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The Effects of Different Property Models in a
Computational Fluid Dynamics Simulation
of a Reciprocating Compressor'

A. P. Peskin?

Computational fluid dynamics was applied to model a simple reciprocating
compressor using R134a (1,1,1,2-tetrafluoroethane) as the working fluid. The
sensitivity of the compressor model to various property models was quantita-
tively assessed by calculating the work required to carry out several compres-
sion cycles. The ideal gas equation, a virial equation using only the second virial
coefficient, and the Peng—Robinson equation were compared to a reference-
quality Helmholtz energy equation of state. Significant errors, up to 12% in the
density of the outflowing gas, can result from the use of the ideal gas model. The
Peng—Robinson equation resulted in density errors up to 6.3%. The virial equa-
tion gave values closest to those calculated using the Helmholtz energy equation
of state, with errors in density up to 4.7%. The results also show that an
increase in accuracy in work and mass flow calculations achieved by using the
Helmholtz energy equation of state is obtainable without an impractical

increase in computation time.

KEY WORDS: compressors; computational fluid dynamics; moving bounda-

ries; property models.

1. INTRODUCTION

Computational fluid dynamics (CFD) and associated rigorous modeling of
heat- and mass transfer offer accurate representations of physical processes.
These can provide sound approaches by which to quantitatively assess the

! Paper presented at the Thirteenth Symposium on Thermophysical Properties, June 22-27,

1997, Boulder, Colorado, U.S.A.

2 Physical and Chemical Properties Division, National Institute of Standards and Technology,

325 Broadway, Boulder, Colorado 80303, U.S.A.
175

0195-928X/99/0100-0175$16.00/0 © 1999 Plenum Publishing Corporation



176 Peskin

importance of accurate property models in process design. It is often more
efficient to run a computer simulation to find out details about heat losses,
effective valve sizes, and flow patterns than to build prototype systems.
However, computer models are useful only if the information they provide
is realistic. Many available commercial CFD software packages have built-
in numerical simplifications, of which a typical user may not be aware. In
particular, fluid properties are often treated as having constant values over
large ranges of temperature and pressure, or are modeled using the ideal
gas law for compressible flow. Adding different property models into our
own CFD software allowed us to determine the quantitative improvement
gained by using accurate property models. The movement and flow of gas
through a simplified reciprocating compressor using four property models
that vary both in accuracy and computational speed are described here.

2. EQUATIONS OF MOTION

The compressor for this study is a reciprocating compressor, with
R134a (1,1,1,2-tetrafluoroethane as the working fluid). Each cycle of the
compressor has four stages: intake, compression, exhaust, and expansion.
The flow of gas in each stage is modeled using the following set of equa-
tions describing conservation of momentum and mass.

Momentum equation:

0
p<a—l;+u~Vu>=—VP+uV2u+pg (1)

Continuity equation:

op

ar+pV~u+u.Vp=0 (2)
Energy equation:
T
pCp<%z-+u-VT>=kV2T+<%~];+u-VP> (3)

where p is the density, x the viscosity, C, the heat capacity, and k the
thermal conductivity. The last two terms of the energy equation account
for the effects of expansion and compression [1, 2].
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3. EQUATIONS OF STATE

Four equations of state are used in this paper for calculating density
for the conservation equations above, and for calculating enthalpy for addi-
tional information on compressor work. The first equation,

p=R—PT; AH°=[ CydT 4)
is the ideal gas law. Ideal gas heat capacities are computed using a polyno-
mial correlation for the ideal gas heat capacity [3]. The same correlation
for ideal gas heat capacity (Cg) is used in all of the enthalpy calculations
that follow. Each has both an ideal gas term, as given above, and a real gas
term that varies from model to model. All other fluid properties are
assigned constant values, 4 =0.00012g-cm~'.s~!, k=0.0138 W.m~!.
K ~!, which are values averaged over the temperature and pressure range
used here.

The second model is a simple virial equation of state truncated at the
second virial coefficient. The second virial coefficient is represented as a
polynomial function of temperature [4]. Enthalpies are found using Ref. 5.
The equations are

P
P _ 5
RT; 1+B(T)p (5)
AH=jcng—AH*=AH°—AH* (6)

(7)

4H* _P(dB_B
RT R\dT T

The Peng-Robinson equation is used as an example of a cubic equation of
state [6]:

RT a
P= — 8
V—b V24+2bV—52 ®)
b 0.07780RT, 9)
P,
0.45724R?T?
a=———"——"[1+f,(1-T*)?] (10)

P,



178 Peskin

AH=fcpdT—AH*=AH°—AH* (11)
AH*=RT(Z—1)+ <T(82“/\a/§—;_ a> < ZZ _+02 fﬁi) (12)
Z=% (13)
=2t (14)

where T, and P, are the critical temperature and pressure, 7, is the
reduced temperature, T/T,, and f,,, is a function of the acentric factor and,
for R-134a, is evaluated as the constant value 0.849878.

The last property model used here is an optimized Helmholtz energy
equation of state, based on the reference-quality correlation of Tillner—
Roth and Baehr [7], which is currently used in the NIST REFPROP
database, Version 6 [8]. This Helmholtz energy formulation has been
accepted as the international standard for the properties of R134a, and all
other models used in this work are compared to this equation.

The different density models are compared on the basis of compressor
work required per cycle. Work is defined as the difference between the net
heat transfer (Q) and the change in enthalpy (H) during compression. The
process is assumed here to be adiabatic (Q =0), so that the total work
requirements for each of the different models was calculated.

4. NUMERICAL MODEL

Each stage of the compression cycle has its own set of boundary con-
ditions. During the intake stage, the piston moves to expand the com-
pressor volume and causes low pressure gas to flow into the cylinder. The
intake valve is then closed, and the gas is compressed. When the pressure
of the cylinder reaches the condenser pressure, the exhaust valve is opened,
releasing the high pressure gas. The exhaust valve is then closed, and the
gas is again expanded. The intake valve is opened when the pressure in the
cylinder reaches the pressure of the intake gas. A complete cycle describes
a sinusoidal pattern of the position of the piston with time.

Temperature boundary conditions are needed to complete the numeri-
cal description for the energy equation used to solve for the distribution of
temperatures across the cylinder. A time-dependent temperature constraint
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was assigned for the gas along the top and bottom walls of the cylinder.
Values changed with cycle time, ranging from 253 K, when the intake valve
opens, to the maximum temperature of the condenser, when the exhaust
valve closes, which varied between the models. Assuming constant entropy
as the gas is compressed the maximum temperature is calculated from a
fixed pressure of the condenser (1.01254 MPa) and the entropy of the
saturated vapor at 253 K. Maximum temperatures for the different models
are 311.18 K for the ideal gas model, 321.75 K for the virial models
320.19 K for the Peng—Robinson model, and 321.65 K for the Helmholtz
energy model. These are the constrained temperatures along the top and
bottom boundaries when the exhaust valve closes. The variation of the
temperature during an entire cycle is shown for all four models in Fig. 1,
which starts at the beginning of gas expansion. The temperature range for
the entire cycle of the ideal gas model is 58.18 K, which is 15.3% smaller
than the 68.65 K range found using the Helmholtz energy model. A lower
temperature significantly effects the mass flow of gas during the exhaust
stage, as is seen in the CFD study.

The geometric domain is a cross-sectional slice of a cylinder 5 cm in
diameter and 5 cm high when maximally expanded. Only half of the cross-
section need be modeled due to symmetry. The height of the cylinder varies
from 5 to 0.1 cm during compression. Qur original mesh contained 533
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Fig. 1. Variation of temperature at a selected element over a com-
plete compressor cycle.
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nodes, a 20 x 6 array of “9-node” elements, which give quadratic approxi-
mations to the solutions of the global equations across the elements. The
finite elements are constructed so that as they compress and expand, the
ratio of lengths of adjacent sides is never higher than 8. Figure 2 shows the
domain at two different cycle times, in both the expanded and compressed
stages. When the mesh was refined to a 1159-node, a 30x9 array of
elements, there was no significant change in the results. The 533-node mesh
was used for all the simulations for the results presented here.

The elements compress or expand by moving nodes along parameterized
lines. In this mesh, the lines are vertical and extend from the top of the
cylinder to the bottom. Nodes along each line remain at constant relative
distances from one another. Solutions were carried out using our current
finite element software. For additional information about the software or
the moving boundary method, see Peskin and Hardin [9].

At each time step, solutions are found for the temperatures, velocities,
pressures, and corresponding densities of each element. The enthalpy is also
calculated for each element, based on the temperature and density of the ele-
ment. The overall enthalpy is the sum of the contributions of individual
elements. The CFD study is necessary to find the variation of the enthalpy
across the cylinder. The domain is then expanded or compressed as the
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Fig. 2. A 553-node mesh at maximum expansion and com-
pression.
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piston moves, and enthalpy is calculated at each time step. The compressor
is run at 1800 cycles per minute.

5. RESULTS

The CFD model of the compressor gives precise temperature and
pressure contours across the cylinder, yielding quantitative information
about density differences among the property models. Overall, the gas flow
streamlines and the temperature and density contours followed similar
patterns using the four different models, although the values of the proper-
ties varied from model to model. Temperatures inside the cylinder were
highest in the center of the cylinder. There was significant variation in exit
velocities. These velocities are a function of exhaust density and tempera-
ture, as outlined below.

Gas densities are directly related to the mass flow rate of the exhaust
gas, and therefore critical to the design of the compressor. Figure 3 shows
densities across the entire temperature-pressure range of the compressor for
a single element selected from the center of the mesh. The differences
between the models are seen in Fig. 4, which shows percentage density dif-
ferences from densities calculated using the Helmholtz energy model for
that element. The virial model comes closest to representing the reference
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Fig. 3. Densities at a selected element over the T, P range of the
COMpressor.
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Fig. 4. Densities calculated with other models compared with
the Helmholtz energy model.

densities, at least in the earlier compressor stages. It gives densities that
steadily increase from 0.15% to 4.7% higher than densities calculated
using the Helmholtz energy model. The Peng—Robinson densities are con-
sistently lower than those calculated using the Helmholtz energy model, by
approximately 3% in both the high and low pressure ranges. Densities
diverge as much as 6.3% at midcycle from the reference values. The ideal
gas law gives densities that are lower than the reference values by more
than 12% at maximum compression. For comparison, a density calculated
using the ideal gas law, but at 321 K and 1.01254 MPa, condenser conditions
for the Helmholtz energy model, is 15 % lower than the corresponding value
calculated using the Helmholtz energy model.

Figure 5 shows the increase in the overall enthalpy of the compressor
as a function of compression cycle using the four models, representing the
work required to run the compressor. The virial equation of state most
closely follows the Helmholtz energy model as shown in Fig. 6. This figure
shows enthalpy differences from values calculated using the Helmholtz
energy model. Figures 5 and 6 incorporate values from the entire cylinder,
not just a single element. All three models have higher enthalpy difference
values than the reference values. The shapes of the three difference curves
follow a similar pattern, with the greatest differences at mid-compression.
Values calculated from the virial equation stay within 1.2 J.g~!, varying
2 to 13% from values calculated using the Helmholtz energy model. The
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Fig. 5. Dependence of the system enthalpy on property
model and stage of compression.

Peng-Robinson equation yields enthalpy values that diverge increasingly
up to 3.3J.g 7! at midcycle, which are 15 to 20% different from reference
values. Errors drop to 2 to 3% toward the end of the cycle. The ideal gas
enthalpies fall between the other two models at midcycle, and have larger
errors than the other two models at the end of the cycle. Midcycle errors
are 5 to 15%, and approximately 4% in the last third of the cycle. Dif-
ferences decrease toward the end of compression due to the fact that
enthalpies increase as a strong function of temperature. Since ideal gas
enthalpies are greater than real gas enthalpies, this reduces the gap between
the ideal gas and real gas models.

A constant value for the ideal-gas heat capacity C is used in most
commercial CFD software. This can also lead to appreciable error in
design calculations. For comparison, a constant C g value was used in a
simulation using the ideal gas law to calculate properties. The constant
value was taken at 282 K, at the middle of the temperature range of the
compressor. The resulting enthalpies are also shown in Fig. 6. The curve
has the same shape as the curve for the ideal gas calculations using a
variable C g, but the errors are significantly (up to 30%) higher.

A series of timing tests were performed to analyze the effects, if any,
of the improved property models on the computational time for simulating
one complete cycle. All of the models except the Helmholtz energy model
had virtually identical runtimes. Using the Helmholtz model resulted in an
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Fig. 6. Enthalpy calculated with other models compared with the
Helmholtz energy model.

86% increase in time, 34 vs. 18.5 min. It is not an impractical increase
considering the accuracy achieved in regions of high pressure.

The size of the geometric domain and the resulting global matrix of
equations to be solved make a large difference to the percent increase in
computation time using a complex property model. The larger the number
of global equations, the greater the fraction of the total runtime spent solving
the equations. A second set of timing tests was carried out with the refined,
1159-node mesh, comparing the Helmholtz energy model to the ideal gas
model. The results showed an increase of only 60% computation time,
approximately 57 min using the ideal gas model, versus 91 minutes using
the Helmholtz energy model.

6. DISCUSSION AND CONCLUSIONS

The purposes of this work were to demonstrate the influence of
accurate property models on simulation results and to examine the com-
putational costs of the additional accuracy. The choice of an appropriate
property model varies according to the particular CFD simulation, its tem-
perature and pressure ranges, the size of the computational mesh, and the
particular design information sought. A complex density model may not be
necessary for every application, but it can make a large difference to
applications in which the ideal gas model cannot accurately represent the
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fluid property information. For the present example of a refrigeration com-
pressor, the most complex model, the Helmholtz energy equation of state,
resulted in a significant improvement in predicting densities and enthalpies
inside the compressor., Using the CFD model, we can make quantitative
measurements of this accuracy over the course of the simulation. Overall,
the use of the virial equation produced errors of only a few percent. The
pressures used in this simulation were within the range of validity of the
virial equation. At higher pressures, errors approaching those using the
ideal gas law would be expected for the virial equation. The Peng—Robinson
equations gave higher errors, particularly at midcompression of the gas,
where densities diverged as much as 6%, and enthalpy changes 5 to 15%
from the reference values. The ideal gas law gave large differences in output
temperatures, which somewhat masked significant differences from the
Helmholtz model in work and mass flow.
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