Nova Movie: Absolute Zero

On ascale of 1 to 5 (1 being the best), how do you
rank the Nova movie Absolute Zero compared to all
other Nova presentations you have watched?
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Gas Expansion Cooling

Helium as an example
Flynn Ch. 6

Fundamentals of refrigeration

* Work (W) — transport of energy only
* Heat (Q) — transport of energy TH

and entropy Refrigerator Qu T
« 1st law of thermodynamics .
— W

QH = QL +W Q
« 2nd law of thermodynamics Qu T

ﬁ z Till__ To
» COP (Coefficient Of Performance)

cop=2__Q T !

W _QH _QL_TH _TL_TH /TL_l

Principle of refrigeration
Removing Heat
Heat

/

System <— Work

*  Work is transformed to elastic energy, or potential
energy, or kinetic energy, or magnetic energy,
quantum energy, etc.

* Internal energy is increased.

* Heat is transferred to environment with entropy
transfer along with it.

As T, decreases
more work per unit refrigeration (W/Q,) is required

Ref. Work / Refrigeration
Temp WIQL (W/W)
Ty | CAMO | Acual
(minimum)
270 0.11 0.3~0.5
100 2 10~20
20 14 100 ~ 200
74 700 ~ 1500
1 299 > 6000

As TL decreases, the Carnot efficiency goes down.

Usual method to obtain low temperature
- Throttling Process
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Inversion curve for various gases
Joule-Thomson Coefficient
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Figure adapted from Cryogenic Engineering by Thomas M. Fiynn, Dekker:NY (1997), p. 284

2010 Olympics

* Energy efficiency initiatives to
minimize refri?eration plant
energy use include:

— ammonia refrigeration system
— ammonia is one of the most
energy-efficient refrigerants
producing no chlorofluorocarbons
(which contribute to ozone-layer
depletion and global climate
change)

— track shading and weather
protection system

— tree retention to cast shade R working: 16 ps and OF:

— track painted white to minimize  pesign pressure: 300 psi '
heat absorption 7% Desin presre 30ps
— capture and reuse of waste heat High side: Working: 160 psi and 90F;
from refrigeration plant

Design pressure: 300 psi
hito/Asaav.ammonia2 1 com/content/articles/2009-03-05-;

Bobsleigh Track

Total number of evaporators: 122
«Total evaporator load: 1,400 tons of refrigeration

(Tl

«Total flow rate of refrigerant going up to tracks:
305 US GPM

«Total hp of compressors: 2,100 hp

i0-2010-canad. ter-olvmpics.ohn

oT

PV =nRT =

Joule Thomson Coefficient for an Ideal Gas = ?

Hys =

/nR

< <<©°
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D.

(@)

an not be determined

Hint: If you don’t know thermodynamics, think about where
the change in temperature comes from in an isenthalpic
expansion, in which total energy is conserved.

2/9/2011

From the previous graph, can carbon dioxide be used
as an expansion refrigerator at room temperature?

A. Yes
B. No
C. Can not be determined from the graph

Maximum inversion temperature

Maximum Inversion
Gas Temperature [K]

Helium-4 45

Hydrogen 205

oo Nen B

Nitrogen 621
Air 603
Carbon monoxide 652
Argon 794
Oxygen 761
Methane 939
Carbon dioxide 1500
Ammonia 1994

General refrigeration
cycle and its
components

Compressor

Heat
exchanger

Very important in o on

cryogenic valve
(@)
A 3m 2
5 7o !

refrigeration !
Enthalpy, kJ/kg

P-H diagram of
refrigeration cycle

Pressute, kPa




Two heat exchanger types in
cryogenic refrigerator

* Recuperator type :
Separate channels for the warm and
cold fluids which flow continuously,
usually in counterflow

» Regenerator type :
A single matrix of finely divided
material subject to alternate flows of
the warm and cold fluids periodically

Cryogenic refrigeration system

+ Recuperator type

= J-T expansion refrigerator, reverse-Brayton
type (mechanical expander) refrigerator

* Regenerator type

=>Ericsson, Stirling, Pulse tube refrigerator (or
cooler or cryocooler)

* Magnetic refrigerator
« Dilution refrigerator
* Nuclear cooling system, Laser cooling system

REFRIGERATION (WATTS)

Temperature range of commercial refrigerators
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Temperature-Entropy
Chart for Helium 4 (1)
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Temperature-Entropy

Chart for Helium 4 (2) |
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J-T (expansion) refrigerator

Heat exchanger
- Heat exchanger

Fig.5-7 Linde-Hampson refrigerator,

= Evaporator

Fig. 59 Precooled Linde-linmpson re-
frigerator. q'
rigeratar. ¥/
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e
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J-T expansion liquefier

W, -

Expander

Evaporator = T

Fig. 5-12 Clande refrigerator.

Schematic diagram of the
Collins-Claude cycle
multiple-expansion gas
(helium) liquefier

compREs E CHARGE
wﬂ]
i

UNTERFLOW ‘
RECUPERATORS
uPPER-STAGE [g
EXPANSION ENGINE [

LowER !r-oeg i I:
EXPANSION ENGINE

JOULE-THOMSON o2
VALVE

SEPARATOR AND
LIGUID RESERVOIR
uaue PRODUCT —

11

|
i R s i R i R it

MANDREL
FINNED HEAT TRANSFER TUBE

Fixed-orifice J-T l
expansion nozzles o oren eno
< S :: y

b) FISHTAIL

c) FLATTENED TUBE

~z

d) WIRE INSERT

NOZZLE BOX

%NQHLE

e) NOZZLE
TUBE E

BOX AT
ND

1) NOZZLE BOX

Hymatic self-regulating minicooler

MICROPORE
— FILTER

FINNED TUBE
HEAT EXCHANGER
MOTION ruae\

| -caviTy
ABSORBER
FILTER I BELLOWS

VAPOUR
PRESSURE
THERMOMETER
CAVITY

-

EXPANSION i
ORIFICE ~—— J

NeEOLE—— |

GAUZE
DIFFUSER

LIQUEFIED __——]
GAS




General Pneumatics variable-area
temperature-sensitive expansion nozzle

HEAT EXCHANGER
(COILED-FINNED TUBE)

SHEATH (HIGH
THERMAL EXPANSION)

MICROMETER
FLOW
ADJUSTMENT-

LABYRINTH SPOILERS

WNLET

GORE (LOW THERMAL EXPANSION)

TAPERED FLOW ANNULUS
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JOULE-THOMSON CYCLE
(Throttle cycle)

ADVANTAGES
* No cold moving parts
« Steady flow (no vibration)
e Transport cold long distance
» Cold end can be miniaturized.

DISADVANTAGES
* Relies on real-gas behavior
» Requires high pressures (compressor wear)
« Small orifice susceptible to clogging

JOULE-THOMSON CYCLE
(Throttle cycle)

* USES (Current and potential )
— Cooling IR sensors on missiles
— Cooling IR sensors for surveillance (10 K)
— Cooling semiconducting electronics
— Cryogenic catheter (heart arrhythmias)
— All gas-liquefaction systems

 RECENT DEVELOPMENTS
— Mixed refrigerants
— Sorption compressors
— Electrochemical compressors

Isentropic Expansion—Doing External Work

Adiabatic expansion

us = (8T/3p), = (T/c )(8v/aT), > 0
Always cooling effect

perfect gas u = v/c,

real gases van der Waals gas

ne = (v/c)(1-bA)/ [1~(2a/VRT)(1-b/V)2] >0

Usual method to obtain low temperature
- Throttling Process
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Joule Thomson Coefficient for an ldeal Gas = ?
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D. Can not be determined

Hint: If you don’t know thermodynamics, think about where
the change in temperature comes from in an isenthalpic
expansion, in which total energy is conserved.




Linde-Hampson Cycle
Turbine does External Work
ADVANTAGES
 Steady flow (low vibration, turbo-expander)
¢ Long lifetime (gas bearings, turbo system)
¢ Transport cold long distance

» Good efficiency due to work extraction except in
small sizes

DISADVANTAGES
« Difficult to miniaturize
« Requires large heat exchanger
« Expensive to fabricate
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Turboexpander
Where the work goes

Turbocharger

It came off a Cosworth engined Formula 1 car, back in the days when they
were turbocharged (1986). The turbo is manufactured by

http://www.users.zetnet.co.uk/gas/theturbo.htm

Linde-Hampson Cycle

USES ( Current and Potential )
* IR sensors for satellites (such as NICMOS)
- both in large or small refrigeration systems

* HTS applications such as motor cooling

RECENT DEVELOPMENTS
* Small turbo expanders and compressors
¢ 3.2 mm dia. expander rotor
* 5W at 65 K with 43 W/W

« Heat exch. : 90 mmdia. 533 mm long

CERN 12 kW LHD 10 kW CERN 12 kW
Linde Nippon Sanso - Linde Air Liquide
| DC
Power

NICMOS (Near Infrared
Camera and Multi-Object
Spectrometer) cooler test

Water (Heat Rejection)

Flowmeter
@]
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Work extraction mechanism ? I| 3 \Ljﬁ\j
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Vessel — 7
NICMOS cooler will cool the Heater
instrument and its detectors to Tur
temperatures around 78 K. e L
http:/lwww.stsci.edu/cgi- i

bin/NICMOS/si.pl?nav=nichistory
Figure 3. Schematic of reverse Brayton test assembly.




Single Stage Linde-Hampson Cycle (SSLH) system schematic
Heat and power flow are shown for individual components

ble « True Color

March 1997 July 1997

Mars: Visible and Infrared
Hubble Space Telescope * WFPC2 = NICMOS
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Wet expander system
Two phase system
Which is the “Wet” Expander? )
Helium only !

Fig 5.12. Claude refrigerator with a wet expander and 2 saturated- vapor compressar.
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A regenerative heat exchanger- .y
’ ’ Stirling Cycle

A. Mixes the hot and cold fluid streams e e - S -

B. Uses a “counter-flow” heater exchanger

C. Isinherently a bad idea

D. Maintains a separation between hot and cold fluid flows

E. I just have no idea!!!!

Comparison of Claude and Stirling Stirling Integral CryoCooler

o o ® ® ®

Regenerator

Freezer Fraezer
« Piston moves up « Displacer moves down [ |+ Displacer and plsion - Displacer moves up
move down fogether
- Gos compressed « Gas llows 1hrough the = Gas Nlows back ihrough
T warm end regeneraior focolend - Gasexpands incoldend  the regeneralor (o warm end
Expansion Cyfinder
+ Compression causes - Regenersiof cools = Causes cooling  Regenerator warms the gas
et lo warm the gas for the next compression
« Refrigersilon slep; step and "slores cold”
+ Heat o compression cokd gas absorbs heat
rejected to emblent trom object 1o ba cooled  + Condition al my@m
been restored; can now
repeal cycle
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Philips Fridge
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Figure 10. Pulse tube refrigerator for studies of
liquefving oxygen on Mars (580 mm total length)
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Special refrigeration method
1. Thermoelectric cooling

2. Vortex tube cooling

3. Evaporative cooling

4. Radiative cooling

5. Magnetic refrigeration

6. Thermoacoustic refrigeration

7. Elastic cooling
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Thermoelectric cooling

No moving part at all.

Utilizing Peltier effect

Opposite of Thermoelectric
generator (e.g. Voyager since‘ﬂ"‘“c
1980)

Semiconductor cooling, small /
refrigerator, drink water
dispenser, IR sensor cooling So"eucTor

Temperature difference limited due
to parasitic thermal conduction
loss .

Cooling of hot surface is important.

HEAT ABSORBED FROM
DEVICE BEING COOLED

COLD EXCHANGER
COMNNECTED TO
THIS SURFACE ’

HEAT DISSIPATED
INTO HOT EXCHANGER

Temperature Difference across a Conductor
Kelvin Effect

Hot Cold
| fET) o ‘old

HEAT SINK CERAMIC
CONNECTED ELECTRICAL
TO THIS INSULATOR
SURFACE i +
||
1T
DC POWER SOURCE
Single stage

thermoelectric module

Multi stage
thermoelectric module

*\ortex tube cooling

Compressed air supply : Hot and cold air separation at low pressure

No moving parts : Min. T ~-45 °C, Max. T ~ 126 °C

Tangential inflow of compressed air

-> Passing down the hot tube in spinning shell (like tornado)

-> Some warm air escapes through one end.

-> Other air heads back down inside the low pressure area of the
larger vortex.

-> Inner stream loses angular momentum, giving thermal energy to
outer swirl.

9

Inner stream escapes at low temperature.
http://www.exair.com/vortextube/vt_page.htm

Thermo-acoustic refrigeration

Pressure wave generation by speaker

High resonance frequency such as 500 Hz

Due to standing resonant wave, surface heat pumping
occeurs.

Elastic cooling

Stretching a rubber band reduces the entropy.

Similar to volume compression work input

Restoring to the original shape generates temperature drop.

Several degrees of temperature change can be obtained
adiabatically.
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