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ABSTRACT

The Mi-24 helicopter is one of the most famous lyekif¢ helicopters designed with a net
weight of 8.4 tonnes, while its gross weight is5lthnnes. This helicopter is powered by two
TV3-117 turbo-engines, coupled to a VR-24 main ratansmission gearbox, which reduces
the engine speed from 15000 Revolutions Per Mi(eeM) to the main rotor speed of 240
RPM. This research aims to show the functionalftyhe Mi-24 helicopter main gear box, to
find the opportunities to extend the running hoflmsfore maintenance) and to refurbish the
gear box locally in South Africa. The researchdal$ the principles of Reverse Engineering
(RE) and Refurbishing. The principles involve theraction of information from an existing
product in order to establish its function and e@ecreate specifications which can be used to
make, maintain or refurbish a similar or supertem. This dissertation has exposed some of
the theory of the design of the Mi-24 main gearlmmmponents and their functionality;
including similar selected helicopters’ main drivechanisms. The probable defects that are
common to helicopter transmissions, the specificatiand the Computer Aided Design (CAD)
drawings are also presented. The research concthdéswith the cooperation of the local
aerospace industry (including the army), the acaddnstitutions and government; it is
possible to get the necessary certification, licepstraining, specialised equipment and to
establish a Maintenance Organisation, to refurligh Mi-24 helicopter gearbox locally in
South Africa.
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1.1

1.2

INTRODUCTION

Background of the Research

The Mi-24 helicopter is one of the world’s mostdedary, powerful and widely used
fighter rotor-crafts. In the 90’s the Soviet Unievas the second largest helicopter
producing country and a world leader in the producof large heavy lift helicopters
(Chaiko, 1990). This is also reiterated in the broe; About Russian Helicopters (2015),
where Russian products account for 14% of globaétfl 35% of global combat
helicopters, nearly 74% of helicopters with Maximurake Off Weight (MTOW) of
more than 20 tons and 56% of global fleet with MT@¥n 8 to 15 tons, showing that it

still maintains a considerable global position.

Zhe, Niaoging, Mingjian and Bin (2012) indicate@tlcatastrophic failures in helicopters
are as a result of engine or transmission probléersce the need to investigate means of
detecting faults before they cause any acciderntgy Tdevised a gear pitting damage
detection methodology, incorporating a physical eiddr simulation signal generation
and an algorithm for feature selection and damagel lestimation for grey relational
analysis. Certain helicopter components are sulgetd normal wear and tear, while
others are affected by cyclic loads due to the atpmr of the vehicle (Patrick, Khawaja,
Saxena, Vachtsevanos and Wu, 2007). Most reseaoché®e Mi-24 and other makes of
helicopters have concentrated on vibration momigpand the establishment of diagnosis
and prognosis models for detection of failures #rasr propagation, while very little was
dedicated to the physical inspection and analykigogsible anomalies. Therefore it is
envisaged in this dissertation to establish thee sth the various components of a used
Mi-24 helicopter main gearbox (VR-24) and to analyisese conditions in the dawn of
Reverse Engineering and Refurbishing. This resealsthfocusses on the possible repair
interventions and methodologies (after inspectian fault detection) through the

mentioned diagnosis models, to develop the basiedal refurbishment.

Justification of the Research

The dismantling and subsequent refurbishment oMh&4 helicopter main gearbox is

the preserve of the Original Equipment Manufact@EM), who is based in Russia.

This arrangement is necessitated by the need totamaithe equipment guarantees
agreed during the initial purchase, lack of skilfl the prohibitive costs of obtaining the

licence to repair or refurbish this rotor-craft.ddnation of the Mi-24 helicopter main
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gearbox that was given to the University of the Wdiiersrand, School of Mechanical,
Industrial and Aeronautical Engineering, for resbapurposes, has also gone an extra
mile to motivate for the pursuance of this reseaithshould also be noted that the
absence of similar research in South Africa, cadipth the fact that most of this
equipment from all over Africa has to be shippedkoi@ Russia for refurbishments, adds
to the justification for embarking on such a resbaiThe research will become both an
eye opener on the design of rotor-craft main geaband the hidden opportunities of
the possibilities of local refurbishing of sometbé components of the Mi-24 helicopter
main gearbox. It is against this background thatetrliest opportunity to research on the
refurbishment of this equipment would give Southie the edge to become the first in
the study (thereby broadening the knowledge ba$ehie state-of-the-art piece of
invention. This will also make the country to be fiirst in Africa to move towards the
acquisition of the necessary licencing to refurlifsl Mi-24 main gearbox, and possibly
the whole ‘Mil’ family’s helicopter main gearboxeand also open enthusiasm for the

probability of refurbishing the whole rotor-cratft.

Research Problem
The basic design of the Mi-24 helicopter main gearis not comprehended; hence it is
traditionally acceptable to send the gearbox oerder repairs or refurbishments, to

avoid physical damages and any loss of guaranteesthe OEM.

The Specific Themes or Problems to be investigated

Based on the relevant literature, the first probterbe investigated will focus on:

a) The determination of the faults or discrepancies tiould be found in the used Mi-24
helicopter main gearbox. This will focus on thershafor any damages incurred
during operations and will include; normal wear dadr, component deformations
and cracking. The damages will also be assesseceamdated in terms of their
significance, in order to mitigate any catastropfadure and also to establish
recommended service patterns, as an improvemehetoriginal design. The causes
of such damages will also be investigated in otdezstablish preventative actions or
improvements in the form of re-engineering of tlkenponents or sub-assemblies (to
reduce probabilites of premature failure) and mgending appropriate
maintenance or service patterns. The safe usééubfithe gearbox, the individual
critical components and sub-assemblies will als;mbestigated, and this will also be
underpinned by historical data of helicopter vilmatsignatures collected during

operation from similar machines. The purpose of thvestigation is to establish the

2
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b)

wear patterns and any form of damage that coulé lhaen subjected to the gearbox
components during service and to also determineagiggopriate processes which

could have caused such damages. This will lead to:

evaluation of the integrity of the gearbox desigrclgding key components design)
and the determination of specifications of the masicomponents and sub-assemblies
of the gearbox. This will focus on the configuratiof the components of the
gearbox, their functions, sizes and tolerances. Pphepose of the individual
components and sub-assemblies, including the logiind the designs will also be
investigated. The purpose of this investigation tis establish refurbishment
specifications for the gearbox components and #rgows sub-assemblies, to form
the basis to suggest any re-engineering opporésnit improve the durability of the
components and gearbox assembly, which will in wontribute to the increase of

time between failures, of the Mi-24 gearbox. Thil lead to:

determination of the wear rate and other damagehamsems (such as; cracking,
pitting, scoring, denting and bending) on the geridbcritical components, in view
of the duration of use and in comparison to othameties of rotary wing aircraft.
This will include the determination of the weakesmponents or sub-assemblies of
the gearbox, the reasons for the presumed premdtail@res and suggested
improvement opportunities. The intervals at whible OEM refurbishes the Mi-24
gearbox (or other comparative helicopter gearboxes] the turn-around times
including the form of repairs; whether componensob-assembly refurbishment, or
complete replacement; shall also be investigatéd. urpose of this investigation is
to determine the reliability and feasibility of opéng the Mi-24 helicopter gearbox
safely for extended hours (beyond OEM'’s specifarairequirements), and to

establish the feasibility of refurbishing the gea¢ttbocally, in South Africa.

Delimitation of Scope

Considering the above, it is important to indicdtat this research dissertation will have

its own scope limitations in order to concentratetbe key aspects of inspection and

reverse engineering of the Mi-24 helicopter maiargex. This research will therefore

not cover the following areas;

physical helicopter gearbox refurbishment,

test rig vibration testing,
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1.8

on-board vibration tests and crack level deteatiosimulation.
mathematical modelling

finite element analysis

Research Question
Can the Mi-24 helicopter main gearbox be succdysfidverse engineered and be
refurbished in South Africa?

Source of Data and Methodologies

The sources of information and data for the purpasithis research would be the
internet, technical publications, scholarly andfeoence papers, rotor-craft maintenance
specialists (to be sought from all over the worlghysical visual inspections and
measurements and other mechanical or strengtidéstwould be used to acquire the
relevant information. The methodologies will inciadthe systematic dismantling and
inspection of the Mi-24 helicopter main gearboxentification of possible wear or
deformations, their possible corrective or refunbgnt processes and the evaluation of
the possibility of carrying out the refurbishmentcdlly in South Africa. The
methodologies will also include; literature searcbnsultations, dismantling, inspection
and methodically selecting the forms and proces$a®furbishment of the identified
distorted or would-be potentially deformed or daetgcomponents of the Mi-24

helicopter main gearbox.

Contributions

The research will contribute to the body of knovgeaf the design and refurbishment of
the Mi-24 helicopter main gearbox and form the &afir the initiation of the
performance of the refurbishment of this equipmdatally in South Africa. The
research will also assist to stimulate further aesle in the design and manufacture of
some of the various components and sub-assemMli¢iseomain gearbox, including

improvements in the manufacturing processes, nadgeaind other variations thereof.

Definitions

Research

Systematic study of a given subject, field, or pealy undertaken to discover facts or

principles.



Reverse Engineering:

Discovering the technological principles of a sgstthrough analysis of its structure,

function, and operation.

Re-engineering:

Examination and alteration of a system to recautstiit in a new form.
Refurbish:

Renew or restore to a new condition or appearance.
Methodology:

Systematic and theoretical analysis of the methapglied to a field of study or

discipline .
Design:

Methodical series of steps that engineers use @atitlg functional products and
processes, or systematic and creative applicafignientific principles to practical ends,

for example manufacturing.
Simulation:

Representation of the operation or features of mmeess or system through the use of

another.
Algorithm:

Effective method expressed as a finite list of vdelfined instructions for calculating a

function or solving a problem.
Grey Relational Analysis:

A system which provides techniques for determirangood solution where part of the
information is known and the other part of inforfoatis unknown, which is referred to

as the grey area between two extremities.
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Time Between Failures:

Refers to the minimum time taken before a failuteuss or is envisaged to occur, on a

certain module or on the whole equipment.

Outline of the Dissertation

The dissertation’s outline is comprised of five ptes which include, in sequence;
introduction, research issues, methodology, datalyais and conclusions. The
introduction outlines the context of the reseanpid, the problem to be investigated and
the methodology to be followed, and this chaptesidzdly enlightens the reader on what
to expect in the research. On the other hand theareh issues outline the available
researches that have been conducted in the sareatad fields, to broaden the view of
the reader on the research topic. The methodolegsild the ways to obtain relevant
information about the research, including outlinioigthe structure used to obtain the
answers to the research question. The data analyssists of the processes to be used to
find and record data or information which will bged to obtain meanings to the research
question. Finally the conclusion and implicationdl wetail the inferences (deductions)
that will be drawn to come up with a major positmnproposition (suggestion) and the

formulation of a logical judgement as a resultwtlence produced.

Conclusions

This chapter has revealed the background of thearel, the reason why this research
was undertaken and has also clearly pronouncedetfgarch problem. The delimitation
of the scope has stated the areas that will nalinedt with in this research. The research
question has also been explained to give a sdttingxpectations within the research up
to the conclusion. The chapter has also describedssue of the research resources and
the methodology to be followed to obtain the regdiloutcome of the research. The
contributions the research will make to the commnwuriave also been explained,
including the indication of the arrangement of tt@pters. The introduction phase has
specifically outlined and answered all the basiesgons to clarify what is being
investigated, why and how it will be investigatediahe expectations of the reader after

the whole research has been concluded.

The following chapter; Research issues discussesb#sic construction of selected
helicopter gearboxes, including the Mil Mi-24 heliter's VR-24 gearbox and the

incidents previously encountered on helicopter dnaigsions. The aerospace bearing

6



design and damage mechanisms, the gear types,iatsatnd the damage mechanisms
are also discussed. The lubrication systems, thgopa of lubrication and the effects of
loss of lubrication, on-board failure detectiontsyss, typical component damage and

repairs, including maintenance organisation ceetfon are also covered.
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RESEARCH ISSUES

Introduction

The previous chapter; introduction, has describedoiackground and the purpose of the
research, the research problem, the delimitatiothefscope, the research question, the
research resources and methodology and the caomrisuhat the research will make to
the academic community and the general public.dthne of the research has also been
laid down to give the reader a clear guide of wtmatxpect throughout the whole

research.

However, chapter 2 details the sampled materiafs fthe literature perused. It discusses
helicopter transmissions of the UH-60 Black Hawl]-84A Apache, the Sikorsky S-
90A, the Mil Mi-24 and the Aerospatiale Super Puimglicopters. The helicopter
incidents that have occurred and were investightddre are also narrated, to show the
real life failures that these machines have andsti#ilrundergo and to form the basis of
some of the recommendations in this dissertati@rofearings, gears, lubrication, on-
board systems and fault detection, typical compbdamage, retirement of helicopter
gearbox components and Maintenance OrganisationifiCation (MOC) are also

discussed.

Construction of Helicopter Transmissions

According to Military Today (2014), the top nine ander of superiority (based on the
combined score of performance, firepower, protecamd avionics) attack helicopters
include; the Boeing AH-64E Apache Guardian, Bell-AA Viper, Kamov Ka52 Hokum
B, Mil Mi-28 Havoc, Eurocopter Tiger, Z-10, DenelHA2 Rooivalk, Augusta A129
Mangusta and the Mil Mi-24 Hind (Appendix I). Howexy most of these do not have
accessible data, but the following comparativedogliiers had some information on the
construction of their gearboxes; the UH-60 Blackvdathe Sikorsky S-92A, the Mil Mi-
24, the Aerospatiale (Eurocopter) AS332 L2 Supem#&wand the Boeing AH-64A
Apache (similar engine and transmission to theilBpeAH-64 Apache Guardian).
Chaiko (1990) also states that the design of trissmoms of the Soviet helicopters is

different from the transmissions of Western helteop.

UH-60A Black Hawk Helicopter Main Transmission
According to the United States Army — UH-60A Studelandout (2008), the torque is

transmitted from the two engines (through the twput modules) to the main vertical
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axis bevel gear, and then transmitted through BWwaddtub shaft to the sun gear located
below it (Figure 2.1). The torque is then transddrito the five planetary gears and
subsequently to the ring gear which is coupled wité main rotor shaft by mating
splines, for rigidity and a centralised or concentonnection. After the main ring gear,
the main rotor shaft (supported by bearings) trarssthe torque upwards (backwards)
through the hollow stub shaft assembly arrangenterthe blades mounted at the tip of
the rotor shaft, above the whole gearbox housimyanthe outer side of the helicopter
cabin. The various accessory drives take theiredrivom the small bevel gears (through
a series of spur gears) which are directly linkedhe input module gearboxes, adjacent
the engine input shafts. The tail rotor, howeveenrees its drive from the main vertical
axis bevel gear (second stage from where the tvginennputs are linked) through a

series of shafts, an intermediate gearbox andeait box.

GENERATOR
HYDRAULIC PUMP
MODULE 7188 RPM 1809 RPM 1190 RPM
ENGINE INPUT SPEED
20900 RPM

-, INTERMEDIATE
‘ 258 RPM GEAR BOX

TAIL
GEAR BOX
i PYLON DRIVE SHAFT
TAIL DRIVE SHAFT 3319 RPM
4116 RPM
POWERTRAIN
RPMS
IN OFF

MAIN GEAR BOX
INPUT MODULE ~ 20900 5750

MAIN GEAR BOX
INPUT MODULE MAIN MODULE MAINMODULE 5750 258

INTERMEDIATE 444 1
INPUT DRIVE GEAR BOX J |

Ll TAIL GEAR BOX 3319 1190

NOTE: ALL RPMS AT 100%

Figure 2.1: UH-60A Black Hawk Helicopter Main Transmission (United States
Army — Student Handout, 2008)

2.2.2 AH-64 Apache Helicopter Transmission
According to the USA Army (2002b) the transmissmymprises of two engine input
shafts which drive the two nose gearboxes, whialuces the input speed and also
changes the direction of the drives towards thenmir@nsmission housing. The drives
from both nose gearboxes drive the main gear geadreduction and in turn this gear
drives the tail rotor, the accessories and the matior brakes. The over-running clutch

provides the drive to the Auxiliary Power Unit (ARWvhile the APU drive shaft drives
9



2.2.3

the accessory gearbox which in turn drives the rgamerators and the hydraulic pumps
while the rotor is stationary or rotating. The maransmission’s lubrication system
consists of two independent pumps, sumps, filems, heat exchangers and a level float
which closes the other sump (since not completelgpendent) to minimise oil total loss
in case of a leak. Though there was no schemagéiseptation found, the description
partly matches the input drive of the Black Hawkdahe Sikorsky S-9A and the

accessory drives of the Aerospatiale helicoptdtsvestern helicopters).

Sikorsky S-92A Transmission

According to the TSB Canada (2009), the main trassion of the Sikorsky S-92A is
comprised of two engine input drives, which dritie free-wheeling units, which in turn
drive the main bevel gear, converting the horizbdteve to a vertical drive (Figure 2.2).
The free-wheeling units enable the engines to idependently of the gear box and of
each other, when the speeds of the engines athastme or still low and at the same
time provide a drive to the®1 and 2% hydraulic modules and the'land 2¢ generator
modules. From the main vertical bevel gear theedis transmitted to the sun gear
(situated below the vertical gear) and to the a®josplanetary gears and planetary gear
plate, which is linked to the main rotor shaft anthtes with it. The planetary gears are
equally and circumferentially arranged around tlne gear into six pairs, one on top of
the other. On the outer side the planetary geash mith the stationery ring gear, to give
stability to the whole mechanism and hence the maor. The other accessories, namely
the 3% hydaulic module, the®land 29 oil pumps and the tail rotor drive are all driven
directly from the vertical bevel gear. The speeduction is therefore in three stages
namely; the engine input to'Free-wheeling unit gear, from thé“free-wheeling unit
gear to the vertical bevel gear (mounted on saraét sis the bevel gear), from the sun
gear to the planet gears and carrier plate, atthtth¢he main rotor shaft (TSB Canada,
2009).

10
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Figure 2.2: Sikorsky S-92A Transmission (TSB Canad&009)

2.2.4 Aerospatiale (Eurocopter) AS332 L2 Super Puma

According to Conradi (2011), the main gearbox @& Buper Puma is driven by the two
engine reduction gearboxes which are driven bytwlteengines through the input shafts
on the left and right of the gearbox, looking frohe front of the helicopter and hence
gearbox (Figures 2.3 and 2.4). These two gearbeaek reduce the engine speed from
23000 Revolutions Per Minute (RPM) to 8011RPM. Tle drives from the reduction
gearboxes also extend backwards to drive the teftrght hand accessories. Mounted on
the same shaft with the combiner gear is the ¢&ilrrdrive and the horizontal bevel gear
which engages with the vertical bevel gear, changhe drive to vertical drive and
further reducing the speed to 2405RPM. The vdrhieael gear is mounted on the same
shaft as the first sun gear which engages witHitbeset of eight planetary gears, which
are mounted on the same carrier plate with thergbson gear. The second sun gear
engages with the second set of eight planetarysgeasunted on the same carrier plate
with the main rotor, and this combination redudes $peed to a final rotor speed of
265RPM. Both top and bottom ring gears are intbgrabunted on the same epicyclic

module case and are both stationery units.
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The MGB transmits the power from the engines to the
rotors while reducing the rotation speed.
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Figure 2.3: Aerospatiale (Eurocopter) AS332 L2 SupePuma (Conradi, 2011)
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Figure 2.4: Super Puma - Layout of the epicyclic r@uction gearbox, (Conradi, 2011)

2.2.5 Mi-24 Helicopter Main Transmission
According to the Mi-24 Manual (2013) the Mi-24 maiansmission gearing (Figure 2.5)
functions as described below. The drive from thgirmm is transmitted to the main
gearbox through the two sprag clutch stub shafis {I) (and Appendix H-5; Engine
input quill (uni-ball coupling)) which transmit thdrive through the sprag clutches (14),

which engage and disengage the drive independentign the speed of the engine
12



exceeds and is exceeded by the speed of the geagmectively. From the clutches, the
drive goes to the two helical pinion drive gears4)lL which in turn drive the bull wheel
(3), which is mounted on the same drive shaft asstiral bevel gear (2). This helical
bevel gear meshes with the vertical helical beeglrd7), whose stub shaft is linked to
the top sun gear (13), which drives the five toanetary gears (12). These planetary
gears are mounted onto a carrier which is fixeetlogr with the bottom ring gear (10)
and the main rotor shaft flange and they rotateettogy (while at the same time the
individual planetary gears wheel freely on the dwitring gear (11)). The bottom ring
gear (11) then engages with the bottom planetaarsgé) (mounted on a stationery
planetary carrier plate) which in turn engages with bottom sun gear (8), which also
freely wheels on its bearing (this second planetitiye merely gives the main rotor
stability, rather than speed reduction).

13



26

13 12 1M

e '
% .

o 9
[=1° s 7 8
208 1 6
L ° LT
E 2 o T8 s
H, L 4 “
17 —-—#—l}% | 5
12 2\
< Ot
" 1 A\
18 —¢ H— 223
19 ¢ 5—';1 2
. I o 20
20 t-o}-}| L ] o
fo— 22
NOTE ol &lg o
All speeds are based on an input 1 '
21
. 1. Helical gear . 13. Sungear
2. Spiral bevel gear - 14. Free wheeling clutch
3.:Helicalgear =~ 15. ENG input quill (15,000 RPM)
4. Helical gear 16. Fandrive (6,033 RPM)
5. Spiral bevel’ 17. ENG input quill (15,000 RPM) -
6. Spiral bevel gear 18. Hydraulic pump drive (2,436 RPM)
7. SPMWSW(PE"SW\) 19. Tach-generator drive (2,334 RPM)
8. Sun gear (pinion) 20. Tach-gencrator drive (2,384 RPM)
9. Planetary gear 21. Oil pump drive (2.960 RPM) -7
10. Ring gear . 22. Air compressor drive (2,008 RPM)
11. Ri 23. Hydraulic pump drive (2.436 RPM) R U
12 P !, gear 24. Hydraulic pump drive (2436 RPM) =T

25. T/R output quill (3,237 RPM)

Figure 2.5: Mi-24 Main transmission gearing (Mi-24Manual, 2013)

2.3 Incidents on Helicopter Transmissions

2.3.1 Critical Failure Modes in Helicopters

A summary of safety critical failure modes in hefiters (Table 2.1) have been cited as
follows, in order of priority; a) shaft fracturd) gear and gear tooth fracture, c)
overheating, d) incorrect assembly, and e) compodeterioration (such as bearing
failure) in critical control systems (Forrester9869. Also see Appendices N, O, P and Q
for further references on component failure medrasi and Appendix G, which

describes some Mi-24 Drive System Troubleshootimacgsses. Forrester (1996) also
suggests that, rather than regularly performingnteaiance on helicopter gearboxes, a

system of ‘on condition’ maintenance or modular memance can be used, to repair

14



components or modules when necessary. Howevecdhionly be possible by putting a
greater emphasis on fault detection systems, as umaetected fault may become
catastrophic; for instance it is easy to detectrwelated defects through chip detection
than to detect a crack propagation as it can b&sed with gear pitting, which can heal
with time, whereas a crack can become catastrapmot ‘properly’ detected in time.
Most faults can be detected by monitoring tempeeatthanges, chip detection and
vibration analysis (of which most rotor-crafts dat have); though it would be difficult to
monitor temperature differences between each coergen in-let and out-let

temperatures, except for a few critical components.
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Table 2.1: Failure Modes in Helicopter Transmissioa (Tongbo and Gaiqi, 2011)

Parts Failure modes Failure effects and Main causes of the Failure
hazards failure classification
Gear Tooth surface It may lead to spalling Minor
pitting and other severe defects,
It could be detected by Excessive surface
chip detector stress and/or
Tooth surface Affecting gear meshing, insufficient tooth Major
spalling enlarging vibration and surface durability
may lead to tooth
breakage
Tooth surface Scratches further Major
scratch / deterioration may lead to
scoring scoring and other severe | Load concentration or
defects affecting gear insufficient lubrication
meshing, enlarging
vibration and leading to
tooth breakage
Tooth breakage | Loss of transmission Excessive loading, Catastrophic
function insufficient tooth load
capacity or excessive
vibration
Gear rim and Loss of transmission Excessive vibration Catastrophic
web breakage function
Bearing Spalling Affecting or total loss of Excessive surface Major
supporting / centring contact stress and/ or
functions insufficient load
capacity
Overheating Failing to provide Incorrect lubrication, Minor or
and normally supporting / design, or major
deformation centring functions manufacture
Wear Affecting supporting / Unsuitable bearing Minor
centring functions surface and lubrication
condition
Shaft Breakage Loss of transmission Excessive loading and | Catastrophic
function / or insufficient load
capacity or excessive
vibration
Excessive Leading to breakage Unsuitable design, Major or
vibration resulting in loss of manufacture, catastrophic
transmission function assembly, dynamic
balancing and
operation conditions
Spline excessive | Affecting or total loss of Unsuitable design, Minor, major
wear, spalling, transmission function manufacture, or
and breakage assembly, and catastrophic
operation conditions
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Coupling Breakage Affecting or total loss of Unsuitable design and | Major or
transmission function manufacture catastrophic
Delamination Affecting transmission Unsuitable design, Major
or bolt function and may lead to | manufacture,
looseness for severe damage assembly, and
flexible film operation conditions
coupling
Clutch Breakage Loss of transmission Incorrect assembling Major or
function operation, end load catastrophic
concentration,
excessive loading and
/ or vibration
Spalling Enlarging vibration, Excessive loading and | Minor or
leading to breakage that /or vibration major
can result in loss of
transmission function
Casing Breakage Loss of supporting and Excessive loading, Catastrophic
reacting loads functions insufficient static or
fatigue strength,
uneven distribution of
the strength
Excessive Affecting the supporting Excessive loading, Major
deformation and reacting loads insufficient stiffness,
functions of the casing uneven stiffness
distribution
Lubrication | Failing to Affecting or total loss of Unsuitable design Major
system and | accomplish the | lubrication and cooling and/ or manufacture
components | expected functions of the lubrication
performance system
Element Affecting or total loss of Unsuitable design Major
physical crack lubrication and cooling and/ or manufacture
functions of the lubrication
Oil leakage Affecting the normal components, Major
False warning operation of the gearbox | operation conditions Minor or
major

2.3.2 UH-60 Black Hawk helicopter

According to Patrick (2006) it was discovered dgrwperation, that there was low oil
pressure in the main mechanical transmission sysfearlJH-60 Black Hawk helicopter.
After the diagnosis of the problem, it was discedethat the pressure loss was due to the
clogged oil system due to metallic shavings froigrahent shims which had come off
due to excessive vibration, caused by a planeteay garrier plate which had developed
a crack (Figure 2.6). The crack had developed errdot of one of the five planet gear
mounting posts of the planetary gear carrier plakéch is a region of high stress.
According to Blunt and Keller (2006) the arrangemeinthe transmission of the UH-60
Helicopter is similar to many other helicopter samssions. They went on to

acknowledge that, the vibration of epicyclic geairts are difficult to analyse, not only
17



since there are multiple planet gears producinglaimibrations, but because there are
also multiple and time-varying transmission pathsnf the gear mesh points to the
transducers. Blunt and Keller (2006) also suggettat] of the numerous tests conducted
by the USA Army to try and find methods to detdw tarrier plate crack, the test-cell
method revealed the known crack while the on-béests’ vibration signatures could not
pick up either of the two carrier plate defectse Tonclusion of this analysis was that the
fault was detectable in controlled test-cell enminents and that noise (vibrations) for
other rotating accessory components and the difé@®in vibration levels from aircraft-

to-aircraft may overshadow the effect of a cragikeshetary carrier.

According to Patrick, et al. (2013) a planetaryriearplate crack on a USA UH-60
Blackhawk Helicopter has attracted a lot of attamts vibration tests were carried out to
find out how similar cracks can be detected withopéning the gearboxes to perform
physical inspections of about a thousand helicept&rmumber of tests were carried out
by the USA army, using both defective and non-defeccarrier plates and a series of
accelerometers to detect or ascertain the pressmteposition of the defective carrier
plate; and South Africa is in a position to adapthtese standards, especially considering
the technology and expertise of Denel Aviation (EBleAviation, 2014). Out of the
various condition indicators; only the SidebandexdSl) and Sideband Level Factors
(SLF), were successful in detecting the presenabdefinomalies on the test bench and

none on-board due to the low torque levels, whifepindicators could not.

’IA

Figure 2.6: Cracks which developed on Black Hawk @inetary plates (Blunt and
Keller, 2006)
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2.3.3 Sikorsky S-92A Helicopter

According to the European Aviation Safety AgenBAEA, 2013) in collaboration with
Transport Canada Civil Aviation (TCCA) and Fedekalation Administration (FAA), a
Canadian-registered Sikorsky S-92A helicopter egpeed an in-flight loss of
lubrication of its main gear box, which eventualgd to a crash. As a result EASA
published guidelines to control the certificatioh felicopter main gear boxes (for
compliance with Certification Specification — CS.287(c) — Lubrication System
Failure), to ensure that the rotor-crafts wouldenhaufficient time to land safely in the
event of loss of lubrication. The Sikorsky S-92&libopter in question lost its
lubrication as a result of the failure of titanigtuds on the oil filter. Most helicopters use
pressurised or forced lubrication and any damagdkedmil system will cause a rapid loss
of all the lubrication oil. The lack of lubricatiom a gear box, without an alternative
system, will cause excessive friction which willrther lead to damage of the parts
followed by catastrophic loss of the rotor-crafheTguidelines provide a test procedure
(Appendix: E) to test the endurance of the geaebadr the event of a complete loss of
lubrication, before they can be certified fit foseu According to Dixon (2011) the
investigation indicated that there was no sign thatmain rotor blades were still rotating
when the rotor craft hit the water, showing that thansmission had seized to operate
earlier on due to the damages sustained. The piofuthe tail rotor power take-off drive
pinion (Figure 2.7), also testifies that the loEsibin the main transmission resulted in a
dry run (which was reported to have lasted onlydmven minutes) which caused the
components of the transmission to run hot and meitidering the drive null and void,
causing the helicopter to crash. To counteract gnablem, different oils and gear
coatings (such as; Molybdenum Disulphide — Titani@ioST) composite), which
exhibited self-lubrication at high contact pressused sliding (after the complete loss of
oil), at speeds up to 3000 RPM (Amaro, Martins,Baaand Brito (2003)) have to be
tested for their endurance to maintain lubricatfon at least thirty minutes. South
African organisations such as Denel can be resdur@esnable them to perform such

tests to keep abreast with the dynamics of the ia€gstry.
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2.3.4

2.3.5

Figure 2.7: Damaged tail take-off pinion on right Dixon, 2011)

McDonnell Douglas Hughes 369E Helicopter

According to the Australian Transport Safety Bur&&lSB’ (2014) an investigation into
the damage of a McDonnell Douglas Hughes 369E tyetiér tail rotor drive shaft was as
a result of twisting buckling failure due to exagegorsional loads, though there was no
evidence of material distortion prior to the fadubDuring their investigation they looked
at the following attributes; history of the flighlamage to the aircraft, technical
information of the aircraft affected part, serviistory and maintenance with particular
reference to repair limitations, history of relatddilures, physical examination
(including; Scanning Electron Microscope (SEM),udk examination, fracture surface

examination, chemical analysis, conductivity, hash), analysis and findings.

Aerospatiale (Eurocopter) AS332 L2 Super Puma

According to Blunt and Keller (2006), a super Punedicopter experienced a grinding
noise in the main gearbox before the aircraft tmsttrol and also plunged into the sea.
During the investigation (maintenance data) it vaéscovered that the gearbox had
indicated a chip detection, which however was aereid immaterial after further
searches had yielded no signs of more chips. Hawadter the accident and examination
of the gearbox components, it was established dhat of the second stage planetary
gears had broken as a result of a crack that hagtgssively propagated from the inner
diameter of the gear where the bearing rollers nak&act (since inner diameter is
integrated to form the inner race). The crack walgelred to have started as a result of
the spalling of the inner diameter as a resultyofaghic loads onto the bearing, that had

caused the chip previously detected and had dea¢zi over the period unchecked, until
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it finally surfaced on the gear tooth and subsetiyeaused the gear to disintegrate. The
accident on the G-REDL was similar to that whichcwoced to an SA330J Puma
helicopter 9M-SSC, in Brunei, in December 1980, nvlesecond stage planetary gear
broke and caused damage to the ring gear. Howavethis occasion, there was a
misinterpretation of the amount of chips detected@mpared to the G-REDL incident

which only exhibited one chip.

Other Notable Accidents

According to Mba, Place, Rashid and Keong (2012Jegscted in Table 2.2; a summary
of various helicopter accidents occurred as a redulaults emanating from their main
gearboxes. Most accidents were as a result of laleak from the lubrication system,
while others were due to oil leaks as a resultarhdges sustained after a mechanical
fault (such as the breaking of the casing aftecyegtical gears disintegrated and the loss
of oil after their braking of the oil filter bowitanium studs). The rest of the incidents
were as a result of undetected wear of mechaniocaiponents or the undetected
deterioration of component condition due to fatigtress, leading to complete rapture of

the components.

Table 2.2: Failures of helicopter main gearboxes (kh et al., 2012)
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Mil Mi-24 Main Transmission (VR-24 Gearbox) Components

General Arrangement

According to the Mi-24 manual (2013); the Mi-24 ihepter main transmission is
mounted on top of the fuselage and is supportefiverstruts on the main housing while
the struts form four mountings on the base on tbghe fuselage floor. The main
transmission which is code named the VR-24 andiiged by two TV3-117 turbo jet
engines which are mounted in tandem and in fromh@fmain gear box, looking from the
direction of flight. The two engines are each cateé to the main gearbox through a
uni-ball coupling (Figure 2.8-5) externally, whialows for slight misalignment between
the engines and the main gearbox and internallypected through the engine take off
shaft which is coupled to the main gearbox throagtprag coupling assembly (Figure
2.5-14), which engages and disengages the driven e speed of the engine exceeds
and is exceeded by the speed of the gearbox resggct

Main Housing

According to the Mi-24 manual (2013), the main hogs(Figure 4.1-F) is made from
cast magnesium ML-5 (for composition, see ApperslReand S ) and it consists of the
main housing, situated centrally and houses theca¢bevel gear assembly, the bottom
split planetary carrier and gears and the bottom gear. The top and bottom of the
housing is open and flanged to accommodate threhdied to take up matching studs,
for mounting the top cover and the sump (Figure@.dnd J) respectively. However, just
above the sump flange there is a circular web (Wwiscintegral with the main housing)
which contains bores to allow mounting and accesgsHe bottom part of the vertical
bevel assembly and mounting for the accessory ggdlack’ drives, coming from the
bottom compartment of the main housing. The frdnthe housing has a provision for
mounting the bull gear and horizontal bevel gedrilevthe rear provides mounting for
the tail rotor hub. The left and right hand side tbé main housing provides the
mountings for the left and right hand accessoryrlgeees, while the main housing
pressure vent’'s mounting is provided for betweent#i rotor and the right hand gearbox

mountings.

Horizontal Drives (Helical Pinion, Bull and Horizontal Bevel Gears)

According to the Mi-24 manual (2013), the two halidriven gears (Figure 2.5-1, 4) are
driven by the engine input shafts (from the franyl in turn, both gears give a combined
drive to the large helical ‘bull’ gear (Figure 23%which is supported by three bearings;

two roller bearings for radial loads and one balhting for axial loads (all mounted on
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the main housing). The driving horizontal bevel rgééigure 2.5-2), mounted on same
stub shaft as the large helical ‘bull’ gear, meshéh the driven top vertical bevel gear
(Figure 2.5-7) and its stub shaft is supported Hred bearings; two roller bearings for
radial loads and one ball bearing for axial loddse position and mesh of the top vertical
bevel gear is controlled by a shim between theverical bevel (Figure 2.5-7) and the
bottom vertical bevel (Figure 2.5-5) gear. All thears are made from chromium-nickel

alloy steel (for composition and properties, sepéplices; R, T, U and V).

Vertical Drives (Vertical Bevel, Sun, Planetary andRing Gears)

According to the Mi-24 Manual (2013) the top suramgé-igure 2.5-13) is connected to
(and driven by) the vertical bevel gear (Figure-2\5stub through splines on both the
splined bushing (top sun gear adapter) and thesuapgear. The top sun gear drives five
satellite or planetary gears (Figure 2.5-12) whare each supported on two roller
bearings which are in turn mounted on the sateligar carriers. The satellite gear
carriers (not shown) are made of chromium-nickébyalsteel (for composition and
properties, see Appendices: R, T, U and V) and splé¢ in two halves and bolted
together. The top carriers are bolted to the #aafythe rotor mast (Figure 2.5-26) and
transmit the torque to the rotor mast. The bottorg gear (Figure 2.5-10) is attached to
the top carriers through splines (self-centringyl @nin turn drives the seven bottom
satellite gears (Figure 2.5-9) which are held iferdearings, held between two halves of
the stationery bottom carriers (not shown). Thedmotsatellite gears in turn drive the
slipping bottom sun gear (Figure 2.5-8), supporieda roller bearing, to close the
compound train. All the gears are made from chromickel alloy steel (for

composition and properties, see Appendices; R, andlV).

Top Cover

The top cover (Figure 2.8-7), which is made fromstegaagnesium, is mounted on top of
the main housing and it provides mounting for th@mrotor main bearing, which in turn
provides mounting for the main rotor (Figure 2.8tdgether with; the bottom ring gear,
the top ‘split’ planetary carrier plates and the fanetary gears. The top cover has a
flange on the bottom to suit the top of the maingiog while its top has a bore to take up
the main rotor assembly. On top of the top covex lsng rectangular flange (Figure 2.8-
24, 28) which provides mounting for the bracket fioe flight control servos and the

collective lever mount (Mi-24 Manual, 2013).
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Main Rotor Assembly

According to the Mi-24 manual (2013) the main rataaist shaft (Figure 2.8-1) is made
from chromium-nickel alloy steel (for compositioncaproperties, see Appendices: R, T,
U and V) and is supported with a ball bearing (posed at the top of the top housing),

which takes up both the radial and axial force andller bearing which takes up only

radial forces. The main rotor flange has a provismr mounting the top carriers, which

in turn provides drive to the bottom ring gear tigb matching splines. The main shaft
top bearing inner ring of the ball bearing is @tigt onto the shaft and is secured by a
torqued nut, while the outer race is supported slegve which is a press fit onto the

casing.

Accessory Drives and Other Accessories

According to the Mi-24 manual (2013) the left powake-off housing (Figure 4.1-K)
consists of the main hydraulic system pump drivd #re two tach-generator drives,
while the right hand (Figure 4.1-D) consists of thw back-up utilities hydraulic drives
and the compressor drive. The tail rotor drive a&hd main transmission brake
mechanism (Figure 4.1-E) are both located at tlae of the main gearbox, directly
opposite the front of the gearbox. The oil pumpealfFigure 2.5-21 and Figure 4.18-B)
is located on the bottom of the sump which is medrat the bottom of the main gearbox
casing. The other accessories (Figure 4.18) inclimeoil filling port, the oil sight glass
and the oil filter are all located on the sideshaf oil sump.

Main Rotor Brake

According to the Mi-24 manual (2013) the purposé¢hef main rotor brake (Figure 4.1-E

and Figure 4.5) is to bring the rotor to stop ie thortest time and also to jam the
transmission while the helicopter is stationerydoring maintenance. The main rotor

brake mainly consists of the brake housing, th&érmdrum, the brake shoes and the
associated linkages. The brake housing (Figuréd4.5-mounted to the main casing tail

rotor quill or sleeve, by use of six bolts. The Keashoes are mounted on the brake
housing, through pins and linkages. The brake dfEmgure 4.5-C) is mounted to the

flange of the off-take stub shaft (with four bol&)d over the brake shoes, leaving a
clearance between to allow for rotation of the driithen the brake control cable link

(Figure 4.5-F) is pulled, the linkages (Figure Bpleverage and this results in the brake
shoes and pads (Figure 4.5-G) being pushed outwarttsuch the inside of the drum,

there by retarding it. When the brake cable linkdkaxed the return spring pulls the

whole linkage (including the pads) back to normasipon. The gap between the brake
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pads and the brake drum should be between 0.Btond.and can be adjusted while the
transmission is stationary, by use of an adjusting(Figure 4.5-J). After a ground test
run of the transmission, the mechanism should lzevatl to come to rest without the
application of brakes, then the brakes should lezldd by hand for heating; the drum
should not be hotter than the drive shaft or thpwtuguill or hub.

Figure 2.8: Mi-24 Main Transmission (VR-24); (Mi-24Manual, 2013)

2.5 Bearings

2.5.1 Bearing Design Requirements
According to Timken (2010) bearings are designed according to the following
requirements;
1. Performance Requirements — which include; a defieeel of rotational freedom

and a defined level of position control from ba$iee movement to high-
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frequency movement or vibration (for instance 0.@040.008mm run-out, see
section 2.5.7).

2. Application Parameters — which include; physicapage, shape, weight,
integrated features (Figures 2.9 and 2.10) andatipeal temperatures), operation
parameters (speed — which govern the number of ¢gatks and hence bearing
life, and loads — broken down into axial, radialdamoment), environment
(temperatures, exposure to magnetic fields, ramhiadir corrosive environment),
economic (total system cost).

3. Potential Damage Modes — which include; wear (fprematerial), etching
(corrosion), inadequate lubrication, fatigue spalliexcessive pre-load or over-
load, excessive end-play, misalignment and ina¢ceungachining of seats and
shoulders, handling and installation damage, dachagaring cages or retainers,
high spots and fitting practices, improper fit inusings or shafts, brinell and
impact damage, false brinelling (Appendix: A), baifnrom electric current, cam
fracture.

4. Bearing Design — which include; a) lubrication typeethod and/or quantity, b)
use of shields and/or seals, c) cage configurgtioreterial and clearances, d)
basic tolerance and modifications. e) radial playcontact angle (for instance
0.004 to 0.008mm run-out, see 2.5.7), f) prelogdngterial variation, h) contact
area geometry modifications (curvature, crownirg,)ei) special ball or roller

complements, j) complete special and/or integraigie (Figures 2.9 and 2.10).
2.5.2 Aerospace Bearings

According to FAG Schaeffler Group (2005) bearings faviation and aerospace
applications are high precision components whicbukh withstand extremely high

temperatures, demanding load profiles and very rsgeeds. Specific application

bearings are therefore made to suit special camditand therefore; with the advent of
superior design and manufacturing methods, maseaad treatment technology and
precision measurement methods, it is increasingigsible to meet such extreme
demands to satisfy the market. Corrosion is orth@®fauses of bearing failure and more
innovation is put in discovering material compa@si8 which inhibit bearing corrosion, to
improve reliability and extended service life. Helpter bearings are often protected
from fretting corrosion by being given a speciahtog. Due to today’s demands of
reliability, long service life and weight reductiahere is need for component integration
(Figures 2.9 and 2.10) during bearing design, hdmearing manufacturers are also
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specialising in the manufacturing of specially greged aerospace components, to

eliminate interfacing components which are a rskveight and cost a

ddition. Bearings

are commonly made integral with gears on their otdees, for weight, cost and space

serving as alluded to by Cerobear (2014).

\
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Figure 2.9: Design feature variations of aerospadaearings (Timken, 2010)

2.5.3
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Figure 2.10: Integrated Special Features (Cerobea014)

Bearing Quality

According to FAG Schaeffler Group (2005), any fasfrimperfection or damage on aero

bearings can be a cause of catastrophic failuréchamvill result in loss of life and

machinery. Due to this, bearing manufacturing @sely monitored through the use of

proved Quality Management Systems to ensure congdi#o high standards, which will

result in safe and cost effective operations. Tée of highly sophisticated techniques
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and equipment during the production and testinglfoing real life simulation
techniques) of aero bearings ensures that beaargsnade to the highest perfection
befitting their application; thereby testing new teréals, processes, integrity and

capability of new components and life expectanegligtions.

Bearing Materials

FAG Schaeffler Group (2005) states that to incrdmeseing service life; high alloy, wear
and corrosion resistant steels and other speciaérias (ceramic rolling elements)
should be used. Soviet helicopters’ rolling elemeomtact bearings (races, balls and
rollers) are made from American equivalent allogest SAE 52100, while cages are
made from bronze or aluminium alloy (Chaiko, 19983cording to Timken: Aerospace
Space Design Guide (2010), aerospace bearings asieally made from vacuum-
degassed High Chrome 52100 bearing steel (AMS 6446)the races and rollers are
case hardened and tempered and are able to withstamperatures from -54 to 177
degrees Celsius. Other bearing special materiaiside; CEVM 52100 (AMS 6444)
consumable electrode vacuum re-melt (higher cafpabilthan the standard 52100
material), VIM-VAR M-50 (AMS 6491); extra benefitd reliability and fatigue strength,
VIM-VAR-M-50 NIL (AMS 6278); improved fracture todmess due to its softer core.
FAG Schaeffler Group (2015) states that bearingsnaade of corrosion resistant steels
(Cronidur® - High Nitrogen Steel) or are coatedhaspecial corrosion resistant coatings
such as Corrotect® plating, to protect them fronrrasive environments (FAG
Schaeffler Group, 2015). The Mi-24 gear box’s hagsilook similar to their western
counterparts, though the type could not be ‘spealify’ identified; these bearings are
mostly roller or deep groove ball bearings withautonventional inner race (for the
roller bearings as they utilise a sleeve integrih shaft) with the rollers held by the
cages. All the bearings are not sealed to allowysprbrication, usually from both sides

of the bearing.

Bearing Damage

According to Timken (2010); the common factor tdatermines bearing life is fatigue
failure, which generates as a result of spallingd@ndices N and O), which is in turn a
result of cyclic stress reversals on the rollingneént contact surfaces, further resulting
into actual loss of metal. If the vibration and smilevels are not of concern, and the
system continues to be run as is, this will furttewse the wear and breakage of the cage
or one of the races and cause a complete jam astludiéon of the bearing and

associated components. In order to prevent roltegnponents from deterioration,
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magnetic particle detection devices are put ineliacorder to detect early bearing and
gear wear and raise an alarm immediately, to prdter components and probably the
whole assembly from complete destruction which vaBult in fatalities. Timken (2010)

also states other modes of damage that may resal iaccelerated reduction of design
life as; brinelling, wear caused by loss of lubtica or introduction of abrasive particles,
Ball/roller skidding, ring or ball fracture or cag®cture caused by; improper mounting
or extreme loads, rotational interference causediddyris, lubricant oxidation, lake of

radial play due to improper fitting and corrosion.

Bearing Refurbishment and Remanufacturing

According to FAG Schaeffler Group (2005) there hasn an increase of bearing surface
defects due to the increases in loads, temperammesspeeds in aero engines and
gearboxes; hence most manufacturers are gearedke pnoducts whose characteristics
surpass the effects of operating conditions. Inpte&t bearings used to be replaced during
prescribed service intervals, to avoid catastropgtbnical failures, but due to increasing
costs of both materials and manufacturing, theeegsowing need for refurbishment and
remanufacturing of bearings to almost as ‘new doos’. The diagnosis of failures and
defects is used to determine the refurbishment gsses to remove all the life or
reliability threatening features and restore theednty of the bearings without

compromising safety.

Bearing Tolerances

According to Timken (2010) bearings are designedhigh precision to meet high
operational speeds, hence special attention shiufglven to configuration and material
type, to improve service life. Generally ISO 5 (ANSBMA 5) is the aerospace bearing
tolerance, while ISO 4 and 2 (ANSI/ABMA 7 and 9)eautilised where accurate
positional accuracy is required (Table 2.3). A shmp on the bearing tolerances
indicates the following; tolerance on inner raceebdiameter is +0.0000 to -0.005mm for
bore diameters from 2.5 to 10mm and +0.0000 tc09htn for bore diameter from 50 to
80mm, while their radial and axial run-outs ar€&0d. to 0.005mm and 0.007 to 0.008mm
respectively. For outer rings; outer diameter tees are +0.0000 to -0.006mm and
+0.0000 to 0.009mm while diametric taper (maximuamg 0.003 to 0.005mm for the
mentioned diameters respectively (Tables 2.3, B42a5).
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Table 2.3: Comparison of Tolerance Classification®f National Standards (NTN
Corporation, 1997)
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Table 2.4: Table: Inner Ring Tolerances (Timken, 200)
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Table 2.5: Table: Outer Ring Tolerances (Timken, 200)

2.6

Gears and Shafts

According to Bellocchio (2005) Gears are significparts of any transmission system
and they form part of the high precession companesiich serve to reduce or increase
the speed, to change the direction of the drivetarsplit or combine torque. According
to Chaiko (1990) aviation gears are made from chuomnickel alloy steels of the
grades; 3310H, 3310, E9310, 4317H and M315, whieshafts are made from 3310h,
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3310 and 4317H steels (American equivalence) whinh subjected to carburising,
nitrating or cyaniding (to improve shell hardnesdile the core remains tough) and
whose compositions and properties are as indicated\ppendices: R, T, U and V.
According to Limits and Fits (1989), the nominal(kble basis fit) and the nominal h
(shaft basis fit) tolerances are both used; with tiole basis system being used with
stepped shafts, while the shaft basis is used wéengiform diameter shaft is used, to
accommodate a variety of accessories such as ogsplbearings, collars and gears. The
preferred hole tolerances are H11, H9, H8 and Hilenthe preferred shaft tolerances
are hl11, h9, h7 and h6. Both gears and shaftsifimg splined coupling drives) conform
to ISO standards of Limits and Fits (Limits andsFit989) and their tolerances (for the
commonly used transition fits, for example; H7/A@Hole Basis) range as follows; a)
Nominal Diameter 30mm — Hole size is 30.000 to 3Brim and Shaft size is 30.002 to
30.018mm; and b) Nominal Diameter 200mm — Hole 8z200.000 to 200.046mm and
Shaft size is 200.004 to 200.033mm (Appendices! X and AA).

There are several types of gears that can be osedrismit loads, namely; spur, bevel,
helical, planetary, worm and worm wheel, crossdatlor hypoid, spiral and face gears.

An extract of the summary of gear applicationshisven on table 2.6.

Table 2.6: Gear Types and Applications (Bellocchid2005)

Spur Gears
These gears have straight teeth and transmit mitiparallel without exerting any axial
loads, during the process. They are well suited Use on helicopter gear boxes’

epicyclical transmissions and they tend to reduaesimission weights due to non-use of
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additional thrust bearings, though they tend tmdisy due to their low meshing angle of
contact. Spur gears are not traditionally high dpegears, but have however been
developed to become suitable for the very high dpeero applications (Bellocchio,
2005).

Figure 2.11: Spur Gears (Bellocchio, 2005)

2.6.2 Helical Gears
Helical gears have their teeth in an angled dioectrom the gear axis, usually between
15 to 30 degrees. This enables them to have arhighe contact area, low operational
noise, higher speeds and loads applications, tholgy exert axial loads, which will
require the use of thrust bearings. They howewdrtsinsmit loads through parallel

shafts, just like the spur gears (Bellocchio, 2005)

Figure 2.12: Helical Gears (Bellocchio, 2005)
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2.6.3 Bevel Gears

Bevel gears are typically used to transmit loadsveen shafts at an angle, ranging
between 0 and 115 degrees; they are normally app&eveen shafts at 90 degrees. They
can either be spur (straight teeth) or helical (edrteeth) and these different forms’
functions relate in the same way as the spur atidahéorms described in section 2.6.1
and 2.6.2. Though they need multiple bearing redtathey remain better suited for
helicopter high loads and speeds applications,tdubeir high contact ratio and small
gear pitch (for the same contact stress), permitiise of coarse teeth thereby increasing
bending strength (Bellocchio, 2005).

(a) Straight (b) Helical

Figure 2.13: Bevel gears (Google, 2014)

2.6.4 Epicyclical Gears
According to Saklidir (2011), epicyclical gear d¥s/consist of the sun gear, the planetary
gears, the ring gear and the carrier plates, whasgose is to hold the planetary gears’
bearings and stub shafts in place. These gearsdawe used to obtain high rotational
ratios utilising a small number of gears with datively small dimensions. Generally the
input and output shafts are co-axial, ensuring mpact assembly with great reduction
ratios no reduced radial loads, reduced noise hitityato use planets in steps. Their co-
axial ability also enables the helicopter's maitorshaft to be fully supported resulting

in reduced vibrations.
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Arm/Carriel

Input Shaft
Output Shaft
/ Sun gear
< Ring gear
« Planet gear

Figure 2.14: Epicyclical Gears (Epicyclic Gears, 2I4)

Gear Materials

According to Bellocchio (2005) aerospace gearinghagde out of carburised and case-
hardened alloy steels to enable them to withstaonffisg damages, while at the same
time they should have a tough core to withstandh hogds. Also according to Chaiko
(1990) Soviet aviation gears are made from chrormickel alloy steels of the following
American steel alloys equivalents; 3310H, 3310,1931317H, M315, which have been
subjected to carburising, nitrating or cyanidingbles 2.7 and 2.8, show some of the

aerospace chromium-nickel alloy steels, their attarastics and applications.

Table 2.7: Spur-Helical Gear Steels (Bellocchio, P8)
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Table 2.8, lists the suggested steels for aerodpewel gears; all material grades can be
used for accessory drives, but only grade 3 (Casdéthed Steel with high case, core and
Brinnel hardness and high bending and contacttreaterials are recommended for use
on the main drive.

Table 2.8: Spur — Bevel Gear Steels (Bellocchio, @)

2.6.6 Gear Failures
Aerospace gears should withstand bending fatigugéase compression and scoring, of
which the most severe is bending fatigue, duest@atastrophic consequences. Surface
compression (pitting) and scoring failures are Hilitg type failures, which will, with
time develop cracks and eventual breakdown. Benfditigue will result in cracks which
will increase vibrations, further leading to breakiup of the component, resulting into a
lock-up of the transmission components, causingergevdamage and catastrophic
consequences. lllustrations (Figures 2.15 and 2i@)e occurrence of bending fatigue
and surface compression and Appendix P (Gear Eajufor further information on
common gear failures, which can be encountereccanbgxes.
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Figure 2.15: (a) Bending Stress (b) Brocken teetdue to bending fatigue
(Bellocchio, 2005 — from AGMA, 1994) (Gopirta and Mayuram, 2013)

Figure 2.16: (a) Compressive Stress (b) Damagdee to Spalling
(Bellocchio, 2005 — from AGMA, 1994) (Gopinath and Mayuram, 2013)

Spalling — in case-hardened gears or components, the i&af@mpressive’ stresses in
the underlying layer may lead to surface fatigugultein flaking (spalling) of material

from the surface as shown in Figure 2.16b (GopiaathMayuram, 2013).

Pitting — occurs due to repeated loading of tooth surfeite the contact ‘compressive’
stress (Figure 2.17) exceeding the surface fatgjtength of the material, resulting in
material in the fatigue region getting removed aitd are formed. The pits will cause
stress concentration and subsequently, may caase&ufe of already weakened tooth,

over millions of cycles of running (Gopinath and ywieam, 2013).

Figure 2.17: Pitting on gear teeth Figur@.18: Scoring on gear teeth
(Gopinath and Mayuram, 2013) (Gopinath andlayuram, 2013)
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Scoring/Scuffing — takes place when lubrication fails in the cohtagion resulting in
establishment of metal to metal contact, followgdtbe welding and tearing action
which further results in the separation of metathips from the parent metal, as shown
on figure 2.18. This will result in the formatiorf tractures which will result in the
complete breakage of gear teeth. (Gopinath and Kayu2013)

Lubrication

Mi-24 Main Transmission Oil System

According to the Mi-24 manual (2013) the main trarssion oil is contained in the oil

sump, mounted below the main casing. The oil sydteigure 2.18) comprises of the

internal system (oil sump (3), pump (9), three nedgnplugs (6), filter (12), oil pressure

and temperature sensors (14) and a low pressurigaagmitter). The external system
consists of the metal chip detector and filter (463 the pipes coming to and from the
side of the sump to the oil coolers (2). The traissman oil used amounts to 39 litres of
BV-3 oil (MIL-L-23699 or Castrol 38), most of whicill be in the sump while about

less than 1% will be in the lines and coolers. dthélows from the scavenge side of the
pump to the metal chip detector/filter to both @wsland the cool oil comes from the
coolers to the cold section of the sump and is mdriyy the delivery side of the pump to
the internal oil system to lubricate gears andibgar After the lubrication cycle the hot
oil drains back to the sump’s hot chamber througtvity (if there was metal detected in
the oil system, then the gearbox and the oil ceofdrould be replaced and all the oil
flushed out).
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Figure 2.19: Mi-24 Main Transmission Lubrication System (Mi-24 Manual, 2013)

Effects of Loss of Lubrication on Helicopter Transmssions

According to Timken (2010), the primary purposeldirication is to minimise rolling
resistance, reduce frictional losses, also to pid¢ei heat and protect from corrosion. In
the absence of lubrication, metal temperatures salir causing the malfunctioning of
bearings, couplings, gears and clutches, resublirsgcomplete breakdown; and this will
be coupled by the loss of desired and designed riaatproperties which will
subsequently lead to catastrophic components éailsor very high speeds application,
oil jets are directed at the inner race as thedeaoy of the centrifugal forces is to throw
out the oil to the outer race, leaving the highlsessed inner race without adequate
lubrication. Accumulation of lubricant can also peoblematic, hence there must be
adequate used oil escape ways to avoid heat @besmtid drag on the bearing. In medium
speeds application, jet lubrication is still recoemded if heat transfer is required.
Bearing life can also be prolonged if the lubricdmtkness matches the surface finish on

the contact areas to ensure a constant fluid fibwer, to avoid metal to metal contact
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which results in accelerated wear. Timken (201Q}hkr states that, lubricants are
temperature limited (mineral oils may be utilizademperatures not exceeding -40°C to
107°C, while synthetic esters and di-esters maytitieed at temperatures not exceeding
-54°C to 176°C). Degradation of the lubricatiomfils most affected by oxidation and is
accelerated at higher temperatures. It should la¢sooted that to get the best benefits
from the applied lubricants, they should be filte{éor moderate to high speeds, use of a
3 to 5 micron filter is advised) to avoid circutati of loose abrasive debris. When
ordering bearings, ensure that correct specifinatiare in place for the selection of
appropriate lubrication oil (Appendix: L). Accordinto EASA (2013) Certification
Memorandum, consideration for the addition of ¢esdtion tests were based on the
pressurised lubrication system (which usually casgw of both internal and external
systems, which can result in external leaks), sihég critical compared to splash, in

terms of damages sustained.

On-board Systems Fault Detection

According to Patrick et al. (2007) there are onfdagystems that have been designed to
detect faults in the helicopter transmission, targify the extent of the fault and to
determine the Remaining Useful Life (URL) of thengmonents before catastrophic
failure. Diagnostic models are also used to sineutdtanges in vibration data, which is
stimulated by the change in the angular spacinglahetary gears as a result of the
separation of the carrier plate due to the preserica crack. The bigger the crack
becomes, the worse the vibration and hence thee#re predicted time to failure will
become; and all this is monitored by the operatomaintainer to enable appropriate
interventions. Girondin, More, Pekpe and CassarlZChave also created a signal
oriented model of vibration monitoring for epicyai gears, which anticipates the

influence (signs) of some damages.

Typical Component Damage and Repairs

Cracks, Wear, Dents and Scratches

Cracks are typically caused by material fatigue @nopagated by cyclic loads and
vibrations, leading to complete breakages of adféatomponents, causing catastrophic
accidents in rotor crafts. Affected parts can bected by changes in vibration signals in
on-board monitored machines or by visual (Appen@) and Non-Destructive
Examination (NDE) checks. Cracked components anallysreplaced or where possible

the crack is ground out and the opening or deprassifilled or closed by welding or the
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new method of cold spray (which is more favouraseit does not affect or distort the
structure of the parent material). Winnaar (2014 states that bearing mounts should
be checked for wear, cracking or plastic yieldimgl ahould be repaired (if they are
found to be unsatisfactory); and also suggeststtieamally fitted liners should be used if
mounts have become loose. According to GopinathMaguram (2013), abrasive wear
can be caused by entry of dust or other abrasiveriah into the lubrication system;
while corrosive wear is as a result of chemicaloactn the lubrication (due to acidic
lubricants). Abrasive corrosion can be experienoed helicopter gearboxes during
operations in the desert (this can be countereidtbyducing a slight pneumatic pressure
in the gearbox), while chemical corrosion can b@egienced on poorly protected
surfaces at sea. During this research, a sectitineomagnesium casting (the right hand
accessories gear box cover of the Mi-24 main trasson) was dipped into a salt
solution and left exposed in the sun for four wedlexame badly corroded (pitted) to the
point of getting holed at one point. With the adveh the Cold Spraying technology
especially used in the USA military laboratorieshich is similar to the one at the Cold
Spray laboratory at the University of Witwatersratite component can be restored back
to its original profile, through the research iiives being undertaken in the School of
Mechanical and Aeronautical Engineering. The cgchging process in this case will
include surface preparations by grinding to flaties pitted surface, followed by powder
selection, parameters selection and finally theadpraying process and the testing of
the created layers, for intended characteristiaxofding to ATSB (2005) dents and
scratches should not exceed the tolerances as shedrable 2.9. If these tolerances are
exceeded then the dents or scratches should beseenty grinding and polishing until
they disappear or else the component has to bacegplor repaired by cold spray.

Table 2.9: Damage tolerance limits for the tail shfa (ATSB, 2005)
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2.9.2 Magnesium Housing Repairs — Cold Dynamic Spray

Huang and Fukanuma state that spray particlesrgeeteéd into a supersonic jet and
accelerated to velocities between 300 to 1200 meiee second though the gas is heated
to below the melting temperatures of both the sabstand the coating materials. The
advantage of this over conventional hot spray tegles is that there are no structural
changes to the materials since upon impact they gamicles become severely deformed
causing the bonding with the substrate. Douglad.etlso suggests that the inventor of
the cold spray process (Anatoli Papyrin) and otlesearchers, have indicated that the
technology can be used with a wide variety of niietatlielectric (ceramic), metallic
alloys and mixed combinations can be utilised oragety of substrate materials. The
characteristics of cold spray include extra low gy content, no residual stresses, no
grain growth and no phase change, making this peooore suitable for heat sensitive

alloys.

In the case of aircraft components such as hekropiagnesium gear box housings,
which are vulnerable to corrosion attacks, could be successfully repaired by the
conventional thermal methods (due to porosity, loestbrtion and oxidation) and due to
the high costs associated with replacement of comms, the US Army Research
Laboratory (ARL) has qualified the cold spray methas an excellent substitute
(Villafuert and Wright, 2010). According to ARL (2@), on their cold spray programme
technical review; major breakdowns and huge cost® wxperienced by the army due to
wear and corrosion problems of magnesium gear bosesthe UH 60 helicopter.
Replacement costs were then above USD 800 000rOafth gearbox, hence there was
need to find an alternative means of restoring ¢bld spay) the damaged gearboxes
rather, at a reduced cost. The spray powders us#dsi case were ZE41A and AZ91C
Magnesium used as substrates while CP-Aluminiunicair@D61 Aluminium were used
as coating material after building (by cold spreyyprevent further attack from corrosion
and they all produced satisfactory results (Figar20).
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(a) Before Repair (b) After Repair
Figure: 2.20 Cold Spray Repair of Magnesium. (ARL2011)

Bearing Repairs

According to FAG Schaeffler Group. (2009) Aerospace Repair Services, bearing
repairs have a turn-around time of 7 days and arehness cheaper than new bearings
which have a lead time of 12 to 24 months, leadmgequipment down-time. The

approved re-manufacturing levels can be describddllmws:

Level 1: Cleaning, minor buffing, dimensional andual inspection of bearing
components
Level 2: Level 1 plus — refinishing of racewaysplacement of rolling elements,

bore plating as required, and re-plating or repteaxa of cage as required
Level 3: Level 2 plus — regrinding of one companéevel 4: Level 3 plus —
replacement of one bearing race. Can also inclpdating to
the latest configuration with new part number assty
Level 4: Level 3 plus — replacement of one bearatg. Can also include updating to
the latest configuration with new part number assty
According to AirGroup (2011), there are four classé bearing refurbishment, in order
from basic inspection and cleaning to grindingjgfohg or replacement of raceways and
conducting of NDT, similar to FAG Schaeffler Gromethodology described above. The
brochure also indicates the cost range from 10% fid Level |, 25 — 30% for Level I,

50% for Level 11l and a quotation for Level IV.

Shaft Repairs
According to EDAC (2014) typical shaft repairs udé& chrome plating or High Velocity
Oxygen Fuel (HVOF) plasma repairs of bearing jolera aero engine components.

According to the AWC (2014) the extreme velocit@®vide extra energy in HVOF
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thermal spray coatings and this makes it especddlyse, long-lasting and very well

adhered in the as-sprayed condition. The benefilsde:

* Obtains 1% (each) or less porosity and oxides.

» Bond strength of 10,000 psi and over.

* Depending on the type of coating being appliedckvell hardness in the high 60's
can be achieved.

« HVOF Tungsten Carbide coatings have excellenistaasce to reciprocating wear
and fretting.

* The hardness and density of coatings allows ointgiRoughness finishes of 8 or
less.

According to Surcotec (2015) Surcotec (in partnigrshith Thermaspray), certified level

2 and 1 Eskom nuclear suppliers, are leading @sgdons in South Africa; which can

perform component repairs using the HVOF process fnishing with precision

grinding.

Gear Repairs

Davoli and Michaelis (2007) listed the five commgear failure modes as; bending
fatigue, pitting, micropitting, scuffing, and wedas described on Appendix: A).
According to Rao (2009) a study carried out indédathat the U.S. Marine Corps, CH-46
Sea Knight helicopter was suffering from scrapingptaof transmission gears in the
“mix” gear box and in the main transmission. Thergewere scrapped due to minor
Foreign Object Damage (FOD) and grey staining, tvizian be repaired by the Isotropic
Super Finishing (ISF) process. This process is usadpair gears by removing surface
damage, while maintaining OEM specifications onrgaae, geometry and metallurgy.
Considering that procurement of these gears ibenrégion of 18 months; utilising the
refurbished gears (with superior characteristics uthe superior finish) than new ones,
would greatly save on downtime and costs. AccordingHaas (2014), the minimum
calculated service lifetime of all the individuadays in the planetary gearing system was
found to be 6 810 hours (within the required factbsafety of 1.15), which exceeds the
required minimum of 3 000 hours, even after a wergduction above 6%. This means
that the design of the Mi-24 Helicopter gearboxfémyexceeds the current set standards
and hence can be extended, of course after furtfgarous studies, tests and
authorisations. According to thedian Air Force (2010also estimated the extension of
the times between services of the same helicoptee talmost double (see Annexure: M).
Gear repairs in South Africa can be performed bymanies such as; David Brown, (who

already have gear grinding facilities) through dinmg to remove minor surface defects
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such as scuffing, pitting and grey staining. Anotadvanced method of gear repairs is
the ISF process, which can produce finer finishgsivOEM profile and size tolerances;
and this equipment, can be acquired when requimddappropriate induction can be done
for already qualified technical staff in organisat within South Africa (such as David
Brown, Denel and SAA).

Retirement of Helicopter Gearbox Components

According to a USA Army (2003); the accessory gearbf the main transmission sprag
clutch’s new retirement life was up-graded from 7601000 flying hours, due the re-
examination of probabilities, components and fligistory of rotor-craft. Also according
to another USA Army (2005); the Army Managementaleped the fact that; utilizing
the PMD, the increase of the PMS of 10 hours/14day25 hours/14 days and the PM
from 250 to 500 hours, will greatly increase theoraraft availability, reduce
maintenance man-hours; while not compromising ofetga Also according to a
presentation by théndian Air Force (2010)the Mil Mi helicopter variants’ lives were
recommended to be extend from 15 to 35 years mixium lift and 20 to 35 years for

heavy lift and attack helicopters (Appendix: M).

According to USA Army (2002a); it is the responktiiof the Maintenance Officer to
increase both the scope and frequency of inspestibnormal phases are exceeded due
to emergency situations. A pre-inspection Mainteeamest Flight (MTF) to duplicate
non-hazardous equipment problems, determine ufesatisy conditions and equipment
operation problems, including other problems, soremended prior to start of aircraft
disassembly for phased maintenance inspectiontiéme parts that have pegged Time
Between Overhaul (TBO) and Retirement Life, a chedkbe made to verify their status
(in terms of flight hours) before the beginning tbe applicable Phased Maintenance
Inspections (PMI) and lubrication cycles, if applite.

Maintenance Organisation Certification (MOC)

According to the MOC Regulations (2005) of the CAwiation Administration of China
(CAAC), MOC is intended to ensure standardisation tloe administration and
supervision of civil aircraft maintenance and tesuwe the continued airworthiness and
flight safety of civil aircraft. The maintenance ganisations include independent,
operator or manufacturer and the independent csgdons include, domestic, foreign

and regional. The MOC regulations and requiremangsconsistent internationally and
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more or less similar to those alluded to by the &dzan Aviation Regulations (CARS)

and Federal Aviation Authority (FAA), serve for thrkangements and terms used.

2.11.1 Administration of Certification

According to the MOC Regulations (2005) the CAACadgquarter Office will audit and

supervise the work of maintenance organizationsyaunt to the assigned responsibilities

and authorizations granted as follows:

@) Auditing the maintenance organizations apgyfior the issue of or a change to
the CAAC MOC

(b) Performing the annual audit for domestic nmemaince organizations, or the
renewal audit for the foreign or regional mainteze@organization applying for an
extension to the term of validity of their CAAC MOC

(© Scheduled and non-scheduled inspection or-cpetks performed by principal
airworthiness inspectors

(d) Performing joint audits as arranged by the CAAeadquarters Office

(e) Investigating maintenance organizations raggrdjuality and safety related
issues

() Other supervision, audit or investigation ke CAAC Headquarters Office feels

necessary

2.11.2 Application, Issuance and Administration of Certificates

2.11.3

According to MOC Regulations (2005), the applicahtll be a legal person for the
organisation and shall be familiar with requirenseatf the ratings/items applicable for
Chinese aircraft/components and approved by a cmmpeCivil Aviation Authority
(CAA) with jurisdiction over the applicant. Applitan papers and attachments include;
(a) Application for issue of MOC, (b) maintenanagamization manual, (c) company
maintenance capability list, (d) Compliance stateiméo the relevant regulation,
including relevant supporting documents, (e) Theeitph and regional applicants shall
submit a copy of the approval issued by a compé&lémt which has jurisdiction over the
maintenance organization concerned together wehldtter of intent from the Chinese
customer(s) requesting maintenance services. Apjgawill be done after satisfactory

auditing, or by special approvals as a result aérgiency repairs

Potential Maintenance Organisations in South Africa
According to South African Airways Technical — SAAZ015), SAAT has component
repair capabilities, including but not limited teetfollowing components; landing gears,

engine and electric hydraulic pumps, flap drive rgeaes and local overhaul and
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manufacture to specifications of engine componéitd.and special processes including
but not limited to the following; all five NDI ingztion principles (eddy current,
ultrasonic, X-ray, FPI, MPI) and dimensional metg} laboratory. The SAAT team can
carry out maintenance and repair work, guarantegsiadollowing: excellent turn-around
times and dispatch reliability, competitive labouates, a broad skills-base,
comprehensive support from component and workslewpices, excellent and world-
class facilities and a solid reputation with ovéryears MRO experience certifications
(South African CAA (AMO1); FAA (DW5Y820M); EASA 14B136; SA National

Accreditation Standards), as well as a number @érimational approvals for line

maintenance.

According to Denel Aviation (2015), Denel Aviatiés primarily a Maintenance Repair
and Overhaul (MRO) company for fixed and rotary gvaarcraft including mechanical
components. The company also provides upgradesedrudit installations and supports
the SAAF (since 50 years ago). Denel is also th&IQIE the South African Air Force
(SAAF) Rooivalk combat support helicopter, Desiguti#ority of the SAAF unique Oryx
medium transport helicopter (whose gearbox was ¢etely manufactured locally) and
assigned as Design Authority of the Cheetah (Minag&ant) fighter aircratft.

Accordingto David Brown (2013), David Brown has ebe in the gearbox
manufacturing industry for more than 50 years drel tare involved in manufacturing
and refurbishing of industrial gearboxes for Afriaad the Middle East. David Brown
(South African) is capable of doing the followingtate of the art gear tooth profile
grinding, cut all gears designed to AGMA, BS, DRI and ISO standards, case harden
gears up to 3m in diameter and accredited with 8900, as a dedicated service and
repair facility. The plant has expertise in allégpof gears including; spur, helical, double
helical and bevel gearboxes as well as worm geanmyaccording to Mr P Mahlangu,
lick grinding can be performed to correct minor geseth surface defects (such as grey
staining and micro-pitting) as long as OEM speatiions are not compromised, failure
which a new gear will be manufactured. When inemad on 22 October 2015, Mr
Angeloalso confirmed that gear teeth can be ground t62rm and a roughness finish
of Ra 1.6; of which gear teeth tolerances are withie tolerance limits of the Mi-24

gears, while their roughness value is below theifipation of Ra 0.4 — 0.8.
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2.12 Methodology

2.12.1 Reverse Engineering
Reverse Engineering (RE) has been viewed as amicakpractice in the past fifteen to
twenty years as it was used to steal designs ftolarsitems or captured equipment during
wars, in order to establish a similar or advanceda to counter the competitor or the
enemy. These days RE is viewed in the light of efgmsional way to study a certain
phenomenon or to make vast improvements on exiséiolgnology without having to re-
invent the wheel (Brief Tutorial, 2013).

There are a number of applications for reversersgging, some of which are;
Creating data to refurbish or manufacture a part vitnich there are no
specifications, or for which the information haste obsolete or lost.
Inspection and/or Quality Control - Comparing a rfedted part to its
Computer Aided Design (CAD) description or to anstiard item.
Architectural and construction documentation an@soeement.
Creating three dimensional (3D) data from a model &nimation purposes
(Brief Tutorial, 2013).

The use of CAD and 3D models is essential to cresdsier referencing during
manufacturing or quality control processes. Theestao methods of establishing the 3D
diagrams of the parts under consideration, namegchanical and digitising. The
mechanical method is whereby dimensions are takemually using the common
engineering measuring instruments, incorporatinggtdkng and followed by the
production of CAD drawings. Digitising involves tlseanning of the components using
radiation-based and automated equipment. Some efsdanners can actually reveal
internal features of the components making it easieobtain the necessary dimensions
and drawings much quickly, thereby saving a lotim. The end result of these activities
would be data describing the physical featuresheftargeted components, which would
then be used for the production of working drawi(@sef Tutorial, 2013).

2.12.2 Reverse Engineering (RE) Model
According to Cosma, Tulcan, Dume, Stan, Iclanz&98, RE is a method of re-designing
a product from the original or physical model withogoing through the rigours of
conventional engineering, thereby saving time asgtscassociated with the whole design
and manufacturing process (Figure 2.21). In RE,phgsical model is converted into a
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CAD drawing which enables it to be manipulated fag were an original drawing, to
obtain new improved design features and enabledlg manufacturing of the same by use
of modern Integrated Engineering Techniques whistompass both CAD and Computer
Aided Engineering (CAE). A process called Digitab®-typing (which also works in
conjunction with CAD and CAE) is also mentioned dindeals with the simulation of the
new product to optimise the design without goingotiygh the expensive and time
consuming processes of designing jigs, manufagutesting and modifying the prototype

before it can be acceptable for commercial use.

Figure 2.21: Model of Reverse Engineering (Cosma at., 2008)

2.12.3 Stapler Case Study

According to Cosma et al. (2008) the plastic hasidieere also modified in the same
manner and were simulated accordingly and a weakoeghe upper plastic component
was identified (Figure 2.22-3). This component Wan optimised and modified to enable
it to carry the required force (Figure 2.23-3),eaftvhich it passed the simulation test,
before being certified ready for presentation faanomfacturing. This case study bears
witness to the advantages of RE as compared toeational engineering approach in
terms of improving an existing design.
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Figure 2.22: The original staple insertion/shiftingsystem (Cosma et al., 2008)

1 — Chase part 2 — Conjugation part 3 — Partmiyithe staple kit
4 — Bow 5 — Call

Figure 2.23: The modified staple insertion/shiftingsystem (Cosma et al., 2008)

1 — Chase part (modified) 2 — Conjugation part (rfied) 3 — Part driving the
staple kit (modified) 4 — Bow 5 — Call

2.12.4 Product Teardown
According to Montanha Junior, Ogliari and Back (ZD®E is described as a process of
getting information from and about an existing pretin order to modify it so that it can
do better functions. There is also mention of tmecess involving product teardown
(Figure 2.24) in order to identify the various campnts of the assembly, to analyse the
mechanisms and structure of the assembly and mifig¢heir relationships and functions.

This process involved the teardown of vehiclesriteo to establish designs to adapt to the
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local environments and needs. From Figure 2.24, évident that a number of sources of
information could be used for RE; including thenpnnedia, internet, fairs and physical
assemblies, where ever relevant information coeldooind. The next stage of the process
includes; analysis of the relevant information,ingkpictures, experimentation, quality
analysis, analysis of components, disassembly egidter of systems and components and
comparison with other designs. The results sectimiudes; technical bulletins, cost
reduction proposals, technical books, corporattagdown database and physical storage

of disassembled components.

Figure 2.24: Product Teardown Flow Diagram (Montanfa Juniora et al., 2007)

2.13 Conclusions
This chapter has given a description of the mandmission structures of some of the
heavy lift helicopters such as the UH 60 Blackhatkle, Sikorsky S-92A, the McDonnell
Douglas Hughes 369E helicopter, Aerospatiale (Faptar) AS332 L2 Super Puma and
the Mil Mi-24 helicopters. Some of the damages Wwhigere investigated on helicopter
accidents involving these helicopters were alsdiligpted, including the problems of
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cracks on the planetary gear holders, vibrationsbaard vibration monitoring systems,
crack detection, test rig transmission testingribga and the loss of lubrication. The main
transmission of the Mil Mi-24 Main Gearbox (VR-24jps described in more detail and
included the arrangement of the parts. Bearingsyggeplicable to the aerospace industry
were also described, including their structurestemes, heat treatments, corrosion
resistance, sizes and tolerances. Issues of tregism lubrication, including the lubricant
types, purpose and the circulation cycle were disocussed. This chapter has summarised
the types of transmission, gearing, bearings abhddation, including common problems

encountered during operations.

The following chapter, Methodology; describes thecpss followed during RE of
industrial, manufactured, mechanical or other eggjimg components. A comparison of
FE and RE is done, including indicating the appices of RE in engineering practice, a
snapshot of RE models, a case study of the REigeaciproduct teardown process, recent
advances in RE and the process of unpacking thepeduict of FE to take it back to its
origination (which is the RE process), are detaiiedthis chapter. Then lastly the
methodology to reverse engineer the Mi-24 main smsasion which includes;
dismantling, assessment and evaluation of the comps, is also discussed while the

conclusion seals this section.
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3.1

3.2

METHODOLOGY

Introduction

The previous chapter, Research Issues; outlinedebearches that have been done on
helicopter accidents, as a result of defects thalt developed, the lubrication types and

methods, the bearing types, tolerances, materalsdamages experienced and the gear
types, applications, materials and damage mechanishe lubrication systems, purpose

and effect of loss; including on-board failure d¢iten systems were also explained, in the

previous chapter.

This chapter; Methodology describes the procesgpproach that has been utilised in this
dissertation (to help in obtaining an answer tortsearch problem) including; the reverse
engineering (RE) model, Stapler case study on sevengineering, product tear-down
process, methodologies of assessing the VR-24 geaificluding the observations noted

during the assessment of components.

Model for De-compilation and Reverse Engineering

Figure 3.1 is a model that shows the Forward Ermging (FE) process and its counterpart,
Reverse Engineering (RE), which is literally justeverse of the normal process. The
following is a diagram of the most traditional foroh Reverse Engineering, architecture
abstraction, according to Byrne (1992). The illastn is a combination of both FE and
RE in one, indicating how the process goes forveard (if there is lack or no evidence of

how the arte-fact is constructed) how it is revdrge obtain the original concept.

Figure 3.1: Reverse Engineering; Architecture Abstaction (Byrne, 1992).
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From figure 3.1; the following processes of Forwardjineering (FE) are evident;

a)

b)

c)

d)

Conceptual — this is when a thought is perceiveddlve a particular problem or
satisfy a particular need or situation.

Requirements — these are the specifications tlnhacessary and are generated in
order for the artefact to meet the required need.

Design — this is the form that is taken by the fage in order for it to meet the
functional requirements.

Implementation — this covers the use or the dematist of the performance of the
activity that will result in the fulfilment of theeed to be satisfied.

Target System — this is reached after testing ef dbsign and refining it until it

produces the desired functions and quality of tioelpct.

The reverse of this process is referred to as RElasically follows the process from

f)

g)

h)

K)

bottom to top as detailed below;

Existing System — this is the product which is athg in the market and is being used
to satisfy a certain need.

Implementation — this is when the product is tedtedee how it functions as an
assembly and also to check its sub-systems furgction

Design — this is where the product is analysedb@ioty by dismantling) to see how
each component is shaped and linked to each athdralso why it is made as it is.
Requirements — the components are then assessedndterials of manufacture,
treatments and coatings, sizes and tolerances éansnof measurements and use of
limits and fits and other tests, to come out wpledafications used on the product’s
components).

Conceptual — this is when the original idea isvadiat in the form of a description to
satisfy a certain need or market

Alteration — after arriving at the original thouglan improvement can then be re-
conceived and a change to the original thoughtbeaastablished and a slight or great

change of idea can occur.

At the end of the RE process the same originalyedts variation or an improvement of

the former product can be conceived and be madatisfy the same original need or a

superior one. This is the concept of RE which wgslared in this research, regarding the

RE of the Mi-24 helicopter main gearbox.
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3.3 Generic Methodology

Normal Product Development, which is also refertedas Forward Engineering (FE),
involves the design of new products or processe®ligwing a unique process starting
from; the identification of a need, concept gerieratrequirements specification, design
and implementation. This formal process was mucrensommon during the ancient days
of engineering and for new products, whereas tlieses the reverse of this process is
gaining momentum as engineers move from the kncantepts to the refined and better
ones. This is the form that is taken by Reversdrigaging (RE) as it is better known. The
same concept as applied in RE will be implementadttee Mi-24 Helicopter Main
Gearbox research, except that the use of DigitatioRtyping will be replaced by physically
measuring the concerned components and presentiam tusing the appropriate
conventional drafting soft-ware (Auto-desk Stud2@i4 and 2016). This will follow the
RE model as shown on Figure 3.1 (on the leg labeReverse Engineering (Abstraction))
and as described on section 3.2 (f) to (k). It &thalso be noted that while performing RE
(Abstraction), the iterations will also involve KRefinement) and this shows the strong
bond between the two and that RE is simply thersevef FE. Lin, Haas and Winnaar
(2014), in their separate fourth year reports; hstvelied the Mi-24 main gearbox and
analysed allocated sub-assemblies or componentgsbglising, measuring, calculating
and applying engineering soft wares; in a bid tarcle for opportunities to improve the

performance of the gearbox.
3.4 Methodology for Assessment of the Mi-24 Helicoptelain Gearbox

3.4.1 Mi-24 Helicopter Main Gearbox Reverse Engineering Rocess

The first stage will be to review literature andstady the mechanism by observation and
motion imitation, in order to have a clear underdtag of the concept of the Mi-24
gearbox, including the probable damage patternssaged. This will include the
identification of the appropriate tools, accessoramd a procedure to disassemble the
gearbox. The disassembly process will be recordeadluated and modified to form the
basis of the disassembly, inspection and refurbéstinprocess. Appropriate dismantling
methods will be applied in order to preserve thengetry of the gearbox’s components as
far as is practical, given the scenario that ttegeeno special tools available and also the
fact that it is the first time this gearbox is lgidisassembled in South Africa. The whole
process will involve the systematic stripping ok tlgearbox, recording the stripping
procedure, taking pictures of the components atdasgemblies in relation to the main

assembly and making engineering drawings. Thewatig terms implied in the discussion
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refer; 1) Main assemblies include: - horizontalveds assembly (helical pinion, bull and
horizontal bevel gears), vertical drives assembbrtical bevel, sun, planetary and ring
gears and bottom planetary gear holders), mairr shaft assembly (main rotor shatft,
bottom ring gear, top planetary gears and plandtalgers), 2) Sub-assemblies include: -
tail rotor hub, sprag clutch assembly, brake meshanright and left hand accessory

drives, planetary gears and gear holders assewibgymp and accessories.

3.4.2Mi-24 Gearbox Inspections, Measurements and Other @hsiderations

Inspection of components for wear, cracks and dedtions (including sub-surface
defects) will be both visual and by Non-Destructivesting (NDT) such as; X-ray, Particle
Magnetic Inspection (PMI), Penetrant Testing (PAJ &ltrasonic Testing (UT). Cracks in
magnesium housings can be detected by X-rays, ETUAnR while deformation can be
detected by measurements (circular profiles) anallg (where practical), while the same
tests; including MPI can be used on alloy steel ponents (gears, shafts and plates) to
detect surface cracks. Normal wear will be detedigdmeasurements of both mating
components and then establishing the clearanceghwhould give an indication of
compliance to the tolerances specified. If NDT aitdnalysis cannot be performed due to

logistical issues, past defects history from litera review will be used for analysis.

Measurements of critical components, including; m@sing, top cover, gears, main rotor
shaft, other stub shafts and planetary gear holdéis would be in the form of complete
component dimensions to obtain the form and engimgairawings of the components.
Bores and shafts would have critical dimensionackl to ensure correct limits and fits
are established for mating parts, while the ‘fadl'the tightness of each sub-assembly

dismantled, will also give an indication of the ¢ypf fit, and hence the tolerances required.

3.4.3 Safety Precautions and Risk Analysis
During the dismantling of the gearbox the followjmgecautions should be observed;
Safety clothing (suits, boots, goggles and glovasjuld be worn to prevent
injuries.
Hands or fingers should never be placed betweesctsbfo avoid being pinched or
crushed.
Never stand or go under suspended (supported lxg jac cranes) loads, rather
support by special designed rigid stands.
Use a shield and a chip screen to protect youaselfothers, while using punches,
chisels and hammers.
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Do not use defective or cracked tools.
Use proper tools for the intended job.
The following risks and mitigations were identifiadd implemented;
Always have a pre-job brief and emphasise safstyheafirst priority.
Falling objects — All objects should be handledpemy to avoid falling onto
people, especially when rigging (use qualified eidg
Pinching — Avoid putting hands and fingers betweérects, especially meshing
gears.
Being struck by hammer or other objects — Ensuag wWork is secure and that
hammer blows are directed to required object.
Use of improper tools — Ensure a proper risk assestsbefore application.
Oil spillage — Ensure all oil is drained beforeadisembling of the gearbox and also

use saw-dust to prevent environmental contaminati@ase of minor spillages.

3.4.4Mi-24 Main Gear Box Dismantling Procedure

The Mi-24 main gearbox was dismantled systemayicalid the process was carefully
noted and relevant pictures were also taken toucapghe various stages and scenarios.
These pictures, sketches and the physical measntenmlich were taken were later used
to make CAD drawings of the gearbox, which were glst together in an assembly as
perceived from the whole exercise. The disassemldfnthe gearbox required the use of
the following tools and equipment; screw driversmbination spanners, socket spanners,
Allen keys, specially made spanner for slotted hatk, punches, hammers, hi-torque

machine (with special tooling) and gas heating gueint.

The gear box’s components (Figure 3.2) were remaveke following order or perceived
logical order, for those parts not completely diatte;

1. Remove right hand accessory cover, gears abhdshkafts
Remove left hand accessory cover, gears andshafts

Remove tail rotor drive assembly

W

Remove gear box main housing top cover; togethigr main rotor shaft, bottom
ring gear, top planetary gear holder and planejaayrs
Remove top planetary gear holder and planetsaysg
Remove main rotor shaft / bottom ring gear addgm

Remove bottom ring gear

© N o O

Remove top sun gear, top half
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10.
11.
12.
13.
14.
15.

16.
17.
18.
19.
20.
21.
22.

Remove top ring gear

Remove top ring gear hub (integral with bottam gear)

Remove top sun gear, bottom stub

Remove top half of bottom planetary gear holder

Remove the seven planetary gears togetherthathsupport bearings
Remove the bottom half of the bottom planetggr holder

Remove all the accessories gear drives at otirb of the vertical bevel stub
assembly

Remove the accessories main drive gear (airbaif vertical bevel stub)
Remove all vertical accessory stub shafts

Remove the main drive vertical bevel stub

Remove the helical gear ‘fly wheel’

Remove the front bearing hub (fly wheel stulifsimain bearing)
Remove the rear fly wheel stub shaft bearing

Remove the fly wheel stub shaft and the bpwvebn gear

Left Rea 1
Froni |~ Right Rea
/ Left
H I J K
Figure 3.2: Main gearbox (VR-24) views
A — Fan drive accessory gearbox G — Top Casingfco
B — Bull (combining) gear cover H — Engine inpousings
C — Main rotor shaft | — Gearbox mounting strut
D — Right hand accessories gearbox J — Oil sump
E — Tail rotor take-off & clutch assembly K — Léiand accessories gearbox

F — Main casing/housing
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3.4.5 Evaluation of the Mi-24 Helicopter Main Gearbox

3.5

Evaluation will be done on the basis of any sighsvear, distortions or cracking on the
components and sub-assemblies, to determine thsesaw®imilar methodology and
information from authorities will also be used toagtify the durability of the Mi-24
gearbox and also form the basis for recommenditgneled usage. Compliance in terms
of tolerances will be determined through measurésmdii feasible) of the mating
components and comparisons with the general airordéistry tolerances, as established
during literature review. The purpose of this steggeo assess the durability of the Mi-24
gearbox, the establishment of the relevant spetifins and the creation of CAD
drawings. The benchmark which will be used for |sgigng what should be recommended
for refurbishment will include the assumption thdie to the lack of precision measuring
instruments and specialist NDT services at thearsity, standard aero-industry tolerances
and common helicopter main gear box defects (fiteralture review) are going to be used

as basis for decision making.

Conclusions

The concepts of RE and RE architecture have beplaiegrd, including a model; which
illustrates the application of the concept. A congmn was also made to illustrate the
concept of how FE and RE are the opposite of edlobrostarting either at the concept
stage and ending at the product and vice versendiépy on the need and hence the

required starting point. The methodology used is dlissertation was also detailed.

The following chapter, Analysis of the Mi-24 Malmansmission, will describe the whole
process from; the description of the features amttfons of the individual parts or the
sub-assemblies and the damages observed or ertvisaggmilar or other gearboxes. The
following will also be discussed; details of howetlgear box mechanism operates, the
observations made after dismantling, the evaluadibthe integrity of the gear box, the

probable improvements and the presentation of i Grawings.
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4.1

4.2

ANALYSIS OF THE MI-24 HELICOPTER GEARBOX

Introduction

This chapter describes the analysis of the Mi-2ittygter gearbox, after dismantling of
the components and sub-assemblies, which includesigal (though no NDTs were done
due to logistical limits within the project) exaration of the conditions of the parts, the
determination of the function of each part or sabeanbly and the complete functionality
of the whole gear box. The analysis also includes dbservation of the condition of
parts, the evaluation of the integrity of the gbax and the probable improvements on
the gear box. The physical measuring of the compisn@vhere possible), re-designing
(shape and features only) the unrevealed or unadified parts, was then followed by
sketching and the drafting of the components uiegCAD system.

Design Features of Mi-24 Gearbox

This section describes the structure and functibthe gearbox in greater detail, as
observed, researched and conceptualised. The enafythe conditions of these parts,
including the probable conditions envisaged on lsimparts, form the basis of the

findings section of this dissertation.

According to Chaiko (1990), The gears and shafthefMi-24 gear box are made from
chromium-nickel alloy steel of the following Ameaic steel equivalence; 3310, E9310,
4317H, M315 (gears), 3310H, 3310, 4317M (shaft)ijevthe main housing, top cover
and all accessory covers are made from magnesioy ML-5 (SAE N500). The alloy
steels for gears are subjected to heat treatmaniigsing, nitrating or cyaniding in order
to produce a hard and wear resistant skin casidgaough core to withstand high loads.
These alloy steels’ chemical compositions, meclanjgroperties, including their
machinability (which is generally good (medium) esiplly when annealed i.e. 40 —
70%) are shown on Appendices R, T, U and V. NADQARQOQ) states the following
about magnesium ML-5; excellent corrosion resisgancastability and strength; a
specific gravity of 1.74 g/cc (making it the ligetecommonly used structural metal) and
also that magnesium alloys exhibit the best madiiitaof 100% (Appendix V) among
metallic alloys in commercial use. The Americamdtrds equivalence of magnesium
ML-5 are; AZ81A and AZ91C alloys, whose compositisrshown on Appendix T and
its Brinnel Hardness is 55 (Appendix U).
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According to Winnaar (2014), general tolerancestfe main housing and accessory
covers’ large diameters, heights, lengths and nlists between centres are + 0.10mm,
while limits and fits class H7 (Appendices X andi¥for bearing seats and limits, while
+0.25mm are general tolerances. All the gearsy gtab shafts and the planetary gear
holders, in the assembly are made from chromiurkehialloy steels and though some of
their hubs were not completely stripped; they wdaltlin the same limits and fits class
of H7/n6 for bearing seats, +0.05mm for gear teetll spline sizes and +0.25mm for
general tolerances. Gear, shaft and bearing bncduding splined coupling) tolerances
on the Mi-24 gear box generally exhibited transitfis of the grades H7/n6 and H7/p6,
as indicated on Appendices X, Y, Z and AA. Thisaagement enables most of the

components to be removed or assembled by hand wsdwf minimum tapping force.

Fan Drive and Cover

The function of the fan drive (Figure 4.1) is tavérthe cooling fan whose function is to

cool down the hot oil from the hot well of the gderx sump so that it further cools the

running components of the gear box, when recyclé@. gears and their stub shafts are
made from chromium-nickel alloy steels while theveois made from magnesium alloy

as indicated on section 4.2. The gears and thelr shafts in the assembly were not
completely stripped and analysed but would fathiea same limits and fits class of H7/n6
for bearing seats, gear and splined coupling bodetdank diameters; +0.05mm for gear
teeth and splines sizes and +0.25mm for generataiotes. The fan drive cover (D) is

directly mounted on the front side of the flywheeler. This compartment houses four
gears; the driver (G), two idlers (F) and the dniggar (E). The driver takes its motion

from the front side of the horizontal flywheel/bgiéar stub shaft, through a small stub
shaft, with matching splines on either side (fitemmhe bull gear and spur gear) and
supported with two small bearings located in batkiecs’ bores. All the stub shaft and

spur gear assemblies are supported by bearingsveinec located on either side of the
shaft and in the opposite hubs of the two bodiesgcto cover or main body to cover).

The final driven gear’s stub shaft has externahggl on the outer side to locate into the
female splines of the universal joint flange (a¢ tiear of gear E) which transmits the
drive to the driven accessory outside the main gear The gears, bearings and stub-
shafts were inspected for wear, cracks and any ffrdamage and were found to be in

good condition.
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4.2.2

Figure 4.1: Fan drive and cover

A — Bull gear cover E — Fan gearbox final gear
B — Fan drive gearbox F — Fan gearbox idlers
C — Opening for fan drive spigot G — Fan gearthoxe gear

D — Fan drive gearbox cover

Helical drive pinions and stub shaft assembly

The purpose of the stub shafts (Figure 4.2) isaiesimit the motion from the engine input
shafts to the helical bull ‘flywheel’ gear, throutfte two helical drive pinions. Materials
of manufacture are; chromium-nickel alloy steels §ears and stub shafts and cast
magnesium alloy (ML-5) for the covers, as indicatad section 4.2 and though this
assembly was not completely stripped; its tolerarare in the same category as those in
section 4.2.1. The two stub shafts (4.2-A) andweegears (4.2-C) are each located at 20
degrees below the horizontal line that runs throtigé centre of the bull gear, to
distribute the forces from the two engines and hkslance the drive approximately from
each side of the flywheel gear. The two stub sHaige their rear ends hollowed (bell-
shaped) to take up the initial drive from the siiygproller clutch (sprag) assembly. The
stub shafts (A) are each supported with two beariogated and locked into the hubs of
the helical bull gear cover's cylindrical horizohfzrotrusions. The cover (4.2-B) was
inspected for cracks and excessive clearanceseirbtines (by shaking the stub shaft

hubs, after removing the nuts) and all were founblé sound.
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4.2.3

Figure 4.2: Helical pinion gears

A — Helical pinion stub shaft E — Fan drive dea¢
B — Bull gear cover F — Opening for fan gearbdadxe spigot
C — Helical pinion gears G — Sprag clutch spggiport bearing

D — Sprag clutch cone or ‘bell’ (at rear of A amdsame stub shaft)

Right Hand Accessory Drives

The function of the right hand accessory drive (Fég4.3) is to drive the hydraulic main
pump and the two tach-generators. The gears andstiife shafts are made from
chromium-nickel steel, while the cover is made froragnesium alloy as indicated on
section 4.2 and though this assembly was not cdsiplstripped; its tolerances are in the
same category as those in section 4.2.1. Therdgears and the driver gear (integral
with its stub shaft) were removed by pulling themt é&rom their bearing housings,
following the removal of the cover. The right haaxtessory drives get their initial drive
from a spur gear (Figure 4.21-E) mounted at theéobotend of the vertical bevel
assembly (situated in the main housing bottom cotmm@nt) which drives a spur gear,
mounted on the same stub shaft as a bevel geheimain housing (back drive into the
main housing). This bevel gear drives a horizoh&alel gear, whose stub shaft extends
outwards on the right hand side of the main houdingo the accessory gearbox
compartment) and has a spur gear (Figure 4.3-D)nteduon this end. This spur gear
drives the first accessory through a spur gearB,3vhich also acts as an idler for idler

(4.3-C) which drives two accessories (4.3-E) omezitside of it. All the stub shaft
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assemblies are supported between two ball beagiags, one mounted on the outer side
of the main housing and the other on the interitd sf the right hand accessory drive

cover. The gears and cover were inspected for dasnaigd were found to be sound.

C D

A B

Figure 4.3: Right hand accessories gearbox

A — Tach-Generator Intermediate Drive Gear D — Rigtand Accessory G/box Drive
B — Hydraulic Main Drive Gear E — Tach-GeneratardfiDrive Gears

C — Tach-Generator Main Drive Gear

4.2.4 Left Hand Accessory Drives
The function of the left hand accessory drive (Fégd.4) is to drive the hydraulic utility
pump, the compressor and the hydraulic pump. Tlaesgand the stub shafts are made
from chromium-nickel steel, while the cover is mdien magnesium alloy as indicated
on section 4.2 and though this assembly was noptaigly stripped; its tolerances are in
the same category as those in section 4.2.1. Tiee ttriven gears integral with their
respective stub-shafts, were removed by pullingnttoait of the small roller bearings,
after removing the cover. The drive gear (4.4-Q3p antegral with its stub-shaft was
removed later after removing the lock washers and securing its bearing housing hub
to the main housing. The left hand accessory geaalsn gets its initial drive from the
main housing bottom compartment drive gear (Figul-E), through a spur gear, a
vertical stub shaft and bevel gear, through to r@zbotal bevel gear, stub shaft and the
right hand accessory gearbox drive (4.4-C), taridjiet of the main gearbox housing. The
right hand accessory gearbox drive (4.4-C) in tdrives the Hydraulic Utility Drive
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Gear (4.4-A), the Compressor Drive Gear (4.4-B) gnredHydraulic Drive Gear (4.4-D).
All these three drives’ stub shafts have splinekdi@n the outer side of the left hand
accessory drive cover, to take up the splined dshafts of each accessory. These
accessory stub drive shafts are also each suppbeaw®deen two small ball bearings
(which are press fits onto their stub shafts angydits onto the main housing and cover

‘bearing housings'.

D C
j A — Hydraulic Utility Drive Gear
B — Compressor Drive Gear
C — Right Hand Accessory G/box Drive
D — Hydraulic Drive Gear
A B

Figure 4.4: Left hand accessory gearbox

4.2.5 Tail Rotor Drive Assembly and Brake Mechanism
The function of the tail rotor drive (Figure 4.5) to drive the tail rotor, which in turn
gives balance to the helicopter which tends to spia to the rotation of the main rotor.
The gears and the stub shafts are made from chnomickel steel, while the tail rotor
hub is made from magnesium alloy as indicated cticge4.2 and though this assembly
was not completely stripped; its tolerances arthensame category as those in section
4.2.1. The rear drive assembly (tail rotor driv@gure 4.5B) was removed after
removing the lock washers and nuts, followed byipgithe hub out of the main housing
rear bore. This rear drive was also not furtheasBembled for lack of time and special
tooling, though its bearings sounded well, aftemderotated by hand. This drive is
situated directly at the rear (from direction agffit) of the helicopter main gear box. It
consists of a bevel gear which is driven by the lengand lower) bevel gear (Figure
4.21-C) on the vertical bevel stub assembly. Modioie the same horizontal stub shaft is

a break assembly (Figure 4.5-A); whose functiotoigxtend the drive to the tail rotor
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gear box and to control the tail rotor speed fonamuvring the rotor-craft. The break
assembly consists of the traditional drum (4.5-€hoes (4.5-G), cables (4.5-F) and
linkages (4.5-H) arrangement, to enable the bregkunction. The horizontal hub
(which is considerably the biggest amongst the rektthe bearings-stub-shaft
combinations on the gearbox) consists of two bear{iocated internally in the hub) and
two oil rings around the hub (encompassing thdeat in between) to enable oil to go
into the bearings with pressure, and then drain@tite main housing and sump below.
When dismantling the assembly, take off the lock awd bolt first, followed by the
breaks housing whose mounting bolts are at the fitak Circle Diameter (PCD) with

the bearing housing cover, but share the mountoits alternately with the cover, six

i/

(@) Clutch (b) Hub & drum (c) Brakeogs & linkages
Figure 4.5 Main Rotor Brake

each.

A — Brake assembly F — Braking cable

B — Tail rotor take-off flange G — Brake shoe

C — Brake drum H — Linkages

D — Hub / Quill | — Retaining springs
E — Drum mounting spigot J — Brake adjustment

4.2.6 Gear Box Main Housing
The main housing (Figure 4.6) provides mounting drthe components as follows;
from the bottom, the accessory drive gears arustaft assemblies, the tail rotor drive,
the vertical stub shaft assembly, the bottom sh,top sun gear, the bottom planetary
gears, the bottom planetary gear support platesttemdop ring gear. The critical sizes
are; the joint between main housing and top covere diameter’ 756.00 (H7) +0.000 to
+0.070mm, the joint between the main housing ahdusnp ‘bore diameter’ 460.00 (H7)
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+0.000 to +0.053mm; the height of the main hou$8g +0.10mm and the following
bore centre positions from top of housing; bullrgaad horizontal bevel gear stub shaft
is 310_+0.10mm, tail rotor drive is 334 +0.10mm,ilelthe left and right hand accessory
drives are 390 _+0.10mm and the general dimensioteance is _+0.25mm. The
accessory drives (located on both outer sideseofthin gear box); consist of the right
hand drive (Figure 4.6a) and the left hand drivpp@site of figure 4.6a). The main
housing consists of provisions to mount the mainsiveg top cover at the top (4.6d), the
oil sump at the bottom (4.6c), the accessory cowarthe sides and the mounting bores
for the tail rotor shaft, the rear/right pressuebeve pipe and the bottom planetary gear
holder assembly. Several bores, holes and chaarel®cated internally also to provide
pressurised oil to the various rotating parts araindge back to the sump. The main
housing is an intricate cast magnesium ML-5 (seeti@e 4.2) casing which was
accurately machined to take up components precisedghieve smooth drive to various
parts of the gearbox. The main housing also costd studs of diameter 16mm by
95mm long (which are screwed into the main housiagge and at the same time their
unthreaded shanks allow a ‘dowel type’ slidingofithe top cover flange holes) to allow
accurate location of the top cover; including thaimrotor shaft. According to Metric
MMC (2015), the bolts are made from chromium-nicgielel and of class 12.9 and zinc
plated to enable corrosion resistance and reduati@oefficient of friction, while they
are torqued to 340NM (Appendix: CC) to keep theemsdy together in the presence of
huge and especially cyclic forces. The joint isleg@éy a paper gasket whose actual
specification could not be determined, though &utade fibre based material bound with
glue glycerine (compliant to military specificatgnMIL: G12803A-B), with high
compressibility (25 — 40%), good oil and fuel résike and sealability of 5.5Mpa; was
selected as an equivalent gasket, since it canidapdto 120 degrees Celsius compared
to the actual maximum temperature of 90 degreegghnis associated with the Mi-24
gearbox oil (ACL, 2015). The main housing also tresprovision of mounting the gear
box mounting legs, strategically located just bekmd around the main housing to top

cover joint.
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4.2.7

(a) Right Hand (accessory gearbox) (b) Front sidal (@ear side)

(c) Bottom side (accessory drives) (d) Safe (where main drive is housed)

Figure 4.6: Main housing

Main Housing Top Cover

The function of the main housing top cover (Figdr@é) is to provide mounting for the
main rotor assembly in the correct position witle thheshing gears of the main rotor
drive. The main housing top cover (Figure 4.7-Bpliso made out of cast magnesium
ML-5, as described on section 4.2; accurately nmaszhio fit onto the main housing. The
location is aided by an accurately locating ‘mailei (on inner side of top cover flange)
of diameter 756 (n6) + 0.043 to +0.087mm and aeseosf studs with ‘dowel fit’ type of
shanks of diameter 16 (n6) +0.012 to +0.023mm. tdhecover also has a bore (diameter
380.00 (H7) +0.000 to +0.057mm) on top to take hg large main rotor ball bearing
(Figure 4.7-C and 4.8-F), hence allowing the rot@unting. The top cover also contains
the oil channel (which, at this point is approxigiatlO0 +0.25mm in diameter) and which
links to the main housing oil channel, whose opisvented from leaking at the casings
joint by an oil ring) to take pressurised oil t@ttotor shaft main bearing and the top
planetary holders and eventually to the top plagjegears (Figure 4.20). On top of the

main top cover is a provision for mounting a corealisc seal holder and a cup seal
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4.2.8

(stuck on the inner side of the seal holder) t¢ gematop from dust ingress and also from
avoiding oil loss from the top. The disc seal holidekept in place (though it can swivel
to permit any misalignment of the main rotor) byo#er small cover which was not
supplied with the gear box. The cup seal is aidgdaltension spring ring which is

wrapped around the contour of the seal to keegé¢héin constant contact with the rotor
shaft.

A B C D E F G H

(a) Side view (b) bottom view

Figure 4.7: Main housing top cover

A — Main rotor shaft (lower section) F — Bottomgigear

B — Main housing top cover G — Top planetaryrdedder

C — Main shaft bearing position H — Main rotoa&{lower section)
D — Main rotor shaft (upper section) | — Plangtgear (x5)

E — Main rotor head position

Main Rotor Shaft

The main rotor shaft (Figure 4.8) provides the @i’ the main rotor blades which power
the helicopter to fly. The main housing top coved anain rotor shaft assembly (Figure
4.8) was removed (after removing a series of mais fa series of studs around the joint)
by hoisting the main top cover (4.8-1) using anrbread crane. This assembly could also
not be further dismantled to free the rotor-shaf8{C, H) and its main bearing (4.8-F),

the top carrier plates (B), the bottom ‘bell’ riggar (4.8-A) and the top five planetary
gear-set (4.8-D). The components of this sub-aslewdre inspected and analysed and
found to be sound (the bearing was tested by tgrttia shaft by hand before dismantling
the top cover from the main housing), serve forghiy gear contact surfaces on both
the bottom ‘bell’ ring gear (4.8-A) and the plangtegears (4.8-C). Most of the

dimensions and profiles of the parts on this sidebly were estimated and deduced
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(based on generally accepted engineering normisiding those exhibited elsewhere on
this design), since the parts could not be disredrfibr lack of time and special tooling.
These include the top bearing (4.8-F), part of mh@r shaft from the bearing to the
planetary gear mounting plates, the planetary geaunting plates and the top cover

(also around the same area as mentioned above).

The main rotor shaft (4.8-C, H) is a special holldwomium-nickel alloy steel tube (see
materials description on section 4.2), which isuaately machined to fit onto both the
main rotor bearing of diameter 196.00 (n6) +0.081+0.060mm and the bottom rotor
shaft tip/spigot for support bearing, at shaft pdhof diameter 96.00 (n6) +0.023 to
+0.045 mm). It also has provision for mounting tbp planetary gear holders (4.8-B)
and the bottom ring gear (4.8-A) which are botlegnal with the main rotor shaft (4.8-C,
H). The main shaft also provides mounting for theeinal sleeves (4.8-C1) and seals
arrangement for transmitting the pressurised oihfthe sump (through the sump vertical

pipe) to the main rotor shaft tip bearing and ®tip planetary gear system.

A B C C1 D E F G H I
"/ \ ‘y /
(a) Bottom section (b) Upper section
Figure 4.8: Main Rotor Shaft
A — Bottom ring gear E — Bearing upper suppog r
B — Top planetary gear holder F — Main rotor masaring
C — Rotor shaft lower section G — Main bearintklaut
C1 — Lubricating sleeve H — Rotor shaft uppetisac
D — Planetary gear (x5) | — Top cover
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4.2.9 Bottom Ring Gear

The function of the bottom ring gear (Figure 49}a give the rotor assembly a positive
drive and this happens after it receives a drieenfthe seven bottom planetary gears.
The bottom ring gear is made from chromium-nicKidyasteel as described on section
4.2). The bottom ring gear (Figure 4.9-A) is mouhitetegral with the top planetary gear
holders (4.9-B) and the main rotor shaft (4.9-C3 hacurately machined splines (inner
diameter 563.00 (H7) +0.000 to +0.063mm) to cowpté the top planetary holders and
a gear ‘bore’ of diameter 705.00 (H7) +0.000 to0¥0Omm, to mesh with the bottom
planetary gears. This is also a very big gear btist construction, which should assist
with maintenance of momentum, when the need arides motion from the top sun gear
(Figure 4.10-D) through the top planetary gearssduoa turn the rotor shaft ‘positively’,
as its effect is to turn the planetary gears (43D their individual axes. The bottom
ring gear (4.9-A), together with the main rotor f§H4.9-C) only turns after the drive
transmitted from the top planetary gears (4.9-Dggto the top ring gear (Figure 4.10-
G), which is coupled with the bottom sun gear (Fégd.10-E), then to the bottom sun
gear, then to the bottom planetary gears (Figut®-&) and finally to the bottom ring
gear (4.9-A), which is coupled to the top planetgear system (4.9-B, D) and the rotor,
which will then turn with the main rotor (4.9-C).

A — Bottom ring gear

B — Top planetary gear holder

C — Main rotor shaft (lower section)

D — Planetary gear (X5)
Figure 4.9: Bottom ring gear

4.2.10Top Ring Gear
The function of the top ring gear (Figure 4.10}aseceive the drive from the five top
planetary gears and transmitting the drive to tb&@on sun gear, through a splined

coupling (Figure 4.10-G, F). The top ring gear &sd®a from chromium-nickel alloy steel,
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as indicated on section 4.2. The top ring gearuffeigt.10-H) sits on the bottom sun gear
stub splines (4.10-F) and is removed after firstgnoving the bolts securing the three
circular clips or keys (width 5.00 (n6) +0.008 t6.816mm) which are bolted onto the
top ring gear keys mounting holes — G1) and hokl tttp ring gear (4.10-H) to the
bottom sun gear stub (4.10-E), through a slot (f&igu13-C) which is cut 5mm below
the top part of the splines of the bottom sun gtalb. The centre of the bottom part is
hollow and has splines on a bore diameter of 26QH00 +0.000 to 0.052mm, with
which the gear is mounted onto the bottom sun gjglares. Therefore the top ring gear is
actually mounted onto the splines of the bottomgear (and is locked in place by three
split strips) and rotates with it. This gear isoalsf robust construction, accurately
machined and ground (tolerance on gear teeth hareeter of 532.00 (H7) +0.000 to
0.070mm) to suit the meshing top planetary ge&ssnbvement is as described under the
bottom ring gear (section 4.2.9), as there is aeclmnctional relationship amongst the
compound planetary gear system. This is the smatigrgear that is mounted just above
the bottom planetary gear holder assembly, anchdstéo the top to mesh with the top
planetary gears, whose holders are mounted on #ie rator shaft flange. This gear
comprises of two parts; the top and bottom sectidhe bottom section features a disc-
like shape, with a provision for mounting the togrtpon its top and outer periphery,
through a series of holes, special studs and wihigh are locked in place by deforming
the end of the shaft threads. The top part of dpesection is thicker (towards the centre
line) at the top, to accommodate the gear teethe(blcameter 532.00 (H7) +0.000 to
+0.070mm), which mesh with the top planetary geas has holes (diameter 8.00 (H7)
+0.000 to +0.022mm) at PCD 590.00 (H7) +0.000 td#0mm to take up special studs
(diameter 8.00 (n6) +0.010 to +0.019mm) for ac@lyamounting onto splined bottom

plate, described above.
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A B C D E F G G1
(c) Bottom planetary assembly (d) Top ring gear

Figure 4.10: Bottom planetary assembly, adjacent ecoponents & Top ring gear

A — Main housing E — Bottom sun gear

B — Bottom planetary gear plate holder F — Bottam gear stub splines

C — Bottom planetary gear (X7) G — Top ring ggdings

D — Top sun gear G1-Top ring gear keys mourtiigs

H — Top ring gear

4.2.11 Top and Bottom Planetary Gears
The top and bottom planetary gears (Figure 4.1d)naade from chromium-nickel steel
(as indicated on section 4.2) and their purposdoigransmit motion between the
respective top and bottom sun and ring gears. dnend bottom planetary gears (Figure
4.11-A and 4.10-C) are of the same size and cordtgun and are made of chromium-
nickel alloy steel, accurately machined and grouiite critical sizes are; gear diameter
187.00 (n6) +0.000 to +0.031mm, stub shafts outsldeneter 65 (n6) +0.020 to
+0.039mm, while the teeth dimensions tolerance_&0530mm and the general
dimensions tolerance is +0.25mm. The top planegegars are five and form a smaller
Pitch Circle Diameter (PCD) around the top sun geduile the bottom ones are seven
and hence make a bigger PCD around the bottom san dhe planetary gears are
mounted on their small stub shafts (4.11-B) whiak #ocated in roller bearings,
supported by the planetary gear holder halves aodred by internal circlips (Figure
4.19-H) from the top; while the bottom of their begs sit each on a small collar on the
bottom side of each bearing bore. The gears theasalre held in place on the centre of
the shaft by being press fitted and restricted fomming out by a lock washer (4.11-D)

and nut (4.11-C) combination.
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Figure 4.11: Planetary gear

A — Planetary gear D — Lock washer
B — Stub Shaft E — Spacer/sleeve
C — Lock nut F — Bearing sleeve (inner race)

4.2.12 Top Sun Gear Assembly
The top sun gear assembly (Figure 4.12) is madm fabromium-nickel steel (as
indicated on section 4.2) and its function is tklthe drive from the vertical bevel gear
to the top planetary gears and the top ring gehe dritical sizes are; gear diameter
268.00 (n6) +0.034 to +0.066mm, splined shaft detsliameter 174.00 (n6) +0.027 to
+0.052mm, while the teeth and splines dimensioeraémice is +0.050mm and the general
dimensions tolerance is +0.25mm. The top sun deguie 4.12-G) consists of the top
and bottom parts; where the top part is the sun @42-G) integral with a hollow stub
shaft with splines at the bottom end, while thedrat(4.12-A) consists of a hollow stub
with a thread at the top, a collar at the bottord an internally splined bottom section.
The assembly also in-cooperates a lock nut (4.12Ek washer (4.12-H) and two split
collars (4.12-1). The nut (facing downwards) andsher are fitted to the bottom of the
top stub and then the sub assembly’s external eplare mated to the bottom part’s
internal splines, with the lock washer’s (4.12-Rete internal tabs fitting into the bottom
stub external slots (4.12-D). The split collars tuen fitted between the mating stubs, but
under the lock washer (4.12-H) and nut (4.12-Fpeetively. The nut thread is then
aligned to the bottom stub male thread (while kegphe split collars (4.12-1) in place)
and screwed in until it is tight, after which tleek washer is locked against the lock nut
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slots by deforming the washer on several pointsesponding to the lock nut slots.
Following the removal of the main top cover; thekdamut and washer assembly on the
top sun gear was removed and thereafter the fiegfessun gear (4.12-G) was also
removed. The lock washer (4.12-H) referred to abtws three inner tabs which locate
on the top sun gear bottom stub’s (4.12-A) threesg4.12-D) for location and to prevent
its and the nut's (4.12-F) independent rotatione ®hater part of the lock washer is cup-
shaped to march the outer diameter of the lock4wl2-F) and is deformed against the
slots of the lock-nut to prevent the lock nut freumning independently, during operation
or as a result of vibration. After that the bottetub (segment) of the first stage sun gear
(top sun gear) assembly was dismantled by slidimpiwnwards out of the bottom sun
gear bearing.
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(a) Top sun gear ‘bottom stub’ (b) Top sun gear ‘topstub’
“On top of vertical bevel assembly”

Figure 4.12: Top sun gear assembly

A — Top sun gear ‘bottom’ stub (adapter) F — Top gear lock nut
B — Bottom stub internal splines G — Top saeargtop stub)
C — Vertical bevel stub assembly splines leck washer

D — Slots (washer restraining slots) (x3) | —kateeve

E — Bottom stub external splines J — Top sar gplines

4.2.13 Bottom Sun Gear
The purpose of the bottom sun gear (Figure 4.18jdfwis made from chromium-nickel

steel, as indicated on section 4.2) is to linkdhee from the top ring gear to the bottom
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planetary gears and ultimately to the bottom riegrg which is both bolted and spline-
coupled to the main rotor flange. The critical sizee; gear outside diameter 336.00 (n6)
+0.037 to +0.073mm, splined inside diameter 26§HD) +0.000 to +0.052mm, while
the teeth and splines dimension tolerance is +@®®0and the general dimensions
tolerance is +0.25mm. The bottom sun gear (Figut8-4) is located just at the centre
of the bottom planetary gear holder/plate (Figure8% and is mounted onto the same
bearing (on the outer race) as the bottom stuheofdp sun gear (Figure 4.12-A) support
bearing (which supports it from the inner race)e Hirangement is such that the top sun
gear ‘bottom’ stub fits into the splines of the tigal bevel gear assembly (Figure
4.12(a)), while the ‘hollow’ bottom sun gear (Figué.13-A) fits over the top sun gear
‘bottom’ stub (onto the outer diameter of the begyiand the top sun gear (Figure 4.12-
A) is secured by a lock nut and washer onto thib $also refer to Figure 4.12(a)). The
bottom sun gear rotates the seven bottom plangtays (Figure 4.10-C), which in turn
drive the bottom ring gear and yet it rotates iredefently of the top sun gear. The
bottom sun gear freely wheels (together with the riag gear) on its bearing and is a
back drive of the top part of the compound geantrand additionally assists to give
stability to the main rotor assembly.

)/

A

Figure 4.13: Bottom sun gear

A — Bottom sun gear

B — Bottom sun gear splines (where the top rirgy @§iés and is locked in place)
C — Bottom sun gear key slot (where the 3 arpsfit to lock the top ring gear)
D — Vertical bevel gear assembly support bearing

E — Bottom planetary carrier (bottom half)
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4.2.14 Sprag Clutch Assembly

The purpose of the sprag clutch (Figure 4.14) isrtgage and dis-engage the drive from
the engines to the main gearbox. The stub shaiscaontact bell, the rollers and cages
are made from chromium-nickel alloy steel, while thubs are made from magnesium
alloy (Appendices R and S). This assembly was rwhptetely striped (hence no
particular dimensions) but the general fits woutdito the H7/n6 class of limits and fits.
The sprag clutch assembly (Figure 4.14) consistsvofsprag shafts (4.14-B) which are
mounted in their special cylindrical hubs (4.14-D}egral with two bearings each, and
the assemblies are themselves bolted to the bulleivbover cylindrical protrusions
(4.14-A) by use of small cover flanges, studs aants.nThe front of each of these two
shafts has a small spigot (4.14-B) which fits iateery small bearing (4.14-F), which is a
sliding fit into the back of the helical drive pim stub shaft cylindrical bore, for support.
Just at the rear of this spigot is mounted a spluagled clutch mechanism (4.14-C)
consisting of a roller bearing-like-cage, a sewésylindrical rollers, which sit in the
concave grooves of a spline-like portion of thebstbaft. The effect of this mechanism is
such that when the stub shaft turns and picks mamenthe cage together with the
rollers turns slightly against a light spring forcausing the rollers to ride over the crests
of the ‘splines’ thereby causing them to protruggad and touching the sprag clutch
contact bell (4.14-E), which is at the back of tedical drive pinion stub shaft, causing
the clutch mechanism to engage and drive the dtafissand hence the whole gear box
through the gear train. The rear of these engipatishafts have female splines to take
up the drive directly from the twin turbo engin@&se two input sprag shafts and covers
were opened after removing the securing nuts ama tihe input sprag stub-shaft
assemblies were pulled out. These were not fudimmantled because of lack of time
and special tools, and the bearings seamed sowhht@ct, after inspection by manually

rotating the stub shafts.
A B C D A E F

Figure 4.14: Sprag clutch and cover
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A — Bull wheel cover

B — Sprag clutch shaft (support bearing position)

C — Sprag clutch mechanism (rollers and cage) ddgem
D — Sprag clutch hub

E — Sprag clutch contact ‘bell’

F — Sprag clutch spigot (support bearing)

4.2.15 Flywheel ‘Bull gear’ Cover

The function of the flywheel cover (Figure 4.15}Yascover the flywheel and also provide
mounting for both the sprag clutch assembly andrélae of the helical drive gears stub
shafts (which are integral with the helical pinibell/cone, which engages with the
rollers of the sprag clutch. The flywheel coverl@B) is made out of cast magnesium,
as described on section 4.2. The critical sizerdolees are as indicated for the main
housing’s large diameters, heights, lengths ancmaties between centres are + 0.10mm,
while bores to take up outer races of bearingscamdplete drive hubs are machined to
limits and fits of class H7/n6 (appendices X, Yazd AA). The flywheel cover (4.15-B)
is specially shaped to take up the flywheel (FighuE6-A) on the central part and has
two circular and bored ‘extensions’ on either sitte,accommodate the helical bevel
pinion stub shaft assemblies (4.15-A, C). On thieoedges of this cover is a thin flange
(lining the whole edge) which has numerous holé@dgedrto accommodate the mounting
studs (screwed onto the matching holes on the iairsing front opening) and nuts.
There are two holes and channels that are drilfed the flanges of the flywheel cover,
to transmit oil from the main housing channelshe tover, for the lubrication of the

bearings and gears in this compartment.
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Figure 4.15: Fly Wheel ‘Bull gear’ Cover

A — Helical pinion bearing surface E — Fan drieadpox
B — Bull gear ‘flywheel’ cover F — Opening for faearbox drive spigot
C — Helical pinion gears G — Sprag clutch spggiport bearing

D — Helical pinion ‘bell’

4.2.16 Helical ‘Bull’ Gear and Horizontal Bevel Gear Assenily
The function of the bull gear (Figure 4.16) is mmbine the drives from both engines,
while the horizontal bevel gear transmits the motmthe vertical bevel gear. Both gears
and their stub shafts are made from chromium-nisket| as described on section 4.2.
The critical sizes are; gear outside diameter 46n8) +0.040 to +0.080mm, clamping
holes PCD 394.00 (H7) +0.000 to +0.057mm and geddleh discs splined diameter
90.00 (H7) +0.000 to 0.035mm, while the teeth aplines dimension tolerance is
+0.050mm and the general dimensions tolerance .B5#m.This assembly consists of
the helical bull gear (Figure 4.16-A), the horiznbevel gear (4.16-E) and their stub
shaft (4.16-C). The helical gear (4.16-A) conssitsa large diameter outer rim which
contains the gear teeth and is accurately maclinddolted between the tips of two thin
conical circular discs. This rim is wider on thet©ide to accommodate the gear teeth,
while it has a thinner flange-like shape towards ¢kentre, with accurately drilled holes
around a pitch circle diameter to match the hofeghe thin circular discs (for joining by
use of special ‘dowel’ studs and nuts). The mewtibdiscs are having a hub on their

centre, whose bore forms a transition fit onto $ipines of the horizontal stub shaft
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(4.16-C). The front disc exhibit three holes ddllequidistant to each other and around
the central hub bore, which are required to pull the gear during disassembly. The
horizontal helical bevel gear (4.16-E) is mountédha innermost end of the stub shaft
between the end support bearing and the outermgesuipport and is locked in place with
a lock nut. There are three bearings; one outairigewhich is a roller bearing to take up
the radial forces, while the second and middle ihgais a ball bearing to take up the
axial forces exerted due to the thrust from théchebear drives and the third one is a
roller bearing to support the radial force exeredthe end of the shaft. The stub shaft
provides mounting for the gears (4.16-A, E) andtself supported by the bearings,
whose outer races also make a sliding fit ontontlaé housing horizontal bores and are
locked in place with the lock nuts (4.16-A1, E1jldocking washers. The inner races are
lightly pressed onto the stub shaft to avoid thaftsthom turning in the races rather than
with the inner races. The stub shaft is also haddwo reduce the weight, as is common
with most aero-craft parts and has threads onre@hds to accommodate the lock nuts.
The main gearbox front cover (Figure 4.16-B), hngsihe helical bull gear (4.16-A),
was opened, after removing the numerous securirtg. rithe lock-nut and washer
combination for locking the bull gear securely ts stub-shaft, were removed by
unlocking the washer followed by an extremely stiers act of removing the nut by
forcing it through its slots using a hammer andragunch. However both the bull gear
and drive pinion could not be removed, for lackiofe and special tools. The physical
inspection of the gears did not show any signs @inmand damage but just revealed the
ordinary or usual shiny contact surfaces. The winlé gear (4.16-A) to bevel drive
pinion (4.16-E) assembly was rotated manually teckhfor any bearing anomalies and

there were no signs of such.
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(a) Helical bull gear position (b) Bull gear andnput gearbox, in
(in front of direction of flight) drive pinions (Lin 2014)

Figure 4.16: Helical ‘Bull’ Gear and Horizontal Bevel Gear Assembly

A — Helical bull gear

Al- Bull gear locknut E1- Pinion locknut
B — Main housing E — Bevel pinion gear
C — Bull/Horizontal bevel gear shaft F — Halidrive pinion (fit on positions D)

D — Position of drive pinions

4.2.17 Oil Sump, Pump and Stand Pipe
The oil sump (Figure 4.17) is also made from maigmeslloy and contains the drained
oil and incorporates an oil pump and the pump d@&7-B), which are both made from
chromium-nickel alloy steel (see materials desmipbn section4.2). Though the sump
was not completely disassembled; the critical maoli size tolerances as indicated for
the main housing’s large diameters and heightsd@& 0mm. The pump drive (4.17-B)
pumps lubricating oil into the main casing and ¢oper oil channels, which direct the oil
to various rotating parts, mainly gears and bearihgough specially designed nozzles.
The lubrication oil is also pumped to the top plang gear holders, gears and bearings
through the vertical hollow stand pipe (4.17-A);iethis accommodated in the hollow
main rotor shaft, but mounted in the centre ofdih@ump. This pipe consists of a double
barrel with inlet and outlet holes and seals orhlibe bottom and top sections, to keep
the oil between the two barrels. The oil exits tlgio eight holes evenly distributed
around the outer top section of the double batesids pipe, to enter into the tip of the
main rotor shaft, through the inner short cartridgefore it flows in between the top
inner barrel and the rotor shaft. The top parthef $tand pipe also has two rows of 6mm

diameter holes which are separated by three rovestteér double or treble split oil rings
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to direct the oil flow to the appropriate zone. 98 done in conjunction with a similar
arrangement of holes on the mating inner cartrinfgibe lower part of the main rotor. It
is assumed that the first row of holes on eitheéhefmating parts described before, direct
the high pressure oil to the receiving part, wiiie second row drains the escaped oil
(low pressure) back to the casing. A rubber dynaseial just slightly above the split
rings, seals any oil that could have escaped fl@dw pressure zone, as well as sealing
this area from any dust ingress from the atmosptiemrigh the top of the hollow main
rotor shaft. The oil then flows out of the mainaroto the top halve of the top planetary
gear holder (through oil channels or holes), thenhe top circular oil tube and spray
nozzles; and simultaneously to the bottom halheftop planetary gear holder, before it
enters the bottom circular oil pipe and spray texzThe top circular pipe nozzles
(Figure 4.19-D) lubricate the top planetary geaarlmgs from the top, while the bottom
one lubricates the bottom planetary gear bearimgs the bottom. The oil channels on
the top half of the top planetary gear holder dkssd to some twin nozzles which
lubricate the planetary gears from the top, whilese channels and twin nozzles on the
bottom half of the top planetary gear holder luiiés the gears from the bottom (double

lubrication to ensure adequate oil film all-round).
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Figure 4.17: Oil sump

A — Lubrication stand pipe E — Oil sump

B — Oil pump drive F — External oil pipe conrient

C - O-ring G — Chip detector plug

D — Sight glass
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4.2.18 Bottom Planetary Gear Holders/Carriers

The bottom planetary gear holder (Figure 4.18) plev mounting for the bottom

planetary gears (4.18-F) in the correct positiartiem to mesh with both the bottom sun
(Figure 4.10-E) and ring gears (Figure 4.9-A). Hwders are made from chromium-
nickel alloy steel (see Appendices R, T, U and &, ¢omposition and mechanical
properties) and are tampered to ensure toughnasglistand forces from the planetary
gears. Their critical sizes and tolerances arebmfs; PCD for planetary gear bearing
bore is 540.00 (H7) +0.000 to +0.070mm, bearinglwbameters are 110.00 (H7) +0.000
to +0.054mm, PCD for dowels and studs to the maimsimg is 664.00 (H7) +0.000 to

+0.070mm, PCD for large dowel bores 308.00 (H70®0.to +0.052mm, diameters for
large dowel bores 34.00 (H7) +0.000 to +0.025mmgdacentral bearing bore is 360.00
(H7) +0.000 to +0.057mm and diameters of the ddwés are 15.00 (H7) +0.000 to
+0.018mm. The bottom planetary gear holder/caffiggure 4.18 (a) and (b) was dis-
assembled by removing a series of securing nuthtiid the plates in position through a
similar number of long studs and short bolts, whiciid the plates to and against a
specially prepared rim in the interior of the measing. After removing all the mounting

bolts for the top halve of the bottom planetary rghalders, the two halves were
separated by inserting set screws on to the togeihteaded holes (4.18-C), after which
when they hit the bottom halve will cause the tweséparate until the dowels (4.18-M)
are clear. When these are separated, then thealbpshremoved and then the seven
bottom planetary gears (4.18-E, F), integral witkeit hubs and the double locating
bearings (4.18-B) are sub-sequently removed. Thks@ exists fourteen, 6mm threaded
holes within the same Pitch Circle Diameter (POBere a similar number of screws
can be equally screwed onto, to slowly pull outhbb&om halve of the bottom planetary
gear holder, from the snuggly fitted hollow dowedjj in between the bottom planetary

gear holder and the rim of the main casing/housing.

A big roller bearing (4.18-1) with a sliding fit iecated or fitted at the bottom of the big
concentric bore of the bottom halve of the bottdanetary gear holder. This bearing is
locked in place by a big internal circlip, whichuggly fits into a groove almost at the
bottom end of the holder’'s spigot, which gives smn for accommodating the width of

the bearing.
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The bottom planetary gear holder is a complex desith the following features;

a.

The main central bore provides a provision for mimgnthe vertical bevel gear stub
shaft at its top journal, including a provision #ocirclip groove to restrain the outer
race of the bearing (4.18-1), while the inner r&eea sliding fit on the journal. The
central bore also provides an opening for the pdiig and segmented top sun gear
assembly.

Seven bores drilled equidistant around the maie.bbhese bores house the bottom
support bearings for the planetary gear stub sliafi8-E). The bottom part of the
bores are of smaller diameter (stepped) to progideat for the outer race of the
bottom support bearings (avoiding use of internedlip as on top planetary gear
holder. Three smaller holes (+ 6mm diameter) aibedrequidistant around the

seven bores to permit easy drainage of lubricadibn

Two large arc shaped slots are cut around the sbuess to reduce weight. A
circular cut-out (4.18-J) also exists at each lmrehe outward side (radially from

the main bore) for both weight saving and to gilarance for the planetary gears.

Two holes (4.18-A, G) are drilled on either sidetloé circular cut-out to provide
mounting (through bolts/studs) of the bottom plangigear holder to the flange on

the inside of the main casing.

A convex shaped island (4.18-K) is formed betwegjacent bores and it consists of;

i. One hole (blind), which provides for accurate lamatof top half of the bottom
planetary gear holder, through accurately ground polished hollow dowels
(4.18-M), which sit in the blind hole.

ii. Two through holes (4.18-A, G) are drilled on eitsate of the big hole to take
up more mounting bolts and hollow dowels for thetdrm half of the bottom
planetary gear holder. However the bolts hold bb#ives of the bottom
planetary gear holder.

iii. On the outward side of each of the above holestvemet 8mm threaded holes
(4.18-C), which are used to pull out the bottonvbadf the bottom planetary
gear holder from the dowels and the location rihthe gear holder to the main

casing, during the dismantling of the gear holder.
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Vi,

Vii.

Seven 6mm holes are also drilled at an angle,istaftom the inner side to the
outer side of the bottom planetary gear holder @pposite/adjacent to each of
the seven planetary gear bearing support boresidothe drainage of the
lubrication oil from the various grooves of thetbat planetary gear holder.
Between each of the above bearing housing/suppanésb are two closely
drilled holes with threads, used to secure a curcubricating pipe (4.18-D).

The circular lubricating pipe (4.18-D); carries tbié from the casing and both
halves of the bottom planetary gear holder’s odratels. Where the oil channels
meet between the two mating parts there is a reddssle into which an oil ring
sits and is squashed in between to provide a sight, to prevent the escape of
oil before it reaches the designated lubricatiomtso The oil from the circular
distribution pipe sprays onto the bearings of thengtary gear stub shafts
through small nozzles spaced to match the sevetorboplanetary gears.
Through some channels both on the top and bottolvediaof the bottom
planetary gear holders the oil goes to the twinzleszon each of the top and
bottom convex shaped islands to lubricate the kagical bevel gear stub

bearing, around equidistant intervals.

The top halve of the bottom planetary gear holdas Bimilar features as
described above, except the following additionatdees;
Split Wire Ring — which fits into a 2mm half-rourdrcular groove
running around the top section of the dowel bavegetain the big dowel
pins from coming out through the top. The opposite of the hole is
blind in order to retain the dowel pin from thadesi
M6 threaded holes — two holes are drilled on tle sif the ‘big’ holes
for the dowel pins, to secure special lock washérd8-A) for the
mounting bolts of the middle section of the topbtiitom halves of the
bottom planetary gear holder.
Recesses — there are five oil outlets from thehald of the planetary
gear holder, which have recesses to take up @krito seal the oil as it
is transferred from the holder to the bottom ciacwil ring.
Feature on circular oil ring — oil ring is madeegtal with mounting
brackets and which in-cooperate lock washer meshamno restrain the
five inner mounting bolts of both the top and bottbalves of the bottom
planetary gear holder.
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Oil channels — there are oil channels positioneabat at the tip of each
convex island feature which joins (metal to metealy the top and
bottom halves of the bottom planetary gear holtetransfer the oil to
the top section twin nozzles which spray lubricatil to the bottom sun
gear assembly.

Convex groove — a convex groove on top of the tapvenh of the
planetary gear holder.

Extraction holes — inside each convex groove is etrigl 10 threaded
hole which is used to extract the top half frombl¢tom half dowels.
Drainage holes — on each side of the convex grosvesirainage hole to

drain oil from the grooves.
A B C D E F G

(a) Bottom planetary plates (combined)(b) Bottom planetary plate (bottom section)

H I J K L M

Figure 4.18: Bottom Planetary Holder/Carrier

A — Mounting bolts & lock plate H — Bottom sun g€#iting in bore)
B — Planetary gear bearing & circlip | — Bearing

C — Top plate extraction thread J — Arc shapets$ sl

D — Circular lubrication pipe K — Convex islands

E — Planetary gear stub L — Planetary gear hgauter race
F — Bottom planetary gear M — Planetary platdotv dowels

G — Mounting holes (to main casing)
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4.2.19 Top Planetary Gear Holders/Plates

The top planetary gear holders (Figure 4.19) pmwubunting for the top planetary gears
in the correct position for them to mesh with bthta top sun and ring gears. Materials of
manufacture and tolerances (H7/n6, (according tpefsdices X, Y, Z and AA) though
some actual sizes are different) are the same disated on section 4.2.18, for the
bottom holders. The top planetary gear holder (€@gul9) is also of a split combination
as the bottom planetary gear holder set. This sabrably is the same as the bottom
planetary gear holder explained in detail aboveyeséor the reduced number of planet
gear stub shaft bores from seven to five, hencecetl overall diameter and other minor
features of less importance to mention.

A B | C D E F G H

Figure 4.19: Top planetary gear carrier/holder

A — Main rotor shaft E — Holder securing points

B — Cavities F — Planetary gear

C — Bottom ring gear G — Planetary gear hub &ringy
D — Circular oil pipe (at nozzle points) H — Beaicirclip & lock

| — Planetary Plate

4.2.20 Vertical Bevel Gear Assembly
The function of the vertical bevel gear (Figure®}. to transmit the drive from the bull
gear to the top sun gear, including orientatingdtiee form horizontal to vertical. Both
gears and the stub shaft are made from chromiukehalloy steels, as indicated on

section 4.2. The critical sizes are; main geargdadiameter’ 268.00 (n6) +0.034 to
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+0.066mm, main gear ‘small diameter’ 268.00 (n6)08@ to +0.066mm, PCD for
clamping main gear ring to stub shaft 174.00 (n®)027 to +0.052mm and the dowel
studs diameter 174.00 (n6) +0.027 to +0.052mmnsglioutside diameter 174.00 (n6)
+0.027 to +0.052mm, while the teeth and splinesedision tolerance is +0.050mm and
the general dimensions tolerance is +0.25mm. Thicaébevel gear assembly (Figure
4.20) was removed by standing the gear box hougdgght, holding the bevel gear stub
shaft with a crane and forcing it out of the loveettom bearing by use of a hammer and
a soft punch. The vertical bevel gear stub asseiméadythree support bearings, one ball
and one roller bearing (Figure 4.20-E) on the botémd the other at the top supported on
the bottom part of the bottom planetary gear holdéis assembly consists of a stub
shaft (4.20-B) onto which a large (diameter) bayedr (4.20-A) is accurately mounted
by use of a series of bolts and dowels (4.20-HyH)ch are securely locked by being
deformed at the top. The larger bevel gear (4.20ak¥s downwards while a smaller
bevel gear (4.20-C) is mounted facing upwards, nsuee the balancing of the forces
which tend to lift up or press down, the stub skefsembly during rotation, thereby
locking it in position. The bigger bevel gear (4RPforms part of the main primary
drive as it receives the drive from the horizoriialel pinion. The smaller bevel gear
(4.20-C) drives the tail rotor gear box drive shatie spacers (4.20-D) assist to set the
vertical bevel stub shaft gear meshes, the sp(#h&9-F, G) allow positive location of
the accessories drive gear and the top sun gegtesid@espectively), while bearing

(4.20-J) supports the tip of the main rotor shaft.

/A G H J
=

(a) Front view (b) Top view

Figure 4.20: Vertical bevel gear assembly
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A — Top bevel gear (main drive) F — Accessoriegedgear position

B — Vertical bevel gear stub shaft G — Splinest¢@maop sun gear half)

C — Bottom bevel gear (tail rotor drive) H — Toprbkgear securing bolts

D — Spacer | — Alignment dowels

E — Roller & ball bearing seats J — Main rotorfskapport roller bearing

4.2.21 Bottom Assemblies
The function of the bottom assemblies (Figure 4.@&1jo transmit motion from the
central gear (from the main drive and is also meardllow spacing from the bottom
bevel gear) to the left and right hand accessamelsalso creating the back drives into the
main housing, in order to position these drivestlmm main housing. All the gears and
their stub shafts in the assembly are made frononaslum-nickel alloy steels, as
indicated on section 4.2 and their hubs were notptetely stripped but would fall in the
same limits and fits class of H7/n6 for bearingtse&0.05mm for gear teeth and splines
and +0.25mm for general tolerances. The bottomnaisiées (Figure 4.21) are housed in
the bottom compartment of the main casing, justvalibe oil sump, which is removed
by removing a series of bolts securing it to th&dio part of the main housing. All the
accessories initial drives come from a central ¢¢&1-E) mounted on the bottom of the
vertical bevel stub, just below the main housingmRving this is achieved by removing
the securing locknut and washer, followed by pagllthe hub out of the bottom splines
stub shaft by use of a bearing puller. Once theessaries initial drive spur gear is
removed then the accessory gearing (4.21-A ancf;dnd Right Hand accessory drives
respectively) are removed by removing the individoabs securing bolts from the
bottom of the main housing and then pulling thesh(ibtegral with the bevel drive gears)

out of the main housing.
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Figure 4.21: Bottom Assemblies

A — Left hand accessories drive gear (integral Wwtaring hub, & bevel gear)

B — Main casing bottom flange

C — Main casing oil distribution channel connector

D — Main casing oil drains to sump (includes aflestholes not labelled)

E — Accessories initial drive spur gear (mounted/@rtical bevel gear assembly)
F — Right hand accessories drive gear (integrdl aaring hub, & bevel gear)
G — Blank (No fitting/redundant — also helps withdrainage to sump)

4.2.22 The Oil system
The purpose of the internal oil channel system ufeg4.22) is to distribute the
lubrication oil from the sump (cold well) to the wkong parts and back to the sump’s hot
well, while the external oil pipe system takes dilefrom the hot well to the coolers and
back to the sump’s cold well. The oil passageried/integrally cast into the main
casing, top cover, sump, bull wheel cover and amgscovers. It starts from the bottom
of the sump, to the sump and main casing joint24BP and from there it goes through
the main casing to the main housing bottom web2(€p and the bottom half of the
bottom planetary gear holder (4.22-D). From thedwothalf of the bottom planetary gear
holder the oil passage is vertical, then horizotradially’ (4.22-E) towards the centre.
The horizontal passage then splits into two (at@gmately 45 degrees towards the tip
of the double concave island feature of the bottaith of the bottom planetary holder) to
supply the lower twin nozzles. A vertical oil pagsg4.22-F) is also drilled on each of
the seven concave islands and runs through (imtitngeat 90 degrees with the

previously mentioned horizontal oil passage) topsupoth the bottom and top circular
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oil pipes (4.22-G), which will in turn supply themainder (six) of the seven islands’
vertical oil passages and also spray directly enttip and bottom side of the planetary
gear stub shaft support bearings, through spedaiaiygned ‘single’ nozzles. Also at the
position where the horizontal passage (mentioneavebsplits into two, there is a
vertical passage (4.22-H) that goes up until the half, which also splits into two to
supply the top twin nozzles, which in turn spraystbe top side of each of the seven
planetary gears. Effectively this means that foozztes supply each gear , two on top
and two on the bottom, making one of each redunddr@ channels get their oil through
the bottom planetary gear holder then to both dpeand bottom circular oil pipes, on the
bottom planetary plate. The top planetary plate gedrs get their supply through the
vertical lubrication stand pipe (4.22-A) that runem the middle of the sump into the
bottom part of the hollow main rotor shaft (4.22-hen to the space between the
lubrication sleeve and the rotor shaft (4.22-Jpnfrithere the oil goes into the flange
(4.22-K) of the rotor shaft then to both top (4122and bottom (4.22-M) circular oil
pipes which lubricate the planetary gears (botmftop and bottom) and distribute the
oil to the special nozzles on the top and bottontspat the top planetary gears holder, to
lubricate the top planetary gears and the top sar gimultaneously, while both ring
gears get the oil from the planetary gears. Frajdmt between the main casing and the
top cover the oil goes to the main rotor shaft nie@aring oil pipe (4.22-N) to lubricate
the main bearing and from main casing joints tcaaltessory covers as demonstrated at
point (4.22-N). The nozzles on the circular oilggpare special type nozzles which are
probably made from bronze (needed to be cut opesn&dyse) and are also specially
inserted inside the pipes and braized into plac¢k thieir tips protruding. The ones which
spray all the gears are similar to standard ‘orecgdi fan nozzles (Appendix DD)
probably also made from 316 stainless steel wihghtly tapered hole and a vee groove
cut across its front face. According to Bete (201hgse nozzles have the following
characteristics; high impact, uniform distributiaxtra-wide spray, fan and straight jet,
spray angle of 0 to 120 degrees and flow ratesld10to 3430 litres/min.
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7y
O

— Oil Passages % Spray Nozzle @ | QDcular Tube (with spray nozzles)
Figure 4.22: Oil Flow System

Observations after Dismantling the Mi-24 HelicopterMain Gearbox

The Mi-24 main gearbox was successfully dis-assedfthough partially with regards

to the other parts, which could not be removedldgk of tools, accessories and time;
given the fact that the whole exercise was carovetl by students, who had other
academic commitments) and its component parts emaé/sed for visual wear, tear and
other significant damages and deformations. Thenalngling process followed a logic

where the outermost components were removed fidttlae process itself was recorded
and refined to form a standard practical appro&tn-Destructive Testing (NDT) and

oil analysis were also not performed due to thé& tcfacilities and resources. However
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4.5

the probable or potential defects (normally detwdchy NDT) as described in the
literature survey would be considered for analysigooses, in this research. Pictures of
the various dismantling processes and stages wakea and they were also used to show
the components or sub-assemblies’ detailed feamdsalso assist in the illustration of
the descriptive information, to clarify both thesdg and the functionality of the Mi-24

helicopter main gear box.

Analysis of the Rotation of the complete Main RotoiDrive

The initial drive comes through the two engine inpliafts located at each side (Figure
3.2-H) of the helical gear ‘flywheel’ to the two \m drive pinions (Figure 4.2-C),
through a roller and cage slipping (sprag) clutd@chanism (Figure 4.14-C). These two
helical drive pinion gears transmit the drive te tflywheel’ (Figure 4.16-A), which
combines the two drive pinions’ effort into one.eTflywheel is mounted on the same
stub shaft as the horizontal bevel gear (Figur&-E)l which in turn drives the large
vertical bevel gear (Figure 4.20-A). The large ieattbevel gear is coupled to the top sun
gear (Figure 4.12-G), through an internally ancemdlly splined adapter (Figure 4.12-
A), which fits into the splines (Figure 4.20-G)tbE vertical bevel gear and then provides
splines (Figure 4.12-B) to take up the top sun geduich in turn drives the five top
planetary gears (Figure 4.19-F). These top playeears rotate on their own centres and
also rotate the top ring gear (Figure 4.10-H). Topering gear is coupled to the bottom
sun gear through splines (Figure 4.13-B) and héimedottom sun gear drives the seven
bottom planetary gears (Figure 4.18-F), which a@xedf on the bottom planetary gear
holders serve for the freedom to rotate on thentres. The bottom planetary gears will
therefore rotate the bottom ring gear (Figure 42)9which will rotate together (coupled)
with the top planetary drive mechanism and the maiior shaft (Figure 4.19-A), thereby
completing the drive.

Evaluation of the Mi-24 Helicopter Main Gearbox

From the assessments of the sub-assemblies andoentp of the Mi-24 main gearbox
it was observed that there is really no seriousrw@anotable damages on them
(visually), either because the gearbox was not @iged considerable period (no usage
history), or that the materials of manufacture irtheatments and strength make them
durable. The measurements that were carried ow alep not that accurate due to the
incomplete dis-mantling of the gearbox and the awadability of sound precision
measuring instruments, associated with the aenasingl This means that no tolerances

could be obtained through comparative measuren@nsthe dimensions on the CAD
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drawings are a close estimation of the actual sittmsvever relevant aero-industry
tolerances were observed from literature and coefit by the physical ‘feel’ of the fits,
during disassembling and assumptions of wearkorgcpitting, scuffing, grey staining,

bending and distortion damages were made fronatitee review.

However, the information gathered from mostly thBAJarmy material (USA Army,
2003); indicate that the life span of componentd &me time between repairs and
refurbishments can be extended by considerablegeranging from a quarter to double
the original OEM’s periods. The inspection criteffimcluding periods) shown on
Appendix B and the typical inspection sheets showrAppendices C and D; coupled
with the recommendations to improve the operatiohshe Sikorsky S-92A and the
Aerospatiale Supa Puma helicopters (following pasi accidents) as shown on
Appendices K and E (respectively) and the accidantsincidents involving main gear
boxes lubrication systems (Appendix J); also fonm lhasis for recommended inspections

on the Mi-24 main transmission as materials, treatisyand damages are the same.

The tables containing the gear box components’ maddeand their compositions and
characteristics, the gear specifications (AppersdiReS, T, U, V, W and X) which were
drafted after the gathering of information frometature review, the analysis after
measurements and correlation of all information dmactionality of the gear box;

combined with the CAD drawings (Appendix FF) alsoni the basis of what constitutes

the Mi-24 main gear box (VR-24) and the conclusidresvn from this research.

Probable Improvements on Mi-24 Main Gearbox

There were no visual indications of material damégen the Mi-24 main gearbox
worked on, and there was no information on vibrasignatures from the same or similar
machines, to be able to derive correlations betweendamages found and the trends
recorded, for this study. However the literaturgiewed indicated that the various
helicopters considered in this study, had varicsr dpox defects identified and also their
time before service/overhaul and selected compshéife, extended as a result of
studies, observations and historical performandeseover the Mi-24 main transmission
had greater extensions compared to those of itateqparts (Refer to Appendix M and
Section 2.10). Further research in the form of tatwy tests (test rig) and on-board data
acquisition can be thoroughly carried out to essablurther reduced time of repair and
the actual refurbishment savings and authenticate recommendations suggested

already. The successful dis-assembling of the Mr2sin gearbox, coupled with the
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successful gathering of information on the desigm dunctionality of the Mi-24
helicopter gear box, the capabilities of local eegiring companies (as shown under 2.9
and 2.11.3), shows that the gearbox can be repairedessfully in South Africa. This
will be further enhanced by obtaining the apprdpriecencing/certification, special tools
and accessories, maintenance manuals and the nelesigcopter transmission overhaul

training and support.

CAD Drawings

Drawings were drafted according to the componeiestures and measurements taken,
in the majority of the cases (where complete digtimanwas possible) while others are a
re-creation of the perceived design, in accordamtie general engineering practices or
configurations. The measurements taken and thelsk®drawn enabled the drafting and
presentation of CAD drawings, which were also pnésg in assembly format to illustrate
the structure of the gearbox. The following compusisub-assemblies (Main Gearbox
Assembly, Main Housing, Main Rotor Assembly and tBot Planetary Plate ‘Bottom
Half') were sampled and shown on Figure 4.23, whilethe component drawings are
arranged in the appendices section (Appendix: RB)they also include some of the sub-

assemblies of the drafted components.
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(a) Main Gearbox Assembly

(b) Main Housing
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(c) Main Housing Top Cover Assembly

(d) Bottom Planetary Plate (Bottom Half)

Figure 4.23: A Sample of CAD Drawings for Mi-24 Geebox
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Conclusions

The features of the Mi-24 helicopter main gearbéR-24) were described in detail and

also presented in both pictures (indicating theuies and giving the description of their
functions) and the accompanying engineering drasyvimghich show the re-creation and
hence reverse engineering of the arte-fact. Theahsling procedure was also outlined
to give the reader an insight into what it takeditzmantle the main gearbox of one of the
pioneering and legendary heavy lift helicopterse Marious components of the rotor
craft, both the dismantled and none, were assdesethy form of damage, deformation

or cracking (as envisaged in this dissertation) amde were observed visually; though

other defects detectable by NDT were also considanel analysed in the discussion.

The following chapter; Conclusions and Implicationsdll describe the overview of the
chapters of the research report, the conclusionsatahbe research question and problem,
the implications of the research (both theoretjcalind practically), the research

limitations and further research.
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5.2

CONCLUSIONS AND IMPLICATIONS

Introduction

The previous chapter described the process of difimg the Mi-24 main gearbox, and
also gave a detailed analysis of the constructidhecomponents or the sub-assemblies
and their functionality. The drive sequence of Me24 main transmission and the
lubrication systems were also described. The commisnand sub-assemblies were also
analysed for any visible and probable damages,ewthi&é technical information from
other authorities was analysed for the probabitifyextending the periods between

inspections and refurbishments of the gearbox.

Chapter 5 will briefly summarise the previous cleaptand then; prior to making

conclusions about the design, it will explain hdwe hew knowledge of the design of the
Mi-24 main transmission can be utilised for thaurbfshment of the gearbox locally, and
also help in lengthening the periods between réghrbents, without jeopardising safety.
Finally the conclusion and implications will detttilk inferences (deductions) that will be
drawn to come up with a major position or propaesit{suggestion) and the formulation

of a logical judgement as a result of evidence pced.

A Brief Overview of Previous Chapters

This dissertation has been organised into five whapwhich were structured, unified,
and focused on solving the Reverse Engineering Returbishing of the Mi-24
Helicopter Main Gearbox (VR-24). The first chaptat the scene by introducing the
research topic, explaining the background and ukéfication of the research; including
the specific themes to be investigated and the odelbgies to be followed. Chapter 2
described the views of other researchers on thearels topic including; the different
main transmissions of helicopters, the main comptmenaking up the gear box,
including; casings, gears, shafts and bearings. grbblems and incidents previously
encountered were also discussed, including thesbalrle causes, to give a broader
insight on the research topic. The third chapterthmdology, explained the ways used to
obtain relevant information about the helicoptangmission, which included, literature
review, dismantling, inspection and studying theerafion of the main gearbox and
Reverse Engineering principles. Comparisons of REFE and further details about RE
using illustrative case studies conducted in thet peere also covered. The methodology
included the dismantling and assessment of the ¥Re&arbox components. The forth

chapter, analysis of the Mi-24 gear box; showedptioeesses used to find and synthesise
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information in order to obtain answers to the reseajuestion. Chapter 4 outlined the
features of the components of the gear box, théysiseof the drive sequence and the
lubrication system. The individual components andame cases the sub-assemblies had
their features analysed for detail and their fuoreti explained. The details of the repair
and refurbishment time alterations done previoaslyother and similar gearboxes were
also covered, including; observations after distiramt evaluation of the gear box,

probable improvements and the presentation of CAdwihgs.

Conclusions about the Research Question

Through the use of Reverse Engineering methoddodie research has revealed some
of the hidden theories about the Mi-24 helicoptainmgearbox and has highlighted the
major parts and their functions, the componentgraction with each other, the probable
malfunction of the components, the reasons forddterioration of the condition of the
parts and the maintenance propositions. The naddemsed to manufacture the
components, including; their properties, treatmeatsl strengths, have also been
uncovered into a consolidated format. Researchrigpnm the Reverse Engineering and
Refurbishment of the Mi-24 helicopter’'s main tramssion; namely the main housing,
the planetary system and the bull and bevel gesnalsly (conducted by Winnaar, Haas
and Lin; 2014, respectively) have shown that there@se can be accomplished
successfully within and with local effort. Furthesre steps of intention, acquiring a
license and the actual functioning as a maintenaganisation will open further
researches, knowledge, confidence and enthusiaspursue further goals including
becoming a gearbox manufacturer of the variantotoe. This research has also shown
that, the fact that the components’ details andtfanality (including the CAD drawings)
are now available; including the fact that, the extise required to train and acquaint
(with the relevant skills to successfully maintaimd overhaul the Mi-24 helicopter main
transmission) helicopter technicians is also oltale from the local aerospace industry;
then the refurbishment of the Mi-24 helicopter mga&arbox, locally in South Africa, is a
greatly achievable task. With the cooperation @f lihcal aerospace industry (including
the army), the academic institutions, and goverrimiéns possible to get certification
and to establish refurbishment facilities for the24 and other related gearboxes locally
in South Africa. This is so since the successfidndintling, analysis and Reverse
Engineering of the Mi-24 main gearbox was achievasl evidenced by this
comprehensive research report; detailing the fonetity of the major parts of the
gearbox, including the materials of manufactureppble defects and their refurbishment

methods and Repair Organisation Certification psece
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Conclusions about the Research Problem

Until now, there were scarce comprehensive ressume information about the
construction and operation of the Mi-24 main hglies gearbox (VR-24). The Mi-24
helicopter main transmission was dismantled sutassind studied; significant theory
about the gearbox has been assembled and develGpé&d.drawings have also been
created and maintenance propositions/proposals e suggested to find a solution to
the stated research problem. However the mostlseee theories and practices about
the construction, functionality, inspections anfilireishment strategies and processes, of
the gearbox have been revealed and documente@bthsplving the first part of the
research problem; the non-comprehension of theydexithe Mi-24 helicopter gearbox.
The probable defects and the refurbishment prosestdehe gearbox have also been
compiled, resolving the second part of the researoblem which is concerned about;
the actual repairs or refurbishment of the gearfithe third segment of the problem
(protection of guarantees) has been resolved byeleailing of the certification process,
which can be negotiated on the basis of being aafigbée equipment, a demonstration of
the requestor’s capabilities and other bi-lateggeaments. This therefore means that an
expression of interest, preparations to meet theired standards (technical, facilities,
qualifications, local authorisations and certifioatby OEM) and cooperation within the
requesting country or organisation, is all thatnieseded to enable the successful
refurbishment of the Mi-24 helicopter gearbox, lbcaAs alluded to on section 2.10,
various helicopters TBO can be altered (after cduagalysis of course) and this is a clear
indication that the Mi-24 Main Transmission's retirent life and time between
inspections and refurbishments of the helicopteomponents can be altered by certain

periods and/or operating hours.

The following are the significant inferences thare obtained from this dissertation;

a) Retirement times and times between inspectionseaaltered on a case by case
(helicopter type) basis, after careful consideratiof the historical data, flight
data and other related tests and inspections.

b) Detailed description of the features and functiohthe Mi-24 main gearbox were
revealed and clarified, indicating the succes$efreverse engineering proposal.

c) Consequently training material for diagnostic, pragfic and repair technicians
can be put together and the actual training andcching can be conducted

successfully.

102



5.5

d) Based on developmental, cost serving and selfeseficy needs; licenses to
perform total maintenance and refurbishment of Mie24 main gearbox (and

hence other future ranges) can be obtained anc:imeited.

Other improvement features which can assist inréldeiction of helicopter accidents
and or the severity thereof were also obtained hmught through during this
dissertation and are as listed below;

e) Due to the fact that most helicopter accidents @asea result of excessive
lubrication loss, it is recommended that the foilogv additional features be
incorporated on the rotorcrafts to ensure safeitayd

i. That a helicopter should carry an extra 20 litfeseserve lubrication, to enable
it to supplement its lubrication, in the case oha@or leak.
ii. Self-lubricating coatings should be considereduse on all transmission gears
to augment lubrication in the event of total losib
iii.  All potential bulk lubrication loss sources shoblel modified or re-engineered
to prevent such failures.
iv. Intermittent oil supply (from reserve lubricatioank) should be immediately
and automatically triggered, once a certain cilitmhlevel has been reached
(which will obviously indicate a high lubricatingl ¢oss), in order to allow the
rotorcraft more time to land (which is greater ththe 30 minutes dry run
envisaged in most researches/recommendations dasimmachines).
With the significant development of thorough diagtim and inspection processes
(including; NDT) and validation of on-board vibrati detection technologies, the time
before refurbishments can be significantly prolahgeathout jeopardising the health and
safety of the machine and personnel. Indeed, mashbeen discussed, and with the
required equipment, training and licensing, theun@shment of the VR-24 helicopter

gearbox can successfully be carried out locallganth Africa.

Research Implications

This research dissertation has given light to tbadamic, engineering and helicopter
operations communities that; if the need ariseseRe Engineering can transform any
situation from a wish into reality if pursued inreest. Therefore with the gathered and
synthesised information or theory, there is enoggiund to pursue the licencing and
training for the enablement of the local refurbigminof the Mi-24 main transmission. It
is also evident that due to the available theorg/@nknowledge as depicted by this

research, further researches can be done to imphevsub-systems in this transmission
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or to completely make better substitutes for thiagnificent piece of ingenuity or
invention as indicated before on components rers@ging to restore sizes and achieve
weight loss. It has also been indicated within iégearch that increasing specific time
between repairs, though feasible, according toUB& Army (2003) there is need to
carry out proper and specific investigations inesrdo implement this for specific

components or sub-assemblies.

Implications for theory

This research has enabled the gathering and Iggieaéntation of the scarce information
on the functionality, Reverse Engineering and Reflnment of the Mi-24 helicopter
main gearbox. This dissertation has not only madsigmificant contribution to
knowledge in its immediate discipline, but has laglications for the wider body of
knowledge where other disciplines could benefitrfrits findings. The processes of RE
has been discussed and explained with illustratiomgve the readers clear guidelines on
carrying out similar exercises, especially in thgireering and specifically the designing
field.

Implications for practice

The research report has shown that this reseasimd¢taonly brought benefits such as;
the detailed theory of the Mi-24 helicopter maimnsmission, clarity on gearbox
functionality and quality of presentation; but albangs confidence in research, in
general and reverse engineering in particular, antanance and operational teams. This
research also opens the door to further researcthéle same category, to further
improve the knowledge base and the performancheof/érious sub-systems of the Mi-
24 main gearbox (and other types) as required.rékearch also prompts the relevant
authorities who operate and/or maintain the Mi-84 eelated rotor-crafts to seek further
opportunities to enhance their equipment and ojperst Maintenance plans and related
infrastructure upgrades inspired can also be maltti pursued and improved, based on
the already acquired theory, to the benefit ofteglaorganisations. Consequently this
research provokes and facilitates self-dependentydiagnostics, prognostics and
maintenance; apart from promoting the formation refw business opportunities
throughout the world, contributing resource matdoaards the academic fraternity and

enabling the implementation of reverse enginedriitgtives in various communities.

Research Limitations
The dissertation aimed to obtain vibration signesguaind the subsequently discovered or

resultant failures (of which no information was abed during the research) especially
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due to the secretive nature of the equipment umulegstigation, since it is mainly
employed for military operations. Other limitatiomglude; not having proper tools or
equipment to completely dismantle all the partsvas intended, hence not all necessary
measurements could be taken, further resultingpmesof the CAD drawings’ features
are in the form of equivalents or re-engineeredspdir was also not possible or practical
to obtain very accurate dimensions due to the abovetion. Also no oil analysis was
done to get an idea of which material and areas weiaring down and there was also no
equipment to test the hardness and material composif the various parts in order to

verify the exact types of materials utilised on Yie-24 transmission.

Further Research

Finally, this investigation showed that it is bdkeoretically and practically possible to
find solutions to resolve un-known engineering pezzhrough the Reverse Engineering
route, hence this sets a precedent and a foundatidarther research. In reference to
the limitation in obtaining the vibration signatsrehere is a need to research deeper into
the vibration signatures of especially the VR-24rgex and their correlation with the
anomalies or damages later discovered on the mexmonitored, in order to validate
the on-board vibration measurements, for them tadsel effectively in determining the

need for specific service types (both frequencyiatehsity).

Further research should also be done in the foligwaireas;
a) Size and weight reduction on the overall gearbox
b) Re-engineering of major components and sub-assesaliimprove performance
of the gearbox
c) Local manufacture of a prototype smaller helicoptazluding engines, gearboxes
and the airframe

d) Repair methods of worn-out parts
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APPENDICES

Appendix A: Glossary

The glossary comprises of the definitions of teused in this report.

Fatigue:

Fatigue refers to the weakening of a material assalt of repeatedly applied loads. It is the
progressive and localized structural damage thatirscwhen a material is subjected to cyclic
loading, such as that which occurs on meshing gelamn bearings. If the loads are above a
certain threshold (which may be much less tharsttength of the material) microscopic cracks

will begin to form at the stress concentrators sagkhe surface and grain interfaces.

Spalling:
Mechanical spalling occurs at high stress contatitp, for example, in a ball bearing. Spalling
occurs in preference to brinelling where the maxigigear stress occurs not at the surface, but

just below and ultimately shearing the spall (fle&# the parent metal.

Brinelling:

Brinelling is a material surface failure causedHsrtz contact stress that exceeds the material
limit. It usually occurs in situations where thésea load with a lot of force that is distributed
over a relatively small surface area (for exampleoller or ball bearings). Brinelling typically

results from a heavy or repeated impact load, eitlile stopped or during rotation.

False Brinelling:

This is damage caused by fretting, with or witheotrosion that causes imprints that look
similar to brinelling, but are caused by a différemechanism. Brinell damage is characterized
by permanent material deformation (without lossr@terial) and occurs during one load event,
whereas false brinelling is characterized by maltewear or removal and occurs over an

extended time from vibration and light loads.

Buffing:

This is a finishing process for smoothing workpiscefaces using an abrasive and a work wheel
or a leather strop. Technically polishing refergptocesses that use an abrasive that is glued to
the work wheel, while buffing uses a loose abrasipplied to the work wheel. Polishing is a

more aggressive process while buffing is less havkich leads to a smoother, brighter finish.
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Prognosis:
Prognosis is a prediction about how a given situnavill develop.

Diagnosis:

Diagnosis refers to the identification of the natand cause of a certain phenomenon. Diagnosis
is used in many different disciplines with variasoin the use of logics, analytics, and
experience to determine "cause and effect". Inesystengineering and computer science, it is

typically used to determine the causes of symptonitsgations, and solutions.

Convex:

Convex means curving out or extending outward.

Concave:

Concave means curving in or hollowed inward, asospf to convex.

Flywheel:
A flywheel is a rotating mechanical device thatised to store rotational energy. Flywheels have
a significant moment of inertia and thus resistd&idchanges in rotational speed. The amount of

energy stored in a flywheel is proportional to siqeare of its rotational speed.

Product teardown:

This is the act of disassembling a product, sucl &slevision set, to identify its component
parts, chip and system functionality, and comporeaisting information. For products having
'secret' technology, the process may be secretothers, including consumer electronics, the
results are typically disseminated through photplgsaand component lists so that others can

make use of the information without having to désasble the product themselves.

Prototyping:
A prototype typically simulates only a few aspestsand may be completely different from, the
final product. Prototyping has several benefitse Boftware designer and implementer can get

valuable feedback from the users early in the ptpfeefore spending a lot on trials.
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3D Scanning:
This is a process of analysing a real-world objgatnvironment to collect data on its shape and
possibly its appearance (e.g. colour). The coltecdata can then be used to construct digital

three-dimensional models.

Redesign:
This refers to when any or all stages in the dellga creation of a plan or convention for the
construction of an object or a system) procesgepeated (with corrections made) at any time

before, during, or after production.

Optimisation:

Optimisation is the process of modifying a systamntake some aspect of it work more
efficiently or use fewer resources. For examplegmputer program may be optimized so that it
executes more rapidly, or is capable of operatiitly ilgss memory storage or other resources, or

draw less power.

Digitising:
Digitising is the representation of an object, imagound, document or a signal (usually an
analogue signal) by a discrete set of its pointsamples. For a document the term means to

trace the document image or capture the "cornengfevthe lines end or change direction.

Digital prototyping:

Digital prototyping gives conceptual design, engiireg, manufacturing, sales and marketing
departments the ability to virtually explore a cdete product before it is built. Industrial

designers, manufacturers, and engineers use Digitattyping to design, iterate, optimize,

validate, and visualize their products digitallyahghout the product development process.
Quality control:
Quality control is a process for maintaining proptandards in a manufacturing or processing

environment.

On-board:

On-board is a term used to indicate a positioniwighcertain object or vessel.
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Tolerance:
Tolerance refers to permissible limit(s) of vaatin an object (for example, dimensional).

Transmission

Transmission refers simply to a gearbox that ussgsgand gear trains to provide speed and
torque conversions from a rotating power sourc@ntather device . It can also refer to the whole
drivetrain, including clutch, gearbox, prop shdtir(rear-wheel drive), differential, and final
drive shafts.

Accreditation:

Accreditation is a process in which certificatioh @mpetency, authority, or credibility is
presented. The accreditation process ensures lieatcdrtification practices are acceptable,
typically meaning that they are competent to test eertify third parties, behave ethically and
employ suitable quality assurance.

Eddy current testing:

Eddy-current testing uses electromagnetic induditodetect flaws in conductive materials, by
use of the alternating current which generates gihngnmagnetic field which interacts with test
specimen and generates eddy current. The presérmeydlaws will cause variations in the
electrical conductivity or magnetic permeability thie test object, causing a change in eddy

current and a corresponding change in the phasaraptitude of the measured current.

Ultrasonic testing (UT):

UT is a family of non-destructive testing technigbased in the propagation of ultrasonic waves
in the object or material tested. Very short ultras pulse-waves are transmitted into materials
to detect internal flaws. Imperfections or othenditions in the space between the transmitter

and receiver reduce the amount of sound transmitted revealing their presence.

Metrology:

Metrology concerns the application of measurememénse to manufacturing and other

processes, ensuring the suitability of measurenmsituments, their calibration and quality

control of measurements. Although the emphasis ihhe measurements themselves, traceability
of the calibration of the measurement devices isesgary to ensure confidence in the

measurements.
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Isotropic Super Finishing (ISF)

The process is a chemically accelerated finishingcgss. It uses the vibratory finishing

equipment but replaces the abrasive media withgh-tiensity, non-abrasive media that in

combination with specific chemicals “weaken” or dizxe the tips of the asperities, to produce a

uniformly smooth finish.

Grey staining:
Grey staining is a fatigue failure of the surfaéeaanaterial commonly seen in rolling bearings
and gears. It is also known as micro pitting, mispalling or frosting and is identified by the

discolouration (greying) of the affected surface.

Thermal spray:
Thermal spraying techniques are coating processesfich molten or semi-molten materials (in
powder or wire form) are accelerated and spraydtierform of micro-particles, onto a surface

to increase its thickness.

Elastohydrodynamic

Elastohydrodynamic Lubrication (EHL) is commonlyokmn as a mode of fluid-film lubrication
in which the mechanism of hydrodynamic film forneai is enhanced by surface elastic
(reversible, once forces are removed) deformatiwh labricant viscosity increase due to high

pressure.

Characterisation
Refers to the broad and general process by whichaterial's structure and properties are
analysed and measured. It is a fundamental prdoe® field of materials science, without

which no scientific understanding of engineeringenals could be ascertained.

Modelling:

Scientific modelling is a scientific activity, whiaims to make a particular part or feature of the
world easier to understand, define, quantify, vigea or simulate by referencing it to existing
and usually commonly accepted knowledge (for examgtaphical models to visualize the

subject).
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Appendix B: Typical Inspection Criteria: AH 64 Helicopters (USA Army, 2003)

Main Rotor

1. Rotating swashplate for cracks, corrosion, greasédge, and security of lower seal.
Pitch link connection bosses for bending, misaligntn and worn or loose bushings.
(Every 50 hours, include dial indicator check oatiegs and turning of swash plate by
hand with lower end of pitch controls disconnecéédwash plate to listen and feel for
roughness or binding.)

2. Visually inspect stationary swash plate for craakd corrosion. Lateral and torque link
connection bosses for bending, misalignment, anthwoloose bushings.

3. Visually inspect rotating scissors for cracks, osion, and security. Pivot bearings for
wear.

4. Visually inspect longitudinal and lateral torquekis for cracks, dents, scratches, and
corrosion. Attachment bolts for security. Bearif@gslooseness.

5. Visually inspect longitudinal, lateral, and colleet bell cranks and attachment bolts for
cracks, distortion, corrosion, and excessive pGheck floating bushing clamp-up to rod
ends.

6. Visually inspect lower shoe for worn scissors bsgand worn plunger bearings.
Main Rotor Hub Nut Inspection

7. 250 Hours/6Months Magnetic Particle inspection asit and 7-311411102-3 M/R
retention nut (TM 1-1520-264-23).

8. 250 Hours Magnetic Particle Inspection on 7-3114P18M/R Retention Nut (TM1-
1520-264--23).

Main Transmission — 250 Hour Lube Oil Inspection and Service

9. Replace accessory pump oil filter. Remove and cleygrass screen. Access T250L,
T290L, T250R, T290R, L325, R200. Change transmiside oil and filters. Access
L200, R200.

10. Left Engine and Nose Gearbox - 7. Change nose gedube oil and filter.

11.Right Engine and Nose Gearbox - 8. Change nosdgearbe oil and filter.

Main Transmission — 250 Hour Main and Tail Rotor Drive Inspection

12.Mast base for cracks, distortion, and security. tMagport mount and upper ends of

support struts for looseness. Inspect the uppdiopoof mast base support in the areas
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around the four lightening holes, mast and mixegppsuts for corrosion and pitting.
Access L200, R200.

13. Static mast attaching hardware for proper torqueqidie check upper case nuts.

14.Tail rotor and intermediate gearbox mounting notsproper torque. Access L530, L540,
L510, and R510.

Appendix C: Typical Inspection Criteria: Phased Mantenance Inspection Checklist (USA
Army, 2002a)
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Appendix D: Typical Inspection Criteria — Supplemenal Sheet. Phased Maintenance
Inspection Checklist (USA Army, 2002a)
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Appendix E: Main Gearbox Malfunction Sikorsky S-92A (TSB, 2009)

Event Description

On 12 March 2009 a Cougar Helicopters’ Sikorsky2&-%n a flight to the Hibernia oll
production platform had a total loss of oil in tlhansmission’s main gear box. The flight crew
descended to 800 feet and headed towards St. J&ppsoximately 35 nautical miles from St.
John's, during an attempted ditching, the helicopteick the water in a high rate of descent.
One passenger survived with serious injuries aadther seventeen occupants of the helicopter
died of drowning.

Safety Issues

Category A rotorcraft certified under the “extregnegmote” criteria may not be capable of
continued operation for 30 minutes with only residmain gear box lubrication.

Given today's operating environments, it may now texhnically feasible and
economically justifiable to produce a helicopteattikan operate in excess of 30 minutes
following a massive loss of main gear box lubricant

Helicopter crews and passengers in Canada remaiskatvhere helicopters are operated
over sea states exceeding the capability of theergency Flotation Systems.

Without a supplemental breathing system, occupaene very little time to egress from a
submerged or capsized helicopter before breakigig ineath-holds in cold water.

TSB Recommendations

The Federal Aviation Administration, Transport Cdaand the European Aviation Safety
Agency remove the “extremely remote” provision froine rule requiring 30 minutes of
safe operation following the loss of main gearbakricant for all newly constructed
Category A transport helicopters and, after a pirageriod, for all existing ones.

The Federal Aviation Administration assess the adey of the 30 minute main gearbox
run dry requirement for Category A transport hedteos.

Transport Canada prohibit commercial operation afeGory A transport helicopters over
water when the sea state will not permit safe ditgland successful evacuation.
Transport Canada require that supplemental undentaéathing apparatus be mandatory
for all occupants of helicopters involved in oveteraflights who are required to wear a
Passenger Transportation Suit System.
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Appendix F: Mi-24 Drive System Troubleshooting (Mi24 Manual, 2013)
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Appendix G: Mi-24 Drive System Troubleshooting (Mi24 Manual, 2013) - continued
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Appendix G: Mi-24 Drive System Troubleshooting (Mi24 Manual, 2014) - continued
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Appendix H: Mi-24 Main Transmission (Mi-24 Manual, 2013)
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Appendix I: Top 9 Attack Helicopters (Military Today, 2014)

The AH-64D Longbow Apache is armed with Hellfire 2 long-range fire-and-forget ATGMs

Entered service
Crew

Length
Main rotor diameter
Height
Weight (empty)
Weight (maximum take off)

Engines
Engine power
Maximum speed
Service ceiling
Range

Cannon

Missiles

Other

1995
2 men
Dimensions and weight
14.97 m
14.63 m
49m
53t
95t
Engines and performance
2 x General Electric T700-GE-701C turboshafts
2x 1800 hp
265 km/h
5.9 km
407 km
Armament
1 x 30-mm M230 cannon

16 x AGM-114L Hellfire 2 anti-tank missiles, 4 x Stinger, Mistral of
2 x AIM-9 Sidewinder air-to-air missiles or 2 x AGM-122 Sidearm
anti-radar missiles

rocket pods
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Appendix I: Top 9 Attack Helicopters (Military Toda y, 2014) ‘Continued’

The AH-1Z Viper is one of the most powerful, advanced and capable helicopters flying today

Entered service
Crew

Length
Main rotor diameter
Height
Weight (empty)
Weight (maximum take off)

Engines
Engine power
Maximum speed
Cruising speed
Service ceiling
Range
Range (with external tanks)

Cannon
Missiles

Other

Dimensions and weight

2012
2 men

178 m
146m
4.37m
55t
8.16 t

Engines and performance

Armament

2 x General Electrix T700-GE-401C turboshafts
2 x 1800 shp
337 km/h
296 km/h
over 6.1 km
425 km
685 /715 km

20-mm cannon with 750 rounds

AGM-114A/B/C anti-tank missiles, AGM-114F anti-ship missiles, AIM-

pods with 70-mm unoperated rockets, free-fall bombs

9 air-to-air missiles
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Appendix I: Top 9 Attack Helicopters (Military Toda y, 2014) ‘Continued’

The Kamov Ka-52 Alligator attack helicopter is aotaeat version of the Ka-50 Black Shark

Entered service
Crew

Length
Main rotor diameter
Height
Weight (empty)
Weight (maximum take off)

Engines
Engine power
Maximum speed
Service ceiling
Range (max payload)
Ferry range
Combat radius
Endurance

Cannon
Missiles

Other

2008
2 men
Dimensions and weight
13.53m
145 m
4.95m
~8t
108t
Engines and performance
2 x TV3-117VMA turboshafts
2 x 2 200 shp
310 km/h
5.5 km
520 km
1200 km
?
1 hour 40 minutes
Armament
1 x 30-mm cannon (460 rounds)
12 x Vikhr (AT-9 Spiral) anti-tank missiles / 4 x Igla-V air-to-air
missiles
rocket pods or bombs
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Appendix I: Top 9 Attack Helicopters (Military Toda y, 2014) ‘Continued’

Apparently the Mil Mi-28 Havoc attack helicopter's design was not as successful as the Ka-50 Hokum

Entered service
Crew

Length
Main rotor diameter
Height
Weight (empty)
Weight (maximum take off)

Engines
Engine power
Maximum speed
Hovering ceiling
Range

Cannon

Missiles

2006
2 men
Dimensions and weight
17m
17.2m
3.82m
85t
115t
Engines and performance
2 x Klimov TV3-117VK turboshaft engines
2 x 2466 hp
320 km/h
3.6 km
460 km
Armament
1 x 30-mm cannon

9M114 Shturm-C, 9M120 / 9M121F Vikhr or 9A-2200 anti-tank guided
missiles

129



Appendix I: Top 9 Attack Helicopters (Military Toda y, 2014) ‘Continued’

The Eurocopter Tiger attack helicopter was co-developed by France and Germany

Entered service
Crew

Length
Main rotor diameter
Height
Weight (empty)
Weight (maximum take off)

Engines
Engine power
Maximum speed
Hovering ceiling
Range
Endurance

Cannon
Missiles

Other

2002
2 men
Dimensions and weight

158 m
13m
52m
3.3t
6.1t

Engines and performance
2 x MTU/Turbomeca/Rolls-Royce MTR 390 turboshaft engines
2x1285hp

269 km/h
3.2 km

800 km

3 hours 25 minutes
Armament
30-mm cannon
8 x HOT 2, HOT 3 or Trigat 2 anti-tank missiles; 4 x Stinger 2 or
Mistral short-range air-to-air missiles
68 x 68-mm rockets and podded 12.7-mm guns
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Appendix I: Top 9 Attack Helicopters (Military Toda y, 2014) ‘Continued’

The Z-10 is the first dedicated modern Chinese attack helicopter

.~ CEnteredsevice 2009

S crew 2 men

- Dimensonsandweight
- tengh 141m

~ Manrowordameter 12m

- Heig 3.85

- WweightCempy) ?

~ Weight(maximumtake of) 5.5t

2 x Pratt & Whitney PT6C-67C turboshafts
2x1531hp
300 km/h
250 km/h
6000 m

800 km
?

30-mm cannon

HJ-9 or HJ-10 anti-tank missiles, TY-90 air-to-air missiles
?
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Appendix I: Top 9 Attack Helicopters (Military Toda y, 2014) ‘Continued’

The South African air forces operate only 12 Denel AH-2 Rooivalk

Entered service
Crew

Length
Main rotor diameter
Height
Weight (empty)
Weight (maximum take off)

Engines
Engine power
Maximum cruising speed
Range

Cannon
Missiles

Other

Dimensions and weight

Engines and performance

Armament

attack helicopters

1999
2 men

18.73m

15.58 m

5.19m
59t
8.7t

2 x Atlas Topaz turboshaft engines
2 x 2000 hp
309 km/h
940 km

1 x 20-mm Armscor cannon

4 x four-round launchers for TOW or Denel ZT-6 Mokopa anti-tank
missiles, provision for air-to-air missiles
launchers with 70-mm unoperated rockets in place of the missiles
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Appendix I: Top 9 Attack Helicopters (Military Toda y, 2014) ‘Continued’

Italian army operates 45 Augusta A-129 Mangusta lightweight attack helicopters

Entered service
Crew

Length
Main rotor diameter
Height
Weight (empty)
Weight (maximum take off)

Engines
Engine power
Maximum speed
Combat radius

Cannon
Missiles
Other

1990
2 men
Dimensions and weight
14.29 m
11.9m
?
25t
4.1t
Engines and performance
2 x Piaggio (Rolls-Royce) Gem 2-2 Mk 1004D turboshaft engines
2 x 825 hp
259 km/h
100 km
Armament
1 x 20-mm cannon; can carry podded 12.7-mm machine guns
8 x TOW-2A anti-tank missiles
52 x 70-mm or larger 81-mm Medusa rockets
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Appendix I: Top 9 Attack Helicopters (Military Toda y, 2014) ‘Continued’

The Mi-24 Hind pack a formidable punch while retaining the capability to transport a squad of troops

Entered service 1971
Crew 3 men
Troops 8 men
Dimensions and weight
Length 19.79m
Main rotor diameter 17.3m
Height 6.5 m
Weight (empty) 8.4t
Weight (maximum take off) 125t
Engines and performance
Engines 2 x Klimov TV3-117 turboshafts
Engine power 2x 2200 hp
310 km/h
4.5 km/h
450 km/h
160 km

Maximum speed
Service ceiling
Range

Combat radius
Armament
cannon

1 x 4-barrel 12.7-mm gun, later replaced with a 23-mm twin-barrel
Cannon
tank guided missiles
57-mm, 80-mm, 130-mm and 240-mm rockets; AGS-17 30-mm
grenade launchers

9M17P Skorpion (AT-2 Swatter), 9M114 Shturm (AT-6 Spiral) anti-

Missiles

Other
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Appendix J: Accidents and Incidents involving heliopters MGB lubrication systems
(Mba, D. et al.,2012)

Appendix K: Aircraft Accident Report 2/2011 (Blunt & Keller, 2006)

4 Safety Recommendations

The following Safety recommendations were made durg the course of this investigation.

4.1 Issue an Alert Service Bulletin to require aplerators of AS332 L2 helicopters to
implement a regime of additional inspections anthagiced monitoring to ensure the
continued airworthiness of the main rotor gearljiyelic module.

4.2 Evaluate the efficacy of the Eurocopter progre of additional inspections and enhanced
monitoring and, when satisfied, make the Eurocoptert Service Bulletin mandatory by
issuing an Airworthiness Directive with immediaféeet.

4.3 Improve the gearbox monitoring and warningesys on the AS332 L2 helicopter so as to
identify degradation and provide adequate alerts.

4.4 Develop and implement an inspection of therimrdl components of the main rotor gearbox
epicyclic module for all AS332 L2 and EC225LP hefiters as a matter of urgency to
ensure the continued airworthiness of the mairr rgeg@arbox.

4.5 Ensure that correct identification of the tygfemagnetic particles found within the oil

system of the power transmission system is maxuhise
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4.6 Urgently review the design, operational lifedanspection processes of the planet gears
used in the epicyclic module of the Main Rotor Gear installed in AS332 L2 and
EC225LP helicopters, with the intention of minimigi the potential of any cracks

progressing to failure during the service life lné gears.

The following additional Safety Recommendations arenade.

4.7 Introduce further means of identifying in-seevgearbox component degradation, such as
debris analysis of the main gearbox oil.

4.8 Review the Continued Airworthiness programmensure that components critical to the
integrity of the AS332 L2 and EC225 helicopter smamssion, which are found to be
beyond serviceable limits are examined so thafuth@ature of any defect is understood.

4.9 Review helicopter Type Certificate Holder'ogedures for evaluating defective parts to
ensure that they satisfy the continued airworttgmeguirements of EASA Part 21.A.3.

4.10 Review helicopter Type Certificate Holderi®gedures for evaluating defective parts to
ensure that they satisfy the continued airworttene=quirements of Federal Aviation
Regulation Part 21.3.0.

4.11 Re-evaluate the continued airworthiness efntiain rotor gearbox fitted to the AS332 L2
and EC225 helicopters to ensure that it satisfies tequirements of Certification
Specification (CS) 29.571

4.12 Research methods for improving the detectibtomponent degradation in helicopter
epicyclic planet gear bearings.

4.13 Update CAP 753 to include a process whergatgrs receive detailed component
condition reports in a timely manner to allow efiee feedback as to the operation of the
Vibration Health Monitoring system.

4.14 Introduce a means of warning the flight creivthe AS332 L2 helicopter, in the event of

an epicyclic magnetic chip detector activation.
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Appendix L: Timken Lubrication Codes (Timken: Aerospace Design Guide, 2010)

Appendix M: Operation and Maintenance of Mi seriesHelicopters in IAF (2010)
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Appendix N: Failed inner race of roller bearing, Synonds and Pitt

Appendix O: View of spalling on inner raceway, Symnds and Pitt
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Appendix P: Gear Failures (Davoli and Michaelis, 207)

Davoli and Michaelis (2007) listed the five commgear failure modes as: bending fatigue,

pitting, micropitting, scuffing, and wear, as deised below;

Bending fatigue failure results from cyclic bending stresses atttdah root (maximum due to
‘root notch’ effect) as each tooth (hence load) esnmto periodic contact. The damage process

follows three stages, which are crack nucleatioaclc propagation, and final unstable fracture.

Pitting (Macropitting) is surface damage from cyclic contact (compressstess transmitted
through a lubrication film that is in or near thastohydrodynamic regime and takes place
between the tooth root and pitch line. Pitting tstavith the nucleation of subsurface or cracks,
then propagates under repeated contact loadingttierrack grows to become unstable and
reach the tooth surface, where a small volume daéniz separates, leaving a pit. Large damages
can modify the tooth profile and trigger vibratioagd noise. This also affects antifriction
bearings, cams, and other machine components ichvguirfaces undergo rolling/sliding contact

under heavy load.

Micropitting is the formation of small craters on the tootHae, often in the region below the
pitch line. Micropits resemble macropits exceptytlage roughly a factor of ten smaller when
they first appear. Micropitting may also promotendieg fatigue failures in tooth flanks.
Micropitting progressively removes surface matergmilar to what happens with abrasive
wear. Micropits give the affected areas a frostedlight-gray appearance which is why

micropitting is also termed frosting or gray strag

Scuffing (scoring) is a severe type of adhesive (less dated surfaces weld together due to
heat) wear which instantly damages tooth surfdeatsdre in relative motion. A single overload
can lead to catastrophic failure. Lubricants armitating conditions and not material strength,
are responsible for scuffing damage, which ofteppleas to new gears when tooth surfaces are

not yet well run-in.

Wear is a continuous, abrasive process of material rainfbem mating gear teeth that happens
with or without abrasive particles in the oil, esipdly due to hard asperities on gear flanks.
Removal of the hardened layer from surface-hardegyeenis accelerates wear and when it gets

extreme would cause thin teeth which will resulbioken gear teeth.
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Appendix Q: PMI Checklist Example (USA Army, 2002a)
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Appendix R: PMI Checklist Example (USA Army, 2002a)
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Appendix S: Atomic Symbols for Alloying Elements (Marochnik, 2015)

Appendix T: ML-5 Magnesium Sand Casting Alloy Compaition % (Marochnik, 2015)

Fe Si Mn Ni Al Cu Zr Be Mg | Zn | Impurity
SRV (TN | 0.1 (SRR | 7.c- (RSSO [S—| co.1- | ©- o1 2l
-05 9 92.15 0.8 05
Comment: Mg is a basis; the percentage of Mg is given approximately.
Appendix U: Alloy Steels (Chemical Composition %)JNCO (2015)
Composition

AISI or SAE C Mn Ni Cr Mo Others and
No. Remarks
E3310 0.08 - 0.13 0.45-0.60 | 3.25-3.75 | 1.40-1.75 - SAE 3310
3310H 0.07 - 0.13 0.30-0.70 | 3.20-3.80 | 1.30-1.80 - -
4317 0.15 - 0.20 0.75-1.00 | 1.65-2.00 | 0.40-0.60 | 0.20-0.30 -
4317H 0.14-0.21 0.40-0.70 1.50-2.00 | 0.35-0.65 | 0.20-0.30 -
E9310 0.08 - 0.13 0.45-0.65 | 3.00-3.50 | 1.00-1.40 | 0.08-0.15 -
9310H 0.07 - 0.13 0.40-0.70 | 295-355| 1.00-1.45 | 0.08-0.15 -
E52100 0.98-1.10 0.25- 0.45 - 1.30-1.60 - -
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Appendix V: Material Properties (MatWeb, 2015)

Material E3310 4317 E9310 E52100 ML-5
(EN36A)* (Annealed) (Annealed) (Annealed) (AZ81A)
(Annealed)

Propertie

Density (g/cc) - - 7.85 7.81 1.80

Brinell Hardness 212 200 241 163 — 341** 55

Ultimate Tensile Strengtl 700 — 770 670 820 570 —1170** | 275

(MPa)

Yield Tensile Strength (MP | 54C 43t 45C 275-1070* | 83.C

Elongation at Break (9 25 255 17.c 13.5-28.6** | 15

Modulas of Elasticity (GPa) | - 205 200 210 45.0

Compressive Yield Strengt - - - - 83.0

(MPa)

Machinability %*** - 70 50 40 10C

Shear Strength (MP - - - - 12t

* Data from Interlloy (2015) and pertaining to E®3dquivalence — EN36A
** Data from AISI 5000 series steels
*** Based on 100% machinability for AISI 1212 steel

- No data indicated
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Appendix W: Machinability of Common Gear Materials
(American National Standard, 1995)

Appendix X: Gear Sizes

Description (Number of Gears) Blank Bore Size| PCD Face Number | Mass
Diameter | (mm) (mm) width of Teeth | (Kg)
(mm) (mm)
ITop Sun Gear (: 199 * §172* 18707 | 60 31 7.68 %
IBottom Sun Gear (: 302 * §274 * 289.6¢x | 44 48 11.39°
Top Ring Gear (1) 572 130 537.07* | 75* 89 48.43 *
IBottom Ring Gear (1) 705 360 639.66* | 115* 106 41.00
ITop Planetary Gears (5) 187 32 175.00* | 50 29 6.41*
IBottom Planetary Gears (7) 187 32 175.00* | 50 29 6.41*
“Bull Gear (1) 464 90 454.22%* | A8** 95 19.90 **
“Helical Pinion Gears (: 164 ** 50 ** 157.7¢* | 53** 33 10
®Horizontal Bevel Gear (. 183/245* | 84 * 233 +* 48 31 12
®Top Vertical Bevel Gear ( 461/54+ 34C 492 48 66 25
®Bottom Vertical Bevel Gear ( 188/21° 77 197 25 41 1C
Vertical Stub Spur Gear (1) 175 78 165 12 75 6
Imodule: 6.03mm** “module: 4.78mm** ® module: 7.5ni* — Average

*Haas, 2014

**Lin 2014

— Approximate

§ — Spigot diameter
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Appendix Y: Description of Preferred Fits — ANSI B42 (Limits and Fits, 1989)

Appendix Z: Tolerance Zones — Internal DimensionsHoles) (H16 — H1) ANSI B4.2 (Limits
and Fits, 1989)
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Appendix AA: Tolerance Zones — External DimensiongShafts) (k9 ... k4, m9 ... m4)
(ANSI B4.2) (Limits and Fits, 1989)

Appendix BB: Tolerance Zones — External Dimension§Shafts) (n9 ... n4, p9 ... p4) (ANSI
B4.2) (Limits and Fits, 1989)
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Appendix CC: Surface Finishes According to Machiniig Methods (Wisetool, 2015)

Surface finish Ground, Honed Roller, Burnished Turned, Bored, Drilled  Rough Machined
Ra (Micro Meter) 0.02¢ 0.05¢ 01 0.z 04 08 16 32 63 125 25 50
Rt 87 17.4 348 69.6 139 278 548 1,088 2,175 4,350 8,700 17,400
Rz (1SO) 7.6 152 30.4 60.8 122 243 479 950 1,900 3,800 7,600 15,200
Honing Honing

Skive and Roller Burnishing Skive and Roller Burnishing

Skiving Only Skiving Only

Boring, Drilling, Trepannin Boring, Drilling, Trepannin

Super Finishing Grinding Super Finishing Grinding

Grinding Grinding

Turning Turning

Flame Cuttin Flame Cuttini

Appendix DD: Property Class Data and Tightening Togues (MMCC, 2015).
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Appendix EE: Standard Fan Nozzles (Bete, 2015)
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Appendix FF: Mi-24 CAD Drawings
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Planetary Gear (Haas, 2014)
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Adapted from (Lin, 2014) 182



Adapted from (Lin, 2014)
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Adapted from (Lin, 2014) 184



Adapted from (Lin, 2014) 185
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