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" Dl OXI DE"- d_lém%és%ﬂ NG JET R 'EDGE SONI C I STLES AT LOW
TEMPERATURE o L BACKGROUND
The  present i nvention relates generally to | iquid carbon dioxide cleaning
systems - and net hods, and nore particularly, to the use of jet edge
soni c, generators to ul trasoni - - . . cally emulsify and dlsperse ’
non-m sci bl e liquids in . liquid carbon. di oxi de sol vent . 5 . . AL
cl eani ng and degreasing solvents currently used present -health risks and .
are. : envi ronmental | y- detrinental . For exanple, perchloroethyléne
is a suspected carcino- gen, petrol eum based sol vents are
fl ammabl e and snog producing, 1,-1, 1-trichlaoro- - .ethylene is

known 't6-déplete the earth's ozone Iayer and i s schedul ed for phase-out .
Li qui d carbon di oxide is an inexpensive and unlimted natural resource.

that is : .- 10.-- pen-toxic, non- fl-anmabl e. non- snog- produci ng or
ozone- depletlng Liquid car bon o d|0X|de does not damage fabrlcs
. or dissolve conmon dyes; and exhibits sol vating - : properties

typi cal of -hydrocarbon solvents. Its properties nake .t a good dry cleaning
medirum for fabrics and garnments and industrial rags;, as well as a good

degreaslng - solvent for the reenoval of common oils and greases
used in |ndustr|al processes. 15 - One di sadvant age of- t he
1iquid carbon dioxide as a degreaS|ng solvent is its _ - _reduced

-sol vating capability conpared to the common degrea5|ng sol vent. This
defici ency has usually been addressed by t he use of chenlcal additives or
co-sol vents.

_ LIQUID CARBON DIOXIDE CLEANING USING .IE'I'
T EDGE SONIC WHISTLES AT LOW TEMPERATURE

- BACKGROUND
The present mvenuan relates generally to liquid carbon d:oxxde cleaning systems
and methods, and more particularly, to the use of jet edge sonic generators to ultrasoni- -
cally emulsify and disperse non-miscible liquids in liquid carbon dioxide solvent.

5§  All cleaning and degreasing solvents currently used present health risks and are
eavironmentally detrimental. For example, perchioroethylene is a suspected carcino-
gen, petroleum based solvents are ﬂa_.mmable and smog producing, 1, 1. 1-trichloro-

" ethyleneis known to deplete the earth's ozone layer and is scheduled for phase-out.
y o qumd carbon dioxide is an inexpensive and unlimited natural resource. that is -
o 10 non-ioxxc. non-flammablie. non-smog-producmg or ozone-depleting. Liquid carbon -
dloxxde does not damage fabrics, or dissolve common dyes, and exhibits solvating _
" propeities typical of hydrocarbon solvents. Its properties make it a good dry cleaning .
medmm for fabrics and garments and industrial rags, as well as a good degreasing -
~ solvent for the removal of common oils and greases used in industrial processes. - |
15 One disadvantage of the liquid carbon dioxide as a degreasing solvent is its
reduced solvanng capabxhtv compared to the- common degreasing solvents. This
deficxcncy has usually been addressed by the use of chemical additives or co-solvents.

T These-additives increase the cost of operation and must be separated out for disposal, as
part of solvent reclamation processing. further i mqrcasmg operating costs. . - :




These additives increase the cost of operation and must be separat ed out
for di sposal part .of solvent reclamation praocessin f-drt’he

i néreasi ng o %83@?7‘7’% costs. WD 99/35321 - - PCT 599/00129 '
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Accordingly. it is an objective of t he present invention to provide for a
liquid . carbon di oxi de cl eani system and net hod that uses_jet edge
soni c-generators to &reardingly. it is ancabjestive 9f tapresant WVW‘HPWMW“IQ““*

- -non-mi-sci bl e | i gitbetSdibkide Lty %Ee'&?ihd%&ﬁdmaﬁﬁes/ﬁflédze soni® generntors toultra- . -
SUMVARY OF THE | NV her

- objectives, t hes‘ﬁ‘t“'éb”ﬁ’cnuh‘f\)'éﬂ? disperss @Rﬂ'ﬂ@g‘%&q%‘&f‘%l“qﬁﬁ P‘?PBP . eﬁ° ‘(?F‘H

carbon di oxi de cl.eani ng net hod ‘that conprises jet edge sonic

onc st ol ) Taun ae. o S ORREATR Ol SERE R BRSSP

-system 10 TG aeconsplish thetabeve il odubg ebjsaives. thepresant oventionprovidessed
~along with othe n.be .
performed at a Fogv%l-\ W@ ggds Kllludd fﬂﬁ%ﬁlg%ﬂ?gﬁﬂma&gq’%%}b%cpwg‘?&%ﬁsﬁﬁﬁl S -
perforned at t egpnsriomnaes meanswiairasegitalyrgmalsifyin ispermsingmen- tpﬁetblmhquuis L
invention is pa[ntlicﬁx‘xﬁé’&ﬁéﬁ&xﬁk’ﬂ!ﬂ&ﬁxﬁ&eféf&ﬁﬁ ntLhat utilize i qU| d carbon

di oxi de as a easi ng.or cleaning g?gﬁe S el present
invention.rfuces thlﬂwsto Eahe jevrdse senic ser\seﬁqsswambwsﬂ!ealwgw%eﬁh eaning

system and proceghnigesahd hﬁd:ledﬂxdé%r&%sﬁdhh bN@Srforﬁxe&&@apradssﬁxz&&ﬁ Ertlres. |

| respectively, |ch e _assi t he .assignee of t vent I on.
" These’ savi HE}E“@ glegning %&%8@‘4%&%%‘?35 PeEVETT, %ﬁ Eﬁﬁniﬁ/}gl f pypsent
- enhanced transpaventzmisipartigulady relevant t6 peacéssegithat unhzdahqmdlcnhmdémxme asa .

- The present i nv repl acement of conventi.onal . cl eani ng
?ﬁﬁr{:ﬁfh&aogg: %ﬁ%g% 13@&

fluids Xi de. It al so -addresses |iquid carbon

- di oxi de d_egl%asu ng o%hs present inyantion teduces the goss of whs ligwidecaghonglionids deemesing

| mproves the Rgpdni @it BidckssRibdtibel 3 US Patent os 193, 841 5314891 oxi de by"'

sono- hydrodynam C a | m ni.m zin e ne

t.a
enhanci ng addi t F¥ "%‘5 ngchmws'e‘ééa 8@?@%&%&”&?‘@%%‘“
capab| lities of samgsaigmxeadyoamdncwlsnl&bugmhe physicallp thlemted warspemcapagity of

| carried out in 'EF%E :@%_;H environment, with [iquid carbon
- di oxi de tenpera ur%s“{)e ow ?’grr]F (O [err]C) Because'the operatin
tenper at ure2®f the The pregansinvertios addressey theyeplasement ofspayentional clesang fluids

descri bed previ qihliquididibon)iidgdR. qpﬂ&@iddi'&ses liquid @E&ﬁﬁ&éﬁdé ae%r% gofThi s
- lower pressure results |£|L‘P;gre e nom cal stem 3 manuf acturin and

operation, whi| EHEPRFRE Hﬁﬁﬁ“l‘@’\? “a‘E"rW%‘(Fé&h
liquid carbon dobtheliquiteatben aiaxtdeaavaado-afadm@nahmgﬁuaﬂmmmmm«ed for -

soivent enhancing additives.

25 Because of the enhanced cleanmg capnbdmes of sono-hvdrodynannc agmuon
effective cleamng is carried out in a low temperature environment. with liquid carbon .
dioxide temperatures below 32°F (0 °C). Because the operating temperature of the
present cleaning system is lower than that descnbed prev:ously the system operatmg
pressure is lower. This. lower ptessure results m more econo:mcal system N '

-30  manufacturing and operation.. wlnle maintaining a cleaning level ac!neved at hxgher
liquid carbon dxoxxde temperamres and associated higher pressures '

BRIEF DESCRIPT’ION OF THE DRAWINGS :
The ‘various featu:es and advantages of the present invention may be more
35 readxly understood with reference to the-following detmled description taken-in -
E conjunction with the accompanying drawings, wherein like reference numerals -
designate like structural elements. and in which:




BRI EF DESCRI PTI ON OF THE DRAW NGS o The various features and
advant ages of the present i.nventi-on may ‘be nore 35 readily

-wi threfereW99353%he-fol | owi ng detailed description taken i n’%‘qﬁg@yﬁ%
conjunction with the acconparyi ng draw ngs, wherei-n |i ke reference nuneral s
designate 1ike structural elenents, and”in which: WO 99/ 35321 - _
PCT/ US99/ 00129 : _ . C 4 l'i quid
carbon di oxi ddiquid ¢arbon dibxidp2dfremshe prokess 2ankd 2tth chealleaaingrehamber#@ds senp | s

ent th t o hi oy ; ani ng chanber 40.
Is:I ow of |iqui 3%?’6%“5#6@%&27 %‘%8’%@%&%’?@#&% clha?rber 40 is directed .-
‘through a si Xiewpof liguid gerpow diowise 20 to the clganingchambes $0ds difrcisd)through

e oo
“whi oh in tarn fozgldesd Bipd 5% Uy sepic sbiste mamitold feedpine 524 Gedsseienithoee-
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. locations and comprise aneHiptica) nezzlerd tdind Bldde 616, as shbwain Fig. 3.hZbdsonicl0, _
The spray noz o) - f - i . La mani folds
62in s o REaetly 5 ARES T bR gl SaREblef WRER BETRT 101 65
nozzl es 630| ocleamngehambet4ys | ocations and at various angles within- -
t he cl eani ng chanb 1 he ' 0% M ans -
of rinsing and fl ushin m&@&l@?cg&?&gﬁaﬁg’gedis ﬁﬁlﬁgﬁ?géﬁ%%&r%’%&ﬁz@m ng
chanmber 40 al sUCAVRE %%WéPWP?&&@P&(%‘?F&Q&EPW)b@?ﬁ%&P 63‘_ ?@“ﬁgﬂi‘é‘"ﬂ’b‘?i ng
: geﬂ essu-{i z?t | locatiing pndit viatiGusQin l_%sl';,mnpﬂh?elesﬁng'chamberm. Use of thiagprpy essur e
ifferentia 5 ni i st.] es ngd. Spray-. - : S . S
oni tor ed w ¢ FAGEES Fp BRouRE Wfea of it ot ABRinRGaRY i BE FeBBnd Gpdoiies 40, (i g
carbon. 15  dThs¢lenningo-hamberdd aisodneiiday aditateh 5t thalis iusedrtohratabecphrisgucing ...
plurality of | SSrEARGHN ﬁﬁﬁlgﬁhggiennihg fled at var¥ous | ocat i ons t hroughout

the cl eani ng chanbef 40. ‘Fhe_tenperattufe and, . . *pressure in the cleaning
chanmber 40 are noni FReessyFedifferentiol acrossthe sopic whistles 6land spray nogdesfid it ure

S elns or ngd.V Th;aoﬁizmm_agmfmm préssute ﬁﬂ%&rlﬁﬂg.dm& )‘gbelézbfﬂ’feﬂ&ﬁl_iﬁ ol i ef ]
“val ve 53. Vent j.ng. tesidual. gasequs ,carbon di oxi ' A ) e
ereani vy o™ b8 0t e Y Rind SRR off ¥ Ao £ Gjuribin] G TBVL bdiork Bob
_through a2@entlocyed atolarious locatisns thfbugheutdhecicaning EmbeAD. fidgdemmpamseandns
‘bet ween the cléﬁgy",&g Qﬁ@ﬂ%ép ' : t 204 i nse
‘tank-14. and p ocessnt an g;éﬁgﬁgrgtde; t mghmg?g‘gsé%%ssgévsg{l%g 28 . . .
‘shown in Fig. Smperature sensor40d. Thepleaning chambes A iy rayinpsd Withapressyre selicfe
cl eani ng chanbetlved$B. Nighting of R8dEM §dsdols carbon dioRide 20 rénidning irthatieomingy st em

f0 LI QUGN & THARL YL Eaiod L5y 0l S SSRREEL) RibRa vl SR 30,

and a ref r25gerand avens §5.t Gos kead conheogiums between aivcclganingahamberd( dnd teeepidk 24,1 on-— - - -
¢ hanber . storage and rinse tank 14. and process tank 12 are made through a gasheadvalve 28
shown in Fig. la. . T .
The liquid carbon dioxide 20 exits the cleaning chamber 40 andzs :gqygygd o
an on-line separation system 45 through 2 manual valve 42, The on-line separation . ...

30  system 45 comprises the separation chamber 452. 4 compressor 45c. a condenser 45d,

- and a refrigeration system 45¢. Temperature and pressure in the separation chamber
45a are monitored by a sensor 45b. The tcmperamré of the liquid leaving the onfline |
separation system 45 is monitored by a temperature sensor 45f.-Mariual valves4Sg.
45h permit the ‘removal of residue collected in the separation chamber 45a withoutits ...
35  depressurization. Liquid carbon dioxide 20 leaving the on-line separation systém 45~ """
~ passes through a main filter 41 and to _thi’rd three-way valve 32, - h |




-and rinse tank 14

45a are nonitored by a sensor 45b. The térrper'ature of the liquid | eavi ng
. t.he on- Ilnew099,3532§epar ation system45 is nonitored by a tenpBCEUSIRDOSBNSOr

45f. Manual val ves 45g. 45h permt the reripval of residue collected
in the separation chanber '45a without its335 depressurization. Liquid
carbon di oxi de 20 | eaving the on-line separation system 45 passes
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PCT/ US99/:00129 cleaning method in accordance with the pnncxplcs of the present invention; 3
Figs. la and 1b il upifgl 2fifus@ared ﬂabﬂnﬁ@émeﬂe@mgﬁﬁ ¢ SorftifOndzyie ngdfifolds

‘enbodyi ng a . cleanin n acc ance with the principles of
the present inveasfigsration used in esystemofll'x 2 illustrates a cleaning

_Chanber enplsying. SOﬁQ'ﬁﬂWteB@é@ilﬁoﬁ]&f‘dd;gﬁ setsic generators used iaahé p@senainveritioi: ed
in the systemof Fig. 1: and - ig. 3 ilustrates detalls of Jet
edge sonic generators used in the present invention,

DETAI LED DESCRI PTI ON : DETAILED RESCRIPTION the drawi ng figures,
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process tan
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process tank 1212. Levelse:ﬁostmba'gahaptbcessnméc thmku@dtomqmmnwdwdhéhqmés a
storage tanke fi storage tank pressure gauge 1l5a
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(P2) coupl ed there t he storage

TTTSE tank” 14 Wi th 1 Aoﬁmrazmmdmﬁe@nanMd%pMI i@@“%@éﬂ%mﬂbﬁumedéé&dt 0
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is coupl ed by wAYAHnsetank ?"swﬂbéﬂv@%%ﬁ"
transfer punp Z&MefMdnhrbbndmmhImdnmsmmgemhﬂnﬁdehaklmg an

2aa, 2ab (70 . AdSuikibhe el et il P aRION anﬁfﬁf?ﬁ*“""ﬁvgﬁggﬂ‘&

25.- An output ofheckaalye22ito Mﬂﬂifcr pump 23 whose O@EPGF)IS6§“EIB“1 smastilbad hasringag j rst

_three-way val vem%é’rnaﬁm%esosdmél&:nmﬁﬁsﬂrbmatsedohd efature gaugss 24aC 4P
- through two mamg,&.;‘E val ves 26.

are sapto r sti-ll 24.
A first output ‘Idﬁ ELo; BPQYS %6’19%‘6%“1’6" 28 °?6h‘tsﬁg fdcess
t ank 12 . coupledtochniifiput D€ d fiest tpessay valve 18. hAspcrumdemspﬂta:ﬁ khesfill2d4dsn t he

coupl ed i hrBigh 9@?&%‘#&8&9%&%&5&%?&#‘gé‘%&" g it O
16 coupl ed thereto ATfirst aupysof theffirstitbree evayovalyerl chwlmaﬁh%mm&tm 12
storage - Imé 3 d Rided k %@ﬂm&%ﬂé‘fﬂx‘&m%s”tx'ﬁe’ésf.tﬂrséﬂﬁd%ﬂfﬁufbﬂﬁé

t ank - 14|sCoup to .a rring to
the out put -of t fEstgrer-wey Vﬂ'é{ﬁ W8 ipcqupled shronghia @Qﬁdan%l%whxch has 3 re ngeagwp 33"
through second §i!ﬁ=rh 6 cBupléd @Rret®YThedulAR of the c3€den33i€l7qslémﬁled)fo thé'ofag®r age
30 and rinse tank 14. The output of the storage and rinse tank 14 is coupled to a valve 29.
Refemng to Flg 1b, the output of the process tank 12 is coupled to a main"
pump 33 through second and third three-way vaives 31. 32. The output of the storage

and rinse tank 14 is also cuupled to the main pump 33 through the second-and third . .

. threc-way valves 31, 32. ‘The mmn pump 33 is connected to either the process tank 12
T ':_‘"_‘_'_“-'.:“'___“_f‘__'._"_“'f‘3§ ~orthec c[eamng chamber 40 by wav of a fourth three-way valve 35. A pressure relief -
valve 34 is located downstream of the main pump 33. A fifth three-way valve 36 is
located between fourth three-way valve 35 and a cleaning chamber 40 and flow of



and rinse tank 14 is al so coupled'to t he main 'punp 33 through the second

and third thyess yﬁ?%]val ves 31 32. The main punp 33 is connect%,h&ﬂ&ﬁer i

t he process tank - “or the cleaning chanber 40 by way o

fourth three-way val ve 35 A pressure rel isef. cwow o valve 34 is:

| ocat ed downstream of the main punp 33. A fifth three-way val ve 36 is
]lcfgsvt gg between four tlpg./g@lgg?\f\e’as%emﬁs SFthe clegmgg %ha&xﬁe%’lb” e?cr} mc wﬁxstle rt(ljam-
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gas head val ve 285, as well as the gas head connebidrmrbetwignithe Eleghingchatriber 40 aixhe still
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carbon dioxide 20. The sonic wh:stle mamfolds S52a coupie liquid carbon dioxide 20 to.

the plurality of elliptical orifices 61a through which the liquid carbon dioxide 20 is
forced. The lxquxd carbon dioxide 20 subsequently passes over the plurahty of edges
or blades 61b. If non—xmsczblc hquxds such as ‘il and water are subjected to intense

acting at the interface between the two liquids. The sonic whistles 61 ultrasomcal{v
emulsify and disperse non—:mscxble liquids in the liquid carbon dxoxxde 20 used in the

35 __mechanical agitation. an emulston or coﬂoxd solution is formed as a result of the forces -
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forced. The liquid carbon dioxide 20 subseddehtly passes over the pIuraIity

of edges or bl ades 61b. If non-m scible Tiquids such as. gil °
wat er” are su%ljoeggpg:lflt o intense - 35 mechani cal agitati orFCTéHS%f?ﬁF& on
or colloid solution is formed s a result of the foces o acting at

the interface between the two liquids. The sonic whistles 61 ultrasonically '

emul sify and di sperse non-miscible liquids in the liquid carbon dioxide 20
used in the. clewwing syses820. Thus, surfaces containing oil or grease may be’ more easily
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requi renents are high fo onpgeni zers
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30 embodiments that represent applications of the principles of the present invention.
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can bé readily devised by those skilled '8 - _the ar t WlthOUt
departing fromthe scope of: ‘the invention: o CLAIMS 1. In a -
l'iquid carbon dioxide cleaning system having a cI eani ng ~chamber, a
storage tank containing |iquid carbon GI.aMﬂ\as thon -

di oxi de having a terrperature of less than O[err]C

purrp for punping
the I'iquid carbon dioxide fromthe storage. - - EMHIU w i ng
chanber, a gas reWhatisclamedistessor commnl ” Iﬂmmﬂr _

cl eani ng chanber for conpressing - gaseous carbon di OXI de into *the

-liquid carbon dioxide, _ a condenser conpuni catin WI th said,ga |
“Tecovery corrpressor iohahqmd.ce@sné@me Fipaning Systemd Eﬂ?“%cﬁ%&%bﬂ’é
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; g he cl eaning Chm\/\h ry cb ;I(&Sh)mmpmsmgtghseous liquid casbon dioxide into xts a)

i Sposi-n s i C i,stle

b ng i oo o iR 95{#% Sbhirlt (8 of boaRichling spspo GBS ciatey smd a gl
chanber t hr oughcomainingartieater(25) fordeating thie liquid carbon dioxide, 4 eleaningymstiiod | i qui d
car bon di oxi de 9&%5%%@%%9“ whi stles to renove said i rrm scible

I N

l'iquids or said solids fromsaid parts and to Itrosonlcal'ly

emul si fy said i flisposingsani¢ wqaaﬂ@sféb}wgmdszmw@nsb&r( and ( he

liquid car bon dfaéingq; hmmadmogoammmtmwm alwaiorgealy d
eani n

par ts dis P16 ed_ e dxsperse on-mise ntﬁe liquids or insoluble solids in the liquid carbon

dloxxde contamed in the cleamng chamber.

2. The cleamng method of Claim 1 wherem cleamng is accomphshed at
temperamres between -68°F and 88°F '

3. The cleaning method of Claim 1 wherein the temperature of the liquid. carbon
: d.loxldexsbelow32°F P o - ot

4, Inaliquid carbon dioxide cleanmg system (10) baving a cleamng chamber
(40), a storage tank (14) containing liquid carbon dioxide (20), a pump (33) for
‘pumping the liquid carbon dioxide from the storage tank to the cleaning chamber, a gas
recovery compressor (45¢c) for compressing gaseous carbon dioxide into its liquid state,
5 acondenser (43) for recondensing gaseous carbon dioxide, and a still (24) contmmng a
~ heater (25) for heating the hquxd carbon dioxide, a cleamng method comprising the
steps of: o
disposing sonic whistles (61) thhm the cleamng chamber (40), and
: forcmg liquid carbon dioxide out of the sonic whistles to remove low solubxhty
10 oils and greases from parts disposed in the cleaning chamber, to ultrasonically emulsify
. the low solubility oils and greases, and to transport the emulsified low solubility oils
____and greases in the liquid carbon dioxide out of the cleaning chamber. |

5. The cleaning method of Claim 4 wherein cleaning is accomplished at
temperatures between -68°F and 88°F. '
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di oxi de hav"®*2 I! wm'mm, ﬂﬂ oTeT IRv,_Lﬁé \0D___{ PCT/869900m99i rig

the liquid carbon d|0X|de ?rdn1ﬂhe83t@ra Je tank to-.. the cl eani ng
chanber, a gas recovery" conpressor comu#?cating © wth said cleaning
chanber for conpressing gaseous carbon dioxide into the liquid

carbon_ dioxide, a @ommmgmmmmwwmmmmmm%wfgmm' |
conpressor for - . recondensing the
. gaseous car bo#‘oﬂ‘ibolsibal«?w”arﬁj a still communicating with said cleaning
chanmber and containing a heater for heating the I|qU| d car bon di oxide, a
-method for renoving om ar osed- | he ¢l eani ng
chanber,. the net hod@o‘ﬁg‘i‘ﬁ% %g?ﬁ@‘gqe@w vmg ﬁ . :
~whi st es wit hi {408 storagaank( 14 containing hqmdchﬂ:ondmxm(ﬂg),lalpnmpc(%hfobon o
di oxi de fromt onlc
~ whi'stl es; : 3 : @‘gggﬁ‘?]‘g%é’é’!"gh | qu%&%arb%%gﬁe%}?%ﬁeg
whistles tor ew‘?@v‘éﬂeﬁ il gepgrationsystemd48)aand a)still‘ﬂ‘l-)rmtwanglapaates(ﬁhﬁbrh&ung
ultrasonicagly usfying the lifuid'caR ﬁggeg car bon
~dioxide in said g?eanl ngﬁansﬁer ft&?%are ya'ﬁ‘lfeanl %bﬁ eéﬁpar%’ 'S osed I n
sai d ct eani ng chanb@sons dispgsed withig the:claaning cham
:dlh O)r(ﬂla de contai ning alislurslitinoedoxﬂéma&@mﬁc@p!eawmbnﬁmﬁmdmhmw&ng
chafber. -chamber, and wherein the sonic whistles ultrasonically emulsify and disperse non-
.- miscible liquids or msoluble solids contained in the liquid carbon dioxide within the
10 cleamngchamber

hi ng

o - 8. The system (10).of Claim 7 wherein’ each sonic _;ct, (61) comprises:. . '
' an elliptical orifice (61a) through which liquid carbon dioxide (20) is forced and

an edge (61b) dxsposed adjacent to the orifice over which the hqmd carbon
- dioxide is passed. '

_ 9 The cleaning system (10) of Claim 7 wherein cleaning is accomphshed at
temperatures between -68°F and 88°F

10. The cleamng system (10) of Clmm 7 wherein the temperature of the hquxd
carbon dioxide is below 32 °F. '
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