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4 POWERTRAIN STRUCTURAL RELIABILITY 

4.1 Introduction 
The structural core of a reciprocating engine is known as the powertrain. The 
powertrain comprises of the assembly of cylinders, pistons, connecting rods, 
crankshaft, crankcase, supporting structure, and bearings. 

Of all the problems involved in engine design, that of securing a reliable 
structure to withstand the heavy loads imposed by gas pressure, inertia forces 
and thermal expansion, without excessive weight, bulk or cost is the most 
difficult and basically the most important. Without a sound, reliable and 
durable structure no amount of refinement of other aspects of design is of any 
value. (Taylor, 1999, vol.2, p.425)  

The dominant design issue for aircraft propulsion systems is the need to minimise 
bulk, weight and cost for a given power output. The pursuit of high power brings 
with it the need to, firstly manage the impact of high temperatures developed by the 
combustion of fuel and, secondly, in concert with the pursuit of minimal weight, 
manage the impact of high stresses in components of the engine. 

Aircraft reciprocating engines have different requirements to automobile 
reciprocating engines. 

Table 4.1: Comparison of the requirements of aircraft and automotive 
reciprocating engines (Taylor, 1999, vol.2, p.353) 
 

Application Most Important Requirement Moderately 
Important 
Requirement 

Less Important 
Requirement 

Passenger Automobile Low noise and vibration, reliability, 
flexibility (smooth and efficient 
operation over a wide range of 
engine speeds and loads, low 
maintenance 

Fuel economy, 
weight, bulk 

Long life 

Aircraft Propulsion Light weight, small bulk, high power 
for takeoff, reliability, fuel economy 
(brake specific fuel consumption, the 
mass of fuel an engine uses per 
horsepower per operating hour), 
operation over a small engine speed 
range 

Low vibration, 
low 
maintenance 

Initial cost, long 
life, noise 

The principal issues of aircraft reciprocating-engine reliability centre on the 
management of component strength, component stress, and component temperature. 
Excessive component stress and insufficient component strength can threaten 
reliable operation through component fracture. Excessive component temperature 
can threaten reliable operation through a loss of strength (softening) or component 
melting. These threats are addressed through the development and implementation 
of component failure control plans. 

The objective in the design of engine powertrain components is to optimise the 
desired performance requirements of safe efficient operation relative to cost 
considerations (cost of materials, design, fabrication, operation and maintenance). 
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4.2 Powertrain component design 
An internal combustion reciprocating engine is an energy conversion machine. The 
potential chemical energy in the hydrocarbon fuel is converted to a rotational force 
(turning moment or torque). In the case of an aircraft propulsion system, the torque 
created by the engine is used to turn a propeller. 

The output power of a spark ignition reciprocating engine is controlled by 
throttling the air supply. The immediate purpose of opening the throttle is to 
secure an increase in torque, whether or not an increase in speed follows 
depends on the nature of the load. With governed engines, the throttle is 
opened in response to a demand for increased torque, and little change in 
speed occurs. On the other hand, engines driving fixed pitch propellers or 
driving vehicles on a level road will respond to opening the throttle with an 
increase in speed. (Taylor, 1999, vol.2, p.188) 

Constant speed propellers act to govern the engine speed by varying the load on the 
engine. Engine power can be set independently of engine speed. 

4.2.1 The relationships between engine parameters 

When a gas expands in a cylinder fitted with a moveable piston, work is done by 
the gas on the piston (Ivanoff, 1994). The relationships between gas pressure, 
engine capacity, engine speed, engine torque, engine power are summarised in the 
following mathematical expressions. 

)( 12 VVpW −=  W work done by the gas at constant pressure 
P the actual constant pressure or mean effective 

pressure 
    V1 the initial volume of the gas 
    V2 the final volume of the gas 

When the piston is connected to a crankshaft, as is the case in a reciprocating 
engine, the movement of the piston causes the crankshaft to rotate. This turning 
force is known as torque (T) and the distance the shaft is rotated is known as 
angular displacement (θ). The work done by torque on a rotating object is a simple 
function of torque and angular displacement. 

θ×= TW  

When work is being done continuously over a period of time, the rate of doing work 
per unit time is known as power. Power (P) produced by a torque in rotational 
motion is a simple function of torque (T) and angular velocity (ω). 

ω×= TP  

In the metric system of measurement, the unit of power is a Watt and the unit of 
torque is a Newton-metre. In the imperial measurement system, the unit of power is 
horse power and the unit of torque is foot pound. Angular velocity is commonly 
measured as revolutions per minute. When power is measured at the output shaft of 
an engine by a brake dynamometer, it is known as brake horse power (bhp). 

For a spark-ignition engine, power has been found to be proportional to the engine’s 
air capacity, provided the fuel-air ratio, compression ratio and spark timing are 
constant (Taylor, 1998, vol.1, p.147). Power is controlled by varying the mass flow 
of air – throttling the air supply. 
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)( ηca FQMJP &=   P  power developed 
     J  mechanical equivalent of heat 
      mass flow of dry air per unit time, or air capacity aM&

      heat of combustion per unit mass of fuel cQ
    η   thermal efficiency 
    F  fuel-air ratio 

The air capacity of an engine is commonly described by the parameter known as the 
volumetric efficiency. This parameter is independent of cylinder size and is a 
measure of the mass of fresh mixture which passes into the cylinder in one suction 
stroke, divided by the mass of the mixture which would fill the displacement 
volume of the cylinder. 

id

i
v NV

Me
ρ

&2
=     mass of fresh mixture per unit time iM&

      N number of revolutions per minute 
      Vd  total displacement volume of the engine 
     iρ  inlet density 

The volumetric efficiency of naturally aspirated engines is in the range 0.8 to 0.9. 
Supercharging or turbo-supercharging is a means augmenting the air pumping 
capacity of an engine by the use of an external compressor to increase the mass of 
air inducted into the combustion chamber. 

The rating of engines, that is, the specification of rated power, indicates the highest 
power that is consistent with the specified engine reliability and durability. The 
rated power of an engine is not the maximum power that may be produced by the 
engine. The brake mean effective pressure (bmep) and piston speed are normally 
used in the determination of the operating limits of an engine and assessment of the 
capabilities of various design options. Brake mean effective pressure (bmep) is a 
hypothetical quantity that is a measure of the mean pressure in the combustion 
chamber during the engine cycle without considering the pressure needed to 
overcome pumping and frictional losses (Repco, 1980, p.5). 

Brake horsepower, torque and brake mean effective pressure are related to each 
other as shown in the following expression (Repco, 1980, p.3). 

000,33
..2..

000,33
TnphbPLAN π

==  P bmep, pounds per square inch 

     L stroke, feet 
     A area of cylinder, square inches 
     n total number of firing strokes per minute 
     N revolutions per minute 

T torque, pound-feet 

This relationship was originally applied to steam engines. When units that are more 
appropriate to high-speed reciprocating engines are used; cylinder diameter (D) – 
inches, stroke (S) – inches, piston area (A) – square inches, number of working 
strokes per minute (N), engine speed (n) in revolutions per minute, mean piston 
speed (K) – feet per minute, brake mean effective pressure (P), horsepower (bhp), 
torque (T) – pounds-feet, the relationships are shown in the following expressions: 
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000,396
....

000,505
....

000,84
...

5252
. 22 NnSAPNSnDPNKDPnTbhp ====  

 

The reciprocating motion of a piston results in cyclic variations in piston velocity 
and in acceleration. A parameter known as mean piston speed is used as a 
parameter to evaluate design options. The limiting piston speed is determined by 
the ability of the reciprocating structure to cope with the mechanical stresses 
created by inertia (inertia stress increases with the square of piston speed). Limiting 
piston speed is also determined by the desired fuel economy (Taylor, 1999 vol.2, 
p378). 

 

6
.SnSpeedPistonMean =   n number of revolutions per minute 

      S stroke, inches 

4.2.2 Effect of engine layout 

Various arrangements of cylinders around a crankshaft have been used in engine 
design. These layouts include, inline, vee, horizontally-opposed and radial. The 
radial layout gives the lowest weight-per-unit displacement because the material in 
the crankshaft and crankcase is minimised for a given number of cylinders. The 
ability to maximise power-to-weight resulted in the dominance of this type in large 
propeller-driven transport aircraft. The horizontally-opposed engine layout gives 
particular advantages through being short in length, light weight and having a small 
frontal area for engine powers up to 375 bhp. The horizontally-opposed layout also 
provides sufficient space between the cylinders for cooling fins and is suited for air 
cooling, in particular air-cooled installations in smaller aircraft. 

A comparison of the key engine parameters of power (bhp), engine speed (rpm), 
combustion gas pressure (bmep), and piston speed (ft/min) between various aircraft 
reciprocating engines, automotive engines and a marine engine is presented in table 
4.2. 
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Table 4.2: Comparison of key engine parameters, aircraft, automotive 
and marine reciprocating engine (Taylor, 1999, vol.2, pp. 410-
421) 
 

Engine Layout Engine Model bhp rpm bmep,
psi 

piston 
speed, 
ft/min 

propeller 
reduction 
gear ratio 

Power/
weight, 
lb/bhp 

Aircraft HO-6 IO-360D 
Continental 

210 2800 165 1760 1 1.4 

Aircraft HO-6 TSIO-520-E 
Continental 

300 2700 169 1800 1  

Aircraft HO-6 GTSIO-520-C 
Continental 

340 3200 162 2140 0.75 1.6 

Aircraft HO-6 GTSIO-520-M 
Continental 

375 3350 171 2233 1  

Aircraft HO-6 IO-540-D 
Lycoming 

260 2700 141 1969 1  

Aircraft HO-6 IGSO-480 
Lycoming 

340 3400 165 2200 0.58 1.5 

Aircraft HO-6 TIO-540-V2AD 
Lycoming 

350 2600 197 1896 1 1.6 

Aircraft HO-6 TIO-540-J 
Lycoming 

350 2575 200 1878 1  

Aircraft Radial Wright R1820-82A 1525 2800 236 3220 0.563 0.97 

Automobile V-8 Mercedes380 SE 155 4750 110 2454   

Automobile V-6 Nissan VG30E 
turbocharged 

160 

200 

5200 135 

168 

2834   

Automobile V-8 Chevrolet 390 5200 139 3260   

Automobile V-8 Ford 5L 134 3400 103 1700   

Marine diesel 
supercharged 
I-12 

Sulzer RTA84 48,360 87 223 1370  74 

Engine layout abbreviations: HO-6, six cylinders horizontally-opposed; V-8, eight cylinders in 
a vee layout; V-6, six cylinders in a vee layout; I-12, twelve cylinders inline. 

Engine model abbreviations: IO, injected opposed; T–turbocharged; TS–turbosupercharged, 
R–radial; 540 etc., engine capacity in cubic inches. 

This comparison shows that more power is produced from the same engine (same 
capacity) at the same or reduced engine speed when the engine air supply is boosted 
(turbocharged or supercharged) – compare the Lycoming IO-540-D engine with the 
Lycoming TIO-540-J. It is also clear that a similar power can be obtained from a 
turbocharged engine operating at different engine speeds by varying the combustion 
gas pressure (bmep) – compare the Continental GTSIO-520 engines with the 
Lycoming TIO-540-J engine. 

The differences in engine/piston speed and combustion gas pressure between 
various engine models, is reflected in the criticality of various powertrain 
components. Higher combustion gas pressures will impose greater stresses on those 
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powertrain components affected by combustion gas pressures, for example, cylinder 
assemblies, pistons, connecting rods, crankshafts and bearings. Similarly, higher 
engine/piston speeds will impose greater stresses on those powertrain components 
affected by inertia loads and friction, for example, bearings, pistons, connecting 
rods, and crankshafts. 

4.3 Powertrain component reliability 
Each type of aircraft operation, from recreational using single-engine fixed-gear 
aircraft to low-capacity regular public transport using multiengine aircraft, imposes 
special requirements on reciprocating engine design. Typically, the issues of power-
to-weight, reliability, simplicity of operation, initial cost and cost of operation, and 
maintainability, determine the selection of design options. Aircraft performance, 
through the use of high power-to-weight engines, is important in public transport. 
Simplicity of operation and ease of maintenance are important for recreation 
aviation. Engine reliability is important for all types of operation. 

The failure of powertrain components has a direct effect on engine reliability, as 
elements of the propulsion system, they are safety-critical. It is in the nature of 
reciprocating engines that redundancy cannot be provided for powertrain 
components. 

When considering maintenance requirements for reciprocating engines, it is 
important to realise that a reduction in failure resistance of powertrain components 
usually cannot be detected by routine flight crew monitoring or by in-situ 
maintenance or test. The function of powertrain components is hidden from view. It 
is also important to realise that there may be an inverse relationship between 
component age and component reliability. 

Powertrain component reliability is achieved by a combination of hard time 
maintenance actions such as replacement, measurement and overhaul at specified 
intervals. Powertrain component reliability is not based on the principle of ‘run to 
failure’ or ‘fit and forget’. 

4.3.1 Safety factors 

In the most general sense a mechanical system will fail when the stress imposed on 
the system exceeds the strength of the system. If the system strength is known, then 
the range of stress that can be applied to the system without resulting in failure is 
clearly defined. 

In reality, system failure stresses and operational stresses cannot be predicted for 
each component during each moment of operation. Strength can only be determined 
accurately by testing to destruction and operational stresses can only be determined 
by continuous measurement. The consequence of uncertainty created by variations 
in stress and strength is the need to apply safety factors to design values – a design 
is an approximation, hopefully a conservative approximation, to an effective 
structure or system. 

The effect of uncertainty in operational stress and strength (failure stress) can be 
shown diagrammatically, see figures 4.1 to 4.5. Structural failure occurs when the 
operational stress exceeds the failure stress. The probability of failure can be 
defined as the overlap of the distributions of operational stress and failure stress. It 
is important to remember that because stress and failure stress are random variables, 
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the identity of particular components that lie in the overlap of the stress and strength 
distributions, cannot be determined beforehand. 

Safety factors are applied to some measure of the distribution of operational stress 
and failure stress, for example, the mean or either an upper or lower tolerance limit. 
Variations in the nature of the distributions; from component batch to batch, or 
between different types of engine operation, may affect the ability of the safety 
factor to achieve the desired level of component reliability. 

Figure 4.1: Schematic illustration of the probability of failure under 
conditions of variable operational stress and failure stress – 
no failure condition. 

 
If the distributions of operational stress and failure stress do not overlap, the probability of 
failure is zero. 

 

Figure 4.2: Schematic illustration of the probability of failure under 
conditions of variable operational stress and failure stress – 
failure condition 

 
The area of overlap (coloured red) represents the probability of system failure. 

– 27 – 











6.2.1 Occurrence 2000/2157 VH-MZK (right engine) 

Reported evidence 

VH-MZK was forced to land on water, at night, following the failure of both 
engines. All passengers and crew were fatally injured. 

Time since overhaul: 1,395 hours 

Physical evidence 

Examination of the right engine revealed that melting of a region of the No.6 piston 
edge allowed combustion gases to bypass the piston rings, see figure 6.2. 

Figure 6.2: No.6 piston, MZK right, overview of the piston crown and a 
detailed view of the region of localised melting 
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In addition to the melting of the piston edge, localised melting had affected a 
localised region of the cylinder head, see figure 6.3. Melting occurred in the region 
between the upper spark plug hole and the edge of the exhaust valve. Heat transfer 
from this region is affected by the presence of the port between the exhaust valve 
and cylinder head exhaust flange. The separation of this region from the air-cooled 
surfaces of the remainder of the cylinder head, results in a higher temperature in 
this region of the cylinder head. When cylinder head temperatures are increased 
generally, the region between the upper spark plug and exhaust valve will be first to 
reach the melting point of the cylinder head alloy. 

Figure 6.3: No.6 cylinder head, MZK right, overview of the combustion 
chamber surface and a detailed view of the region of 
localised melting 
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