OPERATING PROCEDURES

Flrght should be conducted to -avoid thunderstorm activity. To the, maximum extent possrble.
moderate to' heavy raln/hall should also be avonded Ground based radar.reports, weather radar,
_pilot reports and fltght crew observations may be used by the flight crew to determlne when |
" rain, hall or sleet is antlcipated When operatmg in or.near. moderate. and heavy raln hail Or
2 . : sleet aeoompllsh the following -

# " GNITION |
lgnrtron should be ON durlng fllght through moderate and. heavy rain, hall or sleet, The
lgmtlon system offenng maxlmum flameout protectron and restart capabillty should be
-~ used in oase of generator power Ioss

| ANTIICE | o
. énglne Antl-lce sttoulcl be ON i |olng condrtlons GXISt. otherwise engine Ant}- loe.should
- o be OFF if it has been determined to improve engrne aoceleraﬂon
.' THnusrLe\_rEns |

L Do not make rapld thrust Iever movernents in heavy precrprtatlon unless excesswe |
i"’arrspeed vanatrens ooour’ (] thrust changes are, ‘Necessary, move. the thrust Iaver very '
| slowly Avold ohanglng thmst lever dtrectron until enginee have stabilr;ed at:aseleeted -
o _-:-_'ff‘._-',se“mg A o | | .

o Do not make thrust lever movements to oorrect for ﬂuctuatrons in engme parameters.
'Engine parameters \mll ratum to normal "“med'am'lf UPOH 1eavrng the area of heavy
Precmltatlon A L : |

2717490 LT
LR o724
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MINIMUM ENGINE N1

Maintain recommended N1 as follows to improve engine tolerance to water ingestion:

Airplanes which have a specific water ingestion minimum N1 recommended by
the engine manufacturer, maintain at least that N1,

Airplanes which do noi have a specific water ingestion minimum N1 _ 7 x

recommended by the engme manufacturer, maintain at least 15% Nt greater

than minimum flight idle. - | :
Example: Minimum flight idle 30% N1 plus 15 percent equals 45% N1.

-. Note: Some engine models hav_e demonstrated satisfactory operaiion in rainhail at high
' (flight) idle and/or at thrust settings normally used for engine antl-ice and a
further increase in thrust above these settings Is not necessary for these engines.

APU (If available,) STAFIT.

- The APU can be used to power the electrical system and to prowde a pneumatic air source -
for Improved engine startmg in the event of a multiple engme thrust loss. R

in heavy preoipi_ta_ﬂon conditions. it is possible there may be ﬂ'u‘ctuations in engine parameters,
[particularly a noticeable drop in EGT. It is not necessary to adjust thrust settings as there is no

- thrust ioss duﬂng these eondiﬂons Engme parameters will return to normal mmedlately upon
leavmg the area of heavy precnpataﬂon

if a dual br multiple angine thrust loss is experienced, accomplish the: RAPID RELIGHT
procedure as described on pages 7.4.1 through 7.4.4. For a single engine' thrust loss,

 accomplish the narmal ENGINE FAILURE AND SHUTDOWN checklist foﬂowed by the INFLIGHT
ENGINE START chackiist.

2/17/90
- 7.2.2
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| -h

~ /3. Thrust asymmetry which results in aiplane yawiroll,

5. Loss of airplane perlormance, indicated by fight instruments, ° *

" 6., Vibration and/or surging'from the affected eriging, T

;5132 788 2228 _ # &7 10.

'OPERATING PROCEDURES

‘ Durtng low thrust operation in a descent with the thrust levers at |dle. engine thrust loss or

flameout events (except arrpianes wrth engine failure message/light installed.) are not

: mmedrateiy recognrzed Engine rundown or flameout during descent may be first rndicated by
_ _itluminatlon of the generator off messagellight or the low oil pressure message/light or. blink
- of CRT's as appropnate If the generator is off \mth the thrust lever at idle, advance: the thrust

Iever and check NZINS and EGT to venfy engme operatron

o EDIE. Durmg ﬂight crew srmulator traming, engine flameout during descent should be part

ef the curricuium to enhance engme farlure reeognitlon at low thrust settings

Engme thrust Ioss or: flameout during Operations at htgh thrust settmgs (takeoff cllmb, .eruise
v»‘_'._'or go-around). are usually’ immedtately reoognized by the ﬂlght crew Engme thrusf toss or
: ftameout durtng high thrust operations is’ easuiy recogmzed by N ' '

L 'Engi_ne failure -messagellight- (if in's"telied)'.' :

2. Decreasa in engine noise. -

4. Control wheal position as autoplot aftemps fo hold heading.

N S TR E A S T A

o
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OPERATING PROCEDURES

INFLIGHT ENGINE RESTART - RAPID RELIGHT

Starting a turbofan engine requires the right combrnatron of fuel and air, and an ignition
source. Today's high bypass ratio engines utilize sophisticated sub-systems to ensure
reliable starts with minimum exposure to potential problems which could cause
expensive damage to various engine components.

The typical ground start procedure uses an air driven starter to rotate the high pressure
(N2 or N3) rotor. When the siart valve Is opened, the starter drives the high pressure
rotor through a shaft/gear mechanism.. When the rotor reaches a specific minimum
speed the fuel control Ieverlswrtch is raised to the engrne operating” position,

- inrtrating fuel flow into the combustor, and "firrng the ignitor(s). Ignition takes piaoe
and:the engine acceierates At starter cutout speed, the starier disengages and the engine
contrnues fo accaierate As rotor speed nears idle, the EGT and fusl flow will normally

y peak then decrease as the engine stabrlizes at idle. '

‘ During the start sequence, uniess the engine is equipped with an automatic starting
feature, the crew must monitor engine 'parameter"s and starter cutout for any indication
of a problem, and take approprlate action if necessary The start EGT limit is chosen to

: prevent turbine damage during start it rs consrderabiy Iower than the takecff EGT limrt

During the ground- start ‘the starter turns the N2 or N3 rotor untal maximum rnotoring
or the minimum RPM is obtarned before fuei and lgnition are rntroduced Engine "iight
off* and initial acceleration occurs at very iow N1 RPM which srgnrfcantly affects the
flow of cooling air through the engine. thus the lower EGT limit fcr startrng During
-'takeotf wrth maximum arrflow through the engrne. a higher EGT limit is allowed

For an mfirght start, the physics surroundrng the start process are srgnifrcantiy
* differerit; Depending on ﬂight conditions such as arrspeed altitude and time since
shutdown, N2’ ‘RPM may of may not be sutt"cient for a windmtll rnﬂrght start. If Nz
ot RPM S sufficrent a wrndmrli mﬂrght start should be successfui . Depending on-whather
‘the need is 1o start one or several engines, the crew wrli rieed to decide between the

normal Inflight Engine Start or a: more expeditious Rapid Relight procedure
2/17150
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* Crews should be aware that the Infllght Restart Envelope has been defined by very

conservatlve criteria and does not represent llmlts to the condmcns under whicha

' successful lnﬁlght start can be aohieved

‘1. - The lnﬂight Flestart Envelope defines altltudes and airspeeds that will assure an

inflrght sta_rt (certlficatron provrng starts were 100% sucoessful)

2. For the lnflight Restart Envelope certlﬁcatlon tost points the engine was -

; stablllzed in the wmdmllling ccndltlon prtor to the lnflight start attempt

3, The lnﬂight Restart Envelope was detlned on the basis of successtul englne '_

infllght staris’ accomplished with- only one lgmtor operatronal

~ Since the lnmg'm ae's'tan'-Envelope is very ccnsenia‘tive, an immediate start attempt
S should be made if a multiple engme thrust Ioss occurs. even it engine parameters are
' utsrde the normal start -envelope. : - -

C "to be used The single englne mopera ' ‘] case s uldbe'considered a non normal flight
a '-'condltlon not an emergency. | |

! pertorm the mtlight start procedure

7.4.4

11/18/2005 11:54AM
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- acnon ’regardless of aitrt’ude or arrspeed ' :rhe lnﬂight start attempt should take advantage'
of the inenia ct the engl_nes as they are. speollng down it possrbl“ {Ri "“ldﬁellght) 'Fhere s
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The "Rapid Relight” attempt includes:

- Ignition ON
- Thrust Lever IDLE

- EGTCHECK .

| If EGT normal advance thrust lever and check increase in thrust. SN
If EGT rising rapidly or above limit,. |
Cycle fuel control leverlswitch to CUTOFF (OFF) and then to
'IDLE/RUN (ON), : :

" Leave start lever in CUTOFF (OFF) until a decrease In EGT is
observed before movmg to IDLE/RUN (ON). '
This action will clear the engine in the event of a non-
recoverable surge or sub-ldle condltlon

L

- Do not allow the EGT to  excsed the takeof EGT’IImit'.’

The takeoff EGT limit may be used in place of the ground start
EGT limit on most engines as long as the RPM s Increasing.

. APU (IfAvailable)-S_TAHT AND on-aus}

‘ Do not await successful engme slan(s) prior 1o starting the APU
_ If the APU Is available and previous start attempts have been
unsuccessful, the APL can be used to power the elecmcal ‘
~ system and to provide a pneumatic air source to restart
~ engines using starter assist.

The above procedure should enable the engine.to ralight and accelerate o idie. It is
likely that the-EGT'-lmay approach or even axceed the norm'al engine start EGT limits:

j | However, when' attempti”ng a Rapud Flehght. it Is permisslble to allow EGT to approach -
the takeoft EGT limit if RPM is increasing before the restart should be aborted and re-
attempted. EGT's in excess of the takeoff limit may cause mechanical damage which wil
make it |mpossnble to start the engine on successive attempts.

5/28/90 )
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Srnce water lngestlon has been shown to degrade starttng performance, repeated tnﬂrght
start atternpts may be necessary to restore ‘engine thrust. Start attempts shouid be
mitrated Immedtately In. moderate to heavy rain, the engrnes may be slow 1o start and it
may take up 10 3 minutes to accelerate to idle. In some cases, it may not be possrble to
~start engines until exltlng areas of- heavy ratn, hatl or sleet.

When multlple engrne mflrght starts are necessary, the Flapld Rellght procedure should - )
be lnrtrated prontptly Such attempt (or attempts) should srmultaneously lnclude aH _'
non operatlng engrnes, and should be repeated until at’ least one englne is operatlng lor -
twln jet alrplanes For a four engrne alrcratt. the Ftapid Flellght attempt(s) should be P
made slmultaneously on «all engmes unttl at least two englnes are operatlng lt the Rapid ; ”
Rellght Is not. successful and the windmiling RPM has stabllized and-a bleed air source: '
(APU or englne) |s available use ‘the normal lnfllght starter asslst Englne Slart _
procedure thh no bleed avallabte. mcreasmg the arrSpeed and decreaslng the altrtude
If sslble, will enhance the. wlnclmrll startlng capability of the englnes. When the.
rninlmurn number ot engrnes requrred 10 rrtarntam sate flrght are operatrng, use the )

- normal lntlught Engtne Starl procedure to start the remalning engrne(s)
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