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INTRODUCTION

This paper presents the results of mathemati-
cal calculations of the strength of several versions 
of the PZL-100 aircraft diesel engine mount de-
veloped at WSK “PZL-Kalisz” company. The 
PZL-100 three-cylinder two-stroke compression-
ignition engine has 3 cylinders, 6 pistons, and 2 
crankshafts. It is an opposite piston engine with 
uniflow scavenging. The maximum continuous 
power of the engine is 100 kW, with the rotational 
speed of the crankshafts of 4000 rpm reduced to 
2400 rpm on the propeller shaft. This work is a 
continuation of the work presented in the article 
[1]. The presented mount will be used for static 
tests of the engine and will not be used for flight.

In the scientific literature, there is a lack of 
works describing the strength testing of mounts 
used in the aviation industry. This is mainly be-
cause engine mounts are custom-made for aero-
space parts manufacturers. These companies do 

not analyze mounts for strength using simulation 
tools. The exception are mounts developed as 
part of research work involving scientific units. 
This kind of approach is presented in this article. 
It should be noted that the work is carried out in 
conjunction between the contractor (industry) 
and the research unit (university), which further 
contributes to the expansion of cooperation.

The process of designing the engine mount 
is often supported by mathematical modeling. 
It is used at every stage of engine design. In 
the conceptual phase, one-dimensional models 
such as AVL Boost [2, 3, 4] are used, followed 
by three-dimensional flow modeling using CFD 
(Computational Fluid Dynamics) [5] and model-
ing the strength of the structure using the FEM 
(Finite Elements Method) [6, 7, 8]. The article [9] 
describes the small engine block design method 
used in the Zlin 26 sports plane. The calculations 
were made in the PTC ProE Mechanica soft-
ware. However, the report [10] presents the FEM 
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analysis of the engine mount performed in the 
Cosmos-M software.

The tests aimed to check the strength of the 
structure for all engine operating conditions. In 
many cases, the mount is developed technologi-
cally simultaneously with other aircraft compo-
nents, such as the main gearbox. This approach 
is presented in the publication [11], where the 
authors performed strength simulations of these 
two components simultaneously in simulation 
software. A key aspect also seems to be a more 
thorough analysis of welded joints, which are the 
most vulnerable in a mount structure, as the pub-
lication’s authors [12]. Model tests help to choose 
the best version or indicate the necessary struc-
tural corrections, even before the actual mount 
is made. This is important because a mount fail-
ure during testing can lead to engine failure and 
a consequent increase in engine development 
costs and time. Similar studies to those presented 
above have been performed not only for engine 
mounts but also for other load-bearing structures 
[13]. Another interesting approach is the possi-
bility of analyzing the entire prototype structure 
for strength analysis, as presented for composite 
material and a floating ship mount in the publi-
cation [14]. Suppose a given mount component 
lacks adequate strength. In that case, it can fail, as 
shown in the publication [15], where the authors 
analyzed the material of the engine mount brack-
et and then modified its design and, using FEM 
simulation tools, checked its strength. There are 
also publications describing strength analyses of 
mounts for the automotive industry. Such work is 
presented in the publication [16], which includes 
a comprehensive strength analysis of an engine 
mount used in an automobile.

Internal combustion engines are tested on an 
engine dynamometer. During the test, the engine’s 
power must be received by some receiver to mea-
sure the engine performance over its entire op-
erating range. Usually, special engine brakes are 
used for this purpose. This kind of solution has 
been presented in publication [17], in which the 
authors have tested a prototype of an aircraft op-
posed-piston engine with various values of intake 
pressure. Another example can be a publication 
[18] where the authors checked the effect of pre-
chamber volume on the combustion characteris-
tics of an SI aircraft piston engine. When testing 
aircraft engines, instead of the brake, a propeller 
with adjustable pitch is often used by adjusting 
the angle of the blades. This allows to examine 

the so-called propeller characteristics, i.e., made 
with a constant propeller pitch. Thanks to this, 
the test conditions are similar to those during the 
flight. Using a propeller as a load on the engine 
also allows for examining the drive system.

The torque transmitted to the propeller can-
not be measured directly. The equivalent reaction 
torque acting on the engine block and the sup-
ports are measured to calculate the torque pro-
duced by the engine. Unique stands are used on 
the test bench of aircraft engines, allowing for 
pivoting engine mounting and measuring the re-
action torque.

The aircraft engine is attached to the post via 
a mount. The mount structure used during the 
bench tests is similar to that used in airplanes. 
However, the mount does not have to meet the 
weight requirements, so it can be made of cheaper 
and more available materials. During the tests, the 
mechanical loads generated by the engine may be 
greater than those in flight. On stands, engines are 
tested in a wide range of loads that are not used 
during flight. The engine mount should be able to 
withstand these loads without the risk of damage. 
At the same time, it should remain stiff.

MODEL DESCRIPTION

This paper presents the results of a simula-
tion study of the strength of a mount for mount-
ing a research engine. The research object is 
more extensively described in publication [19]. 
Compared to the article [1], this paper describes 
four successive versions of the mount for mount-
ing the research engine, which was prepared by 
the manufacturer of the PZL-100 engine, the 
company WSK “PZL-Kalisz”. The models con-
sist of tubing, engine mounts, and a test bench 
connected by welded joints. It was assume that 
the engine mount will be welded using fillet 
welds. The welds were mapped in geometric 
models. Figure 1 shows the CAD model of the 
engine with the engine mount 3. All the mount 
geometries and their modifications are shown in 
Figures 2 and 3. The mount modifications con-
sisted mainly in changing how the mount is re-
strained to the rear flat wall to which it will be 
mounted during bench tests. However, the spac-
ing of mounting holes and their placement were 
also changed. Changes in the attachment of the 
side tubes in each mount were also apparent. 
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The arrangement and size of the engine’s com-
ponents to the mount remained the same.

Wide and flat mounts characterized the ver-
sion of mount 1 to the rear wall. A flat piece is 
also visible at the top of this mount for mounting 
the test engine controller. It was removed in sub-
sequent versions due to a change in the mounting 
of this electronic unit. Mount 1 also has addition-
al reinforcements in the upper lateral part in the 
form of intermediate tubes connecting the upper 
and lateral parts of the truss.

Mount 2 is a mount with a smaller distance 
between the attachment points to the back wall 
than version 1. The size of the attachments to the 
back wall is the smallest in this version.

Mount 3 is a mount with the smallest distance 
between the attachment points to the rear wall. 
It is characterized by the enlarged shape of the 
attachment to the back wall, which changes the 
angles of the side tubes.

Mount 4 has the direction of the sidpipes 
reversed but is characterized by an increased 
distance between attachment points compared 
to mount 3.

As in the performance of previous calcu-
lations, the same boundary conditions, shown 
in Figure 4, were adopted in this study for the 
different versions of the framework and subse-
quent calculation steps. This situation allows 
direct comparison of the following simulation 
results with each other. All calculations were 
performed in Catia v5 software in the Gen-
erative Structure Analysis module. The same 

immobilization and loading conditions, as well 
as the same material properties, were given for 
each version of the mount:
 • Gravity force equal to 1000 N corresponding 

to the engine mass of 100 kg estimated from 
the developed geometric models was assumed.

 • Propeller thrust force 5000 N, a value cor-
responding to the value of propeller thrust at 
maximum engine power, was assumed.

 • Torsional torque of the engine 227 Nm, a val-
ue corresponding to the reaction torque from 
the propeller torque, was assumed.

Table 1 presents the primary material data 
for the material adopted, which is S235JR steel. 
Such steel was proposed by the entrepreneur 
WSK PZL Kalisz due to its availability. The use 
of a better material would favorably increase the 
safety factor, but this was not considered at this 
stage of the work.

A Mesh grid with a single Tetrahedral type 
element size of 2 mm was adopted for the calcu-
lations. This type of element was chosen because 
of the complex geometry at the pipe connection 
point. The reasonableness of its size was the sub-
ject of simulation studies at an earlier stage of the 
work. It was shown that for this geometry size, it 
is reasonable to use a mesh with an element size 
of 2 mm. Successive reduction of the element 
size did not affect the obtained results but only 
increased the simulation time. An example view 
of the finished calculation mesh for mount 2 is 
shown in Figure 5.

Fig. 1. CAD model of the PZL-100 engine with the engine mount 3
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RESULTS

The results are divided into four subsections, 
each of which presents the results of simula-
tion studies in the form of stress distributions of 
mounts 1, 2, 3, and 4.

Mount 1

Figure 6 shows the results of stress distribu-
tions for mount 1. For better visibility of the re-
sults, the scale was limited to 25 MPa. The re-
sults show that the stresses on most structures are 

Fig. 2. Successive mount versions – a) mount 1, b) mount 2, c) mount 3, d) mount 4

Fig. 3. Subsequent mount versions – comparison in the chronological cycle – 
a) mount 1 – mount 2, b) mount 2 – mount 3, c) mount 3 – mount 4
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minimal (blue color). However, there are places 
where they reach values above 100 MPa. The 
highest stress values are found at the joints of the 
mount components (red), especially in the welds 
between the tubes, the motor mounts, and the test 
stand mounts. This is due to the notches that form 
at welded joints, where there is a rapid change 
in shape. In addition, the stress pile-up is influ-
enced by the fact that the mounting elements have 
a higher stiffness than the connecting elements 
(tubes). Significant stresses also occur along the 
length of the top and bottom tubes (green color, 
about 10 MPa). In the case of the top tubes, this is 
due to tensile force, and in the case of the bottom 
tubes, to compressive strength.

Figure 7 shows the location of the maximum 
stress value for mount 1. The maximum stress 
values, in reality, would not reach those obtained 
in FEM studies. They result from simplifications, 
such as the presence of sharp edges at the joints of 
elements and the restriction of the minimum size 
of the elements of the calculation grid to 2 mm.

Mount 2

Figure 8 shows the results in the form of stress 
distributions for mount 2. This mount differs from 
mount 1 mainly in using smaller, and therefore 
less rigid, mounting elements for the test stand 
and the absence of transverse tubes to stiffen the 
entire structure. This had a favorable effect on 
stress distribution. In this version, the main con-
nection elements are loaded evenly along their 
length (green, about 10 MPa). It is also noted that 
mainly four tubes carry the load. In addition, the 
stresses on the left lower tube are the smallest of 
the four. This is due to the action of the reaction 
torque of the engine, acting in the right direction.

Table 1. Material data of S235JR steel [20]

Young’s modulus 210 GPa
Poisson number 0.3
Density 7800 kg/m3

Minimum yield strength of ReН 235 MPa
Strength limit Rm 360-510 MPa

Fig. 5. Mesh grid on the example of mount 2

Fig. 4. Restraint and load boundary conditions – a) restraint, b) stiffness bond, c) load [1]
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Fig. 7. Closer results in the form of stress maps for mount 1

Fig. 6. Results in the form of stress maps for mount 1
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Figure 9 shows the location of the maximum 
stress value for mount 2. The maximum stress 
values have decreased compared to the previous 
mount version to about 64 MPa. This is due to 
a reduction in the stiffness of the mounting ele-
ments to the test stand.

Mount 3

Figure 10 shows the results of stress dis-
tributions for mount 3. The mounting elements 
to the test stand were lengthened in the next 
mount version to transfer the tube connections 

precisely to these elements. This reduced the 
stresses on the tubes between the mounting ele-
ments to the stand. This decreased the maximum 
stresses to about 48 MPa. They are located in 
this mount version near the connections on the 
engine mounting elements.

Figure 11 shows the location of the maxi-
mum stress for mount 3. It is noted that the 
maximum stresses are distributed over a certain 
length around the connections on the engine 
mounting elements, which is beneficial for the 
strength of the structure.

Fig. 8. Results in the form of stress maps for mount 2
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Fig. 10. Results in the form of stress maps for mount 3

Fig. 9. Closer results in the form of stress maps for mount 2
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Mount 4

Figure 12 shows the results in the form of 
stress distributions for mount 4. This mount ver-
sion used mounting elements for the stand with 
a larger diameter. The purpose of this was to in-
crease the external surface area of these elements 
and, consequently, to facilitate the welding pro-
cess of the mount. This did not significantly af-
fect the stress distribution. It should be noted that 
the weight of the entire mount was increased this 
way; however, the mount is intended for mount-
ing the engine on the test stand, and its weight is 
not essential.

Another design modification was introduced: 
moving the bent tubes connecting the motor 
mounts backward. This caused a local increase in 
the stresses on the connecting elements. Figure 13 
shows the location of the maximum stresses for 
mount 4. They increased to about 58 MPa com-
pared to the previous mount version.

DISCUSSION

The simulation studies presented above ana-
lyzed four structural solutions for the test engine 
mounting mounts for strength. In all mounts ex-
cept mount 1, the maximum stresses did not ex-
ceed 64 MPa. In mount 1, these stresses amount-
ed to 106 MPa, but this is due to the occurrence 
of these stresses at the interface between the tube 
connection and the engine controller mounting el-
ement. This is because this element, in the form 
of a flat bar, is connected to the tubes located on 

the sides of the mount and is bent. The motor 
driver mounting element is not present in mounts 
2, 3, and 4.

For a recommendation to be made in the best-
suited mount 3. It is characterized by the low-
est values of maximum stresses of 48.47 MPa. 
These occur at the weld at the pipe connection at 
the motor mounting bracket. This value of maxi-
mum stresses is acceptable. It can be compared 
with the results presented in the publication 
[21], where the authors reduced the maximum 
stress in the engine mount to 51.75 MPa and 
considered the structure safe. Similar to the pub-
lication’s authors [22], reducing the maximum 
stress in the drive unit mounting by 35% was 
possible. Implementing the four versions of the 
mounts described in this article made it possible 
to select the version with the smallest values of 
maximum stresses.

As shown in the publication [23], numerical 
calculations used to check the strength of fasten-
ing elements of drive units are very useful in veri-
fying the design assumptions. In addition, they 
significantly shorten the process of designing the 
finished product.

In addition, verification calculations were 
performed to check the correctness of the calcula-
tions performed for this version of the mount. The 
Mesh calculation grid was compacted to a single 
element size of 1 mm at the locations of maxi-
mum stresses, i.e., at the welds of the connections 
between the pipes. Such compaction did not sig-
nificantly increase the maximum stress values.

A similar distribution of stresses character-
izes all tested mounts. The most stressed are 

Fig. 11. Closer results in the form of stress maps for mount 3
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Fig. 13. Closer results in the form of stress maps for mount 4

Fig. 12. Results in the form of stress maps for mount 4
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the tubular elements located s the upper part 
of the mount, and the highest stresses occur at 
the connection of the two upper tubes with the 
elements of attachment to the engine and the 
fuselage of the air mount, mainly where welds 
appear. Attention should be paid to correct 
welding technology and due diligence in manu-
facturing these elements (PN-EN 1011-2:2004 
standard), as well as a correct and detailed in-
spection process for welded joints (PN-EN ISO 
15614-1:2017-08 standard).

An additional possibility may be using a 
different material or a thinning of the structure, 
which may be helpful when the presented solu-
tion is used in a flying vehicle. This approach 
was presented in the publication [24], where the 
material change from steel to aluminium reduced 
17.9% of the element’s weight. However, in the 
current solution, the mount will be used for static 
tests of the engine and will not be used for flight. 
Therefore the authors did not propose to change 
the material.

It should also be mentioned that the simula-
tions performed included static loads. Therefore, 
it is necessary to carry out further research to ver-
ify the mount’s resistance to dynamic loads.

It should also be emphasized that based on 
the tests carried out, it is not possible to obtain an 
exact answer as to whether the strength reserve 
obtained during the presented static simulation 
tests will allow safe operation under dynamic en-
gine operating conditions. This issue will be the 
subject of future research work.

However, the maximum stress in mount No. 
3 was about 48 MPa, which, compared with the 
minimum yield strength of ReН which for the ad-
opted material is 235 MPa, allows us to estimate 
a safety factor of close to 5. It should be empha-
sized that in the case of strength calculations, the 
selection of safety coefficients should be inter-
preted individually for each element, as demon-
strated by the authors in the publication [25], in 
which the rotor hub of an unmanned helicopter 
was subjected to performance analysis.

CONCLUSIONS

The analysis shows the following conclusions:
 • Numerical calculations allow for a quick com-

parison of several similar structures in terms 
of strength and facilitate the selection of the 
best solution.

 • Maximum stresses in the welded engine mount 
were observed at the welded joints.

 • The maximum stress of 106 MPa was obtained 
for engine mount 1. The maximum stress level 
for all tested structures is much lower than the 
minimum yield strength of the material used.

 • The safety factor of close to 5 is achieved for 
engine frame 3 but can be increased by using 
better material.

 • The resulting safety factor is greater than the 
value of the safety factor for the design op-
erating under dynamic loading conditions, for 
which it should be in the range of 3.5-4.0 [26].

 • Average values were assumed as boundary 
conditions for the design, due to the lack of 
knowledge of the amplitude of dynamic loads 
(the object is a diesel engine lighter), which in 
real life may be several microns higher.
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