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Two-Dimensional Compressible Non-A coustic
Modeling of Stirling Machine-Type Components

Roy C. Tew Jr.*
NASA John H. Glenn Research Center at Lewis Field, Cleveland, Ohio 44135-3191

and

Mounir B. Ibrahim’
Cleveland State University, Cleveland, Ohio 44115-2425

Starting with an existing two-dimensional incompressible flow computer code, a two-dimensional code was
developed for modeling enclosed gas volumes with oscillating boundaries. The incompressible code was modified
to use compressible nonacoustic Navier-Stokes equations. The devices modeled have low Mach numbers and are
sufficiently small that the time required for acoustics to propagateacross the interiors is small compared to the cycle
period. Therefore, acoustics were excluded to minimize computingtime. The compressible nonacousticassumptions
are discussed. The governing equations are presented in transport equation format. The numerical methods are
briefly described. Code predictions are compared with experimental data. Compressible nonacoustic predictions of
gas spring losses agreed well with 10-rpm test data, and ~50- and 500-rpm calculated and experimental pressure—
volume diagrams agreed well. For a heat-exchanger/piston-cylinder test rig, calculations of heat exchanger heat
fluxes at various axial locations over the cycle agreed well qualitatively with the data, but quantitative agreement

was not good.

Nomenclature
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specific heat at constant pressure

hydraulic diameter, four times flow

area/wetted perimeter

viscous force vector

functional representation of general

equation of state (4)

mass force vector (due to gravity, for example)
mean spatial pressure

amplitude of mean spatial pressure

arithmetic mean of maximum and mininum mean
spatial pressures

static pressure

density of continuously distributed heat sources
entropy source due to nonzero mass sources
gas constant

volume ratio (maximum/minimum)

source term

entropy per unit mass

temperature

stress tensor

source part of stress tensor

time

axial, x direction, velocity

velocity vector, iU + jV

radial, r direction, velocity or volume
arithmetic mean of maximum and minimum volumes
nondimensional work or hysteresis loss

rate of momentum change because

of mass sources, £pu
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diffusion coefficient

ratio of specific heats of fluid

molecular thermal conductivity

absolute viscosity

mass source strength per unit mass

density, fluid mass per unit volume

arithmetic mean of maximum and minimum densities
transport quantity per unit mass

angular velocity, rad/s
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Introduction

Background

HE work reported here has supported Stirling engine de-

velopment underway for more than 25 years.!~> Two one-
dimensional Stirling design codes have been used.>’ Experience
indicatesthatinitial engine power is typically 10-20% less than one-
dimensional design code predictions. The one-dimensional codes
assume uniform axial flow and, thus, are deficient in modeling
interfaces where area changes occur (and other approximations
are required). Past comparisons of one-dimensional design code
predictions® have shown rough overall performance agreement but
significant differences in individual losses.

The multidimensional Stirling code development reported here
began as a strategy to improve characterization of thermodynamic
losses.> Makhamov and Ingham’ indicate a two-dimensional code
has been used to aid Stirling engine design at the Stirling En-
gine Laboratory at the Physical-Technical Institute in Tashkent,
Uzbekistan.

Objective of the Work and Work Reported

The immediate goal of the two-dimensionalcode developmentre-
ported here was a time-efficient code for study of Stirling type cylin-
derheattransfer/power (hysteresis)losses (see Tew!?). A long-range
goal was to provide the basis for developmentof a two-dimensional
model of a complete Stirling engine.

Therefore, starting with an existing two-dimensionalincompress-
ible flow code, CAST,!!' a two-dimensional code was developed for
modelingenclosed volumes of gas with oscillatingboundaries. This
incompressiblecode was modified to use compressiblenonacoustic
Navier-Stokes equations.”> The devices modeled have low Mach
numbers, but oscillating gas volumes, and are sufficiently small that
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the time required for acoustics to propagate across them is small
comparedto the cycle period. Therefore, acoustics were excludedto
minimize computing time. The compressible nonacoustic assump-
tions are discussed. The governing equations are presented in trans-
port equation format. The numerical methods are briefly described.
Code predictions are compared with test data.

Compressible Nonacoustic Flow

Assumptions

Fedorchenko'? discusses a number of subsonic initial-boundary-
value problems that cannot be solved using the classical theory of
incompressiblefluid motion, which involves the equation V - u = 0.
Among these problems are 1) closed-volume flows initiated by
blowing or suctionthroughpermeable walls, 2) closed-volumeflows
initiated by a moving piston, 3) flows with continuously distributed
mass sources, and 4) viscous flows with substantial heat fluxes.
Fedorchenkonotes that use of the most general theory of compress-
ible fluid flow may not be best in such cases because of difficultiesin
accurately resolving complex acoustic phenomena and in assigning
proper boundary conditions.

Fedorchenko!? proposes a nonlocal mathematical model where
V -u #0, in general, for simulation of unsteady subsonic flows in
a bounded domain with continuously distributed mass, momentum,
and entropy sources, which also accounts for effects of viscosity
and conductivity when necessary. The exclusion of sound waves is
an important feature of the model.

The most general form of Fedorchenko’s!? compressible nona-
coustic system of equations for simulation of unsteady, subsonic,
heat-conducting viscous flows are as follows.

Momentum:
d(pu __ - =
%+V~puu+Vp=pf+w+D (1)
Continuity:
ap _
L iv. = 2
” +V-pu=%&p (2)
Energy:
8s+_ v R[V AVT + Q]+ 3)
— u - § = — .
at P qlll
State:
F(s,P,p)=0 “

Severalless common variablesused in these equations are defined
in the Nomenclature.

When V=0 (as for constant viscosity problems) then the vis-
cous force vector is

D = pAu+ V(v i) (5)

Note that the energy equation is written in terms of entropy s
rather than in terms of internal energy, enthalpy, or temperature.

Simplifications in the Navier—Stokes equations used to eliminate
acoustics and arrive at the preceding system of equations were 1)
pressure at time ¢ and position 7 is splitinto a mean spatial pressure
levelthat varies with time anda A (pressure)that varies with position
and time,

p(r, 1) = P(t) + Ap(r,1) (6)

2) the pressure, P (¢) appearingin the equations of energy and state
is the mean spatial pressure that varies only with time. Therefore,
from the ideal gas equation of state

p=P@)/RT(r, 1) @)

Thus, density is a function of mean spatial pressure level and the
temperature field (and is independent of the spatial pressure drop).

Simplification of Equations for the Stirling Problem

Because, for the Stirling piston/cylinder problem, there are no
distributed mass or heat sources and the gravity force is not of inter-
est, the variables f, w, &, Q, and g, in Egs. (1-3) are all zero. Also
the ideal gas equation of state is sufficiently accurate for the helium
gas usedin Stirling engines of interest. Therefore, Eqs. (1-4) reduce
to the following set:

%juv.pmnvp:D )

%+V~pﬁ=0 )

B i Vs =£[V~AVT] (10)
at P
P

P=2T (1)

CAST and Modified CAST Codes

The incompressible flow CAST code was originally acquired
from Peric and Scheuerer.!! Many CAST numerical techniques are
also discussed by Ferziger and Peric.!* Changes made to CAST
to develop the modified CAST compressible nonacoustic code are
documented by Tew.!?

Transport Equation Format

The CAST solution technique is based on a transport equation
formulationof the governingequations. The coordinate-freegeneral
transportequation used, with terms categorized below, is:

3 _
%+V.(pu¢—r¢v¢) =5, (12)

Time rate convection diffusion  source

of storage

Transport quantities, exchange coefficients, and source terms for
the continuity,momentum, and energy equationsof modified CAST
are shown in Table 1. The energy equation is in enthalpy format,
rather than the entropy format used by Fedorchenko.!> Turbulence
model kinetic energy and dissipation rate equations are defined by
Tew.10

Numerical (Finite Volume) Methods

Modified CAST numerical methods are almost the same as those
of CAST.!' An exception is use of Leibniz’s rule (see Ref. 13) to
account for the moving piston. Details of the modifications to the
finite volume versions of the governing equations are discussed by
Tew.!? The modifications included accounting for the nonzero V - u
terms, adding the time derivative of the mean-spatial pressure to
the energy equation source term, and using mean-spatial pressure
in the ideal gas equation. The spatial pressure drop still appears
in the momentum equations to help determine the velocity field.
Because the density is not affected by spatial pressure variation, the
incompressible SIMPLE algorithm'* still applies.

The governing equations are solved with a conservative finite
volume method.'* The basic approachis two fold. 1) Discretize the
solution domain by subdividing it into small axisymmetric (or rect-
angular) control volumes and locate the numerical grid pointsin the
center of the control volumes. 2) Discretize the transport equations.

Discretizationis done by formally integrating the single terms in
the equations over a control volume. Application of Leibniz’s rule

Table1 General transport equation; transported quantities,
exchange coefficients, and source terms for continuity, energy,
and momentum equations

Transport Exchange Source
Equation quantity/vol. coefficient term
Continuity p (mass/vol.) 0 0
Momentum pu (momentum/vol) I V.Tsrs
Energy ph (enthalpy/vol.) rcp=u/Pr dP/dt
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and Gauss’s theorem yields an integro-differentialequationrelating
the net increase in the transported quantity per unit time to the
convectiveand diffusivefluxes acrossthe control volume boundaries
and the source/sink terms within the control volume. This practice
leads to a conservativemethod because boundary fluxes leaving one
control volume through its right boundary enter the neighboring
control volume through its left boundary. Because this principle
applies to all control volume faces, the scheme becomes overall
conservative. The approach is described by Peric and Scheuerer!!
and Tew!? in more detail.

CAST Comparisons to Data and Another Computation

Recktenwald'® Computations and Kornhauser'8

Experimental Data

Recktenwald'’ computed heat transfer between the cylinder walls
and gas of a reciprocating compressor. A compressor cylinder con-
tains intake and discharge valves, unlike Stirling engine cylinders.
Recktenwald used two-dimensional, unsteady, compressible equa-
tions (acoustics included) to simulate the compressor. To validate
his computer code, he simulated a gas spring for comparison with
data generated by Kornhauser and Smith.!®!” A schematic of the
Kornhauser and Smith gas spring test rig is shown in Fig. 1. The
comparison between data and experiment was based solely on
experimental and simulated values of nondimensional hysteresis
loss over the gas spring operating range. A gas spring is a pis-
ton/cylinder, which has no flow to or from the enclosed cylinder
volume. Kornhauser'® reported further details of these experiments.
He also reported on tests made with a modification of the gas spring
testrig (Fig. 2), to include a heat exchanger mounted on top of the
cylinder, such that flow could continuously pass between the cylin-
der and the heat exchanger as the piston expanded and compressed
the gas. This two-spacetestrig operated more like a Stirling machine
cylinder than either a gas spring or a compressor.

Kornhauser’s gas springdata'® were alsoused as a basis for valida-
tion of the two-dimensionalmodified CAST code. Modified CAST’s
calculated hysteresislosses were compared with Kornhauser’s!® ex-
perimental and Recktenwald’s!® calculated values, over a range of
gas spring operation. Also, because Recktenwald published plots
of calculated gas spring velocity vectors and temperature contours,
these were compared with similar modified CAST results for one
operating point. Thus Recktenwald’s compressible-acousticcalcu-
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Fig. 1 Kornhauser’s and Smith’s'®17 closed-cylinder (gas spring) test
rig.

Table 2 Gas spring dimensions

Physical quantity Value
Cylinder bore (diameter) D 50.80 mm (2 in.)
Piston stroke S 76.2 mm (3 in.)
Volume ratio r, 2.0
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Fig. 2 Kornhauser’s'® two-space (cylinder plus heat exchanger) test
rig.

lations were compared to modified CAST’s compressiblenonacous-
tic calculations. Comparison of the two sets of temperature contours
over the cycle fora 10-rpm gas spring showed excellent agreement.
Agreement between velocities also appeared to be very good, al-
though due to some differences in the velocity vector plots, only
a qualitative comparison could be made. These two-dimensional
comparisons are shown in Ref. 10.

Gas Spring and Two-Space Test Rig Dimensions

The internal dimensions of Kornhauser's test rigs'® are shown in
Tables 2 and 3. Because of a CAST limitation, a slight change was
made in the two-space test-rig simulated heat-exchangergeometry.
In CAST/modified CAST a grid is generated for the envelope of
maximum length and radius (for axisymmetric problems). A vol-
ume such as that within the inner radius of the heat exchanger is
excluded from the calculations by insertion of a numerical “obsta-
cle” A second obstacle would be needed to fill the small volume
between the outer radius of the annular heat exchanger and radius
of the cylinder. (One must look closely to see this volume in Fig. 2.)
However, CAST can implement only one obstacle.
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Table3 Two-space test-rig dimensions: physical
and simulated

Physical quantity Physical value Simulation value
Cylinder bore, mm (in.) 50.80 (2) 50.80 (2)
Piston stroke, mm (in.) 76.20 (3) 76.20 (3)

Volume ratio 2.0 2.0

Annulus 0.d., mm (in.) 44.5 (1.75) 50.80 (2)

Annulusi.d., mm (in.) 39.4 (1.55) 46.4 (1.83)
Annulus gap, mm (in.) 2.5(0.10) 2.2(0.09)
Annulus length, mm (in.) 445 (17.5) 445 (17.5)
Minimum piston/head 2.9(0.11) 2.9(0.11)

clearance, mm (in.)

Therefore the modeled heat exchanger, physically mounted on
top of the cylinder, was moved slightly outward so that the outer
wall coincided with the cylinder wall; the heat-exchanger vol-
ume was maintained the same to maintain the same volume ra-
tio. Physical and simulated dimensions are shown in Table 3. (It
was later estimated that the small geometry change tended to re-
duce the difference between test and calculated results.) Further
code modification was considered to solve this problem. However,
since completion of this study, development of multidimensional
Stirling models has proceeded via a commercial computational
fluid dynamics (CFD) code that does not have CAST’s geometry
limitation.

Bothtestrigs used helium gas with walls ata constanttemperature
of ~294 K (~21°C, 70°F or room temperature).

Computational Grids/Time Steps and Experimental
Sources of Error

Double-precisioncomputations were required to achieve conver-
gence of the modified CAST models. The residual’s convergence
criterion was 0.0001. Minimization of numerical errors was ad-
dressed by testing the models with various grid and time step sizes
to approach solutions independent of grid and time step size. One
practical limitation was that the study was done via an available
150-MHz desktop computer. A few comparisonruns were made on
the Ohio Supercomputer Center’s CRAY computer.

Two subsections to follow on experimental data processing and
sources of error are summaries of information from Kornhauser.'®
However, no error analysis was reported that would allow error bars
to be shown on the data used in this report.

Gas Spring Model Time Step and Spatial Grid Selection

Recktenwald!® determined, in simulations of Kornhauser’s gas
spring,'® that 17 x 12 grids (axial and radial directions, respec-
tively) with 120 time steps/cycle and 43 x 30 grids with 180 time
steps/cycle gave approximately the same results for overall cycle
work, heat transfer, and other variables. Therefore, he used 17 x 12
grids with 120 time steps/cycle for most runs, but43 x 30 grids with
180 times steps/cycle to make field plots of the velocities, temper-
atures, etc.

Results similar to Recktenwald’s'> were obtained via grid in-
dependence and time step studies using the modified CAST code.
The modified CAST computationsdiscussed later were made using
18 x 12 grids with 120 time steps/cycle or, when it was desired to
make field plots of the velocities and temperatures, 42 x 30 grids
with 200 time steps/cycle.

Two-Space Model Time Step and Spatial Grid Selection

For the gas spring simulation, an 18 x 12 grid with 120 time
steps/cycle gave adequate results compared to use of 42 x 30 grids
and 200 time steps/cycle (for 10rpm, 193-kPamean pressure). Thus,
an 18 x 12 grid was used to start planning the grid for the cylinder
portion of the two-space experiment. Then, eight radial grids were
chosen for the heat exchanger. In the cylinder, these 8 radial grids
were added to the 12 radial grids previously used in the cylinder.
This, then, gave a total of 18 axial x 20 radial cylinder grids (more
dense radial grids than for the gas spring).

In the heat exchanger, it would be convenient to have uniform
axial grids to simplify heat flux calculations at the entrance, end,

and at 1/16, 1/8, 1/4, and 1/2 of the heat exchanger length from
the entrance. These were positions where temperatures and heat
fluxes were measured. Therefore, initially, a rather coarse, uniform,
16 grids were used along the axis of the heat exchanger. Thus, this
initial grid had 16 axial x 8 radial grids inside the heat exchanger
annulus and 18 x 20 grids in the cylinder for a total of 34 axial
x 20 radial grids. There were 120 time steps/cycle chosen, initially,
as used with the 18 x 12 gas spring grid.

With this 34 x 20 grid, average grid densities in regions of the
computationaldomain were as follows. In the heat exchanger, axial
grid density was a coarse one grid every 2.78 cm; radial average
grid density was ~36 grids/cm. In the cylinder, radial average grid
density inside the heat-exchanger inner radius was ~5 grids/cm;
between the inner and outer heat-exchangerradii, radial grid den-
sity was the same as the heat exchanger, ~36 grids/cm. Cylinder
axial grid densities were 62 grids/cm at top-dead-center (TDC)
and ~2.3 grids/cm at bottom-dead-center. The coarseness and uni-
formity of the initial axial heat-exchanger grid was considered a
possible problem.

For experimentation with the number of axial grids, cylinder ra-
dial grids were fixed at 20, with 8 in the heat-exchangerand 12 in
the non-heat-exchangerregion. Axial grids in the heat exchanger
were increased from 16 to as large as 128 (factor of 8), using both
uniform and non-uniform grids. In the cylinder, in addition to the
earlier used 18 axial grids, several runs were made with only 8 ax-
ial grids. The already small grid size, when compressed at TDC,
seemed to argue against going to a larger number of cylinder axial
grids. Further increases in the number of radial grids in the annular
heat exchanger would have been desirable. This was not done due
to desktop computer and time limitations. This same problem has
more recently been modeled by Ibrahim, et al.,' using the CFD—
ACE commerical code (which does not exclude acoustic phenom-
ena) with up to 20 radial grids in the annular heat exchanger. These
CFD-ACE computations did not improve upon the earlier modified
CAST computations (reported here), in achieving agreement with
Kornhauser's heat exchanger heat flux data.!®

Gas Spring Test Rig: Experimental Data Processing
and Sources of Error!8

The summarized information in this and the following section
was taken from Kornhauser.!® Three full cycles of pressure-volume
data were collected for each run. Of these, only one was used for
analysis. The remaining data were used to check the level of cycle-
to-cycle variations.

The cyclic lost work (hysteresis loss) was calculated by trape-
zoidal rule integration of p dV. Comparison of lost work calculated
for adjacent cycles showed a variation that never exceeded 0.18%
for any run and was generally less than 0.01%.

Instantaneous space-averaged heat transfer and mixed mean gas
temperature were calculated from pressure, volume, and time. Work
was calculated directly from pressure and volume; heat transferrate
was calculated from work, internal energy, time, and the first law of
thermodynamics.

Kornhauser'® found that helium gas was accurately represented
by the ideal gas equation of state. He also found that the appendix
gap volume, the small annular clearance volume between the piston
and the cylinder wall, began to have a significant effect on the re-
sults for volume ratios greater than 2.0 (volume ratio of 2.0, for the
experimental runs used here).

According to Kornhauser,'® pressure transducer inaccuracies
made temperature calculations unreliable at the lowest pressure,
near isothermal, runs. The transducers had uncertainties of 0.59
(0.086) and 1.8 kPa (0.26 psi) for low- and high-range transducers,
respectively. This corresponded to temperature errors of 1.8 and
1.0 K, respectively, for the lowest mean pressure. Because the most
nearly isothermal runs had temperature swings as low as 1.7 K, the
temperature errors were large enough to make data from these runs
unreliable.For higher pressure and “less isothermal” runs, accuracy
was adequate. For the highest pressure, largest temperature swing
case, there was a temperature uncertainty of about 0.3 K for a gas
temperature swing over the cycle of 230 K. The results of the most
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nearly isothermal runs were used only for loss, pressure phase, and
pressure magnitude measurements. The lowest temperature swing
of any run for which heat transfer results were reported was 16 K.

Two-Space Test Rig: Experimental Data Processing
and Sources of Error!8

Cyclic lost work and instantaneous space-averaged heat transfer,
were calculated by Kornhauser'® the same way as for the gas spring
apparatus. Annulus gas—wall heat transfer was calculated from sur-
face temperature test data by modeling the wall as a semi-infinite
solid subjected to sinusoidal surface temperature variations. The
surface temperature was Fourier decomposed into sinusoidal com-
ponents, and heat transfer corresponding to each component was
calculated. Components were recombined to get total heat transfer.
This Fourier procedure could be used only for the ac heat trans-
fer component. The dc component could not be calculated from
these data because by the time cyclic steady state was attained for
the gas, the dc temperature wave had penetrated the substrate. An
approximate value for the dc heat transfer was calculated using
cyclic-average values of wall temperature for all cycles beginning
with the apparatus startup. The wall was modeled as a semi-infinite
solid subjectedto a step changein surface heat flux. Approximatedc
heat transfer was calculated from the change in cyclic-average wall
temperature at startup, when the substrate could still be considered
semi-infinte.

Cylinder heat transfer was calculated by subtracting the heat
transfer calculated from heat exchanger surface resistance temper-
ature detector (RTD) measurements from total heat transfer calcu-
lated from pressure-volume measurements. To do this, it was nec-
essary to interpolate heat fluxes measured at each RTD location to
find the heat flux at each point in the heat exchanger.

Center gas temperature in the heat exchanger was measured di-
rectly. Kornhauser's'® mixed mean gas temperature in the cylinder
space was calculated using both the heat-exchanger temperature
measurements and pressure-volume measurements.

The error sources present for the gas spring experiments apply
for the two-space experiments as well. In addition, there were error
sources unique to the two-space experiments.

Kornhauser’s'® surface heat flux calculations were based on the
assumption that the transducer could be modeled as an infinitely
thin sensor mounted on an infinitely thick, one-dimensionalhomo-
geneous substrate. The assumption of a thin sensor was thought to
be quite good. The assumption of a semi-infinite one-dimensional
wall led to errors in surface heat flux calculationsuch that only data
taken at 50 rpm and above were felt to be reliable by Kornhauser.

Probably the most important sources of error were in calculation
of temperature and, to a lesser extent, heat transfer in the cylin-
der space. Because of the complex oscillating pressure/oscillating
flow conditions, the temperature profile across the heat exchanger
was not known. Because of the small size of the annulus, temper-
ature could be measured only at or near the centerline, according
to Kornhauser.!® (A 10 x microscope was used to investigate de-
viations from the centerline position.) In calculating cylinder-space
temperature, gas mass in the heat exchanger was calculated on the
assumption that the centerline temperature was representativeof the
mean cross-sectional temperature. This could result in serious mis-
calculation of the mass and, thus, the temperature in the cylinder
space. In addition to having only a centerline temperature measure-
ment, the temperatures were interpolatedbetween the measurement
locations along the length of the heat exchanger. This provided an-
other possible error source.

Results: Computations Virsus Test Data

Gas Spring Hysteresis Losses

For a gas spring, hysteresis loss is work dissipated by the spring
per cycle at steady operating conditions; it is also equal to the heat
generated in and transferred out of the spring. A good way to com-
pare computational and measured hysteresis losses is via plots of
dimensionless work as a function of oscillating-flow Peclet num-
ber (see Ref. 18). Dimensionless work and oscillating-flow Peclet

O 200 kPa, experimental
A 500 kPa, experimental
<© 1800 kPa, experimental
1 O Computations, Recktenwald
10 E X Modified CAST computations
8 o =
o8 -
g2 100 - o Ry o
8¢ E &R
a g - )é) %@
s 2 — X
.§ =] 10—1 | AO
TE E %
5% F ®
102 Lobbbl Lotobnd 1 g Ll
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Oscillating flow Peclet number, Pe,,

Fig. 3 Gas spring losses: modified CAST, recktenwald'® calculations,
and Kornhauser’s'® measurements.

numbers are defined, respectively, as follows:

P\ (v —1
Wigss = f PdV/PUv(J(F“) (VT) (13)
0

. 2
/O(J('pa)Dh

Pe, =
4r

(14)

Recktenwald'® had previously plotted his calculated dimensionless
losses on a plot of Kornhauser's data.'® The modified CAST di-
mensionless losses were superimposed on this plot with the result
shown in Fig. 3. Figure 3 shows dimensionless loss as a function
of oscillating-flow Peclet number. The modified CAST values were
plotted at “uncorrected’ Peclet numbers (see Ref. 10) (based on
integral average densities). If plotted at the corrected values of the
Peclet numbers (see Ref. 10), that is, based on arithmetic mean den-
sities, as by Recktenwald,”® they would be shifted slightly to the
right and would fall on Recktenwald’s values.

Five of the six pairs (modified CAST and Recktenwald values'3)
of calculated dimensionless losses agree well with Kornhauser’s
data.!® The one pair of calculated points that did not agree with
the data is shown at the highest Peclet number and correspondsto a
1000-rpm, 1465-kPa gas spring operating condition. Recktenwald'”
discusses several plausible explanations for disagreement at high
Peclet number Pe,: 1) At large Peclet number Pe, the gas spring
approaches adiabatic behavior and hysteresis losses become small,
and so a small error will have large consequences. 2) Wall heat
transfer may be underpredicted by the calculations (both sets) due
to assumptions of constant thermal conductivity corresponding to
300 K, while temperatures varied between 250 and 400 K for this
near adiabatic point. 3) Systematic error in the experimental results
is a possibility.

In the data midrange, near Pe, =10, where higher and lower
data curves occur, the computations agree with the lower curve.
Kornhauser'® found the higher and lower curves were related to dif-
ferencesbetweendata taken at high pressure/low-speed (higher)and
those taken at low pressure/high speed (lower). He concluded there
was some other dimensionless parameter needed to resolve the data
in thisrange. His experimentalso showed that adding fins within the
gas spring clearance volume suppressedthe differencein losses, that
is, between high-pressurelow-speed and low-pressurehigh-speed
losses. See Kornhauser'® for more discussion.

Comparison of modified CAST and experimental pressure—
volume (P-V) diagrams are shown in Figs. 4 and 5 for ~49 and
496 rpm, respectively. Agreement is very good.

Two-Space Test Rig Data and Calculation Comparisons

Figures 6 and 7 show experimentalheat-exchangerheat fluxes and
annulus center-to-wall temperature difference for Kornhauser’s'®
two-spacerig. Figures 8 and 9 show correspondingmodified CAST
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Fig. 6 Measured'® two-space test-rig heat-exchanger heat fluxes for
201.7 rpm, 1.008-MPa mean pressure.

results for comparison with Figs. 6 and 7. Experimental and calcu-
lated heat transferhave differentsigns due to differencesin definition
of the positive heat transfer direction.

Figures 6 and 8 show that peak experimental heat flux near the
entranceis 4000-5000 W/m? less (~17%) than the calculated value;
near the end, the peak experimental value is ~9000 W/m? less
(~45%) than the calculated value. Therefore, even though the qual-
itative variations in heat transfer look similar in the experimental
and calculated plots, quantitative agreement is not good.

Comparisonof the annulus center to wall temperature differences
in Figs. 7 and 9 show that the calculated temperature differencesare
smaller that the experimental values. This is consistent with the
calculated heat fluxes being larger than the experimental values.

Two-dimensional plots of the Modified CAST calculated tem-
peratures, velocities, pressures, etc., are given in Ref. 10. However,
there are no experimental values available for comparison.

Fig. 9 Modified CAST two-space test-rig heat-exchanger temperature
differences for 201.7 rpm, 1.008-MPa mean pressure.

Laminar Versus Turbulent Flow

Laminar Versus Turbulent Flow in Kornhauser
Gas Spring'® at High Speed

Recktenwald'’ assumed that at 500 rpm the flow inside the gas
spring was turbulent. His assumption was based on the following
reasoning. He calculated that the Reynolds number, based on mean
piston speed, gas spring geometry, and mean helium properties,
was 1026. He thought it reasonable to assume that agitation by the
piston and the large volume changes are sufficient to induce large-
scale, unstable motions that give rise to turbulence. Recktenwald'’
used the Morel-Mansour compressible form of the k—¢ turbulence
model .2

Tew!? showed that modified CAST, assuming laminar flow, gave
approximately the same dimensionless losses as Recktenwald’s!'®
turbulent calculations, for both 500 and 1000 rpm. Also, when the
1000-rpm simulation was repeated with modified CAST, using the
Launder—Spalding incompressible k—¢ turbulence model,?! there
was very little change in the results. Later, for two-space test-rig tur-
bulent flow simulations, both the Launder—Spalding incompressible
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and the Morel-Mansour compressible forms of the k—¢ turbulence
models were used in modified CAST; differencesin the results ob-
tained using the two different forms of the turbulence model were
very small. Agreement of the turbulentand laminar calculations for
these oscillating-flow simulations could possibly be due to the ten-
dency of k—¢ turbulence models to dissipate turbulence too rapidly
under these conditions. For example, Koehler et al.?? found that a
low Reynolds number k—e model dissipated the turbulencein a tur-
bulentslug entering a pipe during oscillating flow much too quickly
compared to experimental data.

It is also possible that the maximum Reynolds number was not
large enough at these oscillating-flow conditions to generate turbu-
lence. Experiments with oscillating flow in pipes have shown that
accelerating flow tends to delay transition to turbulence and decel-
erating flow tends to destabilize the flow and cause transition to
turbulence 2~ Two dimensionless parameters that have been used
to characterizeregions of oscillating flow in pipes as fully laminar,
fully turbulent, and laminar or turbulent over different parts of the
oscillating flow cycle are Valensi number and maximum Reynolds
number (see Ref. 26).

Figure 10 (see Ref. 27) characterizes laminar and turbulent re-
gions of oscillating pipe flow. The region left of the transition lines
is the region of always-laminar flow. As the angular frequency and,
thus, the Valensi number increase, the always-laminar region ex-
tends over to the right to higher maximum Reynolds numbers.
For the 1000-rpm modified CAST gas spring run discussed earlier,
oscillating-flow Peclet number was about 3375. This corresponds
to a Valensi number (oscillating-flow Peclet number/Prandtl num-
ber) of ~5000. Maximum Reynolds number, based on maximum
piston velocity of ~4 m/s and maximum density of ~2.75 kg/m®,
was ~2.3 x 10*. This point is inside the always-laminar region. Of
course, this is for pipe flow. The gas spring, with an oscillating pis-
ton inside a 5.1 cm (2-in.)- diam cylinder and with a maximum/
minimum volume ratio of 2 might be more likely to experience
turbulence at lower maximum Reynolds numbers.

Laminar Versus Turbulent Flow: Two-Space Test Rig

Rig operating conditions were 201.7 rpm and 1.008-MPa mean
pressure. Maximum Reynolds numbers and Valensi numbers were
calculated for the 34 x 20 grid, 120 time step/cycle simulation
and compared with Fig. 10. It was found that the heat-exchanger
maximum Reynolds number point (Va =7.8, Rey,x =2370) was
in the neighborhood of the several transition lines between the
always-laminarsometimes-turbulent regions. This would imply
that the heat-exchanger flow might be turbulent for part of the

cycle. The cylinder maximum Reynolds number point (Va =420,
Rey.x =6300) was in the always-laminarregion. Measurementsand
analysis of oscillating pipe flow? have shown that flow may be tur-
bulentandlaminaroverdifferentparts of the same cycle; appropriate
simulation involves switching back and forth between laminar and
turbulent calculations. No data were available for the test rig to
specify if and when the flow was turbulent. Therefore, runs made
for comparisonof laminar and turbulent flow used either the laminar
or turbulent flow models over the entire cycle.

Conclusions

Fedorchenko’s compressible nonacoustic equations'? were used
as abasisformodifyingan existingincompressibletwo-dimensional
code, CAST.!! The resulting compressible nonacoustic two-
dimensional code, modified CAST, was then used to model two
reciprocatingtest rigs for which published data were available.!®~!8
Modified CAST gas spring calculations agreed well with 10-rpm
hysteresis loss data, ~50 and 500 rpm P-V diagram data, and
also with compressible acoustic calculations of two-dimensional,
10-rpm gas spring, velocities and temperatures. However, modified
CAST overpredicted two-space test-rig heat-exchangerheat fluxes,
although trends were predicted well.

In general, acoustics will be unimportantinside reciprocating de-
vices sufficiently small that acoustic-propagatim times across the
interiors are small compared to the cycle period. For the gas spring
at 1000 rpm and the taller two-space testrig at ~200 rpm, simulated
here, acoustic waves were calculated to travel across the maximum
dimensionsin less than 1.5% of the cycle period. Maximum Mach
numbers for both test rigs were less than 0.01.

Fedorchenko’s'? compressible nonacoustic technique may have
the capability for reductions in simulation time for specialized tran-
sientsituations,forexample, enclosedboundarieswith time-varying
volumes, where compressibilitymust be simulated but acoustics are
not important.
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