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Editor’s note: This article was taken from a paper the 
authors presented at the European Forum for Reciprocating 
Compressors, Sept. 27-28, 2012, in Dusseldorf, Germany.

The connection between the piston rod and the cross-
head is one of the critical points in a reciprocating 
compressor. In fact many failures at this point are re-

ported in the literature [1] and it has been always a matter of 
great attention by the design engineers of these machines. 
The main reason for this criticality is that this connection im-
plies some areas of stress concentration, metallic contacts 
and movement.

Recently, in order to monitor this area of the compressor, 
specific diagnostic systems have been developed to detect 
as soon as possible conditions of potential damage.

Types of piston rod to crosshead connection
The various manufacturers have utilized various solutions 

for this connection and some of them have utilized different 
solutions for the various sizes of machine and in different 
times. Also the API Standard 618 takes into consideration 
this connection and gives some directives for the design [2]. 
A quick and schematic summary of the most popular solu-
tions is reported in Figure 1.
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n Figure 1. Various types of piston rod to crosshead connections 
are shown.

Solutions A, B and C are the typical designs also reported 
by the API Standard. Solution A provides for a long thread 
on the extremity of the piston rod which is screwed into the 
crosshead body by rotating the piston and is preloaded by 
tightening an external nut. This solution was widely utilized 
in the past but as it is rather difficult, particularly with large 
rods, to tighten the external nut, the preload achieved was 
often insufficient and that caused loosening of the connec-
tion with consequent fatigue failure. This solution now has 
more limited application to the rather small piston rod sizes.

Solution B is an improvement as it positions the threaded 
portion of the piston rod in a more protected location where, 
due to the much more elastic preloaded shank, it is subject 
to much lower stress fluctuation. This solution is conceptually 
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good and has, in addition, a smaller nut to be tightened, but the 
internal position of the nut requires a way to tighten it properly.

Solution C has still a thread in the unprotected area but 
it reduces the tightening risk as it delegates the connection 
to the crosshead body to a series of multiple smaller bolts, 
normally four or six, which are easier to be tightened by 
torque wrench to achieve the proper preload.

Solution d is also an improvement of solution A as it in-
creases somewhat the elasticity of the preloaded portion 
of the rod but it still keeps the risk of insufficient tightening, 
especially for large sizes.

Solution e is similar to solution B where the problem 
of tightening the nut is solved by introducing a flange, to 
which the shank is tightened externally and connecting the 
flange, as in solution C, to the crosshead body with bolts 
of smaller size.

Solution F has eliminated the thread, which is substitut-
ed by a conical clamping. The piston rod is fastened to the 
crosshead body through a multibolt flange as in solutions 
C and e. This solution has the advantage of eliminating the 
thread but the disadvantage of introducing the mating of 
two conical surfaces, which is not easy to achieve.

Many other similar solutions or combination of the 
above described ones that have been adopted by the 
various manufacturers. As a general comment, whatever 
solution is utilized, the main protection against fatigue 
failures is a correct tightening of the connection. It is for 
this reason that API 618 specified that “the tightening 
procedure shall assure a minimum preload in the con-
nection equal to 1.5 times the maximum allowable con-
tinuous rod loading.”

Traditional calculation approach
The traditional approach to the calculation of the connec-

tion between threaded piston rod to the crosshead is based 
on the classic “load/deformation diagram” or “triangle of 
elasticities” of bolted joints reported by most of the books of 
Machine design, for instance the Mascinen elemente of G. 
niemann and others [3]. A typical example of this diagram 
is shown in Figure 2, where:

 a = Stiffness of the parts subject to tension
 ß = Stiffness of the compressed parts
 P = Preload
FT = external operating force (tension)
FC = external operating force (compression)
∆F =  Total amplitude of the fluctuating force on the parts 

subject to tension

The load/deformation diagram is very useful to determine 
the total amplitude of the fluctuating force ∆F on the thread-
ed area as, dividing this by the screw root area, the fluctuat-
ing stress on the thread is maintained. It is then compared 
with the allowable fatigue limit of the threads of the specific 
material and production technology (simply cut, ground, 
rolled, etc.).

n Figure 2. This is a load/deformation diagram.
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A problem with this type of approach is that, due to the squat 
dimensions of the components of the connection crosshead to 
piston rod, it is rather difficult to determine the values of a and 
ß. Figure 3 shows a typical piston rod to crosshead connection 
where the areas of influence of the tightening force is shown. 
The shaded area is derived by the assumption that the preload 
propagates from the area of application of the force toward the 
contact zone in conformity to the Roetscher cone of influence 
of 30°. Consequently the stiffness of the compressed parts 
must be calculated as that of an average cylinder represented 
in Figure 3 with a dotted line.

n Figure 3. This represents the Roetscher cone of influence.

Another uncertainty comes from the determination of 
the area where the external force is applied as the relevant 
point of application determines a modification of the load/
deformation diagram [3] and then the value of the fluctuat-
ing force on the thread. This method has enabled for several 
decades the design of reasonably good connections. It is 
still good for the preliminary sizing of this important area of 
reciprocating compressors. However, a better approach is 
necessary for a more precise stress analysis.

Finite element analysis
A more advanced approach can be used in simulating 

the crosshead to piston rod connection. As discussed ear-
lier, it is not always simple to state a reliable model based 
on the de Saint venant theory because the components 
are often squat.

For example, in this particular study (Figure 4) the rod 
region between the flange (that is bolted to the crosshead 
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body) and the nut hardly can be evaluated as a slim beam 
subject to tension, while the other pulled parts, other than 
the compressed ones, to be considered in the load/defor-
mation diagram, are difficult to determine in a reliable way.

All these limits can be overcome by means of the finite 
element analysis (FeA), but this method has its own prob-
lems and has to be used in the crosshead simulation with 
great care. Also, other considerations must be taken into 
account according to the following.

The very first approach in simulating the crosshead to pis-
ton rod connection (but it is a very general consideration to do, 
dealing with FeA) is to represent the geometry of the actual 
parts to be studied. Usually, the one performing the FeA study 
has to choose the depth of detail to be used in the model.

not every detail of the real part can be represented in 
the 3-d model, and, less evident but not less important, not 
every detail is useful. In our case, the main aspect is the 
threaded connection between the rod and the flange. The 
approach can be double: modeling the real thread geom-
etry or neglecting it.

n Figure 4. The 3-D model is shown neglecting thread geometry 
of the rod.

n Figure 5. These are the stress distribution neglecting threads.

Connection simulation neglecting thread geometry
The easier approach is to simplify the threaded connec-

tion by neglecting the real thread geometry and considering 
the threaded part of the rod as a cylinder with a diameter 
equal to the thread root area (Figure 4). one way to cal-
culate the fatigue safety coefficient of the thread from the 

stress distribution obtained by the FeA (Figure 5), run with 
the earlier simplification, is to do it manually. This is done 
by computing the average stress across the virtual cylinder 
section and entering its mean value and fluctuation during 
the compression cycle, into the Smith diagram relevant to 
the specific material and thread manufacture technology.

This approach, while introducing an important approxima-
tion, has the advantage of evaluating quite well the stiffness 
of the various parts of the connection. It is “something in the 
middle” between the traditional manual approach and the fully 
computational one. This method enables avoiding problems 
that arise with the fully computational method. 

n Figure 6. This 3-D model represents the real thread geometry.

n Figure 7. Elastic FEA shows 950 N/mm2 at root.

Connection simulation with real thread profile
This approach considers the real shape of the thread in 

the 3-d model to be analyzed (Figure 6). It seems this is the 
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most complete and accurate approach, but an important as-
pect is related to the particular shape of the thread. As a mat-
ter of fact, although one generally speaks of a thread to be 
tightened at an average nominal stress related to the thread 
root area, the FeA static analysis done with an elastic model 
of the materials shows that at the thread root, even if in a very 
superficial surface, the stress is much higher than the aver-
age nominal and may be close to the yield point of the mate-
rial, or exceed it. For instance, in the case under examination, 
the stress at the root resulted in 950 n/mm2 while the yield 
stress of the material was 600 n/mm2 (Figure 7).

In the real situation this is all but a problem. In fact the 
surface material that yields causes a local redistribution 
of the stress that has just the effect to transfer the load to 
the area surrounding the one plastically deformed. But the 
problem is that, in such a situation, it is not possible to per-
form a conventional FeA fatigue analysis because it would 
give misleading and pessimistic results.

In fact, according to Figure 8, the fatigue analysis per-
formed with the dang van method [4], shows that, in the 
preloaded part of the piston rod, in spite of an average 
nominal stress on the thread root area of 250 n/mm2 and 
a stress fluctuation of 10 n/mm2 the thread develops a 
fatigue safety coefficient less than 1 and close to 0.5 for 
infinite life, which is not realistic. on the contrary, for the 
really problematic region, that is the first thread close to 
the flange on the piston side, the same method gives a 
much higher fatigue safety coefficient of 1.55 (Figure 9).

n Figure 8. This is the Dang Van safety coefficient of the preloaded 
part of the piston rod.

This result is clearly unrealistic. This is the main reason why 
usually it is preferred to neglect the real thread geometry and 
make this calculation according to the system described ear-
lier (Figure 4). To achieve a better understanding of the stress 
distribution on this type of connection and at the same time a 
more realistic fatigue safety coefficient, it is necessary to move 
to a more advanced method that is described in the following.

Methods for fatigue resistance evaluation
The fatigue analysis is fundamental in the design process 

of mechanical components since fatigue failure is the prin-

cipal cause of damage of mechanical structures subject to 
time-varying loads.

n Figure 9. This is the Dang Van coefficient of the first thread.

Considering the implications that the fatigue resistance of 
components has in regard to the economic success of a prod-
uct and safety issues, many researchers, starting with Wöhler 
(1860), have dedicated much effort to the implementation of 
criteria that predict the behavior of components subject to me-
chanical loads varying in time. The criteria for fatigue analysis 
were mainly developed considering a uniaxial state of stress 
and were mostly based on curves of resistance stress/number  
of cycles.

In the following, three of the most known criteria that have 
been proposed are presented to assess the fatigue strength 
in the case of multiaxial stress states that occur in machin-
ery components.

Monoaxial approach with equivalent stress 
according to von Mises

numerous investigators have attempted to correlate mul-
tiaxial fatigue test data using parameters originally devel-
oped for static yield under complex stress states. The ben-
efit of such an approach is that simple uniaxial tests would 
be sufficient to completely describe fatigue behavior under 
any combination of complex loading.

Although many yield criteria have been suggested, 
the most popular theory is the octahedral shear stress 
theory, normally called von Mises theory, which can be 
computed as:

This equation is valid only for proportional or in-phase 
loading. In the case of nonproportional or out-of-phase 
loading (i.e., that implies the variation of the direction of 
principal stresses during the load cycle) it happens that:  

Consequently, no unique definition of the shear stress exists.
Multiaxial linear approach according to Dang Van

The development of computational techniques based 
on finite elements and the need to have multiaxial, non-
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proportional fatigue analysis criteria, has stimulated re-
search and now several studies are available in this re-
gard [5] [6] [7] [8]. dang van [9] proposed a model that 
considers that the nucleation of a crack happens at the 
microscopic grain dimension scale. His method deals 
with a two-size scale:

•  A macroscopic scale, which is related with the elemen-
tary volume surrounding a point where the fatigue anal-
ysis is to be performed. This size scale is of the order 
of dimension of a strain gage or a FeM element, i.e. of 
a few millimeters. This is the scale that can be investi-
gated with the traditional techniques.

•  A microscopic grain dimension (much smaller than an 
FeM element, of the order of 10-4 mm).

The values of stresses and strains of macroscopic and 
microscopic areas are different from each other, but the 
dang van [10] method states a relationship among them, 
so that by means of a tool such as FeA, that investigates 
the macroscopic ones, also the microscopic can be evalu-
ated, and the fatigue safety coefficient calculated.

The assumption at the base of the criterion is that no fa-
tigue failure occurs if the component is stabilized in a state 
of elastic shakedown, which entails that residual stresses 
must be constant in time and the stress must remain in the 
elastic range.

Practically, the criterion attempts to compare the fa-
tigue limit of the material, t(t) + a sh(t) = b, where a and 
b are experimental coefficients related to the material, 
with the loading pattern of the microscopic stress. Figure 
10 shows no fatigue failure exists when the loading path 
is kept within the area defined by the two lines of the 
fatigue limit.

n Figure 10. The Dang Van method is depicted.

Multiaxial nonlinear approach using the 
Brown-Miller algorithm with the Morrow 
correction of the mean stress

The Brown-Miller method [11] of fatigue evaluation is 
a multiaxial nonproportional method that evaluates the 
“life” of a part calculating the number of cycles within 
which that part does not fail. The Brown-Miller algorithm 
proposes that the maximum fatigue damage occurs on 
the plane which experiences the maximum shear strain 
amplitude, and that the damage is a function of both 

these shear strains and the strain normal to this plane 
(Figure 11).

n Figure 11. The Brown-Miller method is shown.

The Fe-safe [12] software that was utilized by the au-
thors for the case study reported earlier offers, among 
other fatigue evaluation criteria, a method based on the 
Brown-Miller algorithm [13] modified by Morrow to take 
into account the mean stress. This method also permits 
taking into account the following parameters [14]:

• the strain hardening coefficient  K’
• the strain hardening exponent  N’
• the fatigue strength exponent (Basquin’s exponent)  b
• the fatigue strength coefficient sf’
• the fatigue ductility exponent (Coffin-Mason exponent)  c
• the fatigue ductility coefficient  jf’
• the surface finish
• the machining type (grinding, rolling, etc.)

Final elastic-plastic FEA and 
Brown-Miller fatigue analysis of the 
crosshead to piston rod connection

As discussed in previous paragraphs, the correct way to 
manage a complex situation, such as the case of a thread-
ed crosshead to piston rod connection, involves several as-
pects to be taken into account, such as:

• geometry (detailed or simplified)
•  model of internal stress distribution and their variation 

during the load cycle application to be considered in 
the FeA study (equivalent monoaxial or multiaxial)

•  simulation of the real behavior of the material including 
its plastic phase: s/j curve of the material (real yielding 
curve or simply elastic)

•  fatigue evaluation method to be considered (i.e., propor-
tional or nonproportional)

To take into account, for a robust engineering design, of 
all the above features for this case study, the FeA was re-
peated utilizing advanced software capable of evaluating 
the plasticity situations. The elastic-plastic behavior of the 
material was considered as bilinear isotropic hardening as 
shown in Figure 12.

The results of the new FeA on the 3-d model, simu-
lating the real thread profile and considering an elastic-
plastic behavior of the material, show that the stress 
level in the root radius is roughly half of that calculated 
considering a pure elastic behavior of the material: the 
maximum value is 480 n/mm2 against 950 n/mm2 (Fig-
ure 13).
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n Figure 12. The s/j curve of bi-linear isotropic materials is illustrated.

n Figure 13. The elastic-plastic FEA shows 480 N/mm2 at root radius.

In fact, the better FeA model shows that there is a redis-
tribution of the stress in the layers underneath the surface 
of the thread (Figure 14).

n Figure 14. This is the stress yielding redistribution due to 
surface material.

The fatigue analysis was performed using the Brown-
Miller algorithm. The results of this fatigue analysis, per-
formed considering the same load conditions of the previ-
ous ones, shows a more consistent situation as shown in 
Figure 15.
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n Figure 15. Points with 1010 cycle life are shown.

The few points in the root radius highlighted in the picture 
show a life of 1010 cycles. In fact the method calculates a 
life duration and does not state the “infinite life” condition. 
However, that duration can be considered as “infinite life” 
for the practical application: a typical rotation speed for such 
machine is 600 rpm, that are 315360 cycles/year, therefore 
1010 cycles are 31.7 years of continuous service, while the 
life of the whole machine is something like 20 to 30 years.

Conclusion
When using simple tools as the load/deformation dia-

gram and von Mises criterion guesses have to be made 
about the geometry of the components and work on macro 
means of stresses. However, this comes with the advantage 
of having solid reference points given by the fatigue tests on 
the threads made by many.

FeA researchers, going deeper into the micro stress 
analysis, achieve a better knowledge of how the mate-
rial is loaded. However, the analyst must avoid “believing” 
the results without question. on the contrary, researchers 
must have awareness of the limits of the tools that are 
being utilized.

The state of stress that comes out of the calculation must 
be interpreted by the operator and compared with his ex-
perience and possibly with other similar methods. Also the 
evaluation of the potential damage that a certain state of 
stress can cause must be deeply considered and the most 
appropriate fatigue evaluation method selected for the spe-
cific application.

For the case study, the methods that have shown to 
be more consistent were the elastic-plastic FeA and the 
Brown-Miller/Morrow based fatigue evaluation criterion. 
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Gas Analyzer

e Instruments International has released the e8500 por-
table industrial gas analyzer for boiler, engine, furnace and 
other combustion applications.

The e8500 can have up to nine gas sensors – o2, Co, 
no, no2, So2 and H2S with electrochemical sensors and 
Co2, CxHy and Co with ndIR type sensors. 

Temperature measurements for the flue gas and air as 
well as the differential temperature are standard features, 
the company said. An internal pressure sensor allows the  


