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ABSTRACT

A comprehensive model of a linear compressor fectebnics cooling was previously presented by Bradset al.
(2011). The current study expands upon this workirnsy developing methods for predicting the resurfeequency
of a linear compressor and for controlling its pisstroke. Key parameters governing compressoope#ance —
leakage gap, eccentricity, and piston geometrye-eaplored using a sensitivity analysis. It is dastmated that for
optimum performance, the leakage gap and eccegtsbould be minimized. In addition, the ratio da$tpn stroke
to diameter should not exceed a value of one tomize friction and leakage losses, but should bbgel@&nough to
preclude the need for an oversized motor.

1. INTRODUCTION

A comprehensive simulation model for a miniaturaksdinear compressor was recently developed by®raw et
al. (2011). The model was also validated againgiegments conducted on a prototype linear compresso
constructed for the purpose. It was found thataberall performance metrics predicted by the cosgre model

are highly sensitive to the leakage ggp eccentricitye, dry friction coefficientf, and motor efficiency7, ., -

Figure 1 depicts the major components and desiggnmeters of a linear compressor. The geometryeptbton is

directly related to both the friction and leakageaocompressor. Therefore, for a fixed displacetime, some

piston diameter and stroke combinations will previdgher efficiencies than others. The impact @nges to these
parameters proves useful when designing a lineapoessor, and warrants further investigation.

A linear compressor has two major practical limtas, which restrict its implementation in practisgstems. Both
the resonant frequency and stroke are sensitichdnges in geometry and operating conditions (Cadtn@&ohen,
1969; Park et al., 2004; Pollak et al., 1979; Ungé@tovotny, 2002). This poses a challenge not @¢algompressor
design but also to modeling efforts. The abilityptedict and control these two parameters provédeseful tool for
linear compressor design efforts.

A method for calculating the resonant frequencyg bhear compressor is developed here. An apprmanbmerical

control is also provided that ensures compresseratipn at the desired stroke. A series of seirisitstudies are
presented, which highlight the sensitivity to legéayap and eccentricity as well as piston geometry.
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Figure 1: Schematic diagram of linear compressor at Top M&atter (TDC, top) and Bottom Dead Center (BDC,
bottom) with primary linear compressor componenmnis design parameters highlighted.

2. RESONANT FREQUENCY AND STROKE CONTROL

The resonant frequency of the linear compressoentipon the mechanical springs selected in thgnlasi well as
the operating conditions. To calculate the resofi@gjuency of a linear compressor, the stiffnesoaated with
both the mechanical springs and the operating tiondimust be estimated. The stiffness of the m@chhsprings
is typically reported by the manufacturer. Thefistifs associated with the operating conditionkésstiffness from
gas compression. Using these stiffness valuesstimate of the resonant frequency of oscillationbsained from
the following expression:

o = WA1— 207 1)

{=r——r &)
and @) is given by,

W=y ®)

The effective stiffness is defined as:
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(Pcv,l - I:)cv ,2) Ap
dx

p

keff:kmech-l_kgas:knmech_*_ (4)
where R, , — R, , is the differential pressure acting on the pisteetween the compression chamber and
compressor shell. The effective damping is defiagd

Ecycle — Wf + Wgas (5)
WXTT QXTT - WX

Cest

with work due to friction and work done on the gfined as:

vaas = _I Ry ,1dV
(6)
W, =4f [ Nax

where the normal force is defined as:

N :(Lij(kmhe(xp —eH)) (7

p

Equation (1) describes the resonant frequency ohexdimensional system. The model presented prelyido
Bradshaw et al. (2011) utilizes a two-degree-oédi@m system to describe the piston motion. Thesedegrees of
freedom are the desired piston translation andutfteesired rotation of the piston within the cylinddowever, it
has been observed that the resonant frequency dintar compressor is predicted accurately usiogeadegree of
freedom approach (Pollak et al., 1979; Cadman &€Dph969). In addition, Equations (1)-(7) are dirized based
on the desired input stroke. This approach estisndte damping and stiffness of the system whesttioge is at a
desired condition. By linearizing these equatidhs, dependence on instantaneous stroke is removVhdrefore,
the resonant frequency can be calculated extesrtaetcomprehensive linear compressor model

A consequence of the free-piston design of thaalim®mpressor is that the stroke of the compredsanges with
power input and operating conditions. A recipraogtcompressor, in contrast, has a stroke thatxedfby the
kinematics of the device and remains constant dégss of operating conditions or power input. Thsikd piston
stroke is one of the necessary specifications éndésign of a linear compressor. Therefore, tHayutif the linear

compressor model developed in Bradshaw et al. (2&l&nhanced here by allowing for the desiredkstrim be
specified. Since the piston driving force is anunp the two-degree-of-freedom piston vibrationdmloused to
determine piston behavior, a numerical algorithmsed to adjust the piston driving force until thesired piston
stroke is achieved. The numerical algorithm utdize control the linear compressor stroke is kn@asnBrent's
method (1971). The stroke is controlled to withifh @m for each geometric configuration examined. Tlgo@dhm

depicted in Figure 2 presents the modified oveathpressor model algorithm.

3. LOSSDEFINITIONS

While the overall isentropic efficiency providesreasure of the total losses in a compressor, aatepastimation
of major loss components provides useful insight the compressor operation. Leakage and frictientypically
two sources of greatest loss within a positive ldisgpment compressor and are quantified here.
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Figure 2: Modified linear compressor simulation model algamit

The frictional losses in the compressor are detgthias the scalar product of the frictional forod ¢he piston
velocity. These two quantities oscillate about aameralue of zero and always point in opposite dines.
Therefore, to estimate the mean power dissipatedrigtion over a compression cycle requires the afsthe root
mean square (rms) value, and the scalar produstesdo:

W, =(INE,)), (%), ®
In the prototype linear compressor, the leakagee®sepresent mass that has been pushed intorttpeessor shell
instead of the discharge line; the same amountassnalso returns to the compression chamber doas$s being
conserved. The net loss represents the work rafjagdemove this mass of gas both into and back éuhe

compressor shell, and represents a loss in availafiérgy. The volumetric efficiency is a traditibnzeasure of
leakage used. However, in a linear compressomtiesic becomes more complicated as the volumefficiency

depends on the stroke and resonant frequency iitiamddo mass flow rate of the compressor. The rwdtric

efficiency of the linear compressor is a ratio lué actual mass flow of the compressor to the thieateanaximum
mass flow.

This definition poses some difficulty in isolatiogly leakage losses when piston stroke and resdreapiency are
both varied. Therefore, to estimate the leakags, las exergy analysis is used. Using the compressatrol
volumes shown in Figure 3, the amount of exergyrdged in moving the leakage mass into the compresisell
and subsequently back into the compression volgme i

: - . T, .
E ek =Weak = ToMeac (ch|2_scv,1)+(-|-_0} Meac (N 2= 1, ) 9)
w
The exergy destruction shown in Equation (9) gimes measure of leakage losses in a linear compresso

4. SENSITIVITY STUDIES

Sensitivity analyses conducted using the compréhetisear compressor model are presented herevimistudies.
The first is a study that focuses specifically eakage and friction, independent of changes inrgiheameters.
This is accomplished by examining the sensitivitychanges in the leakage ggpas well as spring eccentricity.
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The second study considers changes in the pistomefey and scaling of the compressor, specifictily piston
diameter at various displacement volumes. The anfjparameters investigated are first discussdidyfed by the
results of the studies.

n'/lout-k
min ‘ E

Linear Motor

Figure 3: Schematic diagram of linear compressor control mels for leakage exergy analysis.

The earlier study by Bradshaw et al. (2011) hiditegl four parameters that significantly impact theerall
performance metrics of the compressor: motor efficy 7, . dry friction coefficient, spring eccentricitye , and

leakage gap g . For simplicity, changes tg,,, are not considered here, as changes in this pseameuld

provide little insight into compressor design; thigher the linear motor efficiency, the better hig ttompressor
overall performance. Thus, the efficiency is fix@d®0% for the rest of this work. The operatingditians are set at
20 °C, 40°C, and 5°C for evaporating, condensing, and superheat teahpes, respectively. This operating
condition represents a typical electronics coolipglication. In addition, the clearance gap betwienpiston at

TDC and the valve plateX,_, , as illustrated in Figure 1, is fixed at 3 mm.

4.1 Leakage and Friction

The dry friction coefficienf and spring eccentricit¢ both relate to friction between the piston andnddr. These
two parameters are coupled by the normal forcagatn the piston as shown in Equation (7); sodnly necessary
to vary one parameter to study the impact of frictiTherefore, only the spring eccentricity is eised, besides the
leakage gapg . For eccentricity, the range of values considesahs from 0.1 cm to 0.9 cm, where the upper limit

represents an extreme situation. The leakage gagdafrom lum to 23um, which spans a realistic range of values
for compressor leakage gaps (Kim & Groll, 2007;almv et al., 2006). In addition, the stroke is fige®.54 cm (1
in) for this study.

An increase in leakage mass flow rate resultsdeaease in the volumetric efficiency of the deyibés is shown
in Figure 4. This figure presents the compressdumetric and overall isentropic efficiencies as we$ the

frictional and leakage losses for different ecdeities as a function of leakage gap. This decreasefficiency

corresponds to a decrease in mass flow rate frentdimpressor as a result of increased leakage.tBetleakage
mass flow rate and the volumetric efficiency shomegligible dependence on eccentricity. It may tectuded that
the flow parameters are not affected significabtfychanges in frictional characteristics within twmpressor but
are highly sensitive to changes in leakage gaphwidt

The overall compressor performance is presentddrims of the overall isentropic efficiency at diffat leakage
gap and eccentricity values. As the eccentricityrel@ses, the overall isentropic efficiency increga®portionally.
This is a result of increased frictional losseshigther eccentricity values. The compressor perfocaais also
reduced at higher leakage gap widths, since theomesaor mass flow rate decreases with larger leagaps.

Figure 4 shows the net frictional losses as a fanabf leakage gap width for each of the three poasty values
considered. The frictional losses are seen to lgellaindependent of the leakage gap width, wisllight increase
in loss as the leakage gap is reduced, and a sttepgndence on eccentricity. This behavior is duéh¢ dry
friction model utilized, which best represents firetotype compressor developed in Bradshaw et28l1%). In
contrast, a thin-film friction model is typicallftiized for modeling compressors that are oil-lehted. Conversely,
the leakage losses increase as the leakage gamses; with little dependence on eccentricity. Tlaidarger
leakage gaps the leakage losses tend to dominatefriational losses, and the volumetric and ovessntropic
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efficiencies decrease. However, at smaller lealgaes (<10um) the frictional losses tend to dominate. This,
coupled with the high sensitivity of the frictiorlalses to the eccentricity, generates a high&l lefvsensitivity of
the overall isentropic efficiency at smaller leagamps.

These results show the high level of sensitivitytlod linear compressor performance to both thealgakgap
between the piston and cylinder and the eccentridithe spring. Reducing the leakage gap and ¢hergricity of
the applied spring force would improve the compeserformance. The lower limit on both these patams is
dictated by manufacturing constraints. It is aleted that at the smallest leakage gap widths,cagér coupling
would exist between leakage and friction that it aexzounted for by the dry friction model utilizedthe current
work.

0.95 0.75
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Figure 4: Volumetric (top left) and overall isentropic (toght) efficiencies as well as frictional (bottonftjeand
leakage (bottom right) losses as a function ofdgakgap width at different spring eccentricities.

International Compressor Engineering Conferend¢euatiue, July 16-19, 2012



1133, Page 7

4.2 Piston Geometry and Scaling

The geometry of a compressor piston can have & lmngact on the overall performance of the deviCen(&
Groll, 2007; Rigola et al., 2005). The impact o#lgng of the linear compressor is also of intetesthe goal of
miniaturizing the compression technology. To expldhe impact of scaling, three compressor displacem
volumes of 2, 3, and 6 chare examined. For each displaced volume the piitmeter is varied from 0.8 to 1.7
cm. Fixing the compressor displacement volume aaying the piston diameter requires modificationtio
compressor stroke. Therefore, the stroke-to-diammat® is investigated for three displacement vods.

Figure 5 shows the volumetric efficiency, frictibnand leakage losses, and the linear compressanaat
frequency as a function of the stroke-to-diamediorfor three displacement volumes. The volumaedfficiency of
the linear compressor is low at small values afl&rto-diameter ratio, but increases asymptoticadlthe value of
this ratio is increased. This behavior is largemaffiected by the choice of displacement volumess Behavior is
the result of a larger dead volume relative todisplaced volume as the piston diameter incredsesefore, as the
stroke-to-diameter ratio decreases, the dead voloareases in relation to the piston surface aréa increase in
dead volume results in a reduction in volumetridfgrenance.

The frictional losses in the linear compressoréase at a super-linear (i.e., greater than limade)with an increase
in stroke-to-diameter ratio. An increase in displaent volume leads to increased frictional loséeshe stroke-to-

diameter ratio increases, the mean piston veldnityeases as a result of the increase in strokadtition, the

frictional force generated by the contact betwdenpiston and cylinder increases as a result dfienease in the
normal force, as shown in Equation (7). Thus, &n $eom Equation (8) where two of the three factocsease, the
frictional losses increase at a super-linear ratihe compressor stroke-to-diameter ratio increases

The leakage losses show a different behavior wmighstroke-to-diameter ratio: they decrease shiginttil a stroke-
to-diameter ratio of between 3 and 4, and thenegme rapidly as this ratio is increased further.with the
frictional losses, the leakage losses increase avitincrease in the displacement volume. As thekstto-diameter
ratio is reduced from a value of 3, the leakagedesslightly increase, whereas the losses inci&zply as this
ratio increases beyond a value of 4. This behasiarresult of two competing factors: the changpigton resonant
frequency, which changes the time period over whéakage can occur, and the overall leakage arethé\stroke-
to-diameter ratio increases, the resonant frequdacyeases. Since the resonant frequency of thenpsrelated to
the piston oscillation period by:

f = (10)

An increase in stroke-to-diameter ratio increases giston oscillation period. An increase in thstgn period
generates a larger time period over which leakageoccur. Leakage within the compressor is alspgitmnal to
the area within the leakage gap:

M = AVA an)

The leakage area is determined by the piston demnetth larger piston diameters correspondincatgér leakage
areas. When the stroke-to-diameter ratio is srpa@tpn period is also small, but the leakage ssdarge. When the
stroke-to-diameter ratio is large, on the otherdhahe piston period is large but the leakage &eamall. This
trade-off is largely dominated by piston period tdaes exhibit an optimum at a stroke-to-diametto @& between
3 and 4. While the leakage losses tend to increlaamply after a stroke-to- diameter ratio of betw8& and 4, this
does not have a corresponding effect that is appamethe volumetric efficiency. The reason foistis that the
magnitude of the leakage losses is relatively seadin at the maximum. Therefore, there is litthpact on the
volumetric efficiency.

In contrast to the volumetric efficiency, the ovkisentropic efficiency decreases with an increasetroke-to-

diameter ratio, as illustrated in Figure 6. In a&iddi, the performance improves with a decreaseigplacement
volume.
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Figure5: Volumetric (top left) and overall isentropic (toight) efficiencies as well as frictional (bottonftjeand
leakage (bottom right) losses as a function ofdgakgap width at different spring eccentricities.

Based on the results presented above for the vdtiomgerformance, leakage and friction losses, dlrerall
isentropic performance would also be expected tibéxa trade-off between volumetric efficiency afmittional
and leakage losses. Figure 6 shows degradatiorvenalb isentropic efficiency with an increase imoge-to-
diameter ratio due to increased friction and leekagses. The degradation in volumetric efficiesegn in Figure 5
at small stroke-to-diameter ratios does not seemdnifest as a decrease in the overall isentrdfiiescy under
these conditions. The volumetric efficiency decesadue to an increase in dead volume, but the beerapressor
performance seems to be unaffected by such araiselia dead volume. This peculiar behavior mayttrbbated to
the unique free-piston design of the linear congmesin a typical positive displacement compressiog, gas
trapped in the dead volume is re-expanded duriegstiction stroke and the energy required to coraptigis
volume is lost. In a free-piston design, the gapped in the dead volume is re-expanded duringuhk#&on stroke
as well. However, in a linear compressor the spnrags-damper system of the free piston has thaieragility to
almost fully recapture the energy required to caaprthe gas trapped in the dead volume. Thisyatilitecapture
the energy back into the piston mechanism durirgxpansion translates into a net reduction in paeasumption
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at the cost of a lower mass flow rate. It is ackiealged that this behavior is also dependent orfritional and
leakage characteristics. The study from Sectiorshdwed the high level of sensitivity in the oveparformance to
both eccentricity and leakage gap. Thus, a chamgither of these parameters may change the tpmedented in
this section.

0.95 ‘ ‘
—_—V; = 2cm?
0.9t ===V, = 3cm?||
’ == Vo= 6 cm?®
0.85
0.8
X
2 0.75
>
S
0.7
0.65 So
g=3pum IR
.| e=05cm el
0-6 f=0.1 sl
Tdead = 0.3 cm S,
0.55 : : : :
0 2 4 6 8 10

*/p[-]
Figure 6: Overall isentropic efficiency as a function of tteoke-to-diameter ratio for three displacementisds.

The overall isentropic efficiency trends also shbat as the displaced volume is decreased, thalbperformance
tends to increase. This suggests that as the ceswmrds scaled down for lower capacity applicatidhs
performance would tend to increase. This trena fiesult of the decrease in net frictional lossesha displaced
volume decreases, and shows the ability of theatireompressor to scale effectively to miniaturdesdar
electronics cooling applications. However, it ckimowledged that this does not represent a compséhe survey
of the impacts of scaling as the miniaturizationhaf linear motor must also be explored.

6. CONCLUSIONS

The sensitivity of the performance of a linear coeggor to changes in its geometric parametersailyzaed, leading
to insights into the design methodology of lineampressors. These insights allow for a furthemesfient of the
design prototype presented in Bradshaw et al. (ROHiethods for predicting the resonant frequencyadinear
compressor as well as for numerical control ofstreke of the device are presented. In additidiesa analysis is
described which quantifies the work lost due totioin and leakage.

The sensitivity studies conducted show that thedircompressor is highly sensitive to changesendbkage gap
between the piston and cylinder as well as thengpgtcentricity; both parameters should be minichiioe optimal
performance. Therefore, it is important to quangfyd control these parameters in any compressagrdésat is
mass-produced to maximize performance.

The present work also illustrates the ability of thnear compressor to be readily scaled to sma#eacities. The
ability to handle larger amounts of dead voluméhaitt performance degradation could also allow tiaihinology
to be used to control the capacity of the refriierasystem. Capacity control is a critical needHigh-performance
refrigeration systems in electronics cooling anduith be further investigated.
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NOMENCLATURE
BDC  Bottom Dead Center, [] X4 Distance between piston and valve plate at
Damping factor, [N sec TDC, [m]
Exergy destroyed, [W] X, Instantaneous compressor piston position, [m]

Frequency, [Hz]

Dry friction coefficient, [-]
Leakage gap between piston and cylinder, [m]

Enthalpy, [kJ kd]

Xs Compressor stroke, [m]

Greek Letters

C

E,

f
f

g
h - .

. . € Eccentricity of spring force, [m]

k Stiffness, [N r‘rJr] n Efﬁciency, [_]

M Mass, [kg] _ _ w Frequency, [rad sét
N Normal force from piston to cylinder, [N] 7 Damping ratio, [-]
P Pressure, [kPa] Subscripts
Q Heat transfer, [W] cvl Control volume 1

: . : cv2 Control volume 2
Q. Cooling capacity, [W] off Effective
s Entropy, [kJ kg K™ f Friction
To Ambient temperature, [K] gas Gas
Tp Piston oscillation period, [s] leak Leakage
Tw Compressor shell temperature, [K] nmov Mgt\cpj
TDC  Top Dead Center, [-] res Resonance
\ Volume, [n] rms Root mean square
\Y Gas velocity, [m§] tot Total
Vg Displaced volume, [
W Work over a cycle, [W]
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