
CHAPTER 3

CLEANING PROCESS AND MANUFACTURING PROCESS
3.1 CARBON DIOXIDE (C02)
C arbon  d io x id e , C 0 2, is  o n e  o f  th e  g a s e s  in  ou r a tm osp h ere , b e in g  u n ifo rm ly  d istr ib u ted  
o v er  tire earth’s  su rface  at a  co n cen tra tio n  o f  ab ou t 0 .0 3 3 %  or 3 3 0  p p m . C o m m e r c ia lly ,  
C 0 2 f in d s  u se s  as a  refrigeran t ( f t  ic e  is  s o lid  C 0 2), in  b e v e r a g e  carb on ation , and  in  fire  
ex tin g u ish ers . In th e  U n ite d  S ta tes , 1 0 .8 9  b ill io n  p o u n d s o f  carbon  d io x id e  w e r e  p ro d u ced  
b y  th e  c h e m ic a l in d u stry  in  1 9 9 5 , ra n k in g  it 2 2 n d  o n  th e lis t  o f  top  c h e m ic a ls  p ro d u ced . 
B e c a u se  th e  co n cen tra tio n  o f  carb on  d io x id e  in  th e  a tm osp h ere  is  lo w , i t  is  n o t p ra ctica l 
to  o b ta in  th e  g a s  b y  ex tractin g  it from  air. M o s t  co m m erc ia l carb on  d io x id e  is  r e c o v e r e d  
as a  b y -p ro d u ct o f  o th er p r o c e s se s , su ch  a s  th e  p rod u ctio n  o f  e th an o l b y  ferm en ta tio n  an d  
the m an u factu re  o f  am m on ia . S o m e  C 0 2  is  o b ta in ed  from  the c o m b u stio n  o f  c o k e  or other  
ca rb o n -co n ta in in g  fu e ls .

c  (coke) +  0 2( g )  ---------------► C 0 2 (g )

C arbon  d io x id e  is  r e le a se d  in to  our a tm o sp h ere  w h e n  carb o n -co n ta in in g  fo s s i l  fu e ls  su ch  
as o il,  natural g a s , and  c o a l are bu rn ed  in  air. A s  a  resu lt o f  the trem en d o u s w o r ld w id e  
co n su m p tio n  o f  su ch  fo s s i l  fu e ls , th e  a m o u n t O f  C 0 2  in th e  a tm osp h ere  h a s in crea sed  
o v er  th e  p a st cen tu ry , n o w  r is in g  at a  rate o f  ab ou t 1 p p m  p er year. M ajor c h a n g e s  in  
g lo b a l c lim a te  c o u ld  resu lt from  a  co n tin u e d  in c r e a se  in  C 0 2 con cen tration .

In a d d itio n  to  b e in g  a  co m p o n e n t o f  th e  a tm o sp h ere , carb on  d io x id e  a lso  d is s o lv e s  in  the  
w ater  o f  th e  o c e a n s . A t  ro o m  tem p eratu re, ih e  so lu b ility  o f  carbon  d io x id e  is  a b o u t 9 0  
cm 3 o f  C 0 2  p e r  100  m L  o f  w ater. In  a q u e o u s  so lu tio n , carbon  d io x id e  e x is ts  in  m a n y  
form s. F irst, it  s im p ly  d is so lv e s .

C 0 2 (g )  ------------ ►  CO2(aq)
T h en , eq u ih b riu m  is  e s ta b lish e d  b e tw e e n  th e  d is s o lv e d  C 0 2  and H 2 C 0 3, carb o n ic  ac id .

CHaq) +  H 2 0 ( / )  4  . - >  H 2 C 0 3(a g )

O n ly  a b o u t 1%  o f  th e  d is so lv e d  C 0 2  e x is ts  a s  H 2 C O 3 . C arbonic a c id  is  a  w e a k  a c id , w h ic h  
d isso c ia te s  in  tw o  step s.

i T  +  H C O j  Kai =  4 .2  10 ~7
i C  +  C O 2-  f K a2  =  4 .8  1 0 - 11

A s carbon d iox ide d isso lv es in seaw ater, equilibrium  is  established involv ing  the
carbonate ion , CO l ~ .

h2co3

H C O ;
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T h e carb on ate an ion  in teracts w ith  c a p tio n s  in  seaw ater . A c c o r d in g  to  th e  so lu b ility  ru les , 
"all carb on ates are in so lu b le  e x c e p t  th o se  o f  a m m o n iu m  and G roup  I A  e le m e n ts  " 
T h erefore , th e  carb on ate  io n s  c a u se  th e  p rec ip ita tio n  o f  certa in  io n s . F o r  e x a m p le , C a2+ 
and  M g 2+ io n s  p rec ip ita te  fro m  large b o d ie s  o f  w a ter  as carb on ates. F or C a C 0 3, th e  v a lu e  
o f  Ksp IS 5 x 1 0  ' , an d  fo r  M g C 0 3, Ksp is  2 x 1 0  ' 3. E x te n s iv e  d e p o s its  o f  l im e s to n e  ( C a C 0 3) 
and  d o lo m ite  (m ix e d  C a C 0 3 and  M g C 0 3) h a v e  b een  fo rm ed  in  th is  w a y . C a lc iu m  
carb on ate  is  a lso  th e  m a in  c o n stitu e n t o f  m arb le , ch a lk , p earls , co ra l r e e fs , and  
c la m sh e lls .

A lth o u g h  " insoluble"  in  w a ter , c a lc iu m  carb on ate  d is s o lv e s  in  a c id ic  so lu tio n s . T h e  
carb on ate  io n  b e h a v e s  a s  a  B r e sn ste d  b a se .

C a C 0 3 (.ร') +  2  น+(aq) ----------- ►  C a2\aq )  +  H 2 C 0 3 (a g )

T h e  a q u eo u s carb o n ic  a c id  d is so c ia te s , p ro d u c in g  carb on  d io x id e  gas.

H 2 C 0 3(  aq) 4 >  H 2 0 ( 7 )  +  C 0 2 (g )

In  nature, su rface  w a ter  o fte n  b e c o m e s  a c id ic  b e c a u se  a tm osp h eric  C 0 2  d is s o lv e s  in  it. 
T h is  a c id ic  w a ter  can  d is s o lv e  lim e s to n e .

CO2(aq) + H 2 0(7) +  C a C 0 3 (.ร') ----------- ►  C a 2+(aq) +  2  H C O  3 (ag)
T h is  rea c tio n  o ccu rs  in  three step s.

C a C 0 3 (ร) 4 Qd2+(aq) +  GO (aq)

C02(aq) + FI20 ( / )  <  — ■ > H 2C O  2(aq)

ท2C02(aq) + CO 3~ (aq) *  2  H C O  3 (aq)
In  tile  th ird  step , carb on ate  io n s  a c c e p t  h y d ro g en  io n s  from  carb on ic  a c id . T h is  rea ctio n  
o fte n  o ccu rs  u n d ergrou n d , w h e n  ra in w ater  saturated  w ith  C 0 2  s e e p s  th rou gh  a  la y er  o f  
lim e sto n e . A s  th e  w a ter  d is s o lv e s  ca lc iu m  carb on ate , it fo rm s o p e n in g s  in  th e  lim e sto n e . 
C a v e s  fro m  w h ic h  th e  l im e s to n e  h as b e e n  d is s o lv e d  are o ften  p rev a len t in  areas w h ere  
th ere  are larg e  d e p o s its  o f  C a C 0 3 ( e .g . ,  M a m m o th  C a v e , C arlsb ad  C a v ern s, and  C a v e  o f  
th e  M o u n d s). I f  th e  w a ter  c o n ta in in g  d is so lv e d  C a  (H C 0 3) 2  rea ch es  th e  c e i l in g  o f  a  
cav ern , th e  w a ter  w il l  evap ora te . A s  it  ev a p o ra tes , carbon  d io x id e  e s c a p e s , and  c a lc iu m  
carb on ate  d e p o s its  o n  th e  c e il in g .

C a2+(aq) + 2  H C 0 3 (a g )  ^  H 2 0 (g )  +  C 0 2 (g )  +  C a C 0 3(.ร')
S im ila r  c h e m ic a l r ea c tio n s  are a lso  re sp o n sib le  for  the ero s io n  o f  m arb le  and  lim e s to n e  
m o n u m e n ts  o f  h isto r ica l a n d  cu ltural im p ortan ce , su ch  as th e  Taj M a h a l in  In d ia , th e
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M a y a n  te m p le s  in  M e x ic o  and  G u a tem a la , and  th e R o c k  C h u rch es o f  E th io p ia . H e re , the  
a c id  in v o lv e d  is lik e ly  to  b e  H 2 S O 3  or  H 2 S O 4 ,  form ed  w h e n  the a tm o sp h er ic  P o llu ta n ts  
S 02 and S 03 d is so lv e  in  ra in w ater. T h e  carb on ate  s to n e  is  d a m a g ed  b y  th e  c o n v e r s io n  o f  
th e  r e la t iv e ly  in so lu b le  carb on ate  to  th e  m o re  so lu b le  su lfa te .

C a C 0 3(.v) +  H 2 S 0 4 (ac/)(in  ram ) ------------ ►  C a S 0 4 (s )  +  H 2 0(7) +  C 0 2 (g )

T h e  c a lc iu m  su lfa te  is  ero d ed  a w a y  a s  it  s lo w ly  d is s o lv e s  in  ra in w ater (th e  Ksp o f  CaSC >4 

is  3 1 0 5) . T h e life  o f  th e se  m o n u m en ts i s  n o w  b e in g  ex ten d ed  b y  treatin g  th em  w ith  a  
m ixtu re o f  b ariu m  h y d ro x id e , B a (O H )2, and u rea , (N H 2) 2 C O . T h is m ixtu re so a k s  in to  the  
p o ro u s m arb le  or lim e sto n e . G rad u a lly , th e  u rea  d e c o m p o se s  to  a m m o n ia  a n d  carb on  
d io x id e .

(N H 2) 2 C O (a ç )  +  H 20 ( f )  — ------- »• 2  N H 3 (ac/) +  C02(ag)
T h is carb on  d io x id e  c o m b in e s  w ith  th e  bariu m  h y d ro x id e  to  form  barium  carb on ate .

CO 2(aq) +  B a (O H Uaq) ------------ ►  B a C 0 3(x) +  H 2 0(7)

B a r iu m  carb on ate  is  m o re  res is ta n t to  e r o s io n  b e c a u se  it is  le s s  so lu b le  th an  c a lc iu m  
carb on ate . F or  B a C 0 3 th e  Ksp is  2 x 1 0  '9. F urtherm ore, barium  su lfa te  is  e v e n  le s s  so lu b le ,  
w ith  a  Ksp o f  1 x 1 0  '10. W h en  bariu m  carb on ate  on  th e  su rface  o f  the treated  m o n u m e n t  
reacts w ith  su lfu r d io x id e  in  th e  air, it  fo rm s a  la y er  o f  barium  su lfa te , w h ic h  p ro tec ts  the  
m o n u m en t.

2  B a C O 3(ร) + 2  S 0 2 (g )  +  O2(g) <    2  B a S 0 4 ( s )  +  2  C 0 2 (g )

Tem perature (°C )
Figure 8 illustrated Pressure-Temperature Phase diagram for C O 2

Source : http://scifim.chem.wise.edu/chemweek/C02/C02.html

http://scifim.chem.wise.edu/chemweek/C02/C02.html


22

A  n e w  u se  for  liq u id  carb on  d io x id e  cu rren tly  under d e v e lo p m e n t is  a s  a  dry- 
c le a n in g  so lv e n t C u rren tly , m o st  la u n d r ie s  u s e  ch lor in a ted  h yd rocarb on s a s  d r y -c le a n in g  
so lv e n ts . T h e se  ch lor in a ted  h y d rocarb on s are p rob ab le  h u m an  c a r c in o g e n s , s o  tile  search  
is  o n  fo r  rep la cem en ts . C arb on  d io x id e  d o e s  n o t e x is t  in  liq u id  fo rm  at a tm o sp h er ic  
p ressu re at any tem perature. T h e  p ressu re-tem p eratu re p h a se  d iagram  o f  CO2  sh o w s  that 
liq u id  carb on  d io x id e  a t 20°c req u ires  a  p ressu re  o f  3 0  a tm osp h eres. T h e lo w e s t  p ressu re  
at w h ic h  liq u id  CO2 e x is ts  is  at th e  tr ip le  p o in t, n a m e ly  5 .11  atm  at -56.6°c. T h e  h ig h  
p ressu res n e e d e d  for  liq u id  C 0 2  req u ire  s p e c ia liz e d  w a sh in g  m a ch in es . L ik e  ch lo r in a ted  
h y d rocarb on s, liq u id  carb on  d io x id e  is  an  e f fe c t iv e  so lv e n t  for  g rea se  a n d  o ils . L iq u id  C 0 2 

h as so m e  a d van tages o v er  ch lo r in a ted  h yd ro ca rb o n s—item s that ca n n o t b e  dry c le a n e d  
w ith  ch lor in a ted  h y d ro ca rb o n s, su ch  a s  lea th er, fur, and  so m e  sy n th e tic s , can  b e  s a fe ly  
c le a n e d  w ith  liq u id  carb on  d io x id e .

M o lecu la r  F orm u la  
M o le c u la r  W e ig h t  
A p p ea ra n ce  and  od or

D e n s ity
-S o lid
-L iq u id
-G as

S p e c if ic  G rav ity  
M e ltin g  P o in t  
B o il in g  P o in t  
T rip le  P o in t  
C ritica l T em p  
C ritica l P ress  
C ritica l P ressu re  
V isc o s ity

-L iq u id
-G a s

T h erm al C o n d u c tiv ity  
-L iq u id  
-G a s

S u rface  T e n s io n  
S o lu b ility  in  W ater  
๙ * )

P h y s ic a l  a n d  C h e m ic a l  P r o p e r t ie s  o f  C O 2

C 0 2

4 4 .0 1
(1 )  G as: c o lo r le ss ;  o d o r le ss .
(2 )  L iquid: v o la tile ;  C o lo r le ss ;  o d o r le ss .

97.5189 lb /ft3 @-109.3° F  
6 3  6 9  lb /ft3 @  0° F
0.1234 lb /ft3 @  32° F
1.522 at 2 1 . r c  an d  1 atm o sp h ere  
-6 9 .9 °  75.1 p sia
-109.3° F v o la tile  
-6 9 .9 °  F  ^5.1 p s ia

s L
2 8 .9 5 1 9  lb / f t 3

0 .1 4  C e n tip o ise s  (0 °F )
0 .0 1 5  C e n tip o ise s  (32° F )

0 .1 1  B tu  ft /  ft2  F hr (0° F )
0 .0 0 8 5  B tu  ft  /  ft2° F  hr (3 2 °F  )
8 .2 3  D y n e s  /  c m  (0° F  )
1 .7 9  ft3 C O 2  /  ft3  FI20  (3 2 ° F )
3 .7

Table 4 illustrated Physical and Chemical Properties of CO2 .
Source : Condensed Chemical Dictionary
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Thermodynamics of C 02 Snow Formation
T h e carb on  d io x id e  p h a se  d iagram  h a s 3 p h a se s  — g a se o u s , liq u id , an d  so lid . T h e  trip le  
p o in t (p ressu re 5 .1 a tm ., tem p eratu re -  5 6 .7 C ) is  d e fin ed  as th e  tem perature and  p ressu re  
w h ere  three p h a se s  (g a s , liq u id  and  s o lid )  ca n  e x is t  s im u lta n e o u s ly  in  th erm o d y n a m ic  
eq u ilib riu m . A b o v e  th e  cr itica l p o in t  (p ressu re  7 2 .8  atm ., tem perature 3 1 .1 C  ) tile  liq u id  
and  g a s  p h a se  can n ot e x is t  a s  sep arate  p h a ses . T h is re g io n , k n o w n  a s th e  su p erflu id  or  
su p ercr itica l p h a se , h a s p rop erties in d istin g u ish a b le  fro m  the liq u id  an d  g a s  p h a se s . S e e  
fig u re  9  for  re feren ce .

3.2 Snow formation

îerfiMrfjluré, °F

Figure 9 illustrated gas, liquid and solid phase boundary.
Source : http://www.co2clean.com/snowform.htm

A n o th er  fea tu re is  the so lid -g a s  p h a se  b ou n d ary . P h y s ic a lly , th is b ou n d ary  im p lie s  that 
th e  g a s  and so lid  ca n  c o -e x is t  and  transform  b a ck  and  forth  w ith o u t th e  p r e se n c e  o f  liq u id  
a s  an  in term ed iate  p h a se . A  s o lid  ev a p o ra tin g  d irec tly  in to  th e  g a s  is  c a lle d  su b lim a tio n . 
A t norm al a tm o sp h er ic  p ressu re  and tem p eratu re, the stab le  carb on  d io x id e  p h a se  is  gas. 
T h is m ea n s that th e  fin a l p rod u ct is  g a se o u s  carb on  d io x id e  an d  th is f in a l sta te  is  
in d ep en d en t o f  th e  in itia l p h a se , c le a n in g  p r o c e ss , or m ech a n ism . A n y  s o lid  C 0 2  w il l  
ju s t  su b lim e . W ith  th e  C 0 2  p resen t a s  a  g a s , th e  co n tam in ation  can  b e  sep ara ted  fro m  th e  
ex h a u st stream  an d  the C 0 2  is  a v a ila b le  fo r  v e n tin g  o u ts id e  or reco v ery .
T h e k e y  p h y s ic a l p rop erty  o f  th e  C arb on  D io x id e  sy ste m  is  its e x c e lle n t  so lv e n t  
p rop erties for  m a n y  n o n p o lar  o rg a n ic  c o m p o u n d s. L ik e  m o st so lv e n ts , th e  so lv e n t  
p rop erties o f  C 0 2  im p ro v e  a s  the p ressu re  and tem perature in crea se . In c le a n in g , w e  re ly

http://www.co2clean.com/snowform.htm
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u p o n  th e  liq u id  p h a se  so lv e n t  p rop erties. P le a se  n o te , th erm o d y n a m ica lly , liq u id  carb on  
d io x id e  is  u n stab le  at r o o m  tem p eratu re an d  a tm osp h eric  pressu re b u t th is  th erm o d y n a m ic  
co n d itio n  o n ly  re fers  to  eq u ilib r iu m  sta tes , n o t n o n -eq u ilib r iu m  states.

T h e  p h a se  d iagram  te lls  US litt le  reg ard in g  d ry  ic e  form a tio n  or a id  in  u n d ersta n d in g  
o rgan ic  rem o v a l p r o c e ss ;  in stea d , th e  C 0 2  p ressu re  -  en th a lp y  d iagram  b e lo w  p r o v id e s  
in s ig h t to  th e  p h a se  ch a n g e s  that o c c u r  d u rin g  sn o w  form ation . T h e fea tu res in c lu d e  the 
sa m e 3 p h a se s  d o n g  w ith  th e  r e g io n  o f  p ressu re  an d  en th a lp y  w h ere  th e se  p h a se s  c o ­
ex ist . T h e se  r e g io n s  w e r e  p h a se  b o u n d a r ies  in  th e  a b o v e  figu re . In  u s in g  th is  d iagram , it 
is  im p era tiv e  to  u n d erstan d  that th e  e x p a n s io n  o f  C 0 2  through an  o n f ic e  is  id e a lly  a  
co n sta n t en th a lp y  p r o c e ss . T h ere fo re , a s  th e  p ressu re  drop s in  an  o r if ic e , th e  p ressu re  
d e c r e a se s  v e r tic a lly  a lo n g  a  co n sta n t en th a lp y  lin e .

Carbon Dioxide Pressure Enthalpy Diagram

Figure 10 illustrated Carbon Dioxide Pressure-Enthalpy Diagram.
Source : http://www.co2clean.com/snowform.htm

A  C 0 2  c y lin d e r  f i l le d  w ith  liq u id  C 0 2  at r o o m  tem perature h a s  a  g a s  p ressu re  o f  ab ou t  
8 0 0  p s i. a b o v e  th e  liq u id . T h e  en th a lp y  a v a ila b le  to  th e  cy lin d er  co n ten ts  are th o se  v a lu e s  
in  th e  liq u id -g a s  tw o  p h a se  r e g io n  at a b o u t 8 0 0  p s i.,  in  th e  sp o ts  la b e le d  "A" fo r  the  
g a se o u s  C 0 2  an d  "B" for  liq u id  C 0 2 .  A s  th e  g a s  or liq u id  en ters th e  o r if ic e , th e  p ressu re  
d rop s from  th e se  tw o  p o in ts  w ith  co n sta n t en th a lp y  v a lu e s  (under id e a l c o n d it io n s )  in to  
th e  tw o  p h a se  liq u id -g a s  reg io n .
W ith  a  g a s  fe d  so u rce  (startin g  fro m  p o in t  A )  as th e  p ressu re drop s in  a n  o r if ic e , liq u id  
d rop lets n u c le a te  and  th e  p ercen ta g e  o f  liq u id  in crea ses . A t  th e  in ter fa ce  b e tw e e n  th e  
liq u id -g a s  and  g a s -so lid  r e g io n s  (n ear  8 0  p s i.) ,  a ll th e  liq u id  co n v er ts  to  s o l id  - y ie ld in g  
ab ou t 6  % dry ic e . W ith  a  liq u id  fe d  so u r c e  (startin g  at p o in t  B )  a s  th e  p ressu re  d rop s in  
th e  o r if ic e , g a s  b u b b le s  fo rm  an d  th e p e r c e n ta g e  o f  g a s  in c r e a se s  u n til th e  g a s -so lid  
b ou n d ary  is  m et. H ere , th e  rem a in in g  liq u id  is  tran sform ed  in to  so lid  - y ie ld in g  ab ou t  
4 5 %  d ry  ic e . T h e  p ercen ta g e  o f  s n o w  d ep en d s o n  th e c h o se n  fe e d  p h a se  an d  is  in f lu e n c e d

http://www.co2clean.com/snowform.htm
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b y  th e  so u rce  p ressu re  and tem p eratu re. T h is  d iagram  g iv e s  US in fo rm a tio n  o n  th e  in itia l 
and f in a l sta tes  and  th e p h a se  ch a n g e s  that o ccu r  d u rin g  sn o w  fo rm a tio n  and  c lea n in g . 
A c tu a l d ry  ic e  s iz e ,  v e lo c ity , and  p ercen ta g e  form ed  are b a se d  u p on  d ie  a b o v e  
co n sid era tio n s an d  a lso  o r if ic e  and  n o z z le  d e s ig n s .

F rom  th e a b o v e , w e  s e e  that sn o w  c le a n in g  can  b e  d o n e  w ith  e ith er  a  liq u id  or  g a s  C 0 2  
sou rce . E a ch  f e e d  h a s  its  a d v a n ta g es  and  d isa d v a n ta g es . G a s fe d  sy s te m s ten d  to  b e  
c lea n er  (e a s ie r  to  filter  a  g a s  th an  a  liq u id ) , h a v e  le s s  h e a v y  h yd rocarb on  co n ta m in a tio n , 
and  h a v e  le s s  c o n su m p tio n  p er  u n it t im e . L iq u id  fe d  sy s te m s p ro d u ce  m ore  sn o w , a l lo w  
for  fa ster  c le a n in g , b u t a t a  h ig h er  co n su m p tio n  rate. I f  th e  c le a n in g  is  o c c a s io n a l or  a  
"small" area, a  g a s  fe e d  sy s te m  is  re c o m m en d e d , w h ile  fo r  co n tin u o u s h ig h  sp e e d  lea n in g  
or large a reas, a  liq u id  so u r c e  is  r e co m m en d ed .
In our s n o w  c le a n in g  eq u ip m en t, w e  c h o s e  th e  a sy m m etr ic  V en tu ri n o z z le  d e s ig n  fo r  our  
n o z z le s . T h is se le c t io n  m a in ta in s th e  co n sta n t en th a lp y  c o n d it io n s  the lo n g e s t , y ie ld in g  
m o re  sn o w , m a x im iz e  v e lo c ity , and a  fo c u se d  c le a n in g  stream . P le a s e  n o te  th at stra igh t  
tu b e  n o z z le s  v io la te  th e  co n sta n t en th a lp y  c o n d itio n  and  u su a lly  d o  n o t  p ro d u ce  ad eq u ate  
sn o w  u n i e s s  the o r if ic e  d iam eter  is  larger. T h is  is  q u ite  dram atic  w ith  g a s  fe d  so u rces . 
W ith  liq u id  fe d  so u r c e s , it is  a lso  se e n  a t sm a ll o r if ic e  d iam eters. T h is  lim ita tio n  im p lie s  
an in h eren t in e f f ic ie n c y  in  th e  stra igh t tu b e  d es ig n s .

3.3 C02 Snow Cleaning Technology
F ig u re  11 is  a  p h a se  d iagram  for  C O 2 , w h ic h  sh o w s  that C O 2  e x is ts  as a  lo w -  

d en sity  g a s  at standard tem p eratu re and  p ressu re  (S T P ) co n d itio n s .

Figure 11 illustrated phase diagram for CO2

Source : http://พพพ:เprecisioncleantngweb.com

http://%e0%b8%9e%e0%b8%9e%e0%b8%9e:%e0%b9%80precisioncleantngweb.com


2 6

C o m p ress in g  C O 2 a t  a  tem p eratu re an d  p ressu re  ju s t  b e lo w  its  cr it ica l tem perature  
l iq u e f ie s  th e  gas at a p p ro x im a te ly  6 0  a tm o sp h eres . C o o lin g  liq u id -sta te  C 0 2 to  b e lo w  its  
trip le  p o in t (th e  c o n d it io n s  o f  tem p eratu re and p ressu re  un d er w h ic h  a  liq u id , s o lid , and  
g a s  c o e x is t  in  eq u ilib r iu m ) c a u se s  a  p h a se  tran sition  to  so lid -s ta te  C 0 2. T h e  so lid -s ta te  
d en sity  is  a p p ro x im a te ly  1 .6  g /c m 3 . T h e resu ltan t su b sta n ce  r e se m b le s  a  p o w d e r y , w h ite  
sp ray-or “sn o w ” - a s  it is  p r o p e lle d  th rou gh  th e air.

Cleaning Media Hardness
O n e w a y  to  d escr ib e  th e  p h y s ic a l ch ara cter istics  o f  so lid -s ta te  c le a n in g  a g en ts  is  th rou gh  
a  co m p a riso n  o f  h ard n ess v a lu e s . M e d ia  h a rd n ess , in  co m b in a tio n  w ith  m a ss  and  v e lo c ity ,  
d eterm in e  th e a g g r e s s iv e n e ss  o f  th e  c le a n in g  a ction . O n e sc a le  u se d  to  d e sc r ib e  the  
h ard n ess o f  s o lid  c le a n in g  m e d ia  is  M o ll’s  1 0 -p o in t s c a le  o f  H ard n ess , w h ere  1 is  a  ta lc ­
lik e  su b sta n ce  and  1 0  is  d iam on d .

In a  co m p a riso n  b e tw e e n  s o lid  C 0 2 and  c o m m o n  a b rasive  c le a n in g  a g e n ts , so lid  C 0 2 h as  
th e  lo w e s t  h ard n ess v a lu e  (2  M o h s)  o f  a ll so lid  c le a n in g  a g en ts , w h ic h  m a k e  it an  id e a l  
c h o ic e  for  so lid -sta te  c le a n in g  o f  se n s it iv e  su b strates.
Cleaning Action: Theories on Separation
M e d ia  sep ara tion  is  a n a lo g o u s  to  so lid -sta te  C 0 2 c lea n in g . It en ta ils  th e  r e m o v a l o f  a  
con tam in an t from  a  su b strate  b y  th e  fo r c e fu l im p a ct o f  sm a ll so lid  C 0 2 p a r tic le s , e ith er  
dry or m ix e d  w ith  a  sm a ll q u an tity  o f  liq u id  or an oth er s o lid  ad d itive .

U n lik e  im m e r s io n  c le a n in g , so lid -s ta te  c le a n in g  a c tio n  is  h ig h ly  d irec tio n a l, and  
con ta m in a n t r e m o v a l is  lm e -o f-s ig h t  in  nature. T h e  ty p e  o f  c le a n in g  a c tio n , e n erg y , an d  
e ff ic ie n c y -w h e th e r  r e m o v in g  p o ly m e r ic  c o a tin g s  or  r e m o v in g  h yd rocarb on  r e s id u e s - is  
d eterm in ed  b y  p artic le  d en sity , p a rtic le  sp e e d , and  substrate top ograp h y . P articu la te  C 0 2 

c le a n in g  is  v e r y  u se fu l fo r  r e m o v in g  sm a ll p articu la tes  an d  trace  o rgan ic  r e s id u e s  form  
substrates; p a lle t iz e  C 0 2 c le a n in g  is  u se fu l for  c o a tin g  rem o v a l.

T h e  c le a n in g  p o w e r  o ffe r e d  b y  so lid -s ta te  C 0 2 can  a lso  b e  d escr ib ed  in  term s o f  p h y s ic a l  
and c h e m ic a l traits, in c lu d in g  
k in e tic  en e r g y  tran sfer, v is c o u s  
drag, c o h e s io n  e n e r g y , an d  
e lec tro sta tic  e n e r g y  transfer  
m e c h a n ism s d e sc r ib e d  b e lo w .

Kinetic Energy Separation
C arb on  d io x id e  s n o w  is  a b le  to  
re m o v e  sm a ll p a r tic le s  from  a  
su rface  th rou gh  a  k in e tic  e n e r g y  
transfer p r o c e s s  c a lle d  “ linear  
m o m en tu m  transfer.”

Figure 12 illustrated how a stream of solid C02 particles
Source : http://www.precisioncleaningweb.com

Momentum Transfer
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( 1 )  im p arts a  s ig n if ic a n t m a ss  and  v e lo c ity  o n  a  station ary  su rfa ce  p artic le  (2 ) ,  c a u s in g  th e  
su rface  p artic le  to  a cce lera te  a w a y  fro m  th e  su rface  (3 ).

Viscous Drag Separation
T h e  en erg y  req u ired  to  r e m o v e  sm a ll p a r tic le s  r ise s  ex p o n en tia lly  a s  th e  d iam eter  o f  the  
p artic le  d ecrea ses; c o n se q u e n tly , su b  m icro n  p a rtic les  can  require an  e n e r g y  ou tp u t o f  
sev era l m illio n  g -fo r c e s . T h is  a d h e s iv e  en erg y  is  a  co m b in a tio n  o f  g rav ita tion a l, 
e lec tro sta tic , an d  m o le c u la r  a ttraction  fo r c e s  b e tw e e n  the p artic le  an d  su b strate . T h is  
a d h esio n  le v e l  is  a lso  in flu e n c e d  b y  e n e r g y  in teraction s b e tw e e n  th e  p artic le  an d  substrate  
c o a tin g s  (e .g .,  h yd rocarb on  f ilm s  or o th er  v is c o u s  su rface  c o a tin g s) an d  p h y s ic a l  
en trap m en t w ith in  c o m p le x  su r fa ce  top o g ra p h y .

T h e  f lu id  v e lo c ity  p aram eter co n tr ib u tes  th e  m o st  s ig n if ic a n t im p a ct o n  v is c o u s  drag. 
F lu id  v e lo c it ie s  rap id ly  d e c r e a se  from  tu rbulent f lo w  (h ig h  en erg y ) to  lam in ar f lo w  ( lo w  
en erg y ) c lo s e  to  the su rfa ce . T h is  is  w h ere  sm a ll p a rtic les  “h id e  o u t.”  T o  o v e r c o m e  th is  
en e r g y  barrier, c o m m o n ly  c a lle d  “th e  w a ll ,”  h ig h  f lu id  v e lo c it ie s  m u st b e  a c h ie v e d

Figure 13 illustrated the methods by which c c >2 snow cleaning overcomes the 
energy barrier created by a rapid drop in fluid velocity.
Source : http://www.precisioncleanmgweb.com

H ig h e r  su rfa ce  flu id  v e lo c it ie s  (an d  flu id  m a ss)  in crea se  flu id  f lo w  from  lam in a r  to  
tu rb u len t, w h ic h  in c r e a se s  v is c o u s  drag (a lso  c a lle d  sh ear s tress) o n  th e  p a rtic le . T h e  
h ig h er  th e  n ea r-su rface  flu id  v e lo c ity , th e  m o r e  en erg y  is  d e liv ered  and  h e n c e  tile  sm a ller  
th e  p artic le  that can  b e  d is lo d g e d . A s  sh o w  in  th e  fig u re , T IG  sn o w  c le a n in g  ca n  o ffe r  
better  p artic le  r e m o v a l co m p a red  w ith  c o n v e n tio n a l h igh -p ressu re  sp ray  c le a n in g  
a p p lica tio n s  (u s in g  F reon  or o th er  liq u id  so lv e n ts )  and  h ig h -p ressu re  b lo w - o f f  g a se s .  
M ic r o sc o p ic  sn o w  p a r tic le s  h a v e  s ig n if ic a n t  d e n s ity  and  can  p en etra te  c o m p le te ly  
th rou gh  th e lam inar f lo w  r e g io n , im p a c tin g  th e  su rface  at h ig h  v e lo c ity .

(F ig u re  1 3 )

http://www.precisioncleanmgweb.com


28

G iv e n  that th e  v is c o u s  drag  fo r c e  p a ra m eters-d en sity , p artic le  su r fa ce  area, and  
c o e ff ic ie n t  o f  drag-are s im ila r  b e tw e e n  c o n v e n tio n a l liq u id  c le a n in g  a g en ts  and  sn o w ,  
h ig h  s n o w  v e lo c ity  at th e  su r fa ce  p r o d u c e s  m u ch  h ig h er  v is c o u s  drag o n  su r fa ce  p artic le . 
A s  ร resu lt, sn o w  p artic le  e n e r g y  is  u su a lly  su ff ic ie n t  to  o v e r c o m e  v e r y  stron g  
e lec tro sta tic  and in term o lecu la r  a d h e s iv e  fo r c e s , co m m o n ly  referred  to  a s  V a n  der W a a l’s  
fo r c e s  that h o ld  sm a ll p a r tic le s  to  th e  su rface .

C h em ica l S ep aration

T race o rgan ic  f ilm s  o n  su r fa c e s  ca n  a lso  b e  r e m o v e d  u s in g  so lid  C O 2 ; h o w e v e r , the  
m e c h a n ism  b y  w h ic h  th is  is  a c c o m p lish e d  is  n o t  fu lly  u n d erstood . It h a s b e e n  p o stu la ted  
to  b e  a  c o m b in a tio n  o f  m o m en tu m  tran sfer  an d  a  p h a se  ch a n g e  o f  m in u te  so lid  C O 2 

p a rtic les  from  so lid  sta te  to  liq u id  sta te . T h is  re su lts  in  rapid  m ic r o so lu tio n in g  o f  trace  
su rface  res id u es  in  liq u id  C 0 2.

A c c o r d in g  to  th e  p h a se  d iagram  for  C 0 2, a  m in im u m  iso sta tic  p ressu re o f  a p p ro x im a te ly  
6  atm  ( 8 8  p s i)  at 1 95  K  is  req u ired  to  p ro d u ce  a  liq u id -so lid  in terp h ase . E n erg y  
tran sform ation s are p o s s ib le  (o th er  th an  th e  form ation  o f  a  liq u id  p h a se ) , in c lu d in g  
p artic le  fragm en ta tio n  or sh ea r in g , g a s  p h a se  tran sition , an d  tem perature r ise  in  the so lid  
d uring  im p act.

In F ig u re  12 , an oth er c h e m ic a l sep ara tion  m e c h a n ism  is  p r o p o se d , w h ic h  in v o lv e s  the  
form a tio n  o f  m ic r o sc o p ic  c o m b in a tio n s  o f  m icro  p articu la te  C 0 2  (1 )  an d  h yd rocarb on  
re s id u e s  (2 ) . T h e  sn o w -h y d ro ca rb o n  in ter fa ce  is  th eo r ized  to  b e  th e  fo rm a tio n  o f  a 
ly o p h ilic  cry sta llin e  g e l  or c o llo id , c a lle d  " sn ow -gel"  (3 ) . S n o w -g e ls  are c o m p r ise d  o f  
trace  o rgan ic  su rface  re s id u e s  (trea ted  as so lv e n ts  or so lu te s )  d isp ersed  in  so lid -p h a se  
C O 2 , p artic les  (treated  a s  a  su b  c o o le d  so lv e n t-so lu te  m atrix ). S u b seq u en t b o m b a rd m en t  
b y  m icro - p articu late C 0 2 en tra in s an d  e je c ts  s n o w -g e ls  from  the substrate.

T h is p ro p o sed  m e c h a n ism  is  su p p orted  b y  so lu b ility  research  p erform ed  b y  M y e r s  and  
P rau sn itzô  in  w h ic h  th e y  treated  s o lid  C O 2  (so lid -s ta te  x e n o n  h as a lso , b e e n  รณ d ied ) a s  a

Hydrocarbon Removal

Siww-GbIs

ณ __Hydisrariwi Rc-ฟเ»

Figure 14 illustrated Hydrocarbon removal
Source : http://www.precisioncleaiimgweb.com
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sub  c o o le d  liq u id  to  d eterm in e  c o h e s iv e  e n e r g y  v a lu e s . T e st data s h o w e d  h ig h  so lu b ility  
o f  s o l id  C 0 2  w ith  sev era l h yd roca rb o n  sy ste m s.
S o lid  C 0 2  p o s s e s s e s  e lec tro n  a c c e p to r  (L e w is  a c id ) and  m o lecu la r  q u ad ru p le m o m e n t  
p ro p erties , w h ic h  con tr ib u te  to  a  h y d ro ca rb o n -lik e  c o h e s io n  en erg y  an d  c o m p le x  fo r m in g  
a b ility  w ith  h yd rocarb on s.

E lec tro sta tic  S ep aration

A n o th er  p o s s ib le  sep aration  m e c h a n ism  m ig h t in v o lv e  e lec tro sta tic  e n e r g y  transfer. 
A c c o r d in g  to  th is  th eory , ch a rg ed  so lid  C 0 2 p a rtic les  act a s  e lec tro sta tic  m agn ets,"  w h ic h  
c o llid e  and  c o m b in e  w ith  sm a ll ch a rg ed  su r fa ce  p artic les. T h e r esu ltin g  in tera ctio n  is  an  
e lec tr ica l ch arge  transfer fro m  o n e  b o d y  to  an oth er c a lle d  "electro co a g u la tio n ."  T h e  
co a g u la te d  p artic le  m a ss  is  s w e p t  fro m  th e su rface  u n d er co n tin u o u s sn o w  p artic le  
b om b ard m en t.

3.4 Equipment Concept Design
V e r y  im p ortan t to  th e  C 0 2  s n o w  c le a n in g  p r o c e ss  is  th e  d e s ig n  and a p p lica tio n  th e  C 0 2 

sn o w  c le a n in g  eq u ip m en t. C o n v e n tio n a l C 0 2 sn o w  c le a n in g  is  b a se d  o n  an  e x p a n s io n  
p r o c e ss  w h e r e  c o m p r e sse d  C 0 2, liq u id  is  ra p id ly  ex p a n d ed  to  a m b ien t p ressu re , crea tin g  
a  m ix tu re  o f  vap o r  an d  s o lid  p a rtic les  o f  C 0 2, T h e e x p a n s io n  p r o c e ss -c o m b in e d  w ith  a 
su ita b le  n o z z le  d e s ig n -a c c e le r a te s  the sn o w  p artic le  to  near so n ic  v e lo c it ie s  n ear  the  
n o z z le  tip . W h e n  targeted  at a  substrate th e se  h ig h  v e lo c ity  p ro jec tile s  r e m o v e  p artic le  
co n ta m in a tio n  fro m  th e  su rface  th rou gh  m o m en tu m  transfer. 1

C o n v e n tio n a l C 0 2  sn o w  c le a n in g  eq u ip m en t is  g en era lly  se lf-s im ila r  and , in  m a n y  c a s e s ,  
a d d itio n a l c le a n in g  en e r g y  is  req u ired  to  a c h ie v e  c le a n lin e ss  standards b e y o n d  the  
ca p a b ility  o f  c o n v e n tio n a l a ltern a tives. A  m o d if ic a tio n  o f  th e  te c h n o lo g y  that e m p lo y s  
T IG -sn o w  o ffe r s  an  e x c lu s iv e  c o a x ia l thrust en h a n cem en t d e s ig n  (F ig u re  3 ) ,  w h ic h  
p r o v id e s  ad d ition a l an d  co n tro lla b le  su rface  c le a n in g  en erg y  a s  w e ll  a s  substrate  
tem p eratu re an d  io n iz a tio n  con tro l.

3.5 Return to Cleaning Technology Profiles
C arb on  d io x id e  ( C 0 2) can  b e  u se d  in  three d istin ct s ta tes  in  p r e c is io n  c le a n in g  
a p p lica tio n s: in  liq u id  form , w h ere  C 0 2 a c ts  to  perform  su rface  c le a n in g  an d  d eg rea sin g ;  
a s a  g a s , w h ic h  is  e je c ted  a s  “ sn o w ” from  sp e c ia liz e d  n o z z le s ;  and in  a  “ su p er”  cr itica l 
fo rm  fo r  c h e m ic a l ex tra ctio n  c lea n in g .

C arb on  d io x id e  is  a  n o n to x ic , n o n -h a za rd o u s, n o n fla m m a b le  m ateria l, w ith  n o  o z o n e  
d e p le tin g  p o te n t ia l .C 0 2  c le a n in g  m e th o d s  are c o m m o n ly  a p p lied  to  th o se  con tam in an ts  
th at d is s o lv e  in  C 0 2,w h ic h  in c lu d e  m o s t  organ ic  so ils . T h is m eth o d  o f  c le a n in g  is  
g e n e r a lly  n o t  a p p lica b le  to  rust, s c a le , an d  m o st  in organ ic  co m p o u n d s.
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E m p lo y in g  C O 2  m eth o d s  in  th e  w o r k p la c e  o ffe r s  red u ced  w o rk er  ex p o su re  to  h azard ou s  
c h e m ic a ls , le s s  regu la tory  c o n sid era tio n s , an d  red u ced  p erm ittin g  req u irem en ts. 
H o w e v e r , d irec t co n ta c t w ith  C 0 2 ca n  c a u se  sk in  d a m a g e  ( fr o s tb ite ) .A lso , ad eq u ate  
v e n tila tio n  sh o u ld  b e  m a in ta in ed  to  en su re  that th e  C O 2  d o e s  n o t d isp la c e  o x y g e n  
n e c e ssa r y  to  breathe.

D u e  to  c o s t  and  lab or  tim e  con stra in ts , C 0 2  is  g en era lly  n o t r e c o m m en d e d  for  g r o ss  
co n ta m in ant rem o v a l b u t is  m ore  appropriate fo r  re m o v in g  th in  c o a tin g s  an d  re s id u e s .

Liquid CO2

A n a lo g o u s  to  c o ld  c le a n in g  w ith  liq u id  C 0 2  (L C O 2 ) in v o lv e s  d ip p in g  co n ta m in a ted  parts 
in to  a  c le a n in g  ch am b er, w h ere  th e  co n ta m in a n ts  are th en  d is so lv e d . C le a n in g  is  
en h a n ced  b y  th e  lo w  su rfa ce  te n s io n  an d  lo w  v is c o s ity  o f  C 0 2 -A g ita tion  sy s te m s  c a n  b e  
a d d ed  to  in crea se  the e f fe c t iv e n e s s  o f  th e  c le a n in g  p r o c e ss .

L C 0 2  is  e f fe c t iv e  in  r e m o v in g  lo o s e ly  b ou n d  d u st, lin t, fin gerp rin ts, lig h t-to -m e d iu m  
h yd rocarb on , o i ls ,  s e le c t  p articu la te  co n ta m in a tio n , d raw in g  c o m p o u n d s , and other  
m a c h in in g  flu id s .

H ig h  p ressu res are n e e d e d  to  m a in ta in  C O 2  a s a liq u id  (it  h a s a  b o ilin g  p o in t o f  - 7 8 .5  C )  
Standard p r o c e ss  eq u ip m en t in c lu d e s  a  p ressu re v e s s e l ,  g a s /liq u id  p u m p s, and  a  r e c y c le  
sy ste m .L C 0 2  sy s te m s are p r im arily  m a n u a lly  b a se d , th ou gh  b atch  a u tom ation  is  p o s s ib le . 
A  c le a n in g  c y c le  req u ires  a p p ro x im a te ly  10  to  2 0  m in u tes .L C 0 2  is  n o t a v a ila b le  a s  a  
co n tin u o u s or c o n v e y o r  p r o c e ss .

SELECTION CRITERIA
•  M e c h a n ic a l a g ita tio n  (U ltr a so n ic , M e g a so n ic s , sp ray  sy s te m s) ca n  b e  u s e d  to  

im p ro v e  the c le a n in g  p r o c e ss .
•  L C O 2 is  in e ffe c t iv e  in  r e m o v in g  m o st  in org a n ic  con tam in an ts.
•  H ig h  p ressu res  are req u ired  to  m ain ta in  C O 2  as liquid .

C O 2  s n o w
W ith  sp e c ia liz e d  n o z z le s ,  C O 2  can  p a ss  th rou gh  a “ trip le p o in t,”  w h ere  so lid , liq u id , and  
g a se o u s  C O 2  m e e t  in  o n e  p h a se , fo rm in g  sn o w fla k e s .

C O 2 sn o w  is  c o m m o n ly  u se d  to  r e m o v e  h yd rocarb on  o ils ,  f lu x e s , f in gerp rin ts , d u st, lin t, 
f in e  f ib ers , fin gerp rin ts an d  o th er  p articu la tes a s  sm a ll a s  0 .1  m icro n s. C on ta m in a n t  
rem o v a l u s in g  C O 2 s n o w  is  p erfo rm ed  v ia  o n e  o f  tw o  m ech a n ism s: m o m en tu m  tran sfer  
fro m  th e so lid  C O 2  sn o w  that d is lo d g e s  th e  sm a ll, p articu late  m atter; or th e  d is so lu t io n  o f  
o rgan ic  o i ls  in to  th e  liq u id  C O 2  fo rm ed  b y  th e  in stan tan eou s liq u e fa c tio n  o f  dry C O 2 on  
co n ta c t w ith  th e  su rface .

?

O p eratin g  eq u ip m en t in c lu d e s  a  C O 2 so u rce , a  n o z z le ,  an d  a  d e liv e r y  m e c h a n ism  to  
tran sfer  C 0 2 fro m  th e  so u rce  to  th e  n o z z le .  M o s t  c le a n in g  a p p lica tio n s  are p er fo rm ed  b y
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2 to  3 se c o n d  bursts w ith  a t le a s t  10  s e c o n d s  b e tw e e n  bursts. S n o w  sy s te m s  c a n  b e  
au tom ated .

N o z z le  d e s ig n  is  a  current te c h n o lo g y  fo c u s  for  C O 2 sn o w  sy ste m s. N o z z le  d e s ig n  ca n  
a ffe c t  th e  sh ap e and  v e lo c ity  o f  th e  sp ray , w h ic h  h a s  to  b e  ad ap ted  to  th e  d e g r e e  o f  
a g g r e ss iv e n e ss  n e e d e d  fo r  in d iv id u a l c le a n in g  ap p lica tio n s.

SELECTION CRITERIA
•  T in s c le a n in g  m eth o d  is  in e f fe c t iv e  in  r e d u c in g  h e a v y  o il con tam in ation .
•  T h e ch aracter istics o f  tile  s n o w  p ro d u ced , w h ic h  m a y  d ep en d  o n  th e a p p lica tio n ,  

are h ig h ly  d ep en d en t o n  th e  n o z z le  d e s ig n .
•  C 0 2  sn o w  sy s te m s  can  b e  au tom ated .

Supercritical CO2

A t tem p eratu res a b o v e  3 1 ° c  (8 7 °F) and  a  p ressu re  o f  7 2 .8  a tm o sp h eres, th e  liq u id  and  
g a se o u s  p h a se s  o f  C O 2 c o m b in e  to  fo rm  su p ercr itica l C O 2  (S C C O 2 ).
S C C 0 2  is  th e  o ld e s t  C O 2 c le a n in g  m eth o d  an d  is  u se d  to  d eca ffe in a te  c o f fe e .

D u e  to  its lo w  v is c o s ity  an d  su r fa ce  te n s io n , S C C 0 2 is  ab le  to  p en etra te  sm a ll p o r e s  and  
c r e v ic e s  and  is  thus c o m m o n ly  u se d  fo r  sp e c ia liz e d  p r e c is io n  a p p lica tio n s. T h is  ty p e  o f  
c le a n in g  is  a  d is so lu tio n  p ro cess: T h e  con ta m in a n ts  so lv a te  w ith in  th e S C C O 2 an d  are 
e v a cu a ted  in to  a  lo w -p r e ssu r e  ch am b er; th e y  th en  b e c o m e  in so lu b le  and p rec ip ita ted  fro m  
th e  L C 0 2.

S C C O 2  can  r e m o v e  s il ic o n , d ie le c tr ic , an d  m a ch in e  o i(s , p la s t ic iz e r s , m o n o m ers , 
flu o r in a ted  o ils , lu b rican ts, and  o rg a n ic  ex tractab le  a d h esiv e  ex p a n sio n  v a lu e , separator, 
an d  a  co n d en ser . C y c le  t im e s  v ary  fro m  15 m in u tes  to  tw o  hours.

R e se a r c h  in to  fu ture a p p lica tio n s  o f  S C C O 2 in c lu d e s  d e s ig n  o f  a  standard m o d e l to  m e e t  
m u ltip le  n e e d s , d e v e lo p m e n t o f  a  m eth o d  ca p a b le  o f  con trib u tin g  to  a  p a r tic le -rem o v a l 
m ech a n ism .

SELECTION CRITERIA
•  T h is  c le a n in g  m eth o d  is  w e ll  su ited  for  c le a n in g  c o m p le x  parts and p en etra tin g  

sm a ll p o r e s  and cre v ic es .
•  H ig h  start-up c o s ts  d u e  to  h ig h -p ressu re  eq u ip m en t.
•  O p era tin g  c o s ts  are r e la t iv e ly  lo w .
•  H ig h  p ressu res m ay  c a u se  d a m a g e  to  d e lica te  parts and  c a u se  sa fe ty  

co n sid era tio n s.
•  C an n ot b e  u se d  a s  an  in -lin e  p r o c e ss .
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