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Lo Introduction
B, Range of Apphcat1ons of Compressors
Cooling Capacity

Domestic  Automotive Room Air Unitary Air Commercial  Large Air
Refrigerators Air Cond'g Conditioners Conditioners Air Cond’g & Conditioning
& Freezers & Heat Pumps Refrigeration

‘Fracﬁonal 200 kW (50 tons}

Reciprocating
‘Fracﬁonai 10 kW (3 tons)
) Rotary ]
‘5 kW (1.5 tons) 70 KW (20 forzs)

Scroll
150 kW (40 tons) 1500 k%{(ﬁiOO tons}

Screw

360 kW (100 tons) and up
Centrifugal
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Introduction

Motivation for Novel Compression Concepts

e Political and economic concerns
» Global warming
» Ozone depletion
» Increased competition
e Technological advances
» New working fluids
» New design and manufacturing capabilities
» New applications
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Bowtie Compressor
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Motivation
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o Motivation: Provide mechanical capacity control without
changing clearance volume

» Avoid re-expansion losses associated with the increased
clearance volumes in many capacity control solutions

» Based on Beard-Pennock variable-stroke compressor

» Blade reciprocates axially instead of linearly
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Bowtie Compressor
Ba81c Geometry
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Bowtie Compressor
Prototype De81gn

e Leakage passages:

» Through the radial
clearance
» Qver the vane

» Between the side vane
and the journal shaft

» Between the journal
bearing and the journal
shaft

» Between the top vane
and the journal shaft
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Bowtie Compressor

Overall Compressor Model
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Bowtie Compressor
Model Validation
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Ferrick Bowtie Compressor
o Performance Results

e Modeled results for compressor at 54.49C condensing,
-23.39C evaporating and 32.2°C suction temperature:
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f— Bowtie Compressor
Aboriordes
TR De81gn Opt1mlzat10n
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e Use model to optimize clearance dimensions and ratio
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Bowtie Compressor
Summary

b ¢ ies
RII

e Overall isentropic efficiency only drops from
60 to 50% when suction volume is reduced from
4.70 cm? to 3.04 cm? (almost 50% decrease)

e Change in overall isentropic efficiency could be
significantly less if appropriate electric motor is used

o Feasible, “low-cost” alternative to electronic variable
speed compressor for domestic refrigerator/ireezer
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Tlewick Z-Compressor
T ,1\,';\“!! W ;k\ Motiv ation

e Motivation: Reduce noise and vibration by developing a rotary
compressor without an eccentric

» Simultaneously compresses
two pockets of gas separated
by a Z-blade

» Z-blade provides
continuous variation
in chamber volume
without eccentric

» Cylindrical vane
separates suction
and compression Lower suction

chambers on each compression v chamber
level chamber

Vo

pper suction
chamber

Upper compression|
chamber
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Z-Compressor

rrick

e Modeled assuming:

» Upper and lower chambers
identical, but separated by
1800 rotation

» Constant pressure suction
» Negligible heat transfer

» Frictional and electric losses
rejected to high pressure gas
in shell

» Shell exchanges heat with
ambient
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E’E;%mk Z-Compressor
A-raboratories
i Model Development

e Transient analysis of the processes within the
chambers of the compressor

» Conservation of mass
» Conservation of energy

e Shaft power model
» Compression power
» Frictional losses

e Steady state energy balance
e Model validated using experimental results

Lecture 12.19
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Flerrick Z-Compressor
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Z-Compressor
Performance Results

s, LR
S NI

e Lower volumetric efficiency than currently available rolling
piston compressors due to increased leakage paths

» Between suction and compression chambers on same level
» Between levels

» Between,chambers and shell Leakage losses
L1 6 -
Pd 5 - XX Xy % 7 N
g 4 - ., S &
g: 36 @ LI
1 5 g2 -
1 S— J—
M- B
M 0.20 0.30 0.40 0.50 0.60
Z (h/D)

x Paths L6-L9 ¢ Paths L4-L5
SRR
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Teick Z-Compressor
_:J‘abor'ltoiues . . . .
i, Design Optimization

e Improve volumetric efficiency by reducing mass flow
through the most significant leakage path, which is
between the Z-blade and cylinder wall

» Reduce clearance between z-blade and cylinder

— Frictional losses increase
35 -

» Reduce diameter of - -
Z-blade 26 - —
_ " H E 20 . . - . R ——
If cylinder height .
is increased to 2
. . i0 — -

maintain same s . I
chamber volume, o. b e B v
Ieakage around Thrust bearing  Journal bearing  Blade-cylinder Flat febﬂi;neoflhe
vane increases Comparison of friction losses at various contacts
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Z-Compressor
Design Optimization, cont’d

Impact of blade-cylinder clearance change
on compressor efficiencies

Volumetric efficiency Overall isentropic efficiency
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Flerrick Z-Compressor
' ogﬂtolties
s AN Summary

» Lower noise and vibration
» But also, lower volumetric efficiency
e Dimensions can be optimized to balance leakage and
friction losses for maximum isentropic efficiency

e Feasible alternative to rolling piston compressor
for room and small unitary air conditioners,

butC“higher” manufacturing costs™
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i Rotating Spool Compressor

Geometry

discharge port suclion porl-
valve nol shown -, 7\

rear spool endp!oieﬂ\ spoot hub

ry suction porl

housing

cut-away

discharge port housing

valve not shown lip seql .
vane

lip seal-

vane

eccenltic cam~ ecceniic com¢

front spoo! endplafe

cut-away compression pocket

spool endplales not shown
sisclion pocket

Lemre 12.26
July 14-15, 2012 Short Course “"Compressors 102" © Eckhard A. Groll




ey Rotating Spool Compressor
aaboratories

e Four major components with simple geometry for
reduced manufacturing cost

e Spool face motion nearly eliminates frictional and
leakage losses between the vane and face

e Active sealing elements allow for creative solutions to
minimize leakage and friction

e
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gw;;;%lfick | Rotating Spool Compressor
saboratories

A Ly, SpOOI Geometry

wwoseoven H11-tinne Vol ] o Syt l\"ul.
e s {gipresion Vil = m m Conpnesion Vol,
com e s lenge Vol s Briscdarge Vol
20 | e
2151
5
[19)
&
=
210/
5
10 ' : :
0 . 2 y 7 2n
0 [radi 8 [rad) :
[ s
. B Lecture 12.29
July 14-15, 2012 Short Course “"Compressors 102 © Eckhard A. Groll

Telerric Rotating Spool Compressor
i Leakage Modeling

e

M.

My

Wrap Around Leak Path (w)

Face Seal Leak Path{f)

Vane Leak Path (v)

Spool Surface

Face Seal Vane/Gate

Stator

Tip Leak Path (1)
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Rotating Spool Compressor
Model Vahdatlon
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Miniature Linear Compressor
Introduction

RS

e Resonantly operated positive-displacement
compressor with a single moving part (free-piston)

Compression Chamber

Linear Motor

Springs

e Theoretical advantages
» Lower friction losses (higher efficiency)
» Scalable to the miniature scale
» Capable of capacity control (variable stroke)

Lecture 12.33
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Miniature Linear Compressor
ompressor

\t HZV\;tLinear Motor

Piston Assembly

Valve Assembly

\ Housings /

Compression Springs

Compression Chamber
LVvDT
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Miniature Linear Compressor
Control Volumes

Linear Motor

}nin
T 77
leak
/ e Piston
Compression Chamber Compressor Shell
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Miniature Linear Compressor
FBD of P1ston W1th EOM

kmech (x o 86)

Note: both forces act
through centroid

|

x k

p'vgas

xp CEﬂ

(k +k ech)x

gas

(Stlff ness) {
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Miniature Linear Compressor
Vibration Model Visualization
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E}%\ rick Miniature Linear Compressor
’ 1’][01165

Model Algonthm

Guess Values & Inputs

Resonant Frequency Calculation
External to Compression Process ~—,
Loop

Resonant Frequency

Update Initial Values

Force
Adjustment
Algorithm

Compression Process Solver

Overall Energy Balance

. s z(me Cmu{)‘bé

Brent’s method (1971) to adjust
piston force and obtain correct
stroke
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Miniature Linear Compressor
Piston/ Scahng

Impact of stroke-to-bore ratio and displaced volume on efficiencies
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Miniature Linear Compressor
Stroke Control / Frlctlon Factor
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Miniature Linear Compressor

boratories
Ca.pac1ty Control
e Variable stroke canbe 1, 0.45
utilized to generate il 104
variable capacity 1oy 10.35
e Byassuming 10°C 1 | los T
. a, 8t g
subcooling at the S 025 ¢
condenser outlet, a o I
cycle can be simulated N P
nt ___{r()]j A
e Alinear compressor 45 T30 a0 600 800
provides high Qeont V]
performance over wide System COP and 2™ Law Effectiveness
capacity ranges
. " ., Le?t':re 12.41
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Folerrick Miniature Linear Compressor
E \Ol'ltOll(.S
SO Companson to Rec1p Compr

e All else constant, vary net

dead volume by increasing 0%

Xdead 7
e Simulates a variable stroke "

compressor I:; ’

e As dead volume increases the
recoverable energy increases

e The mechanical springs actas |

capacitance, allowing energy -~ Hechmoonig ; R
to be recaptured that would U Ve '1
otherwise be lost Overall Isentropic Efficiency

- Lecture 12.42
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200WV cooling capacity
Replaced compression
springs with planar springs

Moved location of
mechanical springs
New linear bearing

selection

Valve Assembly

Key Compressor Dimensions and Predicted Performance

mech 8 € Vd fres x/D nvol no,is
N/m pm cm cm? Hz - - -
30600 0.2 4 0.5 2 60 0.4 0.96 0.86
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Miniature Linear Compressor
Conclusions

e Linear compressor scales well for small-scale
applications

e The unique behavior of the linear compressor piston
allows for efficient capacity control

e The single moving part could allow for reduced
manufacturing costs

Lecture 12.43
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. Miniature Diaphragm Compressor
Wit 1 Application of Laptop Computer Cooling

) Mmlature scale refrigeration system for cooling a

laptop (notebook) computer: 0% I
» Evaporator temperature: 20° C M
» Condenser temperature: 35° G g . P 5 v
Cooling capacity: 80 W o 20°c Y
» g capaciy o i O°C \
e For refrigerant R-134a: oS 7 / / \
» Pressure rise AP: 320 kPa 1020 . 00 150 00 200
» Flow rate: 1000 ml/min h [kdikg]
2 om Possible compressor shapes:
fe—>i 4cm
4 cm fe———
e 4(7\
2 ch
Volume = 128 cm? Volume = 251 cm? Volume = 32 cm?
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| Miniature Diaphragm Compressor
Motwa’uon

® Mot.'vat,'on Develop mlnlature scale refrigeration

compressor that can be used for electronics cooling

Compressor schematic
Chamber b Dielectric coating

e Diaphragm compressor uses
electrostatic force to “zip” a
thin circular diaphragm in a

. Electrically conducting
domed compression chamber  polyimide diaphragm

Progressive zipping

Compressed Gas

. . Electrostatic
e Diaphragm compressor consists of  force

» A chamber coated with dielectric material

Q\/«%&tﬂﬂ » A metallized diaphragm
o

~ . Diaphragm
» Suction ports (S) and discharge valves (D) e

| @M B
@ \’()\b » DC power supply (V) and control electronics Chamber

Lecture 12.47
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Ilepict Miniature Diaphragm Compressor
boratoues

A Model Development

e Previous models are not sufficient Actual geometry

» Either too simple by neglecting curvature of
electrodes to model moveable parallel plates

» Or too complex, requiring significant calcuiations
to solve computational fluid dynamics model

Segmentation

e Developed new model to balance accuracy St
and computation time

» Model as a series of moveable plate
capacitors .

» Assume diaphragm is quasi-static

» Balance elastic force in diaphragm, fluid @
pressure acting on the diaphragm, and Segment-wise force
electrostatic force for each segment balance

» Calculate voltage required to move each =

segment ©

) Lecture 12.48
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Miniature Diaphragm Compressor
Segmentatlon Modelmg Approach

VIEREETS

> Pullin voltage calculated for “sach
segment from force balance

Required operating voltage is the
maximum voltage for segments

voper = max (vpuﬂ-in)
RiRyR; Ry Ry Ry

] 1 ]
f - ]

¥i o e e
i
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yssg,N (b)
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Miniature Diaphragm Compressor
Model Results

Dome- -shaped Chamber Pressure rise = 30 kPa

. 10mm {25 um Volume flow rate = 83 ml/min
I 1 Pull-in Voltage = 400 V
810 -
: 100 um S0
600 | \ 400
E : Discharge valve opens %
= [ o
5 5907 % 300
-
o 586 .8 200
i oL
o =
o &
s70 | 100 |-
IS T, O R N A N N AR AT S AV RN RN T U S0 WO A A VLJlrll|blllllllilll|l|1||0|r||¢|;:J
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Chamber pressure rise (kPa)

Miniature Diaphragm Compressor
De51gn Optlmlzatlon
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Miniature Diaphragm Compressor
Optlmlzahon Parameters
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Thecretical compression work (mW)

Minimizing theoretical
compression power
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Minimizing operating voltage
of the compressor

500 -

Radius R, = 9.5 mm

!
1
!
i
!

L PR ST VL)Y RN ST ST SR S N T
5 10 15
Chamber radius {mm)

July 14-15, 2012

Short Course “Compressors 102"

Lecture 12.52
© Eckhard A. Groll

.



oratories

"~=~"\.$.Lk , Miniature Diaphragm Compressor

i Application of Laptop Computer Cooling

Optimized Design:

Chamber radius 8.5 mm
Chamber depth 85 um
Pressure rise 35.6 kPa
Volume flow rate 97 ml min-!
Puli-down voltage 387V

Requirements:

Lapt li lication: 80 W .
Apop cooling applica Possible Shape:
Refrigerant R134a | R236fa | R245fa 4 cm
Suction pressure [kPa] 572 230 124 4 cm

Dis. pressure [kPa] 888 376 213 2em¥
Pressure rise [kPa] 316 146 89
Vol. flow rate [mi min'] | 1141 2496 4119

Volume = 32 cm3

Lecture 12.53""'“I
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Eﬁ%%lgiﬁ’i oies  Miniature Diaphragm Compressor
W Application of Laptop Computer Cooling

35 n Maximum exfernal volume
» . AP E -~ ~-
Unit in series: m=—"22 %’ 30_-
unit E
- 251
§ N U=104
. qu o
Unit in parallel: n=—- g 20
unit 8 -
‘s 15F
§ -
Total units: U=mxn 3 10F
E ol
g -
w o r
0

R134a R236fa R245fa
Refrigerants

o Lecture 12.54
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: Miniature Diaphragm Compressor
oratories

Fedevrick
o
<y DR Summary

e An electrostatically actuated diaphragm compressor is a possible
miniature-scale compression technology

e A diaphragm compressor was analytically modeled using a novel
segmentation technique that simulates the zipping actuation of the
diaphragm from circumference towards the center

e The model results were compared to the literature and show good
agreement

e A single diaphragm compressor that produces a pressure rise of
36 kPa and flow rate of 7 ml/min is proposed

e The required operating voltage for the compressor is ~400 V
For satisfying higher pressure rise and flow rate demands,

3-D array of diaphragm compressors has to be constructed
o Qutlook
» Though the diaphragm compression technology is possible,
manufacturing and reliability issues need to be resolved before
commercial usage

Lecture 12.55
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Ko Contents

e Introduction

e Bowtie compressor

e Z-compressor

e Rotating spool compressor

e Miniature linear compressor

e Miniature diaphragm compressor

e Conclusions
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Conclusion

e e e,

e Reviewed recent research of novel compression concepts for
refrigeration applications

»

»

»

»

»

Bowtie compressor is good option for mechanical capacity
control but high manufacturing cost

Z-compressor has low noise and vibration, but may not have
sufficient efficiencies

Spool compressor provides efficient operation with simplified
geometry and potential for low manufacturing cost

Linear compressor provides capacity control and scaleability
Miniature diaphragm compressor is feasible technology for
electronics cooling, but complex array of mini compressors
needed

R

[
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