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ABSTRACT 

 
Hyper-compressors operating in plants with both vessel 

and tubular reactors are subject to very high pressures. Many 
cylinder components are exposed to pressures fluctuating 
between suction and discharge and therefore to high fatigue 
loads. 

To reach high endurance capabilities, the cylinder 
components have to be pre-compressed in order to keep them 
operating under compressive stress whenever possible. Special 
materials and shrink fitting procedures are usually required. In 
other cases or for complex shapes, other technological 
processes, like autofrettage, are also applied to further improve 
the pre-stress level. 

The application of autofrettage requires special rigs to 
withstand the severe processing conditions and an intensifier to 
reach final pressures up to 1.4 GPa. 

Suitable sealing elements, identified through extensive 
experience, allow to reach very high pressures required to 
adequately strain the material. 

The pressure transmitting fluid must also have specific 
characteristics to avoid solidification. 

The autofrettage process requires special conditions to 
increase, maintain and remove the pressure on the system in 
order to achieve the desired deformation when the plastic strain 
region is reached. 

This produces an optimum autofrettage result for enhanced 
reliability and safe operation of the components. 

NOMENCLATURE 
 

FEA Finite Element Analysis 
CFD Computational Fluid Dynamics 
FMEA Failure Modes and Effects Analysis 
HAZOP Hazard Operational Analysis 
LDPE Low Density Polyethylene 
ID Inner Diameter 
OD Outer Diameter 
RAM Reliability, Availability, Maintainability 
��  Alternating Fatigue Stress 
pA Autofrettage Pressure 
 
INTRODUCTION 

 
The cylinders of reciprocating compressors for low-density 

polyethylene may be considered very special pressure vessels. 
However their design is based on the experience of the 
manufacturers, rather than on conventional Pressure Vessels 
Codes, for instance the recent European Pressure Equipment 
Directive [1]. 

Reliability and safety are important because of the very 
high loads, the extreme pressures and the type of gas involved. 

The use of advanced methods of simulation and modeling, 
together with new technologies and diagnostic systems, allows 
reaching very high safety levels and availability on such 
machines [5]. 



 2 Copyright © 1996 by ASME 

Due to very high pulsating pressures and consequent 
fatigue stresses, LDPE compressors require pre-stressing of 
cylinder components by shrink fitting or autofrettage [7]. 

The execution of autofrettage requires the solution of many 
problems, like the selection of suitable seals to withstand the 
high pressures, the type of pressure-transmitting fluid, and the 
accuracy in pressure measurements. Moreover, due to the high 
energy involved at such pressures, dedicated safety procedures 
are necessary to safeguard the personnel and the environment. 

Development of ultra-high pressure processes started about 
60 years ago, with the industrial demand of LDPE. Since that 
time hypercompressors (Figure 1) have been continuously 
improved incorporating up-to-date special design features to be 
more and more safe, reliable, and efficient [13]. 

 

 
 

Figure 1 – Hypercompressor for LDPE 
 

 
 

Figure 2 – Hypercompressor cylinder with radial val ve 
 

 
 

Figure 3 – Hypercompressor cylinder with axial valv e 
 

The design of cylinders has always been the most critical 
activity. At present, there are two most common cylinder 
configurations, one with radial valves (Figure 2), the other with 
an axial combined valve (Figure 3). In both cases the 
compression chambers feature cylindrical heads and a rather 
complex stuffing box arrangement. The first type is normally 
used at lower pressure in the first compression stage, while the 
second one is used on the second and last stage. 

In both cylinder types the cylinder heads are hollow. Two 
radial ducts, for gas suction and discharge, cross the central 
bores. 

Cylinder design is based on the goals of maximum safety, 
reliability, and performance [5], and must obtain fatigue and 
static stresses well within the allowable limits, notwithstanding 
the extremely high loads and the complex geometry. In fact the 
intersection of holes, when not properly treated, may imply 
very high stress concentration factors [6]. 

The FEA allows reliable stress analysis even with 
compound cylinder systems and complicated shapes; however, 
it is not sufficient in itself to obtain a proper design [9]. 

The first approach is to adopt geometries as simple as 
possible, such as simple cylinders or intersection of cylinders. 
In fact those shapes have been extensively investigated and 
experienced. Therefore it is possible to use the results of 
existing studies to assess the stress levels. 

Moreover, sudden variations in geometry should be 
minimized in order to reduce the effects of stress concentration.  

Surface roughness is very important as well from the 
fatigue standpoint and special machining procedures are 
needed to reach very smooth surface finish [13]. 

In a cylinder head with radial valves, the cross-bored 
cylinder is subjected to a pressure varying between suction and 
delivery. Consequent stress fluctuations have to be limited 
especially at the critical points, usually the intersection of the 
holes. However, when pressure is above a certain limit, a 
cylinder with radial valves is not strong enough and another 
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arrangement with a combined suction-discharge valve must be 
used. With this solution the areas of highest stress 
concentration are subjected to a limited pressure fluctuation, 
thus reducing the relevant fatigue stresses. 

In general, cylinder bodies for very high pressures must 
exploit material in an efficient way, by means of pre-stress 
methods like shrink-fitting and autofrettage. With those 
methods, a more uniform stress distribution across the cylinder 
wall is ensured. Sometimes autofrettage and shrink-fitting may 
be applied together, for instance in the packing cups where the 
autofrettage is carried out on the lube oil holes of the finished 
part, i.e. in areas already influenced by pre-stress of shrink-
fitting [13]. 

Additional pre-stress operations are performed for packing 
cups, where shot-peening, and special heat treatments proved to 
be effective. 

This paper deals with practical aspects related to 
autofrettage of cylinders components and relevant 
improvements. 

 

DESIGN APPROACH FOR SAFETY AND RAM 
Critical pressure bearing components (such as cylinder 

heads and packing cups) are made of two concentric shrink-
fitted parts or are “autofrettaged”. Shrink-fit is the most used 
method to obtain a suitable circumferential pre-compression at 
the cylinder bore: an inner and an outer ring are assembled by 
cooling the internal one down to –190 °C in liquid nitrogen and 
heating the external one up to 370 °C [6]. 

Autofrettage, also widely used, consists in yielding the 
internal surface of a thick-walled hollow cylinder by means of 
a hydraulic pressure of several hundreds MPa [12]. When the 
pressure is released the yielded portion is highly compressed by 
the elastic recovery of the not yielded surrounding material. 
The result of the above procedures is a pre-compression of the 
internal side of the cylinders, so that the occurrence of tensile 
stresses is avoided even under the highest internal pressure 
conditions [13]. 

Cylinders are complex assemblies, made of components 
stacked-up and tightened together by long tie rods. Their design 
and operation require attention in the material selection, the 
prediction of behavior (performed by FEA, CFD and other 
advanced tools), the safety analysis (FMEA and HAZOP), the 
maintenance procedures and the control of operating conditions 
[5]. 

These aspects are more important today, because of the 
requirement for larger plants than in the past. Larger plants 
imply higher number of cylinders per machine or larger 
cylinders, with the downside that the consequences of a failure 
may be worse than in the past [6]. 

Materials of pressure bearing parts must be very tough and 
extremely high-purity, to avoid crack initiation points and 
brittle failures even at a temperature as low as –70 °C, present 
in case of a large ethylene leak expanding from high pressure 
down to atmosphere [13]. 

Modeling of packing cups allows to minimize the stress 
concentration factors, by optimizing the geometry in the 
contact area with adjacent components [8]. 

The calculated stress level is evaluated with both 
traditional methods (Smith or Goodman diagrams) and Fracture 
Mechanics principles [8]. 

With the traditional methods the stress is evaluated by 
means of the theory of heavy-walled cylinders subject to 
internal and external pressure [4]. 

Fracture mechanics instead allows to assess the “critical 
defect size” for a geometry subject to a load, i.e. the minimum 
dimension of a defect leading to crack development and to 
failure. The �� , calculated with the traditional method is 
introduced in the Fracture Mechanics formula, to assess the 
max allowable defect size [6]. 

The same design technology used for cylinder components 
is applied also to the cylinder packing lubrication system. In 
fact, lubricant injection into the cylinder requires an oil 
pressure at the cylinder higher than the gas pressure at cylinder 
suction side. 

AUTOFRETTAGE OF CYLINDER COMPONENTS 
LDPE machines are subjected to extremely high fatigue 

loads, and autofrettage is very effective in improving the 
resistance of cylinder components such as: 

· heads 
· flanges 
· radial valves 
· lube oil holes of packing cups 
· lube oil injection quills 
· lube oil check valves 
Cylinder spacers and packing cups with no lube oil holes 

are not autofrettaged, since the pre-stress level obtained with 
shrink fitting is already high enough. 

Packing cups with axial holes and lube oil distribution 
cups instead require local additional pre-stress inside the lube 
oil holes, because of the high oil injection pressure. 

Cylinder heads with radial valves (in general used on the 
first compression stage and therefore at relatively “low” 
pressure) are shrink-fitted. Autofrettage is used in addition only 
when the differential pressure between suction and discharge is 
above a certain limit. 

Autofrettage is always performed on cylinder heads with 
combined axial valves. In fact, the internal diameter of the head 
is subjected to very high pressure and fatigue load, due to the 
pressure pulsations typical of the gas flow [10][11].  

Autofrettage of lube oil injection quills, check valves and 
tubing is also common practice. 

The selection of autofrettage pressure is based on 
operating conditions, geometry, presence of pre-stresses and 
material properties. Generally autofrettage pressures for hyper-
compressor cylinder parts range between 0.5 and 1.1 GPa. 

In some applications, when autofrettage is performed after 
shrink-fitting on axial holes in packing cups made of materials 
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having very high UTS (1.9 GPa), the pressure may be higher, 
(up to 1.3 GPa) [12]. 

The pressure distribution on the component of a cylinder is 
characterized by the following aspects [13]. 

The components in contact with the compression chamber 
will be subject to the fluctuation of pressure corresponding to 
the cycle. 

The packing cups and oil circuit components will  undergo 
a different pressure variation and mean pressure as a function 
of the effectiveness of the sealing elements [13]. 

 

 
Figure 4 – Operating pressure in the cylinder and p acking 

 

The pressure distribution along the packing rings has been 
measured [17] by using strain gages positioned on the injection 
quills (Figure 4). The packing arrangement is constituted by 1 
pressure breaker (PB) and 5 radial tangential rings (RT). 

For different arrangements of seals similar pressure pattern 
may be assumed too. 

Therefore the full compression cycle is transferred through 
the packing cups with delay and wave reduction. 

During the discharge phase in correspondence of the 
various crank angles there is the pressure distribution. 

Similarly during the suction the gas trapped into the 
packing tends to go back into the cylinder chamber. In this case 
the effectiveness of the pressure breaker is more significant. An 
abrupt release of the pressure on the top of the tangential rings 
creates condition of forces bringing the split ring components 
outwards. The locating pin, the lips of the rings and the springs 
will be subject to heavy fatigue problems bringing the 
tangential ring to premature failure. 

From the experimental measurements it has been observed 
that the following behavior: 

- the steady pressure ,corresponding to the suction stage, is 
practically sustained by the last sealing element(s); they will 
stay in continuous contact with the plunger 

- the variable pressure will affect more the rings towards 
the compression chamber and only after wear and failure will 
be transferred to the next rings. 

PRESSURE ACTUATION DEVICE AND SYSTEM 
 
The system is made by an air-operated intensifier (high 

pressure pump) which routes the fluid through a tubing 
approximately 1.2 meters long, to the inlet and hence to the 
components (Figure 5). Tube size 3/8” OD-1/16” ID up to 1.4 
GPa [12]. 

 

 
Figure 5 – Intensifier up to 1.4 GPa 

 
Test devices are complex and the pressure inside them 

might not be uniform because of the extremely high oil 
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viscosity at high pressure. For this reason it is important that 
the complete procedure is carefully controlled and monitored. 

Strain gages must be installed on the oil ducts as close as 
possible to the part being autofrettaged. Sometimes it is also 
advisable to install similar gages at the end of the circuit or at 
the far side of the component.  

In some cases strain gages located on the outer surface of 
the piece are helpful to set the procedure for specific 
applications, since there could be internal pressure deviations 
or changes in mechanical properties. In general, to provide 
reliable results the shape of the autofrettaged component should 
be simple. The autofrettage must be carried out in a safe area 
clear of personnel and properly shielded, so that no parts can be 
projected outside in case of failure. The operators can perform 
the necessary dimensional checks only after the procedure. For 
instance, the outer diameter of the cylinder heads for radial 
valves is measured before and after the autofrettage, to verify 
both the correct result of the operation and the proper residual 
interference fit [13]. 

Moreover the inner bore of the head is slightly deformed 
after autofrettage and must be machined to restore the proper 
roundness and linearity tolerances. It is important to limit as 
much as possible this re-machining, in order not to compromise 
the residual thickness of the pre-stressed portion. 

AUTOFRETTAGE EXECUTION 

Procedure  
 
The pressure over time diagram is of key importance 

during the procedure, since the duration of testing, particularly 
at plastic strain conditions, influences the final results. Load, 
and consequently pressure, should rise in a quasi-static manner 
in order to allow strain to reach its peak during each loading 
phase. In fact, it is known that yield and ultimate strength 
increase in a quick test, while actual strain decreases. 

ASTM STD reports at point 7.6.3.2: “When performing a 
test to determine the yield properties, the rate of stress 
application shall be between 1.15 and 11.5 MPa/s…” [3]. Other 
Codes are giving similar advices [1]. 

In case of ferrous materials, a pressure rise of 1 MPa/s is 
considered on the safe side and load/time diagrams are 
normally selected accordingly [12]. 

A full pressurization cycle presents a controlled load ramp, 
a period at constant autofrettage nominal pressure and a 
controlled pressure-release period. During the initial phase, 
pressure normally increases also in relation to the volume of 
fluid involved into the whole system, including tubing and rig, 
and to the capacity of the intensifier. 

In general it is recommended that a period of at least 5 
minutes be used to reach the autofrettage pressure [12][13]. At 
this point, the pressure should be kept constant for a good 15 
minutes, so that it may positively equalize inside the part. More 
over, a sufficient time must be allowed to ensure that required 
plastic strain is completely exploited. A 15 minutes duration is 

just a general guideline considered widely sufficient in any 
condition; in particular cases it may be reduced down to 5 
(Figure 6). 

 

 
Figure 6 – Packing cup during autofrettage 

 
Pressure release normally requires 5 minutes or even 

longer so that the system, including instrumentation and the 
autofrettaged piece itself are not subjected to undue shocks. 
Slow return to final conditions also helps in eliminating errors 
in dimensional measurements performed to check the 
correctness of the autofrettage effect. 

Another side advantage of slow pressure release is that it 
allows the very special seal packs to gradually return to the 
initial position in their housings after having undergone severe 
strain, thereby reducing the likelihood of disassembly 
problems. 

Safety Considerations  
 
Very high-pressure systems always present potential 

hazards, although pressurized oil is somewhat less critical than 
pressurized gas [12][13]. Most important issues are related to: 

· the involved large amount of energy 
· the compressibility of the fluid 
· possibility of air remaining trapped inside the system.  
In addition, in case of failure of the gaskets in the rather 

small hydraulic system, the projected detached particles may 
cause injury to personnel or more simply, damage surrounding 
objects. Fluid leaks at high speed are another possibility, but 
the small flow involved keeps the risk low. 

A vent valve positioned at the highest level in the hydraulic 
circuit is opened during rig assembly, to purge air. In case no 
valve is available, some oil may be allowed to drip from some 
of the top connections before final tightening. 

Since energy associated with the pressure is a function also 
of the volume of fluid, measures are taken to minimize it, for 
instance by providing tubing connections as short as possible. 
In case of rather large bores to be autofrettaged (i.e. cylinder 
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heads), it is also necessary to minimize the volume of oil by 
means of solid cores placed inside the bore itself (Figure 7) 
[13]. 

 
 

Figure 7 – Device for autofrettage of axial valve h ead 
 
The system is very compact and the test rig can be easily 

placed in a properly shielded safe area. A lightweight steel 
shield between parts assembly and pump and metal sheets 
around the pressure tubes provide an additional protection. 
Operator workstation is located outside the area. 

Of course, pressure must be positively relieved in all parts 
of the system prior to any disassembly activity. 

Final operations  
 
Although it is advisable that the autofrettage tests are 

performed on finished parts with no further operations, this is 
not always possible. Some components have to be re-machined 
after autofrettage, to restore the necessary dimensional 
geometry. An example is the axial-valve cylinder heads, which 
require extremely accurate inner bore dimensions, due to the 
presence of the special seals (Figure 8).  

 

 
 

Figure 8 – Special seal with O-ring 
 

Re-machining must be performed also on the lube oil 
injection quills seat area, where there is a metal-to metal seal 
with the oil distribution cup. In case of re-machining, 
allowance must be provided during design for material removal 
and for possible reduction in pre-stress [2]. 

The combination of shrink-fitting and autofrettage is used 
just in few cases, especially in case of material with high 
ultimate tensile strength. When the mechanical properties of the 
cups inner rings are very high, autofrettage after shrink fitting 
may require a pressure of 1.3 GPa, with the risk of occurrence 
of oil solidification [12][13]. 

For this reason, the treatment should be carried out 
preferable prior to shrink fitting, but Bauschinger effect could 
arise and the pre-stress value could be different from the 
expected one [14], [15]. 

Heat treatments  
 
Some authors [4] suggest the possibility to heat-treat the 

material at about 250°C for an hour so that component 
dimensions may be stabilized, with the elimination of bending 
stresses without affecting residual body stresses; the material 
elasticity may be restored as well. Other authors recommend 
higher temperatures. Heat treatments are also beneficial in 
reducing the Bauschinger effect. 

However, this practice is not common in LDPE 
compressor components, which anyway have proven to be 
successful during field operation even without it [12]. 

Special ovens with protected atmosphere (using for 
instance argon or nitrogen) should be used for the said heat 
treatments. 

Heat treatment applicability may be limited by the size of 
the part and when the tempering temperature of the material is 
lower that the heath treatment temperature [13]. 

SEALING SOLUTIONS 
 
There are few sealing arrangements possible on very high-

pressure applications, mainly because the geometries of the 
cylinder components to be autofrettaged are often complex 
[13]. 

In polyethylene compressor parts, seals are generally 
restricted to: 

· conical seating surfaces with 59°-60° 
· metal gaskets 
· plastic O-rings 
· other special compound arrangements 

Conical seating surface seal  
 
This is the typical solution used for most of the tubing with 

a seat having an angle of 60° and a counter seat of 59° with the 
relevant suitable tolerances. The high-pressure tubing for the 
intensifiers reaches 1.4 GPa nominal pressure. 
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Metal gaskets seal  
 
In general metal gasket are made of annealed copper. They 

are of rectangular cross section. In case of small diameters, 
they allow a pressure up to 1.3 GPa. Extrusion of metal is 
generally avoided by means of an external support. 

O-Rings  
 
Plastic O-rings (fluorocarbon rubber type), employed for 

small-diameter tapered or flat seats, are used for diameters up 
to 40 mm and pressures up to 0.9 GPa. 

The O-ring extrusion is avoided by using a single-piece 
housing constantly in contact with the seat and capable to avoid 
the extrusion on the external diameter. 

Special arrangements with O-Rings  
 
Self-sealing arrangements, able to follow the high bore 

deformation, are used (Figure 8) for large diameters [12]. The 
combined seal consists in an O-ring, supported by a series of 
different other components to prevent its extrusion, as follows: 

· O-ring (main sealing element) 
· shoulder rings 
· anti-extrusion rings 
· guide ring 
· preload ring 
The O-ring is made of seamless plastic (fluorocarbon 

rubber type) with a hardness exceeding 75 Shore and an 
excellent surface finish [13]. 

Two shoulder rings, with rectangular cross-sections, are 
made of a harder plastic (a polyamide resin) and are placed on 
either side of the O-ring. The diameters of the rings must be 
accurate to prevent O-ring extrusion. 

During installation, dimensions must be checked, since 
plastics are often subject to alteration in time. 

The bronze anti-extrusion rings, with a 45°angle to the 
core or to an adjacent ring, allow to adequately following the 
cylindrical surface that will be deformed under high pressure 

Another bronze ring is inserted externally to preload the 
seal assembly. 

In particular cases, a further bronze guide ring may be 
used, for guiding and centering the inner core of the test device, 
close to the shoulder ring pressure side. 

SPECIAL DEVICES FOR THE COMPONENTS 
 
The devices necessary to carry out the autofrettage depend 

on the geometry of the components [12]. 
In general they are designed taking into account the 

various aspects related to high-involved loads, easy and quick 
operation and reliability of procedure. There are many 
components of different shape, size and with multiple holes to 
be autofrettaged. Ranging from large cylinder heads bores to 
small lube oil holes in packing cups. In general it is better to 

autofrettage the multiple lube oil holes one by one and not in 
parallel, for a better control of actual pressure inside each of 
them. 

Packing cups  
 
The test rig for packing cup with axial holes (Figure 6) 

features a base plate with a reference diameter guiding the 
inner diameter of the cup. The cup is compressed from the top 
by a device pushing on the area of the hole to be autofrettaged, 
with a copper gasket on each face of the cup itself [13]. 

The test rig for the oil distribution cups (with curved holes) 
differs from the previous one. This rig (Figure 9) is made with 
two flanges providing the necessary axial thrust through 
suitable bolts on a stem, holding the copper gasket and 
including the hole for the oil inlet. The radial seal with O-Ring 
on a conical surface is pushed by a stem [13]. 

 

 
 

Figure 9 – Test rig for distribution cup autofretta ge 
 

An outer fixture serves to contrast the pressure axial load. 
The packing cups and the injection quills require no internal 
core, as their holes are very tiny (Figure 11) [13]. 

Cylinder heads  
 
The special seals with the O-rings give here a great 

contribution as the size start to become larger and larger and 
the oil involved has to be reduced at minimum. 

In radial-valve cylinder heads the volume of fluid is 
reduced by means of solid cores placed into the radial and axial 
large diameter holes. The head is closed by two flanges 
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clamped by means of proper tie-bolts, which withstand the 
internal autofrettage pressure. 

Radial loads due to the autofrettage of radial holes are kept 
in place by an external annular fixture. 

Axial valve cylinder heads are autofrettaged using a test 
rig with seals (Figure 7). Here, the main problem is related to 
the need of reaching the highest pressures on a very large inner 
diameter. 

Extremely smooth surface finish and great care in 
assembling the rig to avoid local damage in the seal zone are 
necessary to ensure the success of the operation. 

An internal bar is again used to reduce fluid volume. The 
seals are placed as close as possible to the inner bore 
extremities so that maximum autofrettage effect is obtained 
along the whole cylindrical surface of the head.  

Nuts preload the seals, and since the assembly is fully 
balanced, no additional support is required for the inner core.  

The lateral suction and discharge holes are plugged by 
flanges in contact with the cylinder head and including a simple 
O-ring as previously mentioned. 

Valves  
 
Radial valves are autofrettaged with special seals (Figure 

10) in both seat and counter-seat. 
The device include suitable inner cores to reduce the oil 

volume and a proper system of opposite flanges held by bolts is 
used to sustain the loads coming from the autofrettage 
pressures [13]. 

 
 

Figure 10 – Test rig for radial valve heads 

Lube oil quills  
 
Autofrettage of the lube oil injection quills is made with a 

rig including a conical seat hold by a threaded cylinder 

surrounding the quill. A system similar to the real operation 
pushes the quill on the seat, operating the suitable load with a 
threaded collar (Figure 11). On the opposite side there is 
already the typical conical connection used for the real 
operation. Through this side the fluid is inserted into the quill 
[13]. 

 

 
 

Figure 11 – Schematic of injection quill test rig 

OILS 
 
Many factors influence the behavior of fluids operating at 

very high hydrostatic pressures [12]. 
When compressing at very high pressures phenomena 

greatly related to fluid properties, operating temperatures, and 
tubing dimensions occur. For instance, under this situation the 
pressure increase at the pump, may not be transmitted along the 
tubing due to solidification of the oil under extreme pressure.   

Brake oils are used up to 500 MPa, but they have some 
disadvantages like corrosion on pump seal rings and generally 
don not have good performance [13].  

The fluid properties are modified by the use and thus oils 
should be changed frequently, with possibility of solidification, 
without reaching the desired pressures. The selection is based 
on the ability to reach the required pressures, without 
solidifying. 

THEORETICAL  AND PRACTICAL CONSIDERATIONS 
 
There is always the need to evaluate the impact of the 

autofrettage pressure on the many operating conditions and the 
component features avoiding any detrimental effect caused by 
reverse yielding [16]. 

In fact the pre-compression of the inside parts of cylinders 
can in certain conditions reach the compressive yield point and 
therefore reduce the pre-stress level in the inner layers. 

The Bauschinger effect has been analyzed in applications 
of high pressure piping subject to autofrettage [14]. This 
phenomenon occurs when the autofrettage pressure is going 
above certain limits. 

The attempt to exploit as much as possible the material 
geometry and property has therefore some practical limits. 

For instance the plasticization between 60% and 100% of 
the cylinder thickness has only limited benefit [15] from a 
theoretical point of view. 

On the other side the pressure increase can produce sealing 
problems during the autofrettage execution, with the need to 
properly evaluate the size and the geometry of the component, 
in order to define the proper autofrettage pressure value. 
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When deciding for the proper autofrettage pressures to be 
applied for any specific component some questions arise, 
related to the need to consider the following factors, that means 
if the: 
· Real improvement with the increase of pA 
· Eventual negative influence of Bauschinger effect 
· Repeated autofrettage cycle influence by the previous 

pressure cycles 
· Precision of loadings and corresponding deformations 
· Influence of autofrettage pressure in presence of a defect 
· Effect of temperature treatment after the autofrettage 
· Validity of a test with a component subject to pA with 

shorter time compared to the general procedure 
 
The evaluation of the stress state and relevant deformations 

can be obtained by using the classic formulas of thick-walled 
cylinders under pressure [4], [2] or by FEA for more complex 
geometries. 

These evaluations are important to have a control of the 
autofrettage results that can be evidenced and checked on the 
OD or the ID depending on the size and geometry of the parts 
investigated. 

In case of procedure optimization or for experimental 
situations autofrettage residual stresses can be determined with 
different systems: 
· the boring of the inner parts and checking with strain gages 

the strain on the OD; 
· positioning of with strain gage inside and using a turning 

of the outer thickness; 
· a combination of the two systems is also possible. 
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Figure 12 – Strain Vs time during autofrettage 
 

For a proper calibration of the autofrettage procedures, 
some analysis can be made investigating the theoretical and the 
practical aspects, including cases where autofrettage pressure is 
decreasing after a short peak. Strain gages positioned at two 
opposite locations allow measuring the strain level during the 
complete procedure (Figure 12). 

Calculations made with FEA typically differ from 
measured residual strain, less than 10%. The results of 
autofrettage are consistent with the peak pressure reached, 
indicating that the duration is enough to produce the complete 
plastic strain of the cylinder up to the expected level and 
consequently the margin of time used for the application of the 
pressure are well within precautionary values. 

CONCLUSIONS 
 
Safety and RAM are the main design drivers in any 

machinery application, including LDPE hypercompressors. 
Advanced modeling and simulation and special design 

concepts are tools necessary for the optimization of the 
machine components, with special regards to the compound 
compressor cylinders subjected to high fatigue loads and 
extreme operating pressures. 

The autofrettage is a key procedure for the improvement of 
the fatigue resistance of such components. When properly 
applied, autofrettage allows reaching the highest reliability and 
duration also in parts of complex shape such as the cylinder 
heads or the oil distribution cup of a hypercompressor cylinder. 
Autofrettage is also necessary in the components of the 
cylinder lube-oil system, subjected to the same high pressures 
of the cylinders. 

The practical aspects of autofrettage application procedure 
are of utmost importance in getting the proper pre-stress level, 
heavily influenced by the oil used, the precision of 
measurements and the timing of execution. 
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