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The present investigation deals with valve stoppers (inlet and delivery) in a compressor subjected to repetitive shock

pulses where the force acts for a very short period of time (of the order of 10-° seconds). Static analysis to this kind of

problem results in very low stress value. To capture the real time stresses it is necessary to carry out dynamic analysis. In

this paper, valve stopper (both delivery and inlet) which forms part of reciprocating air compressor subjected to force for

a very short period of time is analysed. Transient dynamic analysis is carried out using mode superposition method to

validate the experimental findings.
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Nomenclatures

f-Impact force (N)

f,-First natural frequency (cps)
m-Mass of the valve (Ns2/mm)
t-Time (s)

v-Velocity of the ring valve (mm/s)

1. Introduction

Reciprocating compressor is the source for pneumatic
braking system. It consists of an inlet valve sub
assembly and a delivery valve sub assembly. In both
the cases, there is a valve stopper to maintain the
valve lift. During inlet stroke the piston moves from
TDC (Top Dead Centre) to BDC (Bottom Dead
Centre) creating a vacuum inside the bore. Hence the
inlet valve opens down. The lift of the valve is
controlled by the inlet valve stopper. During delivery
the air get compressed thereby the pressure inside
the bore increases. Due to high pressure the inlet valve
closes and the delivery ring valve gets lifted by
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F-Force

o-Rayleigh damping coefficient (s!)
B-Rayleigh damping coefficient (s)
o,-First natural frequency (rad/sec)

@;-Third natural frequency (rad/sec)

compressing the helical spring. It discharges air into
the atmosphere. This takes place while the piston
moves from BDC to TDC. Since the crank is rotating
at 4500 rpm this kind of repetitive hits is experienced
by the stopper for 75 times in a second.

Lee [1] formulated the full equation of valve
train of an internal combustion engine by using finite
element technique by imposing contact condition.
Burn and Nored [2] accurately predicted the valve
life of reciprocating compressor for a given geometry
and plate material. The analysis developed was based
on plate single impact test, finite element calculation
and 3D motion measurement. The experimental and
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analytical results were discussed. Wooa, Pecht and
O’Neal [3] redesigned a reciprocating compressor
suction reed valve subjected to repetitive pressure
loads and identified key control parameters. The
reliability of compressor system was generated. Hatch
and Pisano proposed a two-degree-of-freedom (2-
DOF), analytical model of a hydraulic valve lifter
[4]. A robust passive high frequency high pressure
check developed for
piezoelectrically actuated pumps in [S]. Use of modal
superposition technique to predict the dynamic
response of defence equipment, functioning of
forging hammers, press brakes and shearing machines
are common [6, 7]. It may be pointed out that all these
above-mentioned operations takes place in about 30
to 40 times in a minute. In the present analysis this
approach is used to explain the basic design features
of inlet and delivery valve stoppers operating around
4500 times in one minute.

micro valve was

Venkatesan et al., [8, 9, 10] have proposed
mathematical model to study the thermodynamic
behaviour of the reciprocating compressor in working
conditions to obtain cylinder pressure, volume,
temperature, torque. Using the information on travel
and delivery valve reported by these researchers, the
response of the valve stoppers has been obtained.

2. Justification for Transient Dynamic Analysis

The transient dynamic force the stopper experiences
during its operation results in the stopper vibrating,
this vibration is expected to die down exponentially
and the stopper is to come back to its normal position
before it receives the next disturbance. This is the
only way a stopper can behave if it has to stand the
rigours of several million repetitions during its life.
This solution procedure adopted for the analysis must

Fig. 1. Delivery valve assembly in the cylinder head

be in a position to analytically explain the dieing
down of the disturbance before the next disturbance.
The approach presented here validates this crucial
point.

Fig. 1 shows the delivery valve stopper sub
assembly with a shoulder held by helical spring. Fig.
2 shows the stopper alone for the delivery valve. This
experiences, dynamic stress due to movement of ring
valve which discharges air from the compressor. It
has been reported that the disc valve as shown in Fig.
1 experiences failure near the shoulder within 8 hrs
of continuous operation. It was taken up for transient
dynamic analysis to find out the reason for the failure.
With the modifications carried out the valve stopper
performed satisfactorily with no failure being
reported. This process of learning is being presented
here using modal superposition technique. This has
also been extended to carry out the analysis on the
inlet valve stopper side.

3. Analysis Procedure

The externally acting air pressure on the inner radius
and internally acting pressure on the outer radius of
the stopper during the normal operation is assumed
to be equal. This results in negligible hoop stress on
the stopper shell.

3.1 Delivery Valve

Shown in Fig. 3 is the movement of the disc valve
for every revolution of the crank. Delivery essentially
takes place during the travel of the piston from BDC
to TDC. But in reality no air is delivered till the piston
position corresponds to 330° of crank rotation as
shown in Fig. 3. During the next 3 deg. the ring valve

Fig. 2. Valve stopper



Transient Dynamic Analysis of Valve Stoppers used in Reciprocating Air Compressor 121

Fig. 3. Travel of the delivery valve

opens compressing the helical spring since the force
developed by the air pressure on the ring valve will
be more than the downward force exerted by the
helical spring. During the remaining portion of the
travel of the piston, the ring valve continues to remain
at its top most position compressing the helical spring.
Once the travel starts from TDC towards BDC
vacuum gets created inside the cylinder forcing the
ring valve to fall back on the cylinder head.

The ring valve travels upwards to a distance of
1.8 mm (Axial clearance provided between the
bottom face of the stopper and top of the ring valve
in its bottom position) during three degrees of crank
rotation. The time taken for three degrees of crank
rotation is (3/360)*(60/4500)=1.1¥10* sec.
Assuming that the ring valve is travelling with
uniform velocity during its 1.8 mm of its travel, the
velocity of the ring valve is equal to (1.8/1.1%107%)
16200 mm/sec.

The mass of the ring valve is (0.018/9800)
1.8%10°Nsec?/mm. The linear momentum acquired
by the moving ring valve at the time of hit is equal to
0.03Nsec. If the acquired linear momentum of the
ring valve is conserved and transferred to a constant
impact force f for a hit on the stopper and the
relationship is

my = ft .. (1)

It has been assumed that the impacting force is
of constant intensity and acts for one hundredth of
the total time needed for one cycle of operation
(0.013/100). As a consequence, the impacting force

has a magnitude of 230N. From the analysis that
follows, it will be established that the dynamic
response suffered by the stopper due to this impact
completely dies down during the remaining cycle of
operation. This stopper will be ready to get the
subsequent hit when it has fully recovered. Hence
transient vibration analysis is ideally suited for this
investigation. Modal superposition technique is
employed to determine the transient response.

3.1.1. Transient Dynamic Analysis of Delivery Valve
Stopper

Since the valve stopper to be analysed is axisymmetric
and subjected to axisymmetric loading, axisymmetric
element is used for the analysis. Fig. 4 shows the
axisymmetric FEM model of the valve stopper.

Fig. 4. FEM model
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The valve stopper is held by a stud and a bolt as
shown in the Fig. 4. As the stopper is held by the
bolt it up to the outer diameter of the bolt both the
axial and radial displacement of the stopper is
arrested. Hence in our FEM model the valve stopper
is modelled up to the outer diameter of the bolt and
the radial and axial displacement is arrested across
the cross section as shown in the Fig. 4.

3.1.2 Modal Analysis

To compute the natural frequency of the system
subjected to impact loading modal analysis was
carried out and the first four natural frequencies were
computed using Block Lancoz method.

The results of modal analysis are shown in Table
1.

Table 1: Natural frequencies in cps

Mode No Natural frequency
1 17184 cps
2 65360 cps
3 70442 cps
4 86277 cps

3.1.3. Transient Dynamic Analysis

In order to find out the dynamic response of the valve
stopper modal superposition technique is used.

3.1.4 Inputs for Transient Dynamic Analysis
Rayleigh damping coefficients:

o+ po} =2Ew,

o+ po; =28w,

Substituting @), and @5 we get

o = 682s"
[=56x10"s
Load Steps

The Table 2 shows the details of the loads steps given
as input. The time step is taken as one tenth of the
first natural frequency.

Table 2: Load History of the impact force

Load step Time (s) Force (N)
1 0 0
2 1.1x10% 230
3 2.4 x 104 230
4 0.013 0

3.1.5 Results of Transient Dynamic Analysis

Fig. 5 shows the dynamic response of the valve
stopper at a particular node near the failed region
(Near the shoulder). Fig. 6 shows the zoomed view
of the dynamic response for a particular time period.

3.1.6 Verification of Results

Referring to Fig. 5, at the time of hit, the displacement
of the stopper increases to maximum and dies down
to zero before 0.013 sec (time period for one cycle of
operation) at it get ready for the next hit. Hence doing
transient dynamic analysis holds good for this
problem.

fi =17184cps

Fig. 5. Dynamic response of delivery valve stopper
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Fig. 6. Zoomed response of delivery valve stopper

Time period = 5.8 x 107s.

From Fig. 6 (zoomed response) it is observed
that there are 18 peaks for a time period of 1 x 1035
which corresponds to a time period of 5.5 x 107s. (1
x 1073/18). This value agrees very well with the value
computed from f,.

The material of the valve stopper is low carbon
steel whose ultimate tensile strength is 270Mpa and
the endurance limit is 160Mpa. Since the valve
stopper is made of low carbon steel which is ductile
Von Mises stress is taken as reference for failure
criterion.

Fig. 7 shows the von Mises stress plot of the
valve stopper at the time of hit (t = 0). It is found out
that the stress at the corner exceeds the endurance
limit. The reported failure also is at the same zone.

Fig. 7. Von Mises stress plot at the time of hit

The time variation of the dynamic stress at that zone
is illustrated in Fig. 8. It is seen that at the time of hit
it reaches maximum above 160 Mpa and dies down
within 0.013s before it gets ready for the next hit.

Fig. 8. Von Mises stress plot as a function of time at the failure zone
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Fig. 9 shows the stopper with improved corner
radius of 0.5 mm. The dynamic stress for this stopper
is shown in Fig. 10. Fig. 11 shows the stopper with
corner radius 1mm and its dynamic stress is shown
in Fig. 12. The stress level for the stopper with
improved corner radius 1 mm is far below the
endurance limit of the material. This modification
has been implemented and the product is now
performing satisfactorily.

Fig. 9. Valve stopper with 0.5 mm fillet Radius

3.2. Inlet Valve

Fig. 13 shows the inlet valve arrangement of the
reciprocating air compressor. It consists of a ring
valve, a spring and a stopper held by a rivet as shown
in Fig. 13. A subassembly consists of the valve stopper
and the rivet is taken up for analysis. The impact force

calculation for the inlet valve stopper is similar to
that of the calculation of the delivery assembly which
is explained in Section 3. The impact force is found
to be 380 N.

3.2.1 FEM Model

Fig. 14 shows the finite element model of the inlet
valve stopper and rivet sub assembly. As the stopper
and the rivet is axisymmetric and is subjected to
axisymmetric loading, axisymmetric element is used
for analysis. As the valve stopper is held together by
the rivet, the top riveted region is fixed as shown in
Fig. 14.

3.2.2 Modal Analysis

To compute the natural frequency of the system
subjected to impact loading modal analysis was
carried out using Block Lancoz method and the first
four natural frequencies were computed. The results
of modal analysis are shown in Table 3.

Table 3: Natural frequencies in cps

Mode No. Natural frequency
1 9718
2 24661
3 60082
4 86781

3.2.3. Transient Dynamic Analysis

In order to find out the dynamic response of the valve
stopper modal superposition technique is used. First

Fig. 10. Dynamic stress of delivery valve stopper with corner radius 0.5 mm
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Load Steps

Table 4 shows the details of the loads steps given as
input. The time step is taken as one tenth of the first

natural frequency.

Table 4: Load History of the impact force

Load step Time (s) Force (N)
1 0 0

2 1.1 x 10 230

3 2.4x10% 230

4 0.013 0

Fig. 11. Valve stopper with 1 mm fillet Radius

Fig. 12. Dynamic stress of delivery valve stopper with corner radius 1 mm

four modes are used to compute the dynamic response

3.2.4. Input for Transient Dynamic Analysis
Rayleigh damping coefficients:

a+ﬁa)]2:2§]a)l

o+ ﬂ(()32 = 2(;: 3a)3 Fig. 13. Cross section of Inlet valve stopper
Substituting 3.2.5 Verification of Dynamic Stress Results
o = 687s" fi=9718cps

B =74x10"s Time period = 1.02 X 10”s
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Fig. 14. FEM model of inlet valve stopper

3.2.6 Results of Transient Dynamic Analysis

Figs. 18 and 19 show the Von Mises stress plot of the
stopper. The maximum stress experienced is within
the endurance limit of the material of the stopper.

4. Conclusion

It may be observed that the transient dynamic stress
experienced by inlet and delivery valves is taking
place within a short period of 0.012s. To our
knowledge; there is no reported experimental result
available, probably, because the time duration is too

Fig. 15. Dynamic response of the valve stopper

Referring to Fig. 16 (zoomed response), it is
observed that there are 10 peaks for a time period of
1 x 10-3s which corresponds to a time period of 1 x
10%s. (1 x 1073/10). This value agrees very well with
the value computed from f,.

Brun ef al., have reported experimental
investigation on a reciprocating compressor valve
plate performance [11]. They have recorded the valve
motion by optical position probes. The dynamic
performance shown in Fig. 17 of the referred paper
is very similar to the pattern reported by us in Figs. 5
and 15.

small. The component is also too small and
inaccessible. In the absence of experimental
verification, it is to be admitted that the variation of
fillet radius, as discussed in the paper, has given rise
to steep fall in stresses. The efficacy of this
conclusion has been strengthened by the fact that
this modification resulted in failure free valve
stopper.

The force experienced by the stopper is found
using impulse momentum principle. Dynamic
analysis is carried out on stopper using modal
superposition technique. Rayleigh damping
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Fig. 16. Zoomed response of valve stopper
Fig. 18. Von Mises stress at time of hit

It is observed from the foregoing analysis that
increasing the fillet radius of the stopper substantially
reduces the maximum Von Mises stress experienced
by the stopper due to impact of the ring valve. In this
specific case optimum radius of Imm results a
maximum stress of 40MPa which is well within
endurance limit. The same procedure has been
adopted for the inlet valve stopper and the dynamic

stresses have been evaluated.
Fig. 17. Valve motion recorded by optical position probe

Fig. 19. Von Mises stress plot as a function of time

coefficients are used. Since the stress is not within It is hoped that this line of approach can be

safe limit, the design modifications and subsequent adopted for the design of inlet and delivery valves of
analysis was carried out. compressors.
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