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Flow Structure Interaction 3-D Reciprocating Compressor and Impact Analyses of
Compressor Discharge Valve
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ABSTRACT

In this paper, 3-D reciprocating compressor is taken into flow-structure interaction analysis. The full cycle
process consisted of cylinder expansion and compression has been modeled without considering flow leakage
through cylinder wall. Fully-coupled FSI analysis of this compressor model was iteratively solved and gives
sufficient result with the experimental test. The study is emphasized to thoroughly investigate discharge valve
motion, opening and closing, in order to determine discharge valve region which is prone to have high effective
stress. The cylinder pressure is successfully validated before conducting impact analyses between discharge valve
and other susceptible supported structure. Velocity profile has been obtained in FSI analysis is used as initial
condition to carry out further impact analyses. Stress result of discharge valve and valve spring gives preliminary
estimation of higher stress area due to its impact phenomena.

1. Introduction

The recent extensive application of computer-aided
design (CAD) has enabled many engineers to conduct

viable analysis in estimating the performance of many
vehicles, machine, and various manufactured design. The

design of hermetic compressor for small refrigerator has

been highlighted in recent analysis to progressively

increase its reliability, durability, and efficiency during
operation. Thence, compressor modeling and

simulation give insight into compressor performance and
efficiency in its operating condition

(1~6)

A new method of computer simulation” has been

introduced to evaluate the working characteristic of air
compressor by considering the pressure pulsation of

suction vale and discharge valve. Moreover, unsteady

one-dimensional model of compressor simulation code

has been developed® in order to evaluate the mass flow

rate, the electric power input, the heat flow rate, and the
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temperature inside compressor unit. Compressor analysis
domain considering internal pressure waves” could
accurately predict not only pressure distribution and gas
flow, but also impact velocity and valve losses. More
efficient computation using Warner’s  algorithm is
applied to solve the coupled problem between gas
dynamic equation, acoustic plenum model, and valve
dynamic model of refrigeration reciprocating compressor.

In this paper, we emphasize our analysis in
scrutinizing discharge valve mechanism. Experimental
test revealed that certain part of discharge valve prone to
be exerted with high stress distribution due to its
mechanism process. The discharge valve and other
support components contribute to the life period of valve.

Within the compression stage, discharge valve failure
is a common problem that makes compressor failed to
operate whether we compare to another compressor
component. Under normal operating condition, discharge
valve may be failed by wear, overstress, fatigue,
corrosion, or any combination of these factors®. )

In order to attain long-life operating cycle and valve
reliability of the discharge valve, investigation on its
opened-closed mechanism is necessarily needed. Flow-
Structure Interaction analysis is required to simulate
discharge valve moving mechanism. Based on velocity
result which is given by FSI analysis, impact analyses is
conducted to predict high-stress region at discharge valve
structure.



2. Computational Background

ADINA version 8.3 is commercial finite element
software which provide powerful algorithm for solving
various type of flow-structure interaction problem. In
FSI analyses, fluid force gives deformation to structural
model and this deformation changes fluid domain. The
ALE formulation (Arbitrary Lagrangian Eulerian) at FSI
boundary condition was imposed at the adjacent between
fluid mesh and structure mesh although those are not
compatible each other. Displacement and stress at fluid
nodal at FSI boundary is determined by interpolating
displacement and stress of solid node in the vicinity of
corresponding fluid node!”®.

2.1 Finite Element Equation of Iterative Fully-
Coupled System
There are two basic conditions for applying fluid-
structure interfaces. The first condition is kinematic
condition or displacement compatibility which is
presented as follow:

d,=d,.seN,feN, (1)

The second condition that must to be achieved is
dynamic condition or traction equilibrium:

nez;

=nez ,seN_,feN, 2)
where dr and d; are the fluid and solid displacement
respectively, and Ty and ts, respectively, are the fluid and
solid stresses, the fluid variables are denoted by fand the
solid variables are denoted by s. The underlining
characters denote that they are only defined in fluid-
structure interfaces only.
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Fig. 1 Mapping fluid and solid nodes in FSI analysis

The mapping procedure between fluid and solid
meshes is illustrated in Fig. 1 showed that incompatible
meshes are applicable in FSI analysis. The algorithm for
mapping operator could be stated in mathematics form as
below:

,ieN,,}—) {A,

fo:{ jeNS}
M :{s_,.‘jeNX}—> {§_i‘iENf}

3)

In order to resolve the response in flow-structure
interaction analysis of compressor model, the governing
equation of ALE formulation has been solved by iterative
fully-coupled system. In this solution method, the latest
information of one part coupled system is used to iterate
another part of the system equation.

2.2 Nonlinear Dynamic Analysis

Implicit time integration method was imposed to solve
impact analysis model. By applying the incremental
finite element equilibrium equation, nonlinear dynamic
analysis is carried out. Without equilibrium equation,
implicit time integration could be stated as below:

Mt+AtU+ Ct+AtU+tKU:t+AtR_tF (4)

If the equilibrium iteration is performed, the governing
equation becomes:

Mt+AtU(i) +Ct+AtU(i)+t+AtKAU(i):t+AtR_t+AtF(i—1) (5)
where AU | rag® s D L AU® are  the
approximations to the accelerations, velocities, and
displacements obtained in iteration (7) respectively. And
M™ CHM and "MK are the mass matrix, the
damping matrix, and the stiffness matrix at
t+ At “MR and
A G are the externally applied load vector at time

t+Atr and the consistent nodal force
corresponding to the element stresses due to the

corresponding  time respectively;

vector

displacement vector U Y respectively.

In implicit time integration method, the convergence
criteria used for all degree of freedom is energy
convergence criterion which is described as:

AU(’) A D MHA'U(' 1) CHArU(H)_HAtF(H)
[ 7 - ] <ETOL
AU(I) [r+AtR _Mr+ArU(0) _ Ct+AtU(0) _tF]
(6)
Also, force and moment convergence criterion must be
considered in nonlinear dynamic analysis. For the

translational degrees of freedom, the notation is:

t+AtR _Mt+AtU(i—1) _ Ct+AtU(i—1)
RNORM

_t+AtF(i—1)H2 < RTOL

(7




For the rotational degrees of freedom, the notation is:

t+AtR _Mt+AtU(i—1) _ Ct+AtU(i—1)_t+AtF(i—l)H
RMNORM

2 <RTOL
®)

3. Simulation Model of Reciprocating
Compressor Analysis

We are interested in simulating valve motion during
compressor reciprocated cycle through crankshaft
mechanism, either expansion and compression stage. The
reference is started from closed position of both suction
valve and discharge valve. During the simulation,
cylinder is obliged to carry out one full cycle expansion
and compression.

3.1  Valve Dynamics

The valves motion, suction valve and discharge valve,
are determined by the fluid pressure acting around it,
upper part valve pressure and lower part valve pressure.
The initial position of discharge valve is specified by
preliminary gap distance exists to control the opening-
closing valve mechanism. The gap has been resided to
preclude numerical instability in fluid analysis domain.
The valve dynamic equation could be stated as follow:

(M0 @)+ [cho o)+ [K§u o) = 4,4P() ©)

where [M] is the valve mass matrix, [C] is the valve
damping matrix, [K] is the valve stiffness matrix, 4, is
the effective flow area, AP(¢) is the instantaneous

pressure difference between upward and downward part
of discharge valve, U is the matrix acceleration,UU is
the matrix velocity, and U is the matrix position.

The reference of valve dynamics is of static
equilibrium at closed position. Initial pre-load valve
spring configuration has been determined by retainer
suppression and its dynamic motion could be noted in
matrix form as:

[Msp ]{U(t)}+ [Csp ]{U(t)}+ [KSP ]{U(t)} = A/AP(t) + Fpre
(10)

where [M,,] is the spring mass matrix, [C,,] is the valve
damping matrix, [K,,] is the valve stiffness matrix, A,
is the effective flow area, AP(r) is the instantaneous

pressure difference between upward and downward part
of discharge valve, and F),, is the pre-load force.

The mass flow through the discharge valve could be
presented in equation St.Venant and Wantzell below:

y-1

1
: Py |2y P P\ 1
0
m, =¢p, [PZOJ 7_1—10 l—(PZOJ (11)
1 Ve P 1

wheres is the mass flow rate, P, is the averaged

pressure in fore part of the valve, p is the averaged
pressure in aft part of the valve, y is the ratio of specific
heat, p’is the total pressure in aft part of discharge

valve.

3.2  Complete System Considered

Fig.2 shows compressor part which is taken into
analysis model. The model consists of several parts
which are separately set up. The suction conduit conveys
refrigerant from suction plenum to cylinder volume
through suction valve is taken as initial point of gas flow.
A discharge plenum including discharge valve is placed
at the aft region of discharge valve. And also, a cylinder
volume controls the expansion and compression pressure
is set at the rear model part.

In this analysis compressor model is divided into 2
analysis domains, the fluid domain and the
corresponding structural domain. The fluid domain
relevantly includes all of region passed by refrigerant gas,
such suction conduit, cylinder volume, discharge plenum,
and discharge conduit. Particularly, the structural domain
is comprised of suction valve, discharge valve, valve
spring, retainer, and ring-mounted structure.

By assuming low-speed compressible flow to fluid
domain, implicatively the flow exhibits Navier-Stokes
equation:

op _
——+V =0
25 a o)

%+V0(p\7v—r)=f3 (12)

—apE+Vo(p\7E—rov+q)=fB017+qB

Connecting Rod Cylinder —
Volume uation
Valve
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7—{ » > Exhaust

7
Discharge Valve

/
/

\

Discharge
Volume

Fig.2 Schematic of compressor analysis model



where t is the time, p is the density, v is the velocity
vector = (“X,“ys”z)’ fB is the body force vector of

fluid medium, 7 is the fluid tensor, E is the specific total
energy, and ¢ is the heat flux, and ¢® is the specific rate
of heat generation.

The specific total energy and stress are defined as:

E=—vVey+te=b+e

1
2

r=(~p+AVev)l+2uu (13)

where e is the specific internal energy, b is the specific
kinetic energy, p is the pressure, y and A are the two

coefficients of fluid viscosity, and u is the velocity strain
tensor.

()
,L#
/ B
Leohy
Lp
|
“ex
| i
a~_
~y

PN
!

Fig.3 Piston moving mechanism

The heat flow is defined as follow:

q=-kvo (14)

where 6 is the temperature and £ is the heat conductivity
coefficient.
In order to obtain the closed system of equation, the

state equation is inquired to establish closed system
which is defined as:

p=p(p.0) e=e(p,0) (15)

The reciprocating compressor cylinder volume varies
along time based on instantaneous piston position.
Maximum cylinder compression has left a clearance
volume of 0.4% to the cylinder stroke. No leakage is
assumed between the cylinder chamber and its wall. The
driving mechanism of compression stage is represented
by the preceding Fig. 3 and denoted by the equation :

L,=L,,cosB+ Qcos(180 - ),

Osina—e=L,, sinf

5= Sinl[Qsin(lSO— a —e)}

(16)

L

con

3.3 Finite Element of Discretization System

Fluid domain compressor model is divided into two
primary parts, the cylinder part and the discharge plenum.
Between those parts, gap boundary condition was
imposed to segregate high pressure region in discharge
volume and low pressure region inside cylinder. Slipping
boundary condition is applied on outer surface of
cylinder region to maintain good mesh quality as
cylinder move forward, which is described as:

(17
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(a) Finite element model of compressor fluid domain
(forefront view)
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(b) Finite element model of compressor fluid domain

(rearside view)

Fig.4 Automatic mesh generation of fluid domain



FSI boundary is imposed on corresponding area of
fluid and structure. The fluid domain is discretized using
4-node tetrahedral 3-D fluid element by automatic mesh
generation which is also shown in Fig.4a and 4b.
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Fig.5 Automatic mesh generation of structural domain

The working fluid which is defined in this analysis is
refrigerant gas. Material properties of fluid are presented
in Table 1. In low speed compressible flow, the ideal gas
law, p:(cp -C, )pg and ¢=C,@ is used to solve gas

flow equation. The pressure ratio between compression
and expansion inside cylinder is about 1:13. The
compression speed of the present cylinder model is 3,636
rpm. The material properties data is calculated by using
EES Program which is based on state equation ).

The discharge valve mesh configuration is presented
in Fig.5. In FSI analysis, structural model is discretized
using 10-node tetrahedral 3-D solid element. Fixity was
imposed at the root surface of valve as follow:

U,=U,=U_=0 (18)

Material properties used in structural element are
constant material as displayed in following Table 2.

Table 1 Material Properties of Refrigerant

Material Constant Wil (=15 18,

T=331°K)
Density ( 0) 4.335 kg/m’
Viscosity () 1.317e-5 kg/ms

Heat conductivity (k) 0.01641 W/mK

Coefficient of volume

expansion ( ) 0.003365 1/K

Specific heat at constant

2,2
pressure (C,) 919.1 m°/s’K

Specific heat at constant

2,2
volume (C,) 823.7 m“/s°’K

Table 2 Material Properties of Structural Model

Suction valve Discharge valve Valve spring

E =210 GPa E =210 GPa E =210 GPa

v=0.29 v=0.29 v=0.29

L =7700kg/m3 | p=7900kg/m3 | O =7900 kg/m3

4. Result and Discussion

FSI analysis of compressor model has been conducted
to simulate valve motion in its operating condition. The
calculation is set off with cylinder expansion stage.

This analysis consumes about 50 hours of
computational time. It consists of 30,803 elements and
7,002 nodes of 3-D fluid elements. The structural domain
consists of 5,519 elements and 13,366 nodes. The
simulation was performed using dual processors 3.2 GHz
CPU, 2GB RAM with more than 2,500 time steps over
one full expansion and compression cycle. In its
expansion stage, suction valve is opened, which of
through it, the refrigerant flow into cylinder volume.
While its compression stage, the refrigerant flows out
from cylinder volume into discharge plenum. The gap
which separates those regions with different pressure
control refrigerant flow in and out of cylinder.

4.1 Cylinder average pressure

Piston movement gives high increment to cylinder
pressure. Fig.6 shows comparison graph of average
pressure inside cylinder along expansion and
compression cycle. While cylinder moved from its top
position to bottom dead position (maximum compressed
position), the gas exit through discharge valve as
superheated vapor. The inclination slope reveals good
agreement with experiment measurement. Averaged
pressure in cylinder continuously increased until it
reaches peak value at time = 0.0158 and begins to plunge.
Simulation result gives discrepancies to the peak value.
Prior to its cycle, the heat as of energy transfer taken
place in system boundary of compressor toward outside
system does not consider in this simulation. Heat transfer
effect contributes in pressure loss of cylinder cycle. The
further investigation on this must be carried out in order
to optimize the compressor performance and work
efficiency.

4.2  Valve lift due to compressor cycle

The suction valve lift displayed in Fig.7 shows 3 times
opening stage during cylinder expansion. It must be
noted that suction valve attachment is purposed to



increase numerical stability in this simulation. Because
we are only interested in investigating discharge valve
motion and impact, the discussion about suction valve is
left behind.

2.5e+6
—_———— Experiment (LG)
ADINA computation
|- === suction pressure
20e+6 H ______ discharge pressure

1.5e+6

1.0e+6

Pressure (Pa)

5.0e+5

0.0 1 _ i ) L i
0.005 0.010 0.015 0.020

0.025
Time (s)

Fig.6 Average pressure of compressor cylinder

The discharge valve lift displacement which is shown
in Fig.8 gives quantitative displacement result relative
with time. The opened-closed time of discharge valve is
controlled by a gap placed at aft discharge plenum.

0.006

suction valve displacement
at tip node

0.005

0.004 |

0.003

0.002

Displacement (m)

0.001

0.000

0.005 0.010 0.015

0.000 0.020
Time (s)

Fig.7 Suction valve lift due to pressure differences

Fig.8 reveals time range between fully opening valve
position and fully closing valve position. Maximum
valve lift gives maximum valve flow area which is
occurred at time 0.01566. After reach the maximum
displacement, the valve slightly moves backward due to
the rebound force between valve spring and retainer.
Energy releasing due to rebound force initiate forward
motion of discharge valve. The closing position has been
reached at time 0.01699 second.

0.0010

Discharge valve displacement
at tip node

0.0008

Displacement (m)
o (=] o
o o o
o o (=3
o (=} (=3
N S o

T

0.0000

-0.0002
0.000

0.005 0.010 0.015 0.020

Time (s)

Fig.8 Discharge valve lift due to pressure difference

The refrigerant will surge into discharge plenum at
valve opening stage. The valve non-ideality contributes
to shutting-down process which it is not simultaneously
closed when pressure difference occurs. Reverse
crankshaft motion is set at time 0.0165, but the valve
closing time occurs at time 0.01699. This non-ideality
makes some amount of refrigerant flowing back from
discharge plenum to cylinder volume.

0.0025

— mass flow rate through discharge

0.0020 |

0.0015 |

0.0010

0.0005 |

Flow rate (kg/s)

0.0000 — |p

-0.0005

-0.0010
0.000

0.005 0.010 0.015 0.020

Time (s)

Fig.9 Flow rate through discharge conduit

Mass flow rate through discharge valve orifice could
be depicted in Fig.9. Highest value of mass flow rate is
about 0.002036 kg/s. The experiment measurement leads
to the result of 0.00114 kg/s at discharge opening stage.
Mean value of mass flow rate has been calculated based
on the depicted graph. It notably gives the results of
0.001148 g/s. The negative value of mass flow rate is
prior to shutting down delay of discharge valve.

4.3  Impact analyses

Based on FSI analysis result, velocity profile of
discharge valve and other supported structure susceptible
to impact is extracted to conduct further analysis. Those
structures are restrained discharge valve to have
unbounded motion. The impact will be considered to



initially estimate failure probability around high stress
region.

The following Fig.10 gives velocity contour of
discharge valve just a moment before impact
phenomenon. Maximum velocity remarks at the edge of
discharge valve which results a value of 6.088 m/s. The
effective stress value is obtained as impact result
between discharge valve and pre-load valve spring.

H-VELOCITY
TIME 0.015440

I} 5.850

I om0
— 4050
— 3,150
—2.250

1.350
F 0.450

MARIFUM
A B.088

MIMIMUM
L 3 -0.001585
Fig.10 Discharge valve velocity contour before impact

with discharge spring

A-VELOCITY
TIME 0015820

t 4.800
i 3800
— 2400

- 120
— 0.000

N -1200
F 2400

[1AxIMUM
A B2ar

MINIMUM
* -3.027
Fig.11 Valve spring velocity contour before impact with

retainer

The preceding figure gives us a contour of valve
spring velocity before impact with retainer. In spite of its
pre-stress value at spring’s throat, the middle region
undergoes an impact velocity as could be seen in Fig.11.
The highest velocity value before impact with retainer is
about 5.287 m/s. Retainer structure sustains the end of
valve spring in a fixed position and suppresses valve
spring with pre-load stress.

For discharge valve closing mechanism, the velocity
profile is presented in Fig.12. Maximum velocity is
about 5.258 m/s at tip of discharge valve structure.

VELDCITY
MAGNITUDE
TIME 001693000

t 4.667
= 4,00
~ 335
2867
— 2.000

1.333
0,667

MAXIFUM
A 5258
MINIMUM
#0000

Fig.12 Discharge valve velocity contour before impact
with ring-mounted structure

Impact analysis result for the first impact between
discharge valve and valve spring shows tip impact on
discharge valve. Impact stress contour is illustrated in
Fig.13. The maximum effective stress is 213.7 MPa. This
result is relatively low also it does not exceed the
structural yield stress of discharge valve.

SMOOTHED
EFFECTIVE
STRESS

RST CALC
TIME 0.01544850
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— 1:320E+08
— 1.080E+08

= Ba00E07
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SBADE+DT
1.20DE+D7
MAXIMUM
& 2V15TE+DR

MINIMUM
¥ 4450

Fig.13 Effective stress due to impact between discharge
valve and valve spring

Much higher stress result has been taken place at valve
spring due to impact with retainer as described in Fig.14.
It yields the value 840.6 MPa. This higher result compare
to the first impact is related to rigid impact exerted
between elastic structure of valve spring and rigid
structure retainer. This value is still below the critical
failure stress due to fatigue.

Fig.15 shows effective stress result due to impact
with ring-mounted structure. Maximum stress value for
this result is 234.7 MPa. This impact has been occurred
with half region of ring-mounted structure due to slightly
bend impact position of discharge valve.

Based on stress contour results obtained from impact
analyses, we deduce that discharge valve and its
supported structure configuration could achieve the long
durability in its operating cycle.
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Fig.14 Effective stress due to impact between valve
spring and retainer
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Fig.15 Effective stress due to impact between valve
spring and retainer

5. Conclusion

Flow Structure Interaction Analysis gives a reliable
comparison result with experimental test. The pressure
losses during this simulation have been arisen because
heat convection between cylinder volume and its wall
does not take into analysis consideration. Nevertheless,
its contribution to impact velocity does not give a
massive effect. Impact analysis corresponded to FSI
velocity result data could estimate critical region of high
effective stress at either discharge valve and valve spring
configuration. Objectively, heat transfer effect is needed
to be considered in order to investigate compressor
performance in several operating condition as well as the
leakage in compressor performance.
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