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ELEMENT INTERACTIONS AND DYNAMIC BEHAVIQUR OF MULTISTAGE

h INTERCOOLED RECIPROCATING COMPRESSORS -

AN ANALYTICAL AND EXPERIMENTAL STUDY

A. Sanjines, Lecturer

Mechanical Engineering Department
Universidad de los Andes

Bogota, Colombia

ABSTRACT

This paper describes a model which can simulate the
dynamic behaviour of a multistage, intercooled
reciprocating compressor. A mathematical model
was derived for each element of such a system,
accounting for entropy changes due to friction or
other irreversible processes, Numerical solution of
the model was effected on a digital computer using
discrete time steps and a quasi-steady approach,
Results predicted using the model are compared with
corresponding experimental results obtained from a
simple two-stage intercooled air compressor.

INTRODUCTION

Some of the problems associated with the presence
of pressure pulsations due to the essentially inte\r—
mittent nature of the flow in a reciprocating com-
pressor system are (a) valve malfunction (flutter or
slamming), which may lead to early valve failure
and reduced performance, 4): (b) loss or gain in
volumetric efficiency due to ramming effects (3), (8):
(c) loosening of pipes and fixtures as a result of
unbalanced pressure forces, with associated vibra-
tion and high noise levels (16). The complex
processes that take place during the operation of a
compressor made necessary in the past an empirical
approach to compressor design. Ready access to
computers and advances in numerical and simulation
techniques have changed this situation in recent
years. Most early investigations followed the
pattern of setting up a mathematical model similar to
that developed by Costagliola (5) and programming
the equations for solution by a digital computer using
an terative method. These models accounted for the
interactions between the cylinder and the valves but
neglected any pressure variations in the valve plesam
chambers. Such investigations were conducted by
MacLaren and Kerr (6), Wambsganss and Cohen (17),
Touber and Blomsa (15) and others: a review was
presented by MacLaren (7) to the 1972 Purdue Com~
pressor Conference. Each investigator claimed that
theoretical predictions showed agreement with exper-
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imental results over a range of conditions and that
the model could be used with some confidence to
predict compressor and valve behaviour. However
their validity was limited to situations in which
pressure pulsations in the suction and discharge
plenums were negligible and often this is not so

@), 6).

Consequently more advanced models were developed
which accounted for pressure pulsations in the valve
plenum chambers and pulsating flow in the pipes.
Models of this type were developed by Brablik (3),
Blankespoor and Touber (2), Benson and Ucer (1),
Schwerzler and Hamilton (14), MacLaren et al (8)
and others. The agreement obtained between experi-
mental and analytical results was improved and
information became available on the way in which
pressure pulsations affect the behaviour of the
compressor, the valves and the system generally.

A review was presented by Singh and Soedel (12) to
the 1974 Purdue Compressor Conference. These
models were limited to the simulation of single stage
compressors due to certain simplifying assumptions
made.

SIMULATION MODEL FOR A MULTISTAGE INTER-
COOLED COMPRESSOR

A model was developed to predict the dyhamic be-
haviour of a multistage reciprocating compressor
within its associated pipework. To this end aspects
which had been neglected in previous models had to
be incorporated. In particular: (a) entropy variations
to which the gas may be subjected were accounted
for and (b) unsteady gas flow in the pipes and plemn
chambers was described using cone—dimensional finite
amplitude theory accounting for friction and heat
transfer (non homentropic flow)., These advances
were necessary because of the limitations imposed
by the use of gas equations in two variables of state
only (homentropic flow) in which pressure and tem-
perature are not independent variables, In the case
of a multistage compressor it is required to predict
with accuracy the state of the gas at outlet from a



previous stage and to take into account the temper-
ature variation along the intercooler so that the state
of the gas at inlet to a stage is accurately known,

DESCRIPTION OF THE SIMULATION MODEL

The model consisted of a set of equations which
describe each of the processes that occur during a
compressor cycle, (A summary of the equations is
given in Appendix A) Wave action in cylinders and
recelvers was neglected. To account for heat trans-
fer during the compression and re-expansion process
in the cylinder, a polytropic law for the change of
state of the ideal gas was assumed, the indices
being estimated from experimental data. (This
approach proved easier to apply than the alternative
of using a heat transfer correlation in the cylinder
which required estimation of cylinder wall temper-
ature and certain empirical coefficients.) Compress-—
or valves were treated as single degree of freedom
damped spring-mass systems, with damping assumed
to be proportional to valve speed and average gas
density. The force on the valve plate was assumed
to be a function of the pressure difference across the
valve and valve lift. An "effective force area" was
determined experimentally from steady flow tests.
(The analytical procedure suggested by Schwerzler
and Hamilton (13) was algo used to estimate the
values of these coefficients, however results
obtained were not quite satisfactory.) The different-
ial equation which described valve plate motion was
integrated using the Kutta Mersgon numerical inte-
gration method.

The unsteady non-homentropic flow (assumed one-~
dimensional)in the pipes was described by a set of
hyperbolic differential equations which account for
heat transfer, friction and gradual change of cross
sectional area. The equations in characteristic
form were solved by the method of upstream differ-
ences, similar to that used by Benson (1). (Other
methods of solution were investigated with good
results and are reported in another paper (9) to this
Conference.) The mean pipe wall temperature and
heat transfer rate at each station along the discharge
and intercooler pipes was estimated using a steady
flow heat transfer model, This model was based on
the average flow conditions and individual heat
transfer modes present at a given pipe section,

The boundary equations relate the conditions found
at the pipe ends to those existing in adjacent items
(cylinders, receivers)., The solution of these equat-
ions defines the values of the variables at the end
of the pipe and the amount of mass entering or
leaving the cylinder or receiver, These boundaries
were at pipe ends which were fully open, partially
open or closed (closed compressor valve). The
solution of the boundary equations was based on the
assumption that quasi-steady flow existed at the
boundary.

Simulation of the operation of the compressor con-
sisted of the solution of a number of initial
value/boundary condition problems, one for each
element of the compressor system. Thus, knowing
the values of all variables at time t and the inter-
actions which take place across the boundaries of
each element during a time interval At, the values
of all variables at time t + At can be uniquely deter-
mined, Successive application of this process allow-
ed the study of the sequence of events which occur
during a compressor cycle. When starting the
analysis it was necessary to select arbitrary initial
conditions at a point in the cycle and continue the
computation through a number of cycles, Sufficient
convergence to an approximately repeatable cycle
was obtained at the end of the third or fourth cycle
of computation.

The computer program for the simulation model was
intended to be as general as possible, Each system
element (cylinder, receiver, pipe, valve, etc.) was
programmed as a separate module. A control program
input the data which degcribed the configuration of
the particular system being studied and then called
the appropriate sequence of subroutines, Logic
subrountines continually monitored the conditions at
pipe ends in order to solve the comesponding boundary
condition equations. A flow chart for the compressor
simulation program is given in Figure 1.

SIMULATION OF A TWQ STAGE INTERCOQLED
COMPRESSOR

The model was first tested on each stage singly of

a two-stage water cooled air compressor (1st stage,
6 in bore x 4.5 in stroke; 2nd stage, 3.25 in bore x
3.5 in stroke: speed range 350 - 700 rev/min), Tests
were conducted over a wide range of speed, com~
pressor pressure ratio and inlet and discharge pipe
lengths. Results obtained for the first stage working
as a single stage compressor were reported (8) to the
1974 Purdue Compressor Conference, ¥he two stage
compressor (Figure 2) is now examined. The
system had a simple geometry, avoiding flow complesc-
ities due to acute pipe bends, pipe junctions or
sudden large changes in cross sectional area. The
experimental intercooler was a 21 ft length of L375 in
internal diameter pipe, having large radius bends and
fitted externally with a water jacket., No dampers
were included, the only damping which had to be
accounted for was that due to friction in the pipes.

Results for the simulation of the two stage inter-
cooled compressor are shown in Figure 3 which ill-
ustrates one test in the series conducted, The cranks
in the two stages were displaced by 1809, i.e. L,P,
top dead centre (0° on the L.P. diagrams) and H.P.
bottom dead centre (1809 on the H.P. dlagrams)

occur at the same instant of time. In the two dia-
grams shown at the top of Figure 3 the predicted
pressures in the suction plenum, discharge plenum
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and cylinder are shown to the same scale. Valve
plate displacement diagrams are included, The low-
er diagrams in Figure 3 show the same predicted
pressure/time histories to a larger scale with the
experimental records superimposed. Correlation
between experimental and analvtical results was
considered to be satisfactory. However, the experi-
mental methods used (11) have since been deweloped
further (10).

EFFECT OF UNSTEADY FLOW ON COMPRESSOR AND
VALVE PERFORMAN CE

The study (8) of the first stage acting as a single
stage compressor had shown the effect that pressure
pulsations in the inlet pipe may have on the volu-
metric efficiency of the compressor, causing
induction ramming and anti-ramming. A particular
aspect of the present study was the effect that pre-
ssure pulsations in the intercooler have on the be-
haviour of the compressor valves., From the traces
for the discharge valve plenum pressure of the L.P,
stage and the suction valve plenum pressure of the
H.P. stage in Figure 3, the following may be
observed. The compression pulse generated by the
L.P. stage during the discharge process at about
300 crankangle degrees after T.D.C. (120° for the
H.P. stage) arrived at the suction plenum chamber
of the H.P. stage when the piston was near B.D.C.
and the valve was starting to close, forcing the
suction valve to open again and ramming more air
into the cylinder. On the other hand, the rarefaction
pulse generated at the start of the suction process in
the H.P. stage is reflected back (again, as a rare-
faction wave), arriving at the suction plenum cham-
ber approximately 20° before B.D.C. and momentarily
closing the suction valve, A strong pattern of pul-
sations is being reinforced in this case because the
rarefactlon and compression pulses are occurring in
rapid succession.

The marked effect that interstage pulsations have on
the behaviour of the H,P. suction valve is illustrat-
ed in Figure 4, The dotted lines correspond to the
results predicted when the H.P. stage compressor
was simulated under exactly the same operating
conditions as those in Figure 3 but without an inlet
pipe (constant plenum chamber pressure). Both the
early closing of the valve due to the arrival of the
rarefaction pulse and the second opening due to the
compression pulse are now absent,

The gas column in the interstage pipe is subjected
to two forcing pulsations: a compression pulse gen-
erated during the discharge of the L.P. stage and a
rarefaction pulse generated during the suction pro-
cess in the H,P. stage. The effect of the pulsations
on the behaviour of the H.P. stage suction valve
{the L.P., stage discharge valve is less sensitive to
these) will depend on their amplitude and their phas-
ing with respect to the suction process in the H.P.

stage. It was found that this interaction can be
expressed in terms of the phasing between crank-
shafts and a non-dimensional pipe length ¢

(This non-dimensional pipe length was defined as the
ratio of the pipe length to the gas column length
which would resonate in its fundamental mode at the
frequency of the compressor cycle. That is ¢ =
NL/30a for a closed/closed pipe; a being the mean
speed of sound in the pipe.) For the case in which
the cranks are displaced by 1809 a particularly
strong pattern of pulsations will exist in the inter—
cooler pipe for: (a) the third order pulsation of the
findamental mode ($ = §), corresponding to a situ-
ation like that shown in Figure 3 and (b) the first
order pulsation of the fundamental (§ = 1), corresp -
onding to a situation similar to that for anti-ramming
in a single stage compressor. A peak in volumetric
efficiency of 92% was measured when the conditions
for induction ramming occurred in both the L.P. and
H.P., stages.

CONCLUSIONS

Multistage reciprocating gas compressors and their
associated pipework can be adequately simulated
using a digital computer model. Results predicted
by the simulation model described here compared
satisfactorily with those obtained experimentally
from a simple two~stage intercooled air compressor.,
The model was capable of simulating the processes
that occur during the operation of the compressor and
the interactions between the various elements of the
system, The model provides a powerful design aid
which can be used inter alia to reduce the experi-
mental programme required during the development of
a new or modified design. ’
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NOTATION

A Non-dimensional speed of sound (o/aref)
A, Non-dimensional speed of sound after isentropic change
_ toreference pressure pref

B  Vector of non-homogeneous terms

C1,2 Pseudo Riemann variables A £ k—:;—]

Cgs Flow drag coefficient

C, Specific heat at constrant pressure

D Pipe diameter

f  Friction factor

F _ Friction term = 2f xref/D

GMVector function of Y

Ratio of specific heats

Spring stiffness

Mass

Effective valve plate mass
Non-dimensional pressure (p/pref)

Heat transfer rate per unit mass

Thermal energy

Heat transfer term = (§ Xref/aref)
Non-dimensional density (¢ / § ref)

Area

Time

Non-dimensional particle velocity (u/aref)
Cylinder volume

Vector of dependent variables
Non-dimensional length (x/xref)
Non-dimensional valve displacement (y/Ymax)
Non-dimensional time (t.xref/aref)
Damping coefficient

Effective throat/pipe flow area

Fir”

QRN UK C T @ po oD
o

Subscripts

g Guess

in Into the boundary

j  Subindex denotes space

n  Subindex denotes time

o Stragnation

Qut of the boundary

p Pipe

Reference

t  Throat

v Volume (cylinder, receiver or atmosphere)
w Intersection of path line with constant time fine
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APPENDW A - Egustions used o the Model
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FIG. 3 COMPARISON OF

475 REV, MIN. H.P STAGE

FOR A TWO STAGE INTERCOOLED AIR COMPRESSOR.
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