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ABSTRACT

It  is  very  im p o rta n t to  u n d e rs ta n d  th e  p h en o m en a  of partic le  
c fo rm ation , tra n s p o rt, a n d  deposition  in  v acu u m  systems in o rd er to 

im prove sem iconducto r m an u fac tu rin g  p rocesses. Nearly h a lf  of m ore 
th a n  1 0 0  opera tio n s in  th e  c u rre n t very large sca le  in teg ra ted  c ircu it 
(VLSI) technology  a re  perform ed in  v acu u m  env ironm en ts. Partic les 
g en era ted  in  v acuum  equ ipm en t or vacuum  p rocessing  have becom e a  
m a jo r c o n ta m in a tio n  so u rc e  w h ich  c a u se s  d eg ra d a tio n  in  p ro d u c t 
p e r fo rm a n c e  a n d  lo s s  in  p ro d u c t  y ie ld  in  s e m ic o n d u c to r  
m anufacturing .

V acu u m  p u m p -d o w n  h a s  b een  iden tified  a s  a  s te p  th a t  can  
g en era te  a  large n u m b e r  o f partic les. T h is th e s is  h a s  investigated , 
theo re tica lly  a n d  by  experim en t, th e  p rocess of pum p-dow n  from  two 
a sp e c ts :  th e rm o d y n am ics  a n d  p artic le  fo rm atio n . T he im p o rta n t 
con trib u tio n s of th is  w ork are  as follows:

(1) T h is re se a rc h  p rov ides a  com plete a n d  system atic  m easu rem en t 
o f th e  tra n s ie n t  gas te m p e ra tu re  d u rin g  pum p-dow n. A su b s ta n tia l 
d rop  in  th e  gas te m p e ra tu re  is observed. In a  ch am b er of 47 .3  liters, 
w h e n  th e  effective p u m p in g  sp eed  is  705  1pm a n d  th e  in itia l 
te m p e ra tu re  is  25°C, th e  m axim um  tem p era tu re  drop  is  a b o u t 70 °C 
fo r 50% RH room  a ir, 95°C for d ry  n itrogen , 105°C for h ig h  p u rity  
argon . It is  found  th a t  th e  following factors have a  sign ifican t effect on 
th e  g as tem p era tu re : effective pum ping  speed , c h am b er geom etry, gas 
m edium , in itial p ressu re , w ater vapor, an d  m easu rem en t location.

(2) A m ath em atica l m odel of the  vacuum  pum p-dow n process, based  
o n  fu n d a m e n ta ls  of th e rm o d y n am ics  a n d  h e a t  a n d  m a s s  tra n s fe r  
p ro c e sse s  in  th e  c o n tin u u m  regim e, h a s  b een  developed to  p red ic t 
p re s s u re  a n d  te m p e ra tu re  of th e  gas, a n d  s a tu ra t io n  ra tio  of th e  
c o n d en sab le  species. T he p red ic tions of th e  m odel agree  well w ith  
m easu red  data .
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(3) A  d im ension less Z n u m b er h a s  b een  in troduced  to  describe the
t  a

a d ia b a tic ity  of pum p-dow n, w here  Z = — , x is  th e  p u m p in g  tim e

c o n s ta n t, t, is  th e  ra tio  of cham ber volum e to  su rface  area, an d  ca is the  
h e a t  p e n e tra tin g  ra te  of th e  gas. W hen Z = 0, th e  pum p-dow n is 
ad iaba tic , a n d  w hen  Z = °°, it  is  isotherm al. B ased  on  th e  Z num ber, a  
sim ila rity  so lu tio n  of the  gas therm odynam ic s ta te  d u rin g  pum p-dow n 
is  found.

(4) A th eo ry  h a s  b een  developed to  p red ic t th e  critical condition  of 
p u m p -d o w n  t h a t  in itia te s  w a te r  vapor co n d en sa tio n  a n d  n u c lea tio n  
p ro ce sse s  d u r in g  pum p-dow n. It is found  th a t  th e  critical condition  
d ep en d s on b o th  th e  d im ension less Z n u m b er an d  th e  in itia l relative 
hum id ity . B ased  on  th is  theory, a  design  criterion  for c lean  vacuum  
pum p-dow n is  found.

(5) P artic le  fo rm ation  d u rin g  pum p-dow n h a s  b een  q u an tita tive ly  
m e a su re d . I t  is  fo u n d  th a t  th e  p a rtic le s  form ed a re  m ain ly  w ater 
d rop le ts  c o n ta in in g  im purities. T hese p a rtic le s  a re  form ed by  w a ter 
v ap o r hom ogeneous nuc lea tion , or n u c lea tio n  on  ions, o r bo th . The 
im puritie s  scavenged by  droplets m ay chem ically reac t to  form  residue  
p a rtic le s . T he  m o s t likely re a c tio n  is  th a t  involving liqu id  p h a se  
oxidation of po llu tion  species su c h  a s  SO2  and  neu tra lization  by  NH3  to 
form  (NH4 )2 S 0 4 .
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CHAPTER 1 

INTRODUCTION

1.1 MOTIVATION

T h is  w ork  is  m otivated by  th e  need  for con tam in a tio n  contro l in  
sem iconducto r m anu factu ring , w hich  is one of th e  m o st critical is su e s  
for su c c e ss  in  fab rica tin g  very  large scale  in teg ra ted  c irc u its  (VLSI). 
T he in teg ra ted  c ircu it is  m ade  from  sem iconducto r su b s tra te , m ostly  
silicon, o r GaAs wafer. As th e  scale of in tegration  increases, th e  fea tu re  
size o f th e  c ircu its  (the d is tan ce  betw een c ircu it lines) sh rin k s . F or a 
1 M dynam ic  ran d o m  access m em ory (DRAM) chip, th e  fea tu re  size is 
o n  th e  o rd e r of 0.9- fim. P articu la te  con tam ina tion  is  a  m ajo r rea so n  
for th e  deg radation  in  p ro d u c t perform ance an d  lo ss  in  p ro d u c t yield, 
b e ca u se  partic les  one te n th  o f  the  fea tu re  size have p o ten tia l to  cau se  
c irc u it defect. The quan tita tive  m ea su re m e n ts  in d ica ted  th a t  50%  of 
d efec ts  in  64K, 70%  in  256K, a n d  80%  in  1M DRAMs w ere d u e  to 
co n tam in a tio n  (O 'Hanlon, 1989).

P a rtic le s  g e n e ra te d  in  v a c u u m  sy s tem s, from  e q u ip m e n t or 
p rocessing , a re  a  m ajor con tam ination  source (O 'Hanlon, 1989; Sm ith , 
1989). B ecau se  of advances in  filtration  a n d  cleanroom  technology, 
th e  c o n ta m in a tio n  c a u se d  by  c lean room  a n d  p e rs o n a l  h a s  b e en  
s ig n if ic a n tly  re d u c e d . T he c o n ta m in a tio n  c a u s e d  b y  p a r tic le s  
g e n e ra te d  from  p rocess a n d  eq u ip m en t h a s  becom e m ore im p o rtan t, 
even dom inan t. Moreover, nearly  h a lf  of the  m ore th a n  100 opera tions 
in  th e  c u r r e n t  VLSI te c h n o lo g y  a re  p e rfo rm e d  in  v a c u u m  
en v iro n m en ts  (Sm ith, 1989). Table 1-1 lis ts  som e v a cu u m  p ro cesses 
a n d  th e i r  p re s s u re  ra n g e s . T herefo re , i t  is  very  im p o r ta n t  to 
u n d e rs ta n d  th e  p h e n o m e n a  o f p a rtic le  fo rm atio n , t r a n s p o r t  an d  
d e p o sitio n  in  v a cu u m  sy s te m s in  o rd er to  im prove se m ic o n d u c to r 
m an u fac tu rin g  processes.
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Table 1-1 V acuum  classifications an d  p rocesses 5

Degree of Vacuum Pressure Range, Torr Process Performed

Low 760 > p >20 • Epitaphial growth of 
semiconductor film

Medium 20 > p >1C3 • Sputtering
• Plasma etching
• Plasma deposition
• Low pressure chemical vapor 

deposition

High 10'3 Spa 10‘7 • Thin film preparation
• Electron microscopy
• Mass spectroscope
• Crystal growth
• X-ray and electron beam 

lithograph
• Production of cathode ray and 

other vacuum tubes

llltrahigh 10-7 >pS:10-10 • Ion implanter

Extreme Ultrahigh 10'13£p • Surface and material study

a. Abstracted from O'Hanlon (1980, Chap. 1)
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A v a cu u m  p ro cess  involves m any  s tep s, a s  show n in  Fig. 1-1, 
w h ich  in c lu d es  load ing  w afers in to  cham bers , pum p-dow n of gas in  
th e  cham ber, processing , ven ting  gas to th e  cham ber, a n d  un load ing  
th e  w afers. P artic les m ay  be g en era ted  in  a n y  one of th ese  s tep s . 
B orden  a n d  B aron  (1987) have m onito red  th e  p ro cess in g  in  a n  ion 
im p lan te r by  u s in g  a  ligh t sca ttering  particle  coun ter. T hey found th a t
(i) d u rin g  the  pum p-dow n period, a  very h igh  partic le  genera tion  ra te  
exceeding 1 0 0 0  p a rtic le s /m in  c a n  be seen, m any  partic les  larger th a n  
1 0  (im w ere observed; (ii) d u rin g  the  p rocessing  period , th e re  w ere 
300  to  700  p a rtic le s /m in , th e ir size w ere less th a n  1 pm ; (iii) du ring  
th e  ven ting  period, a lm ost no partic les w ere observed.

In  th is  th es is , th e  physical phenom ena  th a t  o ccu rs  d u rin g  the  
v acu u m  pum p-dow n a re  investigated. The investigation is divided in to  
two m ajo r a spec ts: therm odynam ics and  particle  form ation. B oth  will 
be  s tu d ied  theoretically  an d  experim entally.

A lthough  th is  s tu d y  w as in itia ted  by  n eed s  of sem ico n d u cto r 
m an u fa c tu rin g , th e  re s u lts  c a n  be  applied  to  o th e r  v a c u u m  re la ted  
p ro cesses . Table 1-1 sum m arizes the  classification  of v acu u m  levels 
a n d  v a rio u s p rocesses perform ed w ithin  vacuum  system s.

1.2 PUMP-DOWN AS A THERMODYNAMIC PROCESS

Any v acu u m  p rocess th a t  u tilizes a  pum ping  device to  evacuate 
g a s  m olecules from  a  vacuum  cham ber is  called a  vacuum  pum p-dow n. 
T h is m ay  cover a  p re ssu re  range from 760  Torr (1 atm ) to ab o u t 10* 1 3  

Torr, w hich  is the  b e s t m an-m ade vacuum  on earth . A ccording to  the  
k inetic  theo ry  of gases, a n  ideal gas  con ta ins ab o u t 1 0 1 9  m o lecu les/cc  
a t  th e  s ta n d a rd  te m p e ra tu re  a n d  p re ssu re  (STP), i.e., a t  760  T orr 
(1 atm ) a n d  0°C. W hen the  n u m b er of m olecules is reduced , the  gas is 
rarefied . T he gas con ta in s only ab o u t 104  m o lecu les/cc  a t  10* 1 3  Torr. 
V acuum  actually  refers to  the rarefied s ta te  of gas.
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F rom  th e  s ta n d p o in t  of th e rm o d y n am ics , a  p u m p-dow n  is  a 
n o n eq u ilib riu m  p ro cess  w hich  involves a  c o n tin u o u s  change  in  gas 
th e rm o d y n am ic  s ta te , defined by  th e  p re s s u re ,  te m p e ra tu re , a n d  
com position of gas. T he changes in  gas s ta te  depend  on the  tra n sp o rt  
p h en o m en a  includ ing  gas flow, and  h e a t a n d  m a ss  tra n s fe r  th a t  occur 
d u rin g  pum p-dow n.

Fig. 1-2 show s a  typical pum p-dow n cu rv e  in  evacuating  a  m etal- 
g ask e ted  v a cu u m  system  from  one a tm o sp h e re  p re s su re  to u ltra h ig h  
v a c u u m . T h is cu rve  is ta k e n  from  O 'H an lo n  (1980 , p i 30), a n d  
m odified to  in c lu d e  th e  rough ing  period  (from  760  to 0.1 Torr) a n d  
b ak ing  action. At h igh  p ressu re , th e  gas in sid e  the  v acu u m  ch am b er is 
f irs t p u m p ed  out. W hen leaks an d  oil b a ck s tre am in g  a re  negligible, 
p re s su re  decays n e a rly  exponentially : p  <*= e_t/ x, w here  t  re p re se n ts  
tim e  a n d  x r e p re s e n ts  th e  p u m p in g  tim e  c o n s ta n t  (the ra t io  of 
c h am b er volum e to  pum ping  speed).

As th e  p re s su re  is  red u ced  below  10 - 5  Torr, o u tg ass in g  from  
su rfaces becom es im portan t. O u tgassing  is th e  re su lt  of su rface  vapor 
evaporation, su rface  g as desorption (by th e rm a l energy o r electron a n d  
ion  b o m b ard m en t), a n d  g as  d iffusion  a n d  p e rm e a tio n  w ith in  so lid  
m a te ria l of w alls. A ccording to  O 'H anlon, m olecu les on  the  su rface , 
m ostly  w a te r vapo r u p  to  1 0 0  m onolayers, a re  first desorbed , a n d  in  
th is  period , p  «= t_1. The gas su c h  a s  h y d ro ca rb o n  th a t  is  in itia lly  
abso rbed  in  th e  solid will diffuse to  th e  surface, th en  degas, an d  in  th is  
period , p  «  t - 1 / 2  ( th e  d iffusion  co n tro ls  p re s s u re  d e c rea s in g  ra te ). 
F ina lly , th e  p re s s u re  re a c h e s  i ts  lo w est lim it w h e n  p e rm e a tio n  
becom es dom inan t. Perm eation refers to  th e  p ro cess  by  w hich  g ases  
a re  f irs t ab so rb ed  from  outside, th e n  d iffuse  th ro u g h  th e  w all, a n d  
finally a re  desorbed . Actually, if u ltrah ig h  v a c u u m  is  required , b ak ing  
is  a b so lu te ly  n e ce ssa ry . B ak ing  re fe rs  to  th e  s te p  in  w h ich  th e  
c h am b er w all tem p era tu re  is  elevated (m aybe u p  to 40G°C). W ithou t 
th is  step , reach ing  10 - 1 0  Torr m ay take  y ears  o r m ay n o t be  possible.
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. C learly , a t  very  h igh  o r u l tra  h igh  v a cu u m  cond ition  d u rin g  
pum p-dow n  (p < 10“5  Torr), th e  su rface  phenom ena  an d  gas diffusion 
in  th e  solid  a re  th e  p red o m in an t physical p rocesses, contro lling  the  
com position  o f residue  gases inside th e  vacuum  cham ber. Pum p-dow n 
in  th is  range will n o t be  stud ied  in  th is  thesis . A nalyses of pum p-dow n 
p ro c e ss  in c lu d in g  b ak in g  for th is  p re ssu re  ran g e  a re  availab le  (for 
exam ple, Kazazawa, 1989).

T h is  work, is lim ited  to th e  s tu d y  of th e  physica l phenom ena  
w h ich  o ccu rs a t h igh  p ressu re  during  pum p-dow n, and  w ith in  th e  gas 
volum e. T he s tu d ies  include  gas flow th ro u g h  th e  valve an d  pum p, 
h e a t  t r a n s fe r  b e tw een  th e  g a s  a n d  c h a m b e r w alls , a n d  p artic le  
fo rm ation  and  tran sp o rt in  the  vacuum  system .

B ecau se  of th e ’ n a tu re  o f v acuum  work, th e  ch a rac te ris tic s  of 
p re s s u re  d u rin g  pum p-dow n have b een  tho rough ly  investigated  bo th  
th eo re tica lly  a n d  experim entally  (for exam ple, O 'H anlon, 1980, C hap. 
10; D u sh m an , 1962, Chap. 2; Lewin,1965, C hap 4). However, it  h as  
b e e n  a s s u m e d  in  a ll  th e se  s tu d ie s  th a t  te m p e ra tu re  is  tim e- 
in d ep en d en t, i.e., th e  pum p-dow n is  a n  iso therm al p rocess. As show n 
b y  th e  m ea su re m e n ts  in  th e  p re se n t s tudy , th e  tem p era tu re  actually  
v a rie s  significantly  in  b o th  tim e and  space  w hen  p re s su re  is reduced  
from  7 6 0  T orr to a  lower value (about 0.1  T orr in  th is  work). Below 
0 .1  T o rr, te m p e ra tu re  in d ee d  re m a in s  c o n s ta n t  (equal to  w all 
tem p era tu re ). There is  no know n theory, or system atic  m easu rem en ts 
of s tu d y  th is  tra n s ie n t tem pera tu re  variation, an d  of the  accom panying 
p h e n o m e n a  su c h  a s  therm ally  induced  n a tu ra l convection, change in  
v a p o r sa tu ra tio n , a n d  varia tio n s in  gas p re ssu re  a n d  pum ping  speed 
b e c a u se  of tem p era tu re  varia tion . The goals of th e  therm odynam ic 
s tu d y  in  th is  w ork  include:

1) C o n d u c t system atic  m easu rem en ts  to  dem onstra te  the  fea tu res  of 
th e  g a s  t r a n s ie n t  te m p e ra tu re  v a ria tio n . In v es tig a te  all th e  
p a ra m e te rs  th a t  m ay  affect th e  gas tem p era tu re  includ ing  pum ping
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sp eed , c h a m b e r  geom etry, gas m ed iu m , in itia l p re s su re , w a te r  
vapor, a n d  m easu rem en t location. T his is th e  m ain  goal of C hap ter 
2 .

2 ) Develop a  m a th em a tica l m odel fo r th e  p ro ce ss  of v acu u m  pum p- 
dow n to  p red ic t th e  tem pera tu re  a n d  p re s su re  of th e  gas, an d  the  
sa tu ra tio n  ra tio  of th e  condensable  species. C arry  o u t a n  order-of- 
m agn itude  s tu d y  to find the  p red o m in an t physical phenom ena  th a t  
m ay  occur d u rin g  pum p-dow n (C hapter 3).

3) F ind  th e  charac te ristics  of gas flow a n d  h e a t  tran sfe r p rocesses th a t  
o c c u r  in  p u m p -d o w n , th e  s im ila r i ty  so lu tio n  to  th e  g as  
th e rm o d y n am ic  s ta te , a n d  th e  d im e n sio n less  group  th a t  governs 
th e  pum p-dow n p rocesses (C hapter 4).

1.3 PARTICLE FORMATION DURING VACUUM PUMP DOWN

T he e a r lie s t a n d  th e  m ost com plete  "pum p-dow n" experim ents 
on  th e  partic le  fo rm ation  were perform ed in  th e  end  of la s t  c en tu ry  by 
C.T. W ilson in  h is  fam ous clouds cham ber. In  h is  experim ents, Wilson 
d em o n stra ted  th e  n a tu re  of aerosol fo rm ation  cau sed  by  condensa tion  
a n d  n u c lea tion  d u rin g  gas expansion, w hich  is  th e  sim ilar s itu a tio n  to 
p um p-dow n . W ilson’s  cloud ch am b er w ork  h a s  b een  described  by 
m an y  a u th o rs  (for exam ple, F ried lander, 1977; W egner; 1969). S ince 
W ilson 's experim en ts reveal the  n a tu re  of partic le  form ation in  pum p- 
dow n, i t  is  w o rth w h ile  to  f irs t  rev iew  so m e  d e ta ils  of th e s e  
e x p erim en ts .

W ilson filled th e  ch am b er w ith  a ir  w h ich  w as sa tu ra te d  w ith  
w a te r  vapor, a n d  th e n  quickly  ex p an d ed  th e  a ir  by  a c tu a tin g  th e  
m otion  of a  p iston . By assum ing  th a t  th e  expansion  w as adiabatic, he 
th e n  calcu lated  th e  vapor sa tu ra tio n  ra tio  from  th e  expansion ratio . He 
found  th a t  d u rin g  th e  expansion, th e  co n d en sa tio n  of w ater vapor first
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occu rs on  partic les  orig inally  in  th e  a ir w hen  th e  s a tu ra tio n  ra tio  j u s t  
exceeded 1 .

W ilson  th e n  rem oved th e se  p a rtic le s  b y  rep ea ted ly  expand ing  
th e  a ir  in  th e  ch am b er to  allow  partic les in  a ir  to  settle . A fter th e  a ir  
w as free of p a rtic le s , h e  fo u n d  th a t  th e  c loud d rop lets d id  n o t form  
u n til  th e  s a tu ra tio n  ra tio  rea ch e d  ab o u t 4. W ilson p o s tu la te d  th a t  
u n d e r  th e s e  cond ition  th e  w a te r  vapor co n d en se s  on  a ir  ions w hich  
w ere c re a te d  b y  cosm ic ra y s  a n d  th e  decay  p ro d u c ts  o f rad ioactive  
g ases  th a t  em an a ted  from  soil. He la te r  su p p o rte d  th is  p o s tu la te  by  
observ ing  th a t  th e  sca le  of co n d en sa tio n  w as e n h a n c e d  w hen  th e  
ch am b er a ir  w as exposed to  x -ray  th a t  p roduced  a  large a m o u n t of a ir 
ions.

W ilson rem oved th ese  a ir  ions by  applying a n  electrical field, an d  
th e n  fo u n d  th a t  th e  ap p ea ra n c e  of d rop le ts  only  o ccu rred  a fte r th e  
s a tu ra t io n  ra tio  exceeded 8 . W ilson in te rp re ted  th is  p h en o m en a  a s  
th e  r e s u l t  of v a p o r c o n d en sa tio n  onto  m olecu le  c lu s te rs , a  p ro cess  
know n a s  hom ogeneous nucleation .

S ince  W ilson 's ex p erim en ts , m an y  s tu d ie s , b o th  ex p erim en ta l 
a n d  th eo re tic a l, h av e  b e e n  perform ed. T he Pollack  c o u n te r  is a n  
in s tru m e n t w hich  u s e s  th e  p rincip le  of a  c loud ch am b er to  m easu re  
pa rtic le s  in  th e  a tm osphere . The theories of hom ogeneous nuc lea tion  
an d  n u c le a tio n  on  io n s a re  available to  p red ic t th e  critical sa tu ra tio n  
ra tio  a n d  n u c le a tio n  ra te .  However, th e s e  s tu d ie s  h a v e  largely  
rem a in e d  in  th e  field  o f sc ien tific  re sea rch . R ela ting  w a te r  vapor 
n u c le a tio n  o r c o n d en sa tio n  to  partic le  fo rm ation  d u rin g  pum p-dow n  
h a s  on ly  occu red  recen tly  (see B orden an d  B aron , 1987; Z hao et al, 
1987; an d  W u e t al, 1989).

A lth o u g h  th e  n a tu r e  o f p a rtic le  fo rm atio n  is th e  sam e, th e  
therm odynam ic  p ro cesses  w h ich  occu r d u ring  pum p-dow n  m ay differ 
from  th o se  th a t  o c cu rs  in  a  c loud cham ber. S tu d ie s  o n  th e  cloud
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ch am b er a ssu m e  th a t  th e  expansion  p rocess to be  ad iabatic . T his is  a  
good assu m p tio n  b ecause  th e  expansion  tim e is very  sho rt, w hich  does 
n o t  allow  h e a t  tra n s fe r  from  th e  ch am b er w all to  th e  in n e r  g as to 
occur. However, th is  is  n o t tru e  in  m o st pum p-dow n p rocesses . As 
show n by  th is  th es is , h e a t tran s fe r  p ro cess  h a s  a  sign ifican t effect on 
partic le  form ation  d u ring  pum p-dow n.

D irec t o b se rv a tio n s of p a rtic le s  in  v a cu u m  c h am b ers  d u rin g  
p u m p -d o w n  have  a lso  b een  m ad e . T he ea rly  s tu d ie s  have  b een  
sum m arized  by  O 'H anlon (1987), an d  th e  m ain  observation  supporting  
partic le  form ation  du ring  pum p-dow n are: (i) w a ter m is t is  observed in 
a  g lass  bell j a r  d u rin g  pum p-dow n, (ii) decorative m etallizers elim inate 
du ll ap p ea ra n c e  of a lu m in u m  film  b y  th ro ttlin g  th e  rough ing  pum p, 
(iii) A m es e t  al. (1962) applied  soft pu m p in g  to  red u ce  p a rtic u la te  
c o n ta m in a tio n  in  m e ta l a n d  in su la tio n  film s fo r su p e rco n d u c tiv e  
dev ices, a n d  (iv) re s tr ic te d  p u m p in g  speed  h a d  b e en  a d a p te d  in  
in d u s tr ia l  p rac tice . F or exam ple, o n e -h a lf  o f v a c u u m  d eposition  
e q u ip m e n ts  m a n u fa c tu re d  by  IBM h a d  a  flow re s tr ic tin g  device. 
O 'H anlon also  poin ted  o u t th a t  little  quan tita tive  d a ta  w as available to 
d e te rm in e  th e  flow  re s t r ic t io n  n e e d e d  to  re d u c e  p a r t ic u la te  
genera tion  an d  contam ination .

H oh (1984) f i r s t  c o u n te d  p a r tic le s  d e p o site d  on  s u b s tr a te  
c au sed  by  pum ping  an d  venting. The partic les w are coun ted  by  a  h igh  
ob lique  ligh t in s tru m e n t (SP20T), w h ich  w as capab le  of reso lv ing  2 
jim  la te x  sp h e res . He p laced  a  s u b s tra te  in  a  h igh  v acu u m  silicon 
m onox ide  e v a p o ra to r  w ith  a  c h a m b e r  vo lum e of 75  lite r , th e n  
perfo rm ed  fa s t  pum p in g  an d  venting, or slow  p u m p in g  a n d  venting. 
He fo u n d  th a t  th e  fa s t  pum p in g  a n d  ven ting  c au se d  a n  eno rm ous 
n u m b e r  of p a rtic le s  to  d ep o sit on  th e  s u b s tra te ,  w hile th e  slow  
p u m p in g  a n d  ven tin g  red u ced  th e  p a rtic le  c o u n ts  very  effectively, 
from  a n  u n c o u n ta b le  n u m b er to  50  p e r  57  m m  d iam ete r su b s tra te . 
S ince  th e  pum p in g  a n d  ven ting  w ere com bined , it  w as n o t know n 
w h e th e r th e  partic les w ere p roduced  by  pum ping  or by  venting.
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Bowling a n d  Larrabee (1986) coun ted  partic les deposited  in  an  
E p i-R eac to r d u r in g  pum p-dow n. U sing  a  su rfa ce  s c a n n e r , th ey  
coun ted  th e  n u m b er of partic les, size from  0 .5  to  2pm , being  a  range 
of 820  to 2169  on  a  100 m m  wafer. M eeba e t al. (1937) also m easu red  
particles deposited on  a  w afer a s  a  function  of pum ping  tim e co n stan t.

B orden a n d  B aron  (1987) u sed  a  lase r particle  film m on ito r (PM- 
1 0 0 ), an d  f irs t detected  partic le  p resence  d u rin g  pum p-dow n in  rea l 
tim e. Later, real-tim e m easu rem en ts  w ith  th e  PM -100 d u rin g  pum p- 
dow n w ere also  conducted  by o th er a u th o rs  (Chen et al, 1989; W u et 
al, 1989).

The th eo re tica l an d  experim en tal s tu d ie s  of partic le  form ation  
d u ring  pum p-dow n in  th e  Particle Technology Laboratory, U niversity  
of M innesota, w ere s ta r te d  in  1987. V arious a sp ec t of th e se  s tu d ie s  
h a v e  b e e n  re p o r te d  in  th e  R eview  M eetin g s of P a r t ic u la te  
C o n tam in a tio n  C ontro l C onsortium , U niversity  of M inneso ta . The 
e x p e rim e n ta l w o rk s  in c lu d e : th e  in s t ru m e n t  d e v e lo p m en ts  a n d  
m e a su re m e n ts  on  th e  n u m b e r, vo la tility , a n d  size o f p a r tic le s  
(Szym anski et. al, 1987, 1988), th e  m easu rem en ts  of tem p era tu re  and  
p re ssu re  d u rin g  pum p-dow n (Zhao e t al, 1988), the  m easu rem en ts  of 
p a rtic le  charge  a n d  the  effect of s tep  w ise pum p-dow n (Ahn e t  al.,
1988), th e  investigation of nucleation  and  condensation  in  pum p-dow n 
(Liu e t a l., 1989). The theoretical w orks include: therm odynam ic and  
p artic le  fo rm ation  (K uehn, e t a l., 1987), th e  e s tim atio n  of p a rtic le  
deposition (Szym anski e t al. 1988).

A lth o u g h  p a rtic le  fo rm atio n  d u r in g  p u m p -d o w n  h a s  b een  
extensively investigated, m any  critical is su e s  rem ain  unsolved . T here  
are:

1) The hypo theses of m echan ism  of partic le  form ation have n o t been  
critically  tes ted . The following m echan ism s have been  proposed  to
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ex p la in  th e  p a rtic le  fo rm atio n  d u rin g  pum p-dow n: (i) tu rb u le n t  
in d u ced  (for exam ple, O 'H anlon, 1987; C hen  e t al, 1989; O 'Hanlon,
1989), (ii) h e te ro g en e o u s  co n d en sa tio n  on  fine p a rtic le s  (Borden 
a n d  B a ro n , 1987 ; W u e t a l, 1989), a n d  (iii) w a te r  v a p o r 
hom ogeneous n u c lea tio n  o r nucleation  on ions (th is work).

2 ) The investiga tion  is  still o n  a  level of experim ental observation, n o t 
q u a n tita tiv e  a n d  sy stem atic . Therefore a  q u an tita tiv e  criterion  to 
avoid partic le  fo rm ation  is n o t available.

The objectives of th e  partic le  form ation s tu d y  in  th is  th e s is  are:

1) D evelop a  q u a n ti ta t iv e  th e o ry  of p a rtic le  fo rm atio n , in c lu d in g  
c o n d e n s a tio n , n u c le a t io n , a n d  a  c rite r io n  to  avoid  p a rtic le  
fo rm ation . O n th e  b a s is  o f th e  theo ry  developed, o b ta in  p rac tica l 
g u id e lin e s  fo r c le a n  p u m p -d o w n  d es ig n  (th is  is  th e  ta s k  of 
C h a p te r 5).

2 ) Perform  q u a n tita tiv e  ex p erim en ts  to  verify th e  theory . T es t th e  
v a rio u s h ypo theses of th e  m echan ism  of particle form ation  based  on 
th e  experim en ta l observation . Show the  ch arac te ris tic s  of particle  
fo rm ation  (C hap ter 6 ).

1.4 APPROACHES IN THE STUDY OF PUMP-DOWN

T he tra n s p o r t  p h en o m en a  du ring  pum p-dow n have two un ique  
fea tu re s : tim e d e p e n d e n t a n d  covering of all flow reg im es, nam ely, 
c o n tin u u m , tra n s it io n , a n d  free  m olecule reg im e. A lthough  th e  
g o v e rn in g  law s o f t r a n s p o r t  p h e n o m e n a  a re  a lw ay s th e  sam e: 
conserva tion  of m om entum , energy, and  m ass, the  ap p ro ach es to apply 
th e m  a re  d ifferen t in  d ifferen t regim es.

T he c la ss if ic a tio n  of flow reg im es d e p en d s  on  th e  K nudsen
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n u m b e r, Kn = Xf d n , w here  X is  g a s  m e a n  free p a th  and  d n is  the  
n o m in a l d im e n s io n  o f th e  o b jec t in  th e  s tu d y . If K n «  1, 
co rresp o n d in g  to  h ig h  p re s su re  an d  large objects, th e  ph en o m en a  is 
sa id  to  b e  in  th e  c o n tin u u m  reg im e, w h ic h  th e  in n e r  m olecu le  
co llisions p red o m in a te  a n d  a ll th e  tra n s fe r  p ro ce sse s  are  "diffusion 
like". T he a p p ro a ch  u se d  h e re  is  to  re p re se n t th e  p rocesses b y  a  se t 
o f c o n tin u u m  e q u a tio n s  (con tinuum  m echan ics). I t is  a ssu m e d  th a t  
th e  d riv ing  fo rces fo r th e  t r a n s p o r t  p h e n o m e n a  a re  p ro p o rtio n a l to 
g rad ie n ts  of velocity, tem p era tu re , or co n cen tra tio n . T he p roportional 
c o n s ta n ts  a re  viscosity , conductiv ity , or diffusivity. S ince th e  viscous 
effect is  dom inan t, th is  regim e is a lso  called th e  v iscous flow regim e.

W hen  Kn »  1, co rre sp o n d in g  to  g a s  a t  low p re ssu re  or sm all 
ob jec ts , th e  p ro c e ss  is  sa id  to  b e  in  th e  free  m olecule regim e, in  
w h ich  collisions be tw een  m olecu les an d  th e  w alls dom inates, a n d  the  
m o tio n s o f m o lecu les a re  "light like". T h is  type o f s tu d y  is  u su a lly  
called co llisionless m o lecu lar dynam ics (Bird, 1976). G as is trea ted  as 
m an y  b illia rd  b a lls . S ta tis tica l th erm o d y n am ics is  u se d  to s tu d y  the 
ch a rac te ris tic s  o f tra n s p o r t  p h e n o m e n a  here .

In  th e  in te rm e d ia te  range , Kn is  on  th e  o rd er o f un ity , w here 
th e  m e a n  free p a th  a n d  th e  o b jec t d im ension  are  com parab le. The 
p h en o m en a  h e re  a re  sa id  to  be in  th e  tran s itio n  regim e, in  w hich  bo th  
in n e r collision an d  collision w ith  w alls are  im p o rtan t. K nudsen  m ade 
m an y  c o n tr ib u tio n s  to  th is  reg im e. He m odeled  th e  p h en o m en a  in  
space  a s  two regions: n e a r  th e  su rface  a n d  far from  th e  surface. The 
g as  fa r  from  th e  su rface  still c a n  be  reg a rd ed  a s  a  con tinuum , while 
n e a r  th e  su rfa c e , th e  g a s  m o le cu le s  in te r a c t  w ith  th e  su rfa ce  
ind iv idua lly . T herefo re , th e  d isc o n tin u ity  e x is ts  in  g as velocity  or 
te m p e ra tu re  o r  co n ce n tra tio n  n e a r  th e  su rface : th is  is  the  so  called 
"slip" p h en o m en a . T he physical p ro cesses  th a t  o c cu r in  th is  regim e is 
u su a lly  com plicated, a n d  th e  u n d e rs tan d in g  of it is largely based  on  the  
e x p e rim e n ta l know ledge. A dvance  in  su p e rc o m p u te rs  h a s  m ade  
n u m erica l com pu ta tion  a n  im p o rtan t tool for s tu d ie s  in  th is  regim e.
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T he reg im es of th e  p h en o m en a  s tu d ie d  in  th is  w ork  c a n  be 
determ ined . T he phenom ena  of in te re s t a re  in  th e  range of 760  to  0.1 
Torr, a n d  the  m in im um  a ir  m ean  free p a th  X = 0 .066  pm  (at 760  Torr 
and  20°C) an d  th e  m axim um  X = 0 .05  cm  (at p  = 10_1 Torr). It c a n  be 
easily  checked  th a t  (i) h e a t  tra n s fe r  be tw een  th e  in n e r  gas a n d  th e  
cham ber wall is  alw ays in  th e  co n tinuum  regim e b ecause  Kn « 1  (note 
th a t  th e  c h am b er d iam eter or h e ig h t is  m u ch  g rea te r th a n  0 .05  cm);
(ii) g a s  flow th o u g h  a  tu b e , o r orifice, is  alw ays in  th e  c o n tin u u m  
regim e (the orifice o r the  pipe d iam eter is  m u ch  larger th a n  0 .05  cm);
(iii) p a rtic le  re la ted  phenom ena, s u c h  a s  tra n sp o rt, co n d en sa tio n , or 
n u c lea tio n , m ay  fall in to  all th ree  reg im es b e ca u se  th e  partic le  size 
covers a  wide ran g e  of 2 0  nm  to 1 0  pm .
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CHAPTER 2 

MEASUREMENT OF TRANSIENT GAS 
TEM PERATURE AND PRESSURE 

ABSTRACT

The tra n s ie n t tem p era tu re  of gas d u ring  v acu u m  pum p-dow n is 
sy s tem atica lly  m e a su re d  w ith  a  m o d em  d a ta  a cq u is itio n  system . A 
s u b s ta n t ia l  d rop  in  g a s  te m p e ra tu re  is  observed . In  a  4 7 .3  lite r  
cham ber, w hen  th e  effective pum ping  speed is  705  1pm a n d  th e  initial 
te m p e ra tu re  is  25°C, th e  m ax im um  te m p e ra tu re  d rop  is  70 °C for 
50% RH room  air, 95°C for d ry  n itrogen , a n d  105°C for h igh  p u rity  
argon. It is  found th a t  th e  following fac to rs have a  significant effect on 
gas tem p era tu re  h istory : effective pum ping  speed , ch am b er geometry, 
g a s  m ed iu m , in it ia l  p re s s u re , w a te r  v a p o r  c o n c e n tra tio n , a n d  
m easu rem en t location.

2.1 INTRODUCTION

The gas p re ssu re  d u ring  pum p-dow n is a  tra n s ie n t variable,, b u t  
th e  g a s  te m p e ra tu re  is  com m only  a s su m e d  to  re m a in  c o n s ta n t 
(D ushm an, 1962, C hap. 2; Lewin, 1965, C hap. 4; o r  O 'H anlon, 1980, 
C hap. 10). F or th is  reaso n , m easu rem en ts  of gas tem p era tu re  during  
pum p-dow n have n o t b een  reported  in  th e  lite ra tu re  of v acuum  work.

Actually, th e  gas tem pera tu re  in  a  cham ber m ay  vary  significantly 
d u rin g  pum p-dow n, a s  show n by  m easurem ent, in  b o th  tim e an d  space 
w hen  th e  p re ssu re  is reduced  from 760 Torr to a  lower value (about 1 
T orr in  o u r experim ent). However, as th e  p re ssu re  is fu rth e r reduced, 
th e  te m p e ra tu re  indeed  rem a in s  n early  c o n s ta n t (the sam e as th e  
tem p era tu re  of the  cham ber wall). It is  th e  p u rp o se  of th is  chap ter to
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co n sid er th e  tra n s ie n t gas te m p e ra tu re  d u rin g  pum p-dow n from  760 
to  0 .1  Torr.

B efore exp la in ing  th e  ex p erim en ta l d e ta ils , overall a sp e c ts  of 
th is  m easu rem en ts  will first be  exam ined.

1) In  ad d itio n  to  g as  tem p era tu re , th e  g as  p re s su re  an d  th e  wall 
tem p era tu re  a re  also m easu red . For finding corre la tions betw een th ese  
pa ram ete rs , a  m odem  d a ta  acqu isition  system  is  utilized to  m easu re  all 
variables sim ultaneously.

2) T he pum p in g  tim e c o n s tan t, x, de te rm ines th e  tim e scale  of the  
tra n s ie n t even ts du ring  pum p-dow n. By definition, x = V /S e w here V is 
th e  ch am b er volum e an d  Se is  th e  effective p u m p in g  speed . A  pum p-
dow n p ro c e ss  red u c in g  g as p re s s u re  from  760  to  0 .1  T o rr ta k e s  
app rox im ate ly  9x. In  th is  work, x ranged  from  0 .7  to  25  seconds w hich 
covered a  w ide range of tra n s ie n t events.

3) E x p e r im e n ta l  fa c to rs  a ffe c tin g  th e  m e a s u re m e n ts  w ere  
id en tified  a s  ch am b er size, g a s  m ed ium , effective p u m p in g  speed , 
in i t ia l  p r e s s u re ,  w a te r  v a p o r, a n d  m e a s u re m e n t  lo ca tio n . T he 
m e a su re m e n ts  were system atica lly  conducted  in  o rder to show  all th e  
effects o f th e  lis ted  fac to rs. T he  pum p-dow n w as perfo rm ed  in  two 
cylindrical cham bers , nam ely

Large cham ber: V = 47 .3  lite rs  (D x  H = 45  x  30  cm)
Sm all cham ber: V  = 0 .26  lite rs  (D x  H = 8  x  5 .2  cm)

w here  V is  th e  ch am b er volum e, an d  D an d  H a re  ch am b er d iam eter 
a n d  h e ig h t respectively . T hree types of g ases w ere tes ted : room  air, 
d ry  n itrogen , an d  h igh  p u rity  argon . W ith a  given g as  a n d  cham ber, 
p u m p in g  r a t e  S e a n d  in it ia l  p re s s u re , p 0 , w e re  c o n tro lle d  
in d ep en d en tly , a n d  two experim en ts have  b een  conducted : (i) fixing 
p 0  a n d  c h a n g in g  Se ; (ii) fixing Se a n d  c h an g in g  p 0. To check  th e
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un ifo rm ity  o f th e  gas tem p era tu re , th e  g as  tem p era tu re s  a re  m easu red  
a t  s ix  d ifferen t loca tions in  th e  large cham ber.

4) E fforts w ere m ad e  to  m ak e  th e  m ea su re m e n ts  a ccu ra te . Effects 
on  te m p e ra tu re  m e a su re m e n t from  th erm al inertia , w all rad ia tion , and  
w a te r  v a p o r c o n d e n sa tio n  w ere considered . Effect of g as tem p era tu re  
v a ria tio n  on  p re s su re  h a s  a lso  been  considered.

2 .2  EXPERIMENTAL METHOD

F igu res 2-1 a n d  2 -2  a re  schem atic  d iag ram s of th e  a p p a ra tu s  for 
pum p-dow n  in  th e  large  ch am b er a n d  sm all ch am b er respectively. The 
v a c u u m  sy s tem  fo r th e  la rg e  c h a m b e r  experim en t is  assem b led  by 
A pp lied  M a te r ia ls  In c . fo r th e  P a rtic le  T ech n o lo g y  L abo ra to ry , 
U n iversity  o f M inneso ta . T he  sm a ll c h a m b e r  s e tu p  is  developed by 
S zym ansk i e t  al. (1987). I have  developed a  d a ta  acqu isition  system  
for p re s su re  a n d  te m p e ra tu re  m ea su re m e n ts  a n d  designed  orifices for 
flow con tro l. I h a v e  m odified  th e  sm a ll ch am b er s e tu p  to  allow the  
te m p e ra tu re  m ea su re m e n t.

M o st o f th e  m e a s u re m e n ts  w e re  p e rfo rm e d  in  th e  large  
c h a m b e r .  F ig .2 -3  sh o w s  th e  m e a s u re m e n t  lo c a tio n s  fo r  g as  
te m p e ra tu re  an d  w all te m p e ra tu re . T he experim en ta l m ethod  for the  
la rg e  c h a m b e r  a re  d e sc rib ed  in  d e ta il from  S ec tion  2 .2 .1  to Section  
2.2.2 .

T he ex p erim en ta l m e th o d  fo r th e  sm a ll c h am b er is  sim ila r to 
th a t  in  th e  large  c h am b er, a n d  it  will b e  briefly  d isc u sse d  in  Section 
2 .2 .3 . S ince th e  m a in  p u rp o se  h e re  is  to  show  th e  effect of cham ber 
size on  g a s  te m p e ra tu re , on ly  d ry  n itro g e n  is te s te d . All th e  gas 
te m p e ra tu re  m e a su re m e n ts  a re  m ade  a t  th e  c e n te r  of th e  cham ber. 
The effective p u m p in g  speed  is varied , b u t  th e  in itia l p re ssu re  is  held 
a t  760  T orr.
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Vacuum Gauge
Top Plate

Lexan
Cylinder

Thermocouples 
(1 for gas, 1 for wall)

Vent Valve Bottom Plate
Orifice Duct 1

Gate Valve

Extra Valve 
(Helium LeakTest Port)

Regulator
Duct 2

Gas Cylinder

Rotary Vane Pump

Major Component Specifications
Chamber 47.3 liters 
Top Plate: Aluminum, 1.5 cm thick 
Bottom Plate: Aluminum, 2.5 cm thick 
Cylinder Lexan, 1 cm thick 
Diamter(ID) x Height = 45 x  30 cm

Vacuum Pump Trivac D6QA 
Maximum Pumping Speed: 7051pm at 1 atm 
Ultimate Pressure: 0.003 Torr without gas ballast 

0.03 Torr with gas ballast 
Manufacturer: Leybold-Heraeus Inc.

■Qrtft.Og. Diameter 0.4, 0.6, 0.8, 1.0 , or 5.0 cm 
Thickness: 0.32 cm

Duct 1 Diameter (ID) x Length = 5.0 x  7.5 cm
Duct 2 Diameter (ID) x Length = 5.0 x 27.5 cm (flexible bellows)

Figure 2-1 Experim ental a p p a ra tu s  for perform ing 
vacuum  pum p-dow n in  th e  large cham ber.
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Throttling Valve Trivac D60A

CVG275
Filter

Regulator

TC Stainless Steel 
Chamber 260cc

Gas Cylinder

A B

Valve Controller

IBM PC

A  B: Nupro Air Activated Valve (SS-BNS4-C) 
Vavle Orifice = 0.396 cm 
Estimated Maximum Flow Rate = 1481pm

Figure 2-2 E xperim ental a p p ara tu s  for perform ing vacuum  
pum p-dow n in  the  sm all cham ber
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Top A
•  ....... - ....

.  f3 4

2 -+- 5 - 

1 +  6 H

r

L i

A 1
1 15.0 

10.0 1
, 1 1P ’
B

Bottom 19.0

—>^  22.5

Center Line 

Dimensions in cm.
•  Wall temperature measured (marked as A and B) 
■+■ Gas temperature measured (numbered as 1 to 6)

Figure  2-3 T em peratu re  m easu rem en t locations 
in  th e  large cham ber
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2.2.1 A p p a ra tu s  for th e  Large C ham ber

A s sh o w n  in  F ig .2 -1 , th e  ex p e rim en ta l s e tu p  for perfo rm ing  
p um p-dow n  a n d  m easu rem en t co nsists  of a  v acuum  cham ber; pum ping  
control devices includ ing  a  m an u a lly  opera ted  ga te  valve, a  m echan ica l 
v a cu u m  p u m p , a n d  a  flow res tric tin g  orifice; gas cy linders con ta inn ing  
d ry  n itro g e n  o r  argon ; feed th ro u g h s on  th e  top  a n d  bo ttom  of th e  
ch am b er fo r feeding  TCs, connecting  v a cu u m  gauge, an d  ven ting  gas; 
an d  a  m e a su re m e n t system  consis ting  of a  v acu u m  gauge, two p a ir  of 
TCs, a  d a ta  acqu isition  system , a n d  a  personal com puter. D etails of the  
m ajo r e le m e n ts  a re  described  below.

Orifice A ssem bly: F ig.2-4 show s th e  assem blies a n d  d im ensions of th e  
c irc u la r  o rifices th a t  w ere u se d  for re s tric tin g  th e  pum p in g  ra te . The 
orifices a re  m ad e  o f s ta in le s s  stee l. S ince th e ir  d im en sio n s  a re  in  
acc o rd a n c e  w ith  th e  ISO-KF a n d  U n iversa l F lang ing  S ystem , th ese  
orifices c a n  be easily  in stalled  b y  u s in g  a  toggle clam p.

V acu u m  G auge: As show n in  Fig.2-5, th e  p ressu re  signal is sensed  by  a  
C onvectron  V acu u m  G auge (CVG), cond itioned  by  a  V acuum  G auge 
C on tro lle r (VGC), a n d  th e n  collected by  th e  d a ta  acq u isitio n  system . 
T he CVG is  a  type of H ra n i (therm al) gauge w hich  m ea su re s  p re ssu re  
b y  m e a su r in g  th e  h e a t  lo ss from  a  h e a ted  w ire. T he w ire form s one 
a rm  o f a  W h e a ts to n e  b rid g e  a n d  is  m a in ta in e d  a t  a  c o n s ta n t  
te m p e ra tu re  (120°C for CVG 275). As th e  p re s su re  decreases, th e  h e a t 
lo ss  from  th e  s e n so r  w ire d ecreases  a n d  therefo re  th e  bridge voltage 
re d u c e s . T h e  b ridge  voltage is  cond itioned  by  th e  VGC. T he analog  
o u tp u t h a s  b e en  calib rated  ag a in st p re ssu re  by  th e  m anufactu rer.

T he ad v an tag e  of th e  CVG is its  w ide m easu rem en t range  (from 
1 0 -3  to  103  Torr) a n d  c o n tin u o u s  re a d in g  w h ich  is  su ita b le  in  
m e a su rin g  t r a n s ie n t  p re s su re . T he d isad v an tag e  is  th a t  th e  CVG is 
ca lib ra ted  u n d e r  s tead y  p ressu re , and  it  is  accu ra te  only below  30 Torr
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DIMENSION IN mm 
r 2.5

T
50 Dor

J L
52 55.5

3.25

3.9

ASSEMBLY

m e

Clamped using a 
Quick Connector

V s 7 7 7 rr /7 r /r /A
NK
IS
s

T
s
s
\
s
K'ls

*  *  >  S  X  ;  f  J *  *  •—•

ring

Dor = 4, 6, 8, 10, or 50 mm
All the other dimensions In the figure are In accordance 
with ISO-KF and Universal Flanging System.

Figure 2 -4  Orifice dim ension and  assem bly.
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Thermocouple 
Sensing /  
Junction's.

Reference
Junction

Vacuum
Gauge

Differential
Amplifier

Vacuum
Gauge
Controller

Computer
Data
Acquisition
System

Ice Bath

Measurement System Specifications
Vacuum Gauge
Convectron Vacuum Gauge (CVG 275)

Range: 1 mTorr to 1000 Torr 
Vacuum Gauge Controller (VGC 316):

0 to 7 Volt (±5%) analog output 
linearly Increasing with pressure in log scale 

Manufacturer Granville-Phillips Co., Colorado

Thermocouple Tvne E 
Sensitivity: 61 micro V/°C 
Size: 0.001" (40 Gauge )
Time Constant: < 0.03 sec (estimated)
Manufacturer Omega Engineering

Differential Amplifier 
Gain: 400 (±2%)
Output Offset: 5 mv

Data Acquisition System DT2801 
A/D Channel: 16SE/8DI 
A/D Thruput: 13,000 sps 
D/A resolution: 12 bits
Manufacturer Data Translation Co., Marlborough, MA

In measurement 
A/D Channels Used: 3 
Programmable Gain: 1
Full Sampling Range: ±10 v

figure 2-5  D ata  acquisition  system  an d  tra n sd u c e rs
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Sensing 
Junction 
Type E

‘•O 1^F:T
25kJM -J?

Reference
JunctionV c

\ £ ]
Constantan
.Chromel MM 

25k
O .lu F ^

250k 250k

250k 250k

500 
MM_JJ

STAGE 1-
Built with Motorola LM348

Trim Offset

 STAGE 2
Built with 
Motorola LM741

Total gain of two stages is 400.
Offset trimming is done at the second stage.

Figure 2-6  Therm ocouple am plifier circuitry.
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in  t r a n s ie n t  p re s su re  m ea su re m e n t. (Appendix B exp la ins th e  CVG 
o p era tio n  p rincip le  a n d  its  perform ance in  detail.)

T herm ocoup les an d  C ircuitry : T he tem p era tu re  signa ls  a re  m easu red  
b y  E -type  TCs w ith  w ire d iam ete r o f 0 .0 0 2 5  cm  a n d  estim ated  tim e 
c o n s ta n t of 0 .0 3  seconds o r less. T he TC circuitry , show n in  Fig.2-6, is 
b u ilt  by  referencing  th e  c ircu itries  given in  Horow itz an d  Hill (1986). 
T he re fe rence  ju n c tio n  is  im m ersed  in  a n  ice b a th , an d  th e  sen sin g  
ju n c t io n  is  in s e r te d  in to  th e  c h a m b e r  in  a  fe e d th ro u g h . T he 
d ifferen tia l electrom otive force of th ese  two ju n c tio n s  is  th e n  s e n t to 
a n  am plifier w hich  co n sis ts  of two stages. The firs t stage is  a  s ta n d a rd  
th ree -o p -am p  in s tru m e n ta tio n  am plifier w ith  a  ga in  of 41 (this stage  
h a s  h ig h  d ifferen tial g a in  a n d  u n ity  com m on-m ode gain  w ith o u t any  
close  re s is to r  m atch ing ). T he seco n d  s tag e  is  a n  o rd in a ry  op-am p 
w hose  a d ju s ta b le  re s is to r  is  s e t  su c h  th a t  th e  to ta l ga in  of th e  two 
s ta g e s  is  400  (±2%). T he o u tp u t of th e  am plifier is th e n  collected by  
th e  d a ta  acqu isition  system . W hen b o th  th e  se n s in g  ju n c tio n  an d  the  
reference ju n c tio n  are  p laced  in to  th e  ice b a th , th e  offset of th e  o u tp u t 
o f  th e  a p p life r  is  a d ju s te d  to  zero  (a c tu a lly  w ith in  ±5 mV 
co rresp o n d in g  to  tem p era tu re  offset ±0.2°C). Two iden tica l TC circu its 
have b e en  bu ilt, one for gas tem p era tu re  an d  one for wall tem pera tu re .

D a ta  A cqu isition  S ystem : V oltages for te m p e ra tu re  a n d  p re s su re  a re  
co llec ted  b y  D T2801 w h ich  c o n s is ts  o f a n  in te rfac in g  b o a rd  to  a  
p e rs o n a l c o m p u te r  (IBM AT) a n d  a  te rm in a l p a n e l for connec ting  
sig n a ls . T he DT2801 provides eight differential in p u t analog  to  digital 
(A/D) c h a n n e ls  w ith  th ro u g h p u t 13,000 sam ple  p e r second. The A /D  
reso lu tio n  is 12 b its . W hen th e  program m able ga in  is se t to  unity , the  
fu ll sam pling  ran g e  (FSR) is ±10 V, an d  accu racy  is ±0.03%  FSR. In the  
m easu rem en ts , th ree  A /D  ch an n e ls  a re  used : one for p ressu re , two for 
te m p e ra tu re .

A  c o m p u te r  p ro g ram , developed  by  u s in g  M icrosoft B asic, 
c o n tro ls  th e  d a ta  a c q u is itio n  se q u e n c e s  a n d  d a ta  s to rag e . T otal 
sa m p lin g  tim e, tF, a n d  sam p lin g  period, tp , a re  th e  m o st im p o rtan t
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p a ra m e te rs  in  collecting da ta . In o u r experim ents, tp  is  se t  to be equal 
to, o r  a  little  larger th a n , 9 t  w hich  is th e  approx im ate  tim e requ ired  
for th e  p re s su re  to  red u ce  from  760 to  0.1 Torr. S ince x ranges from  
0 .7  to  25  seconds, tp  ranges from  7 to  235 seconds in  th is  work. After 
tp  is  se t, tp  de term ines to ta l n u m b er of d a ta  to  be collected, N = t p / t p . 
Jn o u r  experim ents, tp ran g es from  2  to  6  m s.

T he p ro g ra m  re a d s  th re e  c h a n n e ls  s e q u e n tia l ly  for g as  
te m p e ra tu re , w all tem p era tu re , a n d  p re ssu re  respectively . Therefore, 
th e  sam p ling  period is 3 tp for a  specific signal. For in s tan ce , if tp is 2 
m s, th e  p ro g ram  will re a d  gas te m p e ra tu re  a t  tim e o f 0  m s, wall 
tem p era tu re  a t  2  m s, p re ssu re  a t  4  m s, and  gas tem p era tu re  again a t  6  

m s, e tc . T h u s  th e  tim e  betw een  two consecu tive  rea d in g s  for gas 
te m p e ra tu re  is  6  m s. Typically, th e  to ta l d a ta  ta k e n  is  22 ,5 0 0  (7,500 
for each  signal).

2 .2 .2  M easu rem en t P rocedures

T he m easu rem en t p rocedures in  a  pum p-dow n are  a s  follows:

1) P um ping  ra te  re s tric tio n : An orifice is a ssem b led  betw een th e  
cham ber an d  th e  p u m p  by  u sing  a  quick connector.

2 ) T em p era tu re  m e a su re m e n t p rep a ra tio n : Two TCs a re  fed in to  
th e  ch am b er th ro u g h  to p  feed th roughs to  th e  desired  location. 
C on tac t betw een th e  TC an d  th e  cham ber w all (alum inum  plate) 
is checked  w ith  a  volt m eter.

3 ) P ressu re  m easu rem en t p reparation : The VGC is ad ju s ted  so th a t  
i ts  rea d in g  of a tm o sp h e ric  p re s su re  ag rees  w ith  th a t  of a n  
acc u ra te  barom eter.

4 ) Leak te s t  of th e  v acu u m  system : This is done by  evacuating  th e  
ch am b er to  th e  low est p re ssu re  possible, a b o u t 5 x  10 - 3  Torr,
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c lo sing  th e  ga te  valve, a n d  rea d in g  th e  gauge  to  see  if the  
p re s su re  increases.

5) In itia l gas p re ssu re  setting: If no  leaks a re  p resen t, th e  te s t  gas 
is  ven ted  to  a  desired  in itial p ressu re .

6 ) D a ta  collection: F irs t, ru n  th e  d a ta  acqu isition  con tro l program  
to  se t tp and  tp, th e n  open th e  ga te  valve to  s ta r t  pum p-dow n.

T he  d a ta  a re  th en  collected an d  s to red  in  th e  com puter.

2 .2 .3  E xperim ental M ethod for th e  Sm all C ham ber

A s sh o w n  in  th e  F ig .2 -2 , th e  p u m p -d o w n  se q u e n c e s  a re  
con tro lled  by  two so leno id -pneum atic  valves n am ed  A a n d  B. In  the  
p u m p in g  period, A is open  an d  B is  closed. In  th e  ven ting  period, B is 
open  a n d  A is  closed. T he DBM AT contro ls, v ia  a  valve contro ller, th e  
o n /o f f  tim ing  o f bo th  valves w ith  0.1 seco n d s accu racy . A th ro ttlin g  
valve be tw een  valve A a n d  th e  v acu u m  p u m p  se ts  th e  p u m p in g  rate . 
T he m e a su re m e n t sy stem  for the  sm all ch am b er is  th e  sam e  a s  th a t  
for th e  large cham ber. T he p rocedu re  to perform  pum p-dow n for the 
sm all ch am b er is  th e  sam e  a s  th a t  for th e  large ch am b er excep t the  
pu m p in g  ra te  is ad ju s ted  u sing  a  th ro ttlin g  valve in s tead  of orifices.

2 .3  PRESSURE MEASUREMENT RESULTS AND DISCUSSIONS

F ig .2 -7  show s typ ica l m e a su re d  voltage of p re s s u re  Vp and  
te m p e ra tu re  Vt  v e rsu s  tim e d u rin g  pum p -d o w n . U n d e r th e  sam e
ex p e rim e n ta l co n d itio n s  (pum p, c h am b er, orifice, g a s , a n d  in itia l 
p re s s u re ) ,  th e s e  m e a su re d  v o ltag es  a re  v e ry  re p e a ta b le . Vp is
converted  to  th e  ind icated  p re ssu re  accord ing  to th e  CVG calib ra tion . 
V T is  c o n v erted  to  te m p e ra tu re  acc o rd in g  to  th e  th e rm o co u p le
calib ra tion . The re su lts  a re  show n in F ig.2-8. T he de ta ils  of p re ssu re  
ch arac te ris tics , conversion, an d  accu racy  are  d iscu ssed  first.
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Figure 2-7  Typical analog  o u tp u t of th e  therm ocoup les and  
th e  v acu u m  gauge vs. tim e d u rin g  pum p-dow n
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2.3.1 C h a rac te ris tic s  of P ressu re  H istory

I t  h a s  b e e n  com m only  a cc ep ted  in  v a c u u m  w ork  th a t  th e  
p re s s u re  p  d u r in g  pum p-dow n  in  th e  v isco u s flow regim e decays 
exponentia lly  w ith  a  tim e c o n s ta n t t, i.e.,

The cond itions for Eq.(2.1) a re  th a t  (i) th e  v acuum  system  is  leak-free 
o r t h a t  le a k s  a re  neglig ible, (ii) th e  p u m p  oil b a c k s tre a m in g  is 
neglig ib le, (ill) th e  pum p-dow n  p ro ce ss  is  iso th e rm al, a n d  (iv) th e  
effective p u m p in g  speed  Se is  c o n s tan t. The firs t two cond itions are
u su a lly  sa tisfied  w hen  p  £ 0.1 Torr. However, th e  th ird  condition  is  n o t 
m e t — te m p e ra tu re  decreases in  th e  in itia l pum p-dow n, a s  show n in 
Fig.2-8, w h ich  lead s  to th e  following consequences:

1) Eq.(2.1) is  n o t exactly  correct a n d  th e  in te rp re ta tio n  of x a s  the  
tim e c o n s ta n t  o f p re s su re  decay  is n o t precise . F o r th is  rea so n , x is 
referred  to  a s  th e  pum ping  tim e c o n s tan t in  th is  thesis .

2) D ecrease  in  tem p era tu re  h a s  two effects on  th e  p re ssu re . F irst, 
i t  re d u c e s  th e  k ine tic  energy a n d  therefo re  th e  p re s su re  of th e  gas: 
C o n sid e r t h a t  S e rem a in s  c o n s ta n t  reg a rd le ss  of th e  te m p e ra tu re
change, one c a n  find th a t  th e  den sity  in s tea d  of th e  p re s su re  decays 
exponentially , i.e., p /p 0  = e-*/1. According to th e  perfect gas law,

J2_= e - t /x
Po

(2 . 1)

w h e re

V (2 .2)

(2 .3)

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



www.manaraa.com

30

Secondly, it m ay  slow dow n th e  pum ping  speed a n d  therefore  the  ra te  
o f p re s su re  d ecrea se . F o r exam ple, i f  a  c ritica l orifice is  u se d  to 
re s tr ic t  p u m p in g  ra te  Se, th en  Se is  found  to be  p roportiona l to  Vt  

(see  C h ap te r 3).

3 ) T he a cc u ra c y  of Eq.(2.1) d ep en d s o n  x, a n d  on  p re ssu re . The 
la rg er th e  x, th e  m ore accu ra te  Eq.(2.1) becom es b e ca u se  th e  larger x 
re s u lts  in  a  low er tem p era tu re  drop. F or p 0  = 760  T orr a n d  x = 4 .0  
seco n d s (corresponding to the  fa s te s t pum ping  ra te  u se d  in  th e  large 
cham ber), th e  s im u lta n eo u s  calcu lation  of p re ssu re  and  tem pera tu re , 
m ade  in  C hap ter 3 , show s th a t Eq.(2.1) m ay  over-prediet th e  p ressu re  
b y  35%  in  th e  w o rs t case  in  th e  period  of 0 < t /x  < 3; Eq,(2.1) is 
a c c u ra te  w h e n  t / x  > 3 , i.e ., th e  p re s s u re  d o es d ecay  n ea rly  
exponen tia lly  below  c e rta in  p re ssu re s  (< 40  T orr in  th is  experim ent) 
w here T  =» T0  .

4) V iewing th e  p re s su re  h isto ry  in  pum p-dow n a s  a  w hole, i t  is 
fo u n d  th a t  th e  te m p e ra tu re  effect is  m inor. Note th a t  th e  ra tio  of 
p re s s u re , p / p 0, v a rie s  over nearly  4  o rd ers  of m ag n itu d e  w hile th e  
ra tio  of tem pera tu re , T /T 0, varies form  1 to 0.65, a s  show n in  Fig.2-8. 
Eq.(2.2) in d ica te s  th a t  it takes approxim ately  9x fo r th e  p re ssu re  to 
red u ce  from  760  to  0 .1  Torr. Eq.(2.1) is  a c c u ra te  enough  from  an  
eng ineering  p o in t of view.

2 .3 .2  Indicated  P re ssu re  of the  CVG

G as p re s su re  is m easu red  w ith  CVG. The ind ica ted  p re ssu re  of 
th e  gauge, p ', is  found  from  m easu red  voltage Vp . A ccording to the
calib ra tion  for th e  CVG

Vp = log(p’) + 4  (2.4)

w here p ' is in  T orr and  Vp is  m easu red  voltage in  Volts.
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F or s te ad y  p re ssu re , p 1 equals th e  tru e  p re ssu re  from  103  to 10 - 3  

Ton:. However, for tra n s ie n t p ressu re , p ‘ equals th e  tru e  p re ssu re  only 
w h en  p' <, 3 0  Torr, above w hich  p' is h igher th a n  th e  tru e  p ressu re . As 
se e n  in  F ig .2-8 , a n  overshoot in  p ' above 760  T o rr is  observed. T his 
p h en o m en a  h a s  also  b een  observed by  C hen e t al. (1989). A ppendix B 
an a ly zes th e  gauge opera tion  p rincip le  in  detail, a n d  show s th a t  th e  
false read ing  in  p re ssu re  above 30  Torr is  caused  b y  th e  d is tu rb an ce  of 
gas tem p era tu re  drop a n d  th e  gas flow n e a r  th e  se n so r w ire inside th e  
CVG.

2 .3 .3  D eterm ination  of x and  Se

If Eq.(2.1) is tru e  a t  all tim es, x is th e  tim e w hen  p / p 0  = 0 .368  --
if p 0  = 760  T orr, x is  th e  tim e w hen  p re ssu re  reach es  280  Torr. E rro r
will o ccu r if  one  d irectly  u se s  th is  in te rp re ta tio n  to  find x because , a s
h a s  b e en  ind ica ted , th e  tem p era tu re  decreases in  th e  period 0  < t /x  <
3. T ak in g  th e  te m p e ra tu re  d rop  in to  acco u n t, Eq.(2.3) show s th a t  it  
on ly  ta k e s  0 .64x to  re a c h  p / p Q = 0 .368  if  T /T 0  = 0 .7  a t  th e  p ressu re .
T herefore , c a re  m u s t be  ta k e n  in  u s in g  Eq.(2.1) to  d e te rm in e  x. An
a lte rn a te  m ethod , w h ich  is m ore accu ra te , is  u se d  to determ ine  x, a s
d esc rib ed  below .

B o th  Eq.(2.1) a n d  Eq.(2.3) is  a c c u ra te  for p re s su re  below  30 
T orr w here  t ru e  p re ssu re  is equal to gauge ind icated  p re ssu re  (p = p'). 
S u b s titu tin g  Eq.(2.1) to  Eq.(2.3),

__ ~ 0 .4343  T7 ro —.Vp = t  + VpQ (2.5)

w h e re  Vpo is  th e  gauge voltage a t  in itia l p re ssu re , a  c o n s ta n t for a
p u m p -d o w n  p ro cess . T herefore below 30  Torr, Vp decreases linearly

- 0  4 3 4 3
w ith  tim e t  (see Fig.2-8). The slope is — :--------- , from  w h ich  x is

x
identified . T h is  m ethod  is equivalent to th e  "co n stan t volum e m ethod"
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(Lewin, 1965) excep t th a t  w e have  ta k e n  th e  a d v an tag e  of Eq.(2.3) 
w hich  varies linearly  w ith  p re s su re  on  a  log scale.

F o r pum p-dow n o f n itrogen  in  th e  large c h am b er w ith  Dor = 5.0 
cm , t is  iden tified  to  b e  4 .0  seco n d s w h ich  m ak e s  Eq.(2.1) fit th e  
p re s su re  below  30 T orr extrem ely  well, show n in  Fig.2-8.

T able 2-1 M easu red  effective pum p in g  speed  fo r d ifferen t orifice
sizes 3

Dor, cm Nitrogen or Air A ttn
X, sec Se. 1pm X, sec Se, 1pm

5.0b 4.05 705 5.05 562
1.0 5.10 . 556 6.05 469
0.8 6.50 437 8.00 355
0.6 ‘ io.so 270 12.80 222
0.4 20.50 138 30.50 93

a. Test condition; Chamber volume V = 47.3 liter, T = 25°C.
b. Same as the pipe tube size. In this case, the Se Is the same as the intrinsic pumping

speed of D6QA.

In  th e  large c h am b er experim ents, Se a n d  th u s  x is  controlled  by 
c irc u la r  o rifices w ith  d ia m e te r  D or = 0 .4 , 0 .6 , 0 .8 , 1.0 , o r 5 .0  cm
respectively . T ab le  2 - 1  l is ts  x a n d  Se d e te rm in ed  for e a c h  orifice for

V
room  air, n itrogen , a n d  argon . Note Se = —  w h ere  V = 47 .3  lite rs .

T hese  d a ta  agree  w ith  th e  calcu lation  in  C h ap te r 3 to w ith in  ±5%. The 
re su lts  a re  sum m arized  a s  follows:

1 ) N itrogen a n d  a ir have  th e  iden tica l Se u n d e r  th e  sa m e  p u m p in g  

cond itions (cham ber, p u m p , a n d  orifice) b e ca u se  th e y  have a lm o st 
th e  sam e physical p roperties.
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2 ) T he Se of a rgon  is  less th a n  th a t  of n itro g en  b y  approx im ate  20%  
u n d e r  th e  sam e  p u m p in g  cond itions. T he re a s o n  is th a t  a rgon  
m olecules are  heav ier an d  th u s  a re  m ore difficult to  be  prim ped out.

3 ) T he Se iden tified  for Dor = 5 .0  cm  c a n  be  reg a rd ed  a s  in trin s ic  
p u m p in g  speed  Sp b ecau se  th e  flow res is tan c e  th ro u g h  th is  orifice 
is  neglig ible. T herefore, Sp = 705  1pm for n itro g e n  a n d  Sp = 562

lpm  for argon  for th e  vacuum  pum p used .

4 ) A fter x is  de te rm ined , Eq.(2.3) is  u se d  to  d e te rm in e  th e  p re ssu re  
fro m  7 6 0  to  3 0  T o rr, w h e re  T /T 0  is  o b ta in e d  from  th e

m easu rem en ts .

2 .4  GAS TEMPERATURE DETERMINATION

T h e  g a s  te m p e r a tu re  is  o b ta in e d  fro m  th e  m e a s u re d  
therm ocoup le  voltage, VT. To be m ore exact, Vt  is a n  ind ication  of the  
TC ju n c t io n  te m p e ra tu re  Tj. It m u s t be realized  th a t  Tj m ay  n o t be 
equal to  th e  g as tem p era tu re  because  of th e  th e rm a l in e rtia  of th e  TC, 
w all rad ia tio n , an d  condensa tion  o r evaporation  a t  th e  TC ju n c tio n  (if 
c o n d en sab le  species a re  p resen t). If th e se  effects a re  negligible, the  
ju n c t io n  te m p e ra tu re  c a n  be reg a rd ed  a s  th e  g a s  te m p e ra tu re . 
O therw ise  co rrec tions m u s t  be m ade. In th is  sec tion , th e  conversion 
from  Vp to  Tj a n d  i ts  u n c e rta in ty  an a ly sis  a re  f irs t ca rried  ou t, an d
th e n  th e  correction  o f th e  m easu red  gas tem p era tu re  is d iscussed .

Note: te m p e ra tu re  is  in  u n its  of K a n d  p re s su re  is in  u n its  of 
T orr in  all th e  following equations u n less  o therw ise no ted .
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2.4 .1  T herm ocouple Ju n c tio n  T em peratu re

T he princip le  of u s in g  a  therm ocouple  to  m ea su re  tem p era tu re  
is  well know n. W hen tw o d iss im ila r m ate ria ls  a re  jo in e d  to  form  a  
ju n c tio n , a n  electrom otive force (emf), will be  in d u ced . T he induced  
em f is  a  function  of th e  ju n c tio n  tem p era tu re . B y m easu rin g  th e  emf, 
th e  ju n c tio n  tem p era tu re  is  m easu red . For th e  E -type of TC, w hose 
com position  a n d  p h y sica l p ro p e rtie s  a re  lis ted  in  A ppendix  A, th e  
re la tio n sh ip  betw een th e  ju n c tio n  tem p era tu re  Tj in  °C an d  th e  emf, e,

in  Volts is  expressed a s  a  polynom ial

Tj = a i  e + a 2  e2  + a 3  e3  + a 4  e4  (2 .6 )

w here  th e  coefficients ai (i= l, 4) a re  lis ted  in  T able  A-2. T he em f is 
found  from  Vt  in  Volts according to

e  =  ( 2 .7)
'-'A/D VA

w h ere  G a /d  a n d  G a a re  th e  g a in  of th e  A /D  conversion  an d  th e  
d ifferential am plifier respectively. In th e  m easu rem en ts , G a/d  = 1  and  
G a  = 400 . 'w ith Eq.(2.6) an d  (2.7), Tj can  be determ ined  from  V t.

T he to ta l u n ce rta in tie s  in  determ in ing  th e  ju n c tio n  tem p era tu re  
can  be  estim ated  by

ATj = ^ A e  (2.8)

d #Ti d T i
w here is ab o u t co n stan t w hich  can  be found from  e = 0 , i.e.,

= 17.3 0C /m V . The u n c e r ta in ly  in  determ ining e is

I
iI
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w h ere
f  AGa/D n
I  g a/d J ±3% a re  th e

u n c e r ta in ty  of V t, G a /d ,  a n d  G a re sp ec tiv e ly . T h e  m ax im u m  e 
m e a su re d  is  a b o u t 4 mv, co rrespond ing  to  Ae = 0 .1 2  mV. T h u s  th e  
u n c e rta in ty  in  determ ining  th e  ju n c tio n  tem p era tu re  is  w ith in  ± 2°C.

2 .4 .2  G as T em pera tu re  C orrection

T he TC ju n c tio n  te m p e ra tu re  Tj de te rm ined  above is  equal to 
th e  g as tem p era tu re  T only w hen  th e  ju n c tio n  a n d  the  su rro u n d in g  gas 
is  in  th e rm al equilibrium . However, th is  condition m ay  n o t b e  satisfied  
s ince  b o th  T  an d  Tj a re  b o th  changing  d u ring  pum p-dow n. T he energy 
b a lan ce  equation  for th e  TC ju n c tio n  yields

E a c h  te rm  in  th e  rig h t side  of equation  (RSE) will be  exp lained  an d  
e s tim a ted  below.

A. R esponse  of T herm ocouple

T he f irs t te rm  in  th e  RSE of Eq.(2.9) re p re se n ts  th e  delay  of 
the  TC resp o n se  to  the  gas tem pera tu re .

w here  d T j/d t is th e  ra te  of th e  ju n c tio n  tem p era tu re  change  an d  tj is 
the  tim e c o n s tan t of TC response

T  - Tj = xj

I II III
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T, PI CPI d 12 (o I D
xi ~ S N u k g  (2 ' 11)

w h e re  dj, pj, cpj a re  th e  ju n c tio n  d iam eter, d e n s ity  a n d  specific h e a t 
respectively ; kg, th e  th erm al conductiv ity  of th e  gas m edium ; a n d  Nu, 
th e  N u sse lt n u m b e r  of convective h e a t  tra n s fe r  a t  th e  ju n c tio n . For a  
sp h e rica l object in  th e  co n tin u u m  regim e

Nu = 2  + 0 .376  R e 1/ 2  PrO-6  (2 .12)

w h ere  Re is  th e  Reynolds n u m b e r a n d  P r is th e  P ran d tl nu m b er. The 
ju n c tio n  u se d  in  o u r  m easu rem en t c a n  b e  reaso n ab ly  approxim ated  as 
a  sp h e re  of 0 .0 0 5  cm , and th u s  th e  above fo rm ula  is  valid  w hen  th e  
p re s s u re  is above l .T o r r  (Kn < 0 .1). T he f irs t  te rm  in  th e  RSE of 
E q.(2.12) is th e  h e a t  tran sfe r d u e  to  h e a t  conduction  an d  th e  second 
te rm  is  th e  en h an cem en t of h e a t tran s fe r  due  to  convection.

T he ju n c tio n  tem p era tu re  te n d s  to fall b eh in d  th e  change of gas 
te m p e ra tu re  b e c a u se  of its  th e rm a l in e rtia . If th e  g as  tem p era tu re  is 
d e c re a s in g , Tj > T  a n d  vice v e rsa . T h is  effect beco m es s ig n ifican t 
w h e n  a  la rg e  TC (large xj) is u se d  in  a  fa s t  te m p e ra tu re  ch an g in g  
en v iro n m en t (large dT /d t). In th e  following d iscu ss io n , xj an d  d T j/d t 
in  th is  m e a su re m e n t a re  estim ated .

S ince th e  gas velocity in side  th e  ch am b er is u su a lly  low a n d  the  
ju n c t io n  size  is  sm a ll, th e  e n h a n c e m e n t of h e a t  tra n s fe r  d u e  to 
convection  is  negligible, a n d  th u s  N u = 2 . U sing th e  a ir  a n d  ju n c tio n  
p ro p e rtie s  lis ted  in  A ppendix A, th e  xj for o u r  TC is  e stim ated  to  be 
less  th a n  0 .03  seconds.

T he  d T j/d t  d ep en d s on  th e  ch an g e  ra te  of g as  te m p e ra tu re  
d T /d t .  A s sh o w n  in  C h ap te r 3 , th e  m ax im um  d T /d t  o ccu rs  a t  the
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beg inn ing  of pum p-dow n w here  th e  expansion  cooling d o m in a tes  and  
th e  w all h ea tin g  c a n  be neglected.

- i t . - f c j i i

w here  T  is in  th e  u n i t  o f K  T he  sm allest x for th e  4 7 .3  lite r  ch am b er is 
4  seconds. T h en  d T /d t  is  a b o u t 30  K /s . The d T j/d t is  le ss  th a n  b u t  
close to d T /d t. T h u s  th e  m axim um  erro r cau sed  by  th e  resp o n se  delay 
is  estim ated  to  be  less th a n  -1°C. For the  260 cc cham ber, th e  sm allest 
x u se d  is 0 .7  seconds, an d  th u s  th e  m axim um  d T j/d t is  150 K /s . The 
resp o n se  e rro r in  th is  case  c a n  be a s  h igh  as  -4.5°C an d  th u s  needs to 
b e  co rrected .

B. Wall R adiation

The second  te rm  in  th e  RSE of Eq.(2.7) re p re se n ts  th e  effect of 
th e  w all rad ia tio n  w h ich  te n d s  to en h an ce  th e  ju n c tio n  tem p era tu re  
d u rin g  pum p-dow n:

w here  Tw is  th e  w all te m p e ra tu re  a n d  o ' is  th e  S te fan -B o ltzm an n  
c o n s tan t. T he low est ju n c tio n  tem p era tu re  Tj de tec ted  in  pum p-dow n 
is  a b o u t 203  K, w hile th e  w all tem p era tu re  Tw rem a in s  a lm o st a t  298 
K. U sing th e  v a lu es  listed  in  A ppendix  A, we find th a t  th e  m axim um  
ju n c t io n  te m p e ra tu re  e le v a tio n  d u e  to  th e  w a ll r a d ia t io n  is 
approxim ately  0.005°C, w hich  is negligible.
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C. C ondensation  an d  Evaporation a t th e  T herm ocouple Ju n c tio n

W hen w a te r v ap o r is  p re se n t, th e  therm ocoup le  ju n c tio n  may- 
becom e a  condensa tion  s ite  w hen  th e  ju n c tio n  d iam ete r is la rg e r th a n  
th e  Kelvin d iam eter

w h ere  M is  th e  m o lecu la r w eigh t of vapor; R, th e  u n iv e rsa l gas 
co n s tan t; S , th e  vapo r sa tu ra tio n  ratio ; a, th e  su rface  te n s io n  of the  
liquid; and  p \  th e  density  of th e  liquid. A lternatively, if the  condensa te  
is  a lread y  on  th e  ju n c tio n , a n d  i ts  to ta l size (condensa te  p lu s  th e  
ju n c tio n  bead) is  sm alle r th a n  th e  Kelvin d iam eter, th e  c o n d en sa te  
will evaporate. A ctually, for th e  TC u se d  in  o u r  m ea su re m e n t (dj = 50
pm), co n d en sa tio n  will occu r w hen  S > 1 an d  evapora tion  will occu r 
w h e n  S < 1. T he c o n d e n sa tio n  te n d s  to  e leva te  th e  ju n c t io n  
tem p era tu re  to  cause  Tj > T  and  evaporation does j u s t  th e  opposite.

The th ird  te rm  in  th e  RSE of Eq.(2.9) re p re se n ts  th e  elevation 
(or depression) of th e  Junc tion  tem p era tu re  due  to  vapor condensa tion  
(or evaporation). Its  m agn itude  can  be estim ated  by  neglecting  te rm  I 
an d  II in  th e  equation , i.e.,

w here Lv is th e  la ten t h e a t of vaporization; Dv, th e  diffusion coefficient 
of th e  vapor; p sg , the  sa tu ra tio n  vapor p re ssu re  a t  T:

w here  A an d  B are  th e  vapor constan ts; and  Pyj, th e  vapor p re s su re  a t 
th e  ju n c tio n  surface. S ince th e  Kelvin effect can  be  neglected, Pyj can  
be regarded a s  the  sa tu ra tio n  p ressu re  a t  Tj:

(2 .16 )

log(psg) = A + Tjr (2 .17)
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(2 .18)

E q.(2 .16) h a s  th e  sam e  form  for th e  c o n d en sa tio n  on  a  liqu id  
d roplet, w h ich  is  derived b y  a ssu m in g  a  un ifo rm  ju n c tio n  tem p era tu re  
a n d  q u asi-s tead y  m a ss  a n d  h e a t tran sfe r p rocesses (Davies, 1978). For 
th e  given T  a n d  S, th e  only  u n know n  in  Eq.(2.16) is  Tj w h ich  c a n  be  
solved b y  ite ra tion . T he re s u lt  is  show n in  Fig.2-9.

A s a n  exam ple, le t u s  co n sid er a n  a d ia b a tic  pu m p -d o w n  of 
c lean  a i r  of 55%  RH. U sing  th e  ad iab a tic  re la tio n sh ip , one c a n  find 
th a t  th e  s a tu ra t io n  ra tio  S  will be  8  w hen  T  is  cooled to  -20°C. As 
show n in  Fig.2-9, Tj will be  13°C h igher th a n  T. T his estim ation  show s 
th a t  th e  effect o f w a te r  v ap o r is  ra th e r  s ign ifican t for th e  h u m id  air. 
However, it  is  difficult to  find th e  a c tu a l difference betw een  T  a n d  Tj 
c a u s e d  b y  th e  w a te r  v a p o r  c o n d e n sa tio n . T he  r e a s o n  is  th e  
u n c e rta in tie s  in  de te rm in ing  th e  sa tu ra tio n  ra tio  because: (i) th e  w a te r 
vap o r co n d en sin g  on to  foreign nuc le i a n d  th e  c h am b er w all c a u se  a  
d e p re s s io n  in  th e  s a tu r a t io n  r a t io  ( th is  p ro c e s s  h a s  la rg e  
u n c e r ta in t ie s ) ,  a n d  (ii) th e  p u m p -d o w n  c a n  n o t b e  com ple te ly  
reg a rd ed  a s  a n  a d ia b a tic  e x p an sio n  p ro ce ss  b e c a u se  of w all h e a t  
tran sfe r.

2 .4 .3  S um m ary

T he  to ta l  u n c e r ta in ty  in  d e te rm in in g  th e  TC te m p e ra tu re  is  
w ith in  ±2°C. T he effect of w all rad ia tion  on  tem p era tu re  m easu rem en t 
is neglig ib le . T he effect of TC resp o n se  de lay  is  negligible fo r th e  
m ea su re m e n t in  th e  large cham ber, b u t  i t  n eed s  to  be  considered  for 
th e  m e a su re m e n t in  th e  sm all cham ber. T he effect of w a te r vapo r on 
gas tem p era tu re  m easu rem en t is sm all for d ry  n itrogen  a n d  argon, b u t 
it m ay  b e  sign ifican t for m o ist air.
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2 .5  TEMPERATURE MEASUREMENT RESULT AND DISCUSSION

B ecau se  th e  w all tem p era tu re  a t  th e  in te rn a l gas-w all in terface 
v a r ie s  le s s  t h a n  2°C d u r in g  p u m p -d o w n  (see Fig. 2 -7 ), w e will 
em phasize  th e  d a ta  for g as  tem pera tu re . Fig.2-8 a n d  Figs. 2 -10  to  2-16 
show  typ ical gas tem p era tu re  d u rin g  pum p-dow n. All th e  tem p era tu re  
d a ta  p re s e n te d  a re  a t  th e  lo ca tio n  6  in  th e  large  c h a m b e r u n le s s  
o th e rw ise  n o ted . T he m e a su re d  d a ta  fo r d iy  n itro g e n  have  b een  
rep o rted  in  deta il, a n d  th e  d a ta  for argon  an d  room  a ir  a re  p resen ted  
for th e  com parison  pu rp o ses.

2 .5 .1  G enera l F e a tu re s  of T ran sien t T em pera tu re

F ig .2 -8  show s general fea tu re s  of tra n s ie n t tem p era tu re  d u rin g  
pum p -d o w n . T he n itro g en  te m p e ra tu re  s ta r ts  w ith  25°C, d ecreases  
d ram atica lly  to  -70°C, a n d  th e n  recovers to  25°C in  th e  la te r  period. 
T he  te m p e ra tu re  valley  is  c a u se d  b y  two com peting  p ro cesses : th e  
cooling d u e  to  th e  gas expansion  and  h ea tin g  due  to  th e  h e a t  tran sfe r 
from  th e  c h am b er wall. As i t  will be derived in  C h ap te r 3, th e  ra te  of 
tem p era tu re  change can  b e  pred ic ted  by

dT h A » T  (v- 1) T
~ 5 T =  r  —  [2.19)az  p  (y - 1) V x

w here  h  is  th e  average h e a t tra n s fe r  coefficient a t  th e  c h am b er walls; 
As , th e  su rfa ce  a re a  o f th e  cham ber; an d  y, the  ra tio  of specific hea t.
T he firs t te rm  in  th e  rig h t h a n d  side  of th is  eq u a tio n  re p re se n ts  wall 
h e a tin g  a n d  th e  second  te rm  re p re se n ts  ad iaba tic  ex pansion  cooling. 
T he cooling te rm  is  m ore o r le ss  c o n s ta n t for a  given x. T he  h ea tin g  
te rm  is  p ro p o rtio n a l to  th e  te m p e ra tu re  d ifference (Tw - T) a n d  is 
inversely  proportional to  th e  p re ssu re . F or th e  tim e being, th e  average 
w all h e a t tran sfe r coefficient h  is  a ssu m ed  to  be co n stan t.
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T hree  d istin g u ish in g  periods in  gas  tem p era tu re  h is to ry  can  be 
observed  in  F ig.2-8. (i) 0  < t/x  < 0 .5  (where x = 4 .0  seconds): In th is  
b e g in n in g  p e rio d , th e  te m p e ra tu re  d ifference  is  sm a ll a n d  th e  
ad ia b a tic  cooling dom inates, (ii) 0 .5  < t /x  < 5: B oth  w all h ea ting  and  
e x p a n s io n  co o lin g  a re  im p o r ta n t . T he  s ig n if ic a n t te m p e ra tu re  
difference h a s  b u ilt  u p . A t the  p o in t of m in im um  tem p era tu re , th e  
effects o f th e  cooling a n d  th e  h e a tin g  a re  equal, (iii) t/x  > 5: In th is  
la te r  pe riod , th e  gas te m p e ra tu re  a lm o s t recovers , th e  p re s su re  
becom es very  sm all, a n d  w all h e a tin g  p revails . P um p-dow n c an  be  
regarded  a s  a n  iso therm al p rocess hereafter.

It is  a lso  found  in  Fig.2-8 th a t  th e  gas tem p era tu re  decreases 
sm oo th ly  u p  to  -22  °C a t  350  Torr, a n d  th e n  s ta r ts  to  flu c tu a te  w ith  
ap p ro x im ate ly  a  10°C m ag n itu d e . T he f lu c tu a tio n  is  believed to  be 
c au se d  b y  tu rb u le n t  n a tu ra l convection. T urbu lence  m ay occur in  two 
s i tu a t io n s .  T he  f i r s t  is  w h en  th e  R eynolds n u m b e r  Re > 2300  
c o rre sp o n d in g  to  th e  o n se t of tu rb u le n t  flow in side  th e  p ipe. The 
second  is  w hen  th e  G rashof n u m b er G r > 107  correspond ing  to  onset 
of th e  tu rb u le n t  n a tu ra l  convection. C a lcu la tions show  th a t  the  m ean  
m ax im u m  Re (occu rring  in  th e  in itia l p re s s u re  650  Torr) in  o u r 
ex p erim en ts  is  a b o u t 925  w hich is below th e  o n se t of tu rb u le n t flow. 
T he G rash o f n u m b e r a t  -22°C an d  350  T orr is 8  x  107  w hich  is above 
th e  o n se t for tu rb u le n t  n a tu ra l convection. W hen tu rb u len ce  occurs, 
th e  h o t g a s  n e a r  th e  w all will m ix  w ith  th e  cold g as in side  th e  
ch am b er causing  th e  gas tem pera tu re  a t  a  fixed location to fluctuate.

2 .5 .2  S patia l V ariation  of G as T em perature

Fig.2-10  show s sp a tia l varia tions of gas tem p era tu re . For a  fixed 
x, th e  n itro g en  te m p e ra tu re s  a t  d ifferen t loca tions a re  recorded . It is 
fo u n d  th a t  te m p e ra tu re  h is to rie s  a t  location  2  a n d  5 a re  iden tica l 
w h e n  0 < t /x  < 0 . 5  (w here x = 4.0 s e c o n d s )  w h ile  th e  te m p e ra tu re  
d e c re a se s  from  2 5  to  -22°C . A fter 0.5x, th e  te m p e ra tu re s  a t  two 
loca tions becom e different. It is in te re s tin g  to no te  th a t  the  on se t of
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nonuniform  tem p era tu re  field coincides w ith  th e  on se t o f tem p era tu re  
f lu c tu a tio n . T e m p e ra tu re s  a t  s ix  d iffe re n t lo c a tio n s  h av e  b e e n  
m ea su re d . T hey  show  th e  b eh av io r a s  d isc u sse d  above. D etailed  
in form ation  a b o u t th e  flow a n d  tem p era tu re  fields can  be  ob tained  by  
n u m erica lly  so lv ing  th e  com pressib le  N av ier-S tokes e q u a tio n s  an d  
energy  e q u a tio n  in  tw o o r th re e  d im e n sio n s  o r b y  m ore de ta iled  
m easu rem en ts .

2 .5 .3  Effect of Pum ping  Speed

T he effect of effective pum ping  speed  on  te m p e ra tu re  is show n 
in Fig.2-11, w here  t  = 20.5 , 6 .5 , an d  4 .0  seconds corresponding to Se = 
138, 436 , a n d  705  lpm  respectively . I t is  found  th a t  for a  given 
cham ber th e  sm a lle r th e  x (fast pum ping), th e  m ore th e  gas is cooled 
b e ca u se  fa s t p u m p in g  red u c e s  th e  tim e for h e a t  tra n s fe r . I t is  a lso  
found  th a t  before  0.5'C, th e  g a s  te m p e ra tu re  h is to r ie s  a re  s im ila r 
b ecau se  ad iab a tic  cooling dom inates in  th is  period reg a rd less  of w h a t 
p u m p in g  speed  is u sed . F ig .2-12 show s th e  m in im u m  te m p e ra tu re  
d u ring  pum p-dow n for d ry  nitrogen, air, a n d  argon a t  different x. D ata  
for th e  figures a re  listed  in  Table 2-2 .

Table 2 -2  M easured  m inim um  tem p era tu re  a n d  assoc ia ted  p ressu re  a t
d ifferent pum ping  speeds (V -  47 .3  liters)

T, sec
Nitrogen Air

Tmin. °c Pmin/Po Tmin, °C Pmin/Po
4.0 -70 0.165 -52 0.156
5.1 -58 0.191 -36 0.192
6.5 -46 0.224 -30 0.201

10.5 -37 0.301 -22 0.237
20.5 -19 0.370 -10 0.335

Po = 650 Torr, T0 = 25 °C.
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2 .5 .4  E ffect of In itial P ressu re

F ig .2 -1 3  sh o w s th e  effect o f in it ia l  p re s s u re  o n  th e  g as  
te m p e ra tu re .  F o r a  fixed  p u m p in g  r a te  o f 7 0 5  lp m , th e  g as 
te m p e ra tu re  T  d e c rea se s  le s s  if  th e  pum p-dow n  is  in itia te d  a t  low 
p re ssu re . F ig .2-14  show s th e  m in im um  of T  a s  a  function  of th e  in itia l 
p r e s s u re  p 0. T he d a ta  fo r th e  figure a re  lis ted  in  T able  2-3 . W hen 
Po < 10 Torr, T  varies less th a n  5°C.

It is  n o ted  th a t  th e  low er th e  in itia l p re s su re , th e  sm a lle r  th e  
d rop  in  th e  te m p e ra tu re . T he re a so n  is  th a t  (i) th e  h e a t  d iffusion  
coefficien t of th e  g as, w h ich  is  inverse ly  p ro p o rtio n a l to  p re s su re , 
b eco m es h ig h e r  a t  th e  low  p re s s u re  a n d  th u s  e n h a n c e  th e  h e a t  
tra n s fe r ; a n d  (ii) th e  . low er th e  p re ssu re , th e  le ss  g a s  is in s id e  th e  
c h a m b e r  so  t h a t  le s s  h e a t  i s  re q u ire d  to  m a in ta in  a  c o n s ta n t  
te m p e ra tu re . In  o rd e r  to  re d u c e  th e  te m p e ra tu re  d ro p  a n d  th u s  to 
avoid p o ss ib le  w a te r  v a p o r c o n d en sa tio n , one c a n  f ir s t  u s e s  slow  
p u m p in g  to  red u ce  p re s su re  to  a  low er level, say  below  10 Torr, th e n  
u s e  f a s t  p u m p in g  th e re a f te r . T h is  is  th e  p ro c e d u re  th a t  som e 
com panies u se  in  v acu u m  pum p-dow n processes.

2 .5 .5  Effect of G as M edium

Fig. 2 -15  illu s tra te s  th e  tem p era tu re  h isto ries of d ry  n itrogen  and  
a rgon  u n d e r  th e  sam e  p u m p in g  conditions (sam e p u m p , orifice, and  
c h am b er). A lth o u g h  th e  a rg o n  p re s su re  d ecays m ore  slow ly th a n  
n itro g e n  u n d e r  th e  sam e  p u m p in g  co nd itions (see S ec tion  2.3), i ts  
te m p e ra tu re  d ecreases  m ore b e ca u se  A rgon h a s  a  h ig h er y and  th u s  
c a n  b e  cooled m ore w hile i t  expands.
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T able  2 -3  M easured  m inim um  tem pera tu re  a n d  associated  p ressu re
a t  different in itial p re ssu re s  (V = 47 .3  liters)

Nitroffen Air Arson
Po,Torr Tniin, °C Pmin/Po Tmin, °C Pmln/Po Tmin, °C Pmin/Po
650 -70 0.165 -52 0.156 -83 0.207
350 -54 0.191 -36 0.190 -68 0.266
200 -52 0.223 -31 0.216 -63 0.304
100 -27 0.318 -23 0.323 -54 0.346
50 -11 0.434 -11 0.422 -36 0.406
25 6 0.496 8 0.486 -8 0.617
10 20 0.783

X = 4.0 sec. T0 = 25 °C

T able  2-4  M easured  m inim um  tem p era tu res  a n d  associated
p re ssu re so f d ry  n itrogen  a t  d ifferent pum ping  speeds 
(V = 0 .26  liters)

x, sec Tmin, °C Pmin/Po
0.6 -58 0.204

* 1.0 -46 0.239
1.9 -26 0.344
2.7 -17 0.383
3.6 -10 0.423
4.0 -7 0.444
15.6 10 0.603

Po = 760 Torr, T0 = 25 °C.
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2 .5 .6  Effect of C ham ber Size

F ig .2 -1 6  sh o w s a  co m p ariso n  o f th e  n itro g e n  te m p e ra tu re  
h is to ry  in  th e  4 7 .3  lite r cham ber w ith  th a t  in th e  0 .26  lite r cham ber. 
F o r th e  sam e x, th e  g as tem pera tu re  in  th e  sm all cham ber decreases 
m u ch  le ss  th a n  th a t  in  th e  large cham ber b ecau se  i t  is  easie r for the  
g a s  to  be  h e a te d  in  th e  sm all cham ber w hich  h a s  h ig h er su rface  to 
vo lum e ra tio . T he m easu red  m in im um  dry  n itro g e n  te m p e ra tu re s  
d u rin g  p u m p -d o w n  for th is  ch am b er a t  d ifferen t x a re  show n in 
Table 2-4.

2 .5 .7  Effect of W ater V apor

D uring  pum p-dow n of m oist air, w ater vapor in  a ir  m ay  condense 
to becom e drop lets o r even ice crystals. Fig.2-17 show s th e  m easured  
te m p e ra tu re  of a ir  w ith  50% in itia l relative hum id ity . B ased  on 
a ssu m p tio n s  th a t  w ater vapor a n d  a ir  a re  in  th e rm a l equilibrium  and 
th e  vapo r p re s su re  is p roportional to the  to ta l p re ssu re  (see C hapter
3), th e  p o ten tia l sa tu ra tio n  of th e  w ater vapor d u rin g  pum p-dow n, S, is 
c a lcu la ted  a n d  show n in  Fig.2-17. T he p eak  p o ten tia l sa tu ra tio n  is 
a b o u t 16. T he critical sa tu ra tio n  ratio  of hom ogeneous nuc leation  for 
w a te r  i s  a b o u t  8 . T h is  e s tim a tio n  in d ic a te s  th a t  hom ogeneous 
n u c lea tio n  will occu r if foreign nucle i are  ab sen t. W ith th e  p resence of 
foreign n u c le i, h e te rogeneous n u c lea tio n  (condensa tion  on existing 
partic les) will a lso  occur. W ater d rop lets will form  a n d  grow due to 
th e se  n u c lea tio n  processes. If th e  gas tem p era tu re  is below -30°C, all 
th e  d ro p le ts  g re a te r  th a n  5 pm  will becom e ice c ry s ta ls  (Mason, 
1971). T he  d e ta ils  of n u c lea tio n  p ro cesses  a n d  p a rtic le  form ation  
d u ring  v acu u m  pum p-dow n will be  covered in  C hap ter 6 .

A clue of th e  w ater vapor condensa tion  o r ice form ation  during  
pum p-dow n m ay  be observed from the  com parison of the  tem pera tu re  
h is to ry  o f d ry  n itrogen  w ith  th a t  of room  air. C ondensa tion  of w ater
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F igure 2-18 C om parison o f  tem p era tu re s  of room  a ir and  
d ry  n itrogen  u n d e r  the  sa m e  pum ping  conditions
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vapor o r  crystallization  of w a ter d rop lets will re lease  la te n t h e a t w hich 
will h e a t  th e  a ir. T he estim ation  in  C h ap te r 3  show s th a t  th e  h ea tin g  
effect d u e  to  la te n t  h e a t  re lease  can  be  very s ig n ifican t. Room  a ir  
c o n ta in s  a  sign ifican t a m o u n t of w a ter vapo r w hile d ry  n itrogen  m ay be 
reg a rd ed  a s  "w ater vapor free air" (0% RH) (dry n itro g en  a n d  a ir  have 
a lm o st id en tica l physica l p ro p ertie s  su c h  a s  m o lecu la r w eight, h e a t 
d iffusion  coefficient, and  specific heat). The possib ility  of w a te r  vapor 
c o n d en sa tio n  o r  ice form ation  is excluded  in  d ry  n itrogen . U nder the  
sa m e  p u m p in g  cond itions, if  th e  te m p e ra tu re  o f a ir  is  sign ifican tly  
h ig h er th a n  th a t  of d ry  n itrogen  w hich  is  a n  in d ica tio n  of la te n t h e a t 
release  a n d  th u s  form ation of w a te r droplets o r ice c rystals.

F o u r  d is tin c tiv e  period  c a n  be observed  in  F ig .2 -1 8  w here  
T = 4 .0  se c o n d s , (i) 0  < t /x  < 0 .2 5 : T he a ir  a n d  d ry  n itro g en  
tem p era tu re  a re  a lm ost iden tical, decreasing  from  25  to  5°C. No w ater 
vapor co n d en sa tio n  occurs in  th is  period, (ii) 0 .25  < t/x  < 0.75: The a ir 
te m p e ra tu re  d ecreases  w ith  slow er ra te  to -30°C, w hile d ry  n itrogen  
d e c rea se s  w ith  fa s te r  ra te  to  -50°C . Som e w a te r  v a p o r m ay  s ta r t  to 
c o n d en se  to  ex is ting  nucle i, a n d  th e  la te n t h e a t re lease  slow s down 
th e  d e c re a s e  in  a ir  te m p e ra tu re , (iii) 0 .7 5  < t /x  < 3: T he a ir 
te m p e ra tu re  s ta y s  a t  a b o u t -30°C, w hile th e  d ry  n itro g en  decreases 
fu r th e r  dow n  to  -70°C  a n d  th e n  recovers to -30°C . Large scale  
co n d en sa tio n  o r n u c lea tio n  m ay  occur. Ice c ry s ta ls  m ay  a lso  evolve. 
Large q u a n titie s  of la te n t h e a t  re leased  p reven ts th e  a ir  tem p era tu re  
from  d ecreasin g  fu rth er, (iv) t /x  > 3: T he a ir  tem p era tu re  is close to 
b u t  s l ig h tly  h ig h e r  th a n  th e  d ry  n itro g e n  te m p e ra tu re .  T he 
co n d en sa tio n  a n d  ice form ation  p ro cesses s to p  w h en  th e  tem p era tu re  
recovers a n d  w hen  w ater vapor h a s  been  consum ed o r pum ped  out.
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2.6  CONCLUSIONS

T he g as  tem p era tu re  d u rin g  v acu u m  pum p-dow n  from  760  to 
0 .1  T o rr h a s  b e e n  system atica lly  m e a su re d  for d ry  n itro g en , h ig h  
p u rity  argon, an d  room  a ir in  two cylindrical ch am b ers  of volum e 47 .3  
l i te r  a n d  0 .2 6  lite r  respectively . T he p u m p in g  sp eed  a n d  in itia l 
p re s su re  h ave  b e en  carefu lly  contro lled  w ith  u n c e rta in tie s  le ss  th a n  
±2°C. T he ch am b er wall tem p era tu re  m easu red  varies less th a n  2°C 
d u r in g  p u m p -d o w n . T he follow ing effects on  g as  te m p e ra tu re  
m e a s u re m e n t  h a v e  b e en  co n sid ered : th e  tim e  re s p o n se  o f th e  
th e rm o c o u p le , w all ra d ia tio n , a n d  w a te r  v a p o r  c o n d e n sa tio n  or 
ev ap o ra tio n  on  th e  TC ju n c tio n . T otal u n c e r ta in ty  for n itro g en  an d  
a rgon  tem p era tu re  is  less th a n  5% of th e  ab so lu te  tem p era tu re , while 
la rg e r  u n c e r ta in t ie s  e x is ts  for a ir  te m p e ra tu re  b e c a u se  of th e  
u n c e r ta in t ie s  in  d e te rm in in g  th e  a c tu a l  s a tu r a t io n  ra tio . T he 
m easu rem en t d a ta  have clearly show n th a t:

1) W hen th e  p re ssu re  is reduced  from  760 to  0 .1  T orr du ring  v acu u m  
p um p -d o w n , th e  gas tem p era tu re  f irs t d e c re a se s  b ecau se  of gas 
e x p an sio n  cooling a n d  th e n  recovers b ecau se  of w all heating . If the  
pum p-dow n  is  s ta r te d  from  atm ospheric  p re ssu re , th e  tim e sp a n  of 
te m p e ra tu re  v a ria tio n  la s ts  approx im ate  5 to  6 t ,  w ith  sign ifican t 
v a ria tio n  o c cu rrin g  in  0 < t  < 3x. T he deg ree  of te m p e ra tu re  
v a ria tio n  d e p en d s  on  gas m ed ium , c h a m b e r geom etry , effective 
p u m p in g  speed , in itia l gas p ressu re , an d  q u a n titie s  of condensable  
vapor.

2 ) In  th e  m e a su re m e n t m ad es in  th e  47 .3  l ite r  ch am b er, th e  gas 
te m p e ra tu re  d ec rea ses  sm ooth ly  a n d  a lm o st un ifo rm ly  from  th e  
b eg in n in g  of pum p-dow n to app rox im ate ly  0 .5 t, a fte r w hich  th e  
f lu c tu a t io n s  of g a s  te m p e ra tu re  a t  a  fixed lo ca tio n  a n d  th e  
n o n u n ifo rm ity  in  th e  te m p e ra tu re  field a re  o b se rv ed . T hese  
p h e n o m e n a  a re  believed to  be cau sed  by  th e  o n se t of tu rb u le n t 
n a tu r a l  con v ec tio n . The m e a su re m e n ts  in s id e  th e  0 .2 6  lite r
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ch am b er do n o t show  fluctuations in  gas tem p era tu re  b ecause  of its  
sm aller size.

3) T he effect of w ater vapor on  gas tem p era tu re  h is to ry  is  significant. 
N uclea tion  o r co n d en sa tio n  of w a ter vapo r o r  even ice form ation  
m ay  o ccu r d u rin g  pum p-dow n due to  th e  p resence  of w ater vapor. 
T h e  la te n t  h e a t  re le a sed  from  c o n d e n sa tio n  o r c ry s ta lliza tio n  
red u ces  th e  tem p era tu re  drop.
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CHAPTER 3
SIMULATION OP THE VACUUM PUMP-DOWN PROCESS

ABSTRACT

A  m a th em a tica l m odel for the  p rocess of v a cu u m  pum p-dow n, 
b a se d  on  fu n d a m e n ta l therm odynam ics a n d  p ro cesses  of h e a t  a n d  
m a ss  tra n s fe r  in  th e  con tinuum  regim e, h a s  b een  developed to p red ic t 
th e  te m p e ra tu re  a n d  p re s su re  of th e  gas, a n d  th e  sa tu ra tio n  ra tio  of 
th e  co n d en sab le  species. The in p u ts  to  the  m odel include  th e  physical 
p ro p e rtie s  of th e  g as  a n d  vapor, th e ir  in itia l s ta te s , th e  c h a m b e r 
geom etry, a n d  th e  pum ping  conditions. N um erical calcu la tions b a se d  
on  th e  m odel have  been  carried  o u t  for various pum p-dow n conditions, 
a n d  th e  p re d ic tio n s  a re  in  good ag re em e n t w ith  th e  ex p erim en ta l 
data.

A long  w ith  th e  d e v e lo p m e n t of th e  m odel, a n  o rd er-o f- 
m a g n itu d e  a n a ly s is  in  th is  c h a p te r  h a s  le a d  to  th e  follow ing 
co n c lu sio n s  reg a rd in g  th e  pum p-dow n  process: (i) n a tu ra l  convection 
is  th e  p re d o m in a n t p ro cess  affecting h e a t tra n s fe r  to  a n d  from  th e  
c h a m b e r  w alls , (ii) th e  c h am b er wall te m p e ra tu re  re m a in s  n e a rly  
c o n s ta n t  d u r in g  p u m p  dow n, a n d  (iii) the  la te n t  h e a t  re leased  from  
w a te r v a p o r co n d en sa tio n  o r ice form ation  m ay  b e  a  sign ifican t h e a t  
so u rce  affecting the  gas tem pera tu re .

3.1 GENERAL CONSIDERATIONS

T he therm odynam ics a n d  th e  h e a t a n d  m ass  tra n s fe r  p rocesses 
in  th e  c o n tin u u m  regim e for the  v acu u m  pum p-dow n  p rocess will be 
s tu d ie d  in  th is  c h ap te r. By co n tin u u m  regim e, we m ean  th a t  th e  gas 
c a n  be  trea te d  a s  a  co n tin u u m  fluid, ra th e r  th a n  a s  d iscrete  m olecules 
in  th e  study ing  o f g a s  flow an d  h e a t transfer.
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F rom  th e  s ta n d p o in t o f th e rm o d y n am ics , th e  co n d itio n  of a  
v a c u u m  is defined  by  its  th e rm o d y n am ic  s ta te  -- g a s  tem p era tu re , 
p re s s u re , a n d  v a p o r s a tu ra t io n  ra tio  (if c o n d e n sa b le  sp e c ie s  a re  
p resen t). T he ch an g es in  the  therm odynam ic  s ta te  a re  de te rm ined  by  
(i) g a s  flow  th ro u g h  p ip es , v a lv es , p u m p s , a n d  o th e r  v a c u u m  
com ponen ts, a n d  (ii) th e  h ea t exchange betw een  th e  c h am b er w all and  
th e  in te rn a l g a s . If th e  gas is  tre a te d  a s  a  c o n tin u u m  m edium , th e  
govern ing  e q u a tio n s  fo r gas  flow a n d  h e a t  t r a n s fe r  a re  a  s e t  of 
c o n tin u u m  e q u a tio n s  e x p re s s in g  th e  law s o f c o n se rv a tio n  of 
m om entum , m ass , an d  energy. T hese are:

1) N avier-S tokes equations

+ (tf.V) (pii) = -Vp + V.(p Vii) + ?  (3.1)

w here  p is  th e  density ; p, th e  p re ssu re ; p, th e  dynam ic  viscosity ; tf, 

th e  velocity; ? ,  th e  ex ternal body  force; a n d  V, th e  g ra d ie n t opera tor. 
In C a rte s ian  coord inates

C7 -r> d -7> d T-> d
V -  1 ax + J dy + 9z 

w ith  ~t, j>, £  being  th e  u n it  vector in  x, y, z d irec tions respectively.

2 ) C on tinu ity  equation  

9(pTt)
— | p -  + V.(piJ) = m s (3.2)

w here  m s is th e  m a ss  source ra te .

3 ) E nergy  equation  

3(p cvT)
at + I!.V  (p cvT) = V.(kVT) + h s (3.3)
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w h e re  cv is  th e  specific h e a t  a t  c o n s ta n t  vo lum e; k, th e  th e rm a l 
conductivity; T, th e  gas tem pera tu re ; an d  h s , th e  h e a t sou rce  ra te .

T he  v a lid ity  of E q s. (3.1) to  (3.3) is  d e te rm in e d  by  th e  
m agn itude  of the  K nudsen  n um ber

w here  X is  th e  gas m ean  free p a th  an d  Dn is  th e  nom inal d im ension  of 
a  v acu u m  com ponent. In  studying  gas flow th ro u g h  a  pipe, for instance, 
Dn is  th e  pipe d iam eter. In studying  h e a t tra n s fe r  betw een th e  gas and  
a  cylindrical cham ber, Dn m ay be  e ither th e  d iam ete r or th e  heigh t of 
th e  cham ber, w hichever is sm aller. T he co n tin u u m  descrip tion  is  valid 
w h e n  th e  g a s  m e a n  free p a th  is sm a ll co m p ared  to  th e  n om ina l 
d im ension  of a  v acu u m  com ponent. According to  B ird (1976), K n £ 0.1 
is  th e  lim it for th e  co n tin u u m  regim e. For convenience, we m ay  also 
exp ress Kn in  te rm s of p ressu re . It is  no ted  th a t  for a  specific gas a t a  
g iven  te m p e ra tu re , pX is c o n s tan t. F or a ir  a t  20°C, p?i = 0 .0 0 4 6  
T orr.cm . In  term s of p  in  T orr and  Dn in  cm,

0 .0046
K n -  p D n  (3.5)

A s p r e s s u re  in c re a s e s , Kn d e c rea se s . T h ere fo re , th e  c o n tin u u m  
assu m p tio n  is m ore valid a t  h igh  p ressu re s , w h ich  is  exactly  w h a t we 
a re  in te res ted  in  b ecau se  of th e  following two reasons:

1) V aria tion  of gas tem p era tu re  occurs only a t  h ig h  p ressu re , an d  so 
fa r  th e re  is  no  m odel available to p red ict the  tra n s ie n t tem pera tu re . 
As show n  by  the  m easu rem en ts  In C hap te r 2, inside th e  4 7 .3  liter 
c h a m b e r , th e  t r a n s ie n t  gas te m p e ra tu re  ta k e s  p lace  on ly  a t  
p re s su re s  above 1 Torr, below w hich varia tion  in  gas tem p era tu re  is 
negligible. The m in im um  g as te m p e ra tu re  a n d  m ax im um  vapor 
sa tu ra tio n  ra tio  occu rs n e a r  100 to 300  Torr. If  we are in te res ted  in
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f in d in g  w h a t  h a p p e n e d  above 1 T o rr d u rin g  p u m p -d o w n , th e  
c o n tin u u m  descrip tion  is valid a s  long a s  th e  sm a lles t d im ension  of 
a ll th e  v acuum  com ponents is g rea ter th a n  0 .05  cm . T his condition 
is  u sua lly  satisfied.

2 ) A t low p ressu re , th e  gas tem p era tu re  is a lm ost tim e invarian t, only 
p re s su re  varies w ith  tim e w hich  can  be well p red ic ted  by  existing  
theo ries , su c h  a s  D u sh m an  (1962, Section  2.6), a n d  Lewin (1965, 
S ection  4.1).

Two a p p ro a c h e s  m ay  b e  u se d  to  s tu d y  th e  th e rm o d y n am ic  
p ro cesses of pum p-dow n in  th e  con tinuum  regim e. The firs t is  to solve 
th e  p a r tia l  d ifferen tia l E qs. (3.1) to  (3.3) n u m erica lly  w ith  p ro p er 
b o u n d a ry  conditions. An advan tage  of th is  ap p ro ach  is th a t  it y ields 
s p a tia l  in fo rm atio n  of p re ssu re , tem p era tu re , a n d  flow fields. T he 
d isad v an tag e  is th a t  it  is  u su a lly  tim e consum ing , an d  involves too 
m u ch  detail w hich  m akes th e  p rocess h a rd  to  charac terize . Moreover, 
th e  u n c e r ta in tie s  in  tu rb u le n t  conditions in side  th e  ch am b er m akes 
th e  problem  even m ore difficult to deal w ith.

T he  second  ap p ro ach  is to u se  a  lum ped  m odel by  tak in g  the  
c h am b er, p ip es , valves, o r o th e r  v acu u m  co m p o n en ts  a s  d iscre te , 
ind iv idual objects, th e  p roperties of gas an d  vapors w ith in  each  , object 
a re  a ssu m e d  to  be uniform . An in tegro-differential eq u a tio n  c a n  th e n  
b e  app lied  to th ese  individual, lum ped objects. A nalytical o r em pirical 
fo rm ulas a re  u se d  for calcu lating  th e  gas flow a n d  h e a t tran sfe r. This 
a p p ro a c h  will yield a  s e t  of o rd in ary  d ifferen tia l e q u a tio n s  for th e  
pum p-dow n process. A lthough th is  app roach  does n o t provide sp a tia l 
in fo rm ation , i t  is  sim ple and  easy  to apply. It en ab les  d im ensional 
a n a ly s is  to  b e  u se d , a n d  p rovides m ore in s ig h t to  th e  p h y sica l 
p h en o m en a  involved. For th is  reason , th e  lum ped m odel is u sed  in  th is 
study.
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A s show n  in  Fig. 3-1 , a  lum ped m odel is p roposed  for a  typical 
v a c u u m  sy s tem  w hich  is com posed of a  v acu u m  ch am b er w ith  volum e 
V a n d  su rface  a re a  A; a  v acu u m  pum p w ith a n  in trin sic  pum ping  speed 
S p ; a n d  a  re s tr ic tin g  orifice w ith  co n d u ctan ce  C 0 r» re p re se n tin g  th e  
com bined  flow c o n d u c tan c e  of th e  th ro ttlin g  valve, p ip es  a n d  baffle 
a n d  o th e r o b stru c tio n s betw een the  cham ber a n d  th e  pum p.

Before pum p-dow n s ta r ts , th e  cham ber con ta in s a  m ix ture  of gas 
a n d  co n d en sa b le  vapo r a t  te m p e ra tu re  T0, th e  in itia l gas p re s su re  
b e in g  po  a n d  th e  in itia l v ap o r p ressu re , pVo. If leaks a re  p resen t, th e  
ro o m  a ir  w ith  te m p e ra tu re  T 0  will leak  in to  th e  c h a m b e r d u rin g  
pum p-dow n. T his situ a tio n  is  show n in  Fig. 3-2.

T h e  o b jec tiv e  of th e  m odel is  to  p re d ic t  th e  t r a n s ie n t  
th e rm o d y n am ic  v a riab le s  o f gas p re s su re  p, gas  tem p era tu re  T, g as  
d e n s ity  p, a n d  vapor sa tu ra tio n  ratio  S w ith  a  given v acu u m  system  (A, 
V, SPf C or) a n d  in itia l conditions (p0, T0, pvo)-

3 .3  FUNDAMENTAL EQAUTIONS

S ince  g as is  regarded  a s  a  co n tin u u m  fluid, th e  contro l volum e 
a p p ro a c h  a n d  in tegro-d ifferen tial eq u a tio n s  a re  applied . The con tro l 
v o lu m e  is th e  m ix tu re  (gas p lu s  c o n d en sa b le  species) in s id e  th e  
ch am b er, th e  con tro l su rface  is  th e  b o u n d a ry  of th e  cham ber. T here  
a re  tw o p o r ts  on  th e  contro l surface: room  a ir  is  leak ing  th ro u g h  p o rt 
1 a n d  th e  m ix tu re  is pum ped  ou t th ro u g h  p o rt 2. V ariables associated  
w ith  th e  contro l volum e a n d  th e  control su rface  a re  show n in  Fig. 3-2. 
The governing  equations a re  th e  m ass conservation  equation

(3.6)

a n d  th e  energy equation
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Valve or 
Orifice

Vacuum • /
Chamber • 1

High Low
Pressure Pressure
Pipe Pipe

Figure 3-1 A lum ped  m odel for a  vacuum  system .

Environment: Po, To I

ui,Ti i
Port 1: Leak Port

Control Surface (CS)

Control Volume (CV): 
T.P, Pv

u2 ,t 2 
Port 2: Pumping Port

The variables a t each port are defined at point x on the CS. 
At port 1, Tl has stagnation temperature To.
At port 2, T2 has stagnation temperature T.

Figure 3 -2  Control volum e form ulation for pum p-dow n process.
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w h e re  CV s ta n d s  fo r c o n tro l vo lum e; CS, co n tro l su rfa c e ; dV,
—>

differen tial volum e; dA, d ifferential su rface  a re a  w ith  positive  ou tside

norm al; Q, ra te  of h e a t  tra n s fe r  to  th e  m ixture; W, ra te  o f ex ternal

w ork  d o n e  on  th e  m ix tu re ; S , ra te  of energy g en era tio n  w ith in  th e  
m ix tu re ; cv, specific h e a t  o f th e  m ix tu re  a t  c o n s ta n t  vo lum e; cp , 
specific h e a t  of th e  m ix tu re  a t  c o n s tan t p ressu re ; cvT, in te rn a l energy 
of th e  m ix tu re ; cpT, e n th a lp y  of th e  m ix ture; i t ,  velocity  vector; u , 
m ag n itu d e  of velocity vector; u 2 / 2 , k inetic energy of th e  u n i t  m ass; g, 
g rav ita tio n a l c o n s ta n t; a n d  gz, g rav ita tional p o ten tia l energy  of u n it  
m ass.

3 .4  BASIC ASSUMPTIONS

In  th is  section , severa l a ssu m p tio n s  are  m ade  to  sim plify  th e  
genera l eq u a tio n s (3.6) and  (3.7). The lim ita tions o f th ese  a ssu m p tio n s  
a re  d iscu ssed  first.

A ssum ption  1: T he g as  a n d  vapo r in sid e  th e  c h am b er a re  perfect
gases, alw ays in  therm al equilibrium , an d  pum ped o u t w ith a t  th e  sam e 
speed . No vapor condensa tion  o r  nuc lea tion  is allowed.

T he perfect gas a ssu m p tio n  is nearly  alw ays valid for a  gas inside 
a  v a cu u m  sy stem  b ecau se  th e  g as  (including vapor) is  u su a lly  rarefied 
a n d  i ts  therm odynam ic  s ta te  is  far aw ay from  th e  critical po in t. The 
a ssu m p tio n  of no  v ap o r co n d en sa tio n  o r nuc leation  is  valid before th e  
o n se t of c o n d en sa tio n  or n u c lea tio n . B ased  on th is  a ssu m p tio n , we 
have
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P  = p R T (3 .8)

Pv = Pv Ry Ty (3.9)

Tv  = T (3.10)

(3 .11)

w here  p, p0, and  T  a re  th e  p ressu re , in itial p ressu re , a n d  tem p era tu re  
o f th e  g a s  respectively ; pv, Pvo* a n d  Tv a re  th e  p re s su re , in itia l 
p re ssu re , a n d  tem pera tu re  of th e  vapor.

E quations (3.8) to  (3.10) a re  a  d irec t consequence  of th e  perfect 
g a s  assum ption . Eq. (3.11) s ta te s  th a t  the  p ressu re  ratio  of th e  vapor to 
th e  gas du ring  pum p-dow n rem ain s co n s tan t a t  th e  in itial value. T his 
re s u lts  from  the  a ssu m p tio n s  th a t  vapor condensa tion  is n o t allowed, 
a n d  th a t  vapor an d  g as a re  pum ped  o u t a t  th e  sam e speed . I t follows 
th a t  th e  density  ratio  of th e  vapor to th e  gas du ring  pum p-dow n is also 
c o n stan t, since Tv = T.

B ased  on th is  assum p tion , only two independen t therm odynam ic 
v a riab les  a re  left am ong th e  original six  (p, p ,  T, p v ,  p v ,  Tv). The b e s t 
cho ice  for th ese  in d ep e n d en t v a riab les  a re  e ith e r  (p, T) or (p, T). In 
th is  c h ap te r , (p, T) a re  u se d  in  deriv ing  th e  e q u a tio n s  b e c a u se  of 
convenience and  th e  fac t th a t  th e  derivation can  be m ade m ore clear. 
T he  fina l re s u l ts  a re  th e n  p u t  in  te rm s  of (p, T), w h ich  a re  th e  
in d e p e n d e n t v a iab le s  c u s to m a rily  u se d  in  v a c u u m  sc ien ce  an d  
technology.

The to ta l p ressu re  an d  density  of the  m ixture a re  p t = p  + Pv and  
p t  =  p  + p v-  It shou ld  be  no ted  th a t  th e  vapor concen tra tion  is u su a lly  
qu ite  sm all com pared to  th a t  of th e  gas and  is u sua lly  less th a n  1%. We 
c an  th u s  tak e  the  p a rtia l p re ssu re  (or density) of th e  gas a s  th e  to ta l
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p re s su re  (or density) of th e  m ix tu re  w ith o u t m u ch  error. T his m ean s

p e rfe c t  g a s , i t s  th e rm o p h y s ic a l  p ro p e r t ie s  s u c h  a s  th e rm a l  
co n d u c tiv ity  a n d  v isco sity  a re  fu n c tio n s  of te m p e ra tu re  only  a n d  
in d ep en d en t of p ressu re . The following equations can  be used ,

w here  k 0  a n d  (X0  a re  th e  th e rm a l conductiv ity  a n d  dynam ic v iscosity  
evaluated  a t  th e  in itia l tem p era tu re  T0. T he specific h ea ts , cv, cp , a n d  
th e  ra t io  y = cp / c v , a re  a s s u m e d  to  be in d e p e n d e n t o f b o th  
tem p era tu re  an d  p ressu re .

A ssum ption  2: All therm odynam ic  variab les a n d  gas p roperties are
a ssu m e d  to be  un iform  inside  th e  ch am b er a n d  th e  in te rn a l energy is
a ssu m e d  to  be m u ch  larger th a n  the  k inetic  an d  g rav itational energies

u2
of th e  gas in  th e  volum e, i.e., cvT  »  + gz. W ith  th ese  assum ptions ,

th e  volum e in teg rals of Eqs. (3.6) an d  (3.7) can  be evaluated:

S ince th e  ra tio  o f k inetic  to  in te rn a l energy  is 0.5(y- l)M a ^  /  y 

a n d  th e  g as velocity in  th e  c h am b er is  m u ch  le ss  th a n  th e  speed  of 
so u n d  i.e. th e  M ach nu m b er, M a «  1, th e  k inetic  energy can  indeed

th a t  th e  p h y sica l p ro p e rtie s  o f th e  g a s  can  a lso  be ta k e n  a s  th e  
p ro p e rtie s  o f th e  m ix tu re . S ince th e  m ix tu re  is  a ssu m e d  to  b e  a

(3 .12 )

(3 .13)

(3 .14)

cv

(3 .15)

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



www.manaraa.com

63

b e  n eg lec ted . A lso, th e  typ ica l c h am b er d im en sio n  is  q u ite  sm all. 
C onsequen tly , th e  ch an g es  in  g rav itational energy a re  a lso  negligible 
w h e n  com pared  w ith  th e  in te rn a l energy.

A ssu m p tion  3: T he  g as flow a t  th e  p o rts  1 an d  2 a re  un ifo rm  and  
isen tro p ic , i.e.,

{ CpT2  + ~7jr u 22 1 = cpT  (3 .16)

{ CpTi + - |-U i2  } = CpT0 (3 .17)

w h e re  T i is  th e  local te m p e ra tu re  a t  p o rt 1 w ith  th e  co rrespond ing  
s ta g n a tio n  tem p era tu re  o f T0, an d  T2  is th e  local tem p era tu re  a t po rt 2 
w ith  th e  co rre sp o n d in g  s ta g n a tio n  tem p era tu re  of T. T he assu m p tio n  
o f  isen tro p ic ity  is valid  w hen  th e  v iscous d issipa tion  a n d  h e a t tran sfe r
a t  th e s e  p o r ts  c a n  b e  neg lected . W ith th is  a ssu m p tio n , th e  su rface
in teg ra ls  in  Eqs. (3.6) an d  (3.7) can  be evaluated:

J  p i t . dA  = p2  U2  A2  - p i u i  A i = m2 - m i (3 .18)

C

= cpT  m 2  - CpT0  m i (3 .19)

In  th e  above derivations, th e  k inetic  energy, p u 2  /  2, a t  the  two 
p o r ts  h a s  b e en  ta k e n  in to  a c c o u n t since it is  co m p arab le  w ith  th e  
co rresp o n d in g  en th a lp y  a t  each  port. Flow a t  the  two p o rts  u su a lly  h a s  
a  h ig h  velocity  b e c a u se  (i) th e  po rts  have sm all c ro ss-sec tio n a l area, 
a n d  (ii) th e  ra tio  o f  th e  dow n s tre am  p re s su re  to  th e  u p s tre a m  
p re s su re  is  often le ss  th a n  th e  critical p re s su re  ra tio  a n d  th e  flow is

f u z  - >  ! 1 1 .  r  1
(cpT + ~2 + gz) p i t . dA  = cpT2  + 2  u 2 2f m 2  - jcpT i + 2 u l2 m i
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u su a lly  son ic  o r choked. T he ra tio  of the  k inetic  energy to en tha lpy  Is
0 .5 M a 2 (y-l). F or a ir  y =  1.4 a t  son ic  flow  (Ma = 1) so  the  k inetic  energy, 
is 2 0 % of th e  gas en th a lp y  a t  th e  ports.

Assnmntinn 4: E nergy generation  w ith in  th e  gas is  zero, i.e.,

S  = 0. (3.20)

P ossib le  energy  g en era tio n  d u rin g  v a cu u m  pu m p in g  include  (i) 
v isc o u s  d is s ip a tio n , (ii) la te n t  h e a t  re le a se  from  c o n d en sa tio n  or 
c rysta llization , a n d  (ill) chem ical reac tion . T he m agn itude  of chem ical 
re a c tio n  c a n n o t be  e s tim ated  w ith o u t know ing th e  specific reaction  
involved. T he m ag n itu d e  of the  v iscous d issipa tion  and  the  la te n t heat, 
how ever, can  be  estim ated .

V iscous d iss ip a tio n  com es from flow fric tion  w hich  gen era te s  
h e a t  o f p (v tf ) 2  p e r u n i t  tim e a n d  volum e, w here Vi? is  th e  velocity 
g ra d ie n t. T he ra te  o f te m p e ra tu re  ch an g e  (dT /d t) d u e  to  v iscous

H (vi?)2d iss ip a tio n  is  th e n  ----------- . C onsider th e  following exam ple: pum p-
cvp

dow n o f a ir  w ith  a  pu m p in g  ra te  of 705 1pm inside  a  c h am b er w ith 
d iam e te r  D = 45  cm  (for one of th e  pum p-dow n experim ents reported 
in  C h a p te r  2). T he m ea n  velocity  in  th e  c h am b er is  u  = 7 .4  c m /s , 
co rre sp o n d in g  to  Re = 2160 . T he m ax im um  velocity  g rad ie n t occurs 
n e a r  th e  w all w hich  h a s  the  m agnitude  of u /S , w here  5 is th e  b oundary  
lay er th ic k n ess , a n d  is  on th e  o rder of D/VRe. The m axim um  velocity 
g ra d ie n t is  on  th e  o rd er of uV R e/D . U sing  th e  p roperties  o f air, one 
c a n  find  th a t  th e  h ea tin g  ra te  d u e  to v iscous d issipation  is on th e  order 
of 10 ‘ 6  °C /s , w hich  is negligible.

L a te n t h e a t  re le a se d  from  w a te r v a p o r  c o n d e n sa tio n  o r ice 
fo rm atio n  will now  be e s tim ated . The ra te  of la te n t h e a t genera tion  
d e p en d s  on  th e  ra te  of vapor co n d en sa tio n  or ice form ation, w hich is 
u su a lly  difficult to determ ine exactly. Let u s  consider the  lim iting case 
w h e re  a ll th e  v a p o r c o n d e n se s  to form  liqu id  a n d  th e n  freezes

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



www.manaraa.com

65

in s ta n ta n e o u s ly  (in fin ite  ra te ) . T he  g a s  w o u ld  se e  a  s u d d e n
pv *1* Ls

tem p era tu re  rise  d u e  to  la te n t h e a t re lease  of  ----------  w here pv/p
p

is m ass  fraction  of th e  vapor, Lv is th e  la te n t h e a t  of vaporization, an d  
Ls is  th e  h e a t of fusion . F or w ater vapor, Lv = 2 .25  x  lO 1 0  e rg /g , a n d  
Ls = 2 .549  x  101 0  e rg /g . For 50% relative hum id ify  a ir  a t 20°C, pv/p  is 
ab o u t 1%. W ith th ese  values, one can  find th a t  th e  a ir  tem pera tu re  rise  
d u e  to  la te n t  h e a t  re le a se  is  90°C . In  p ra c tic e , in fin ite  ra te  of 
c o n d e n s a tio n  o r  ice fo rm a tio n  c a n n o t  be  a ch iev e d . H ow ever, 
hom ogeneous o r h e te ro g en eo u s co n d en sa tio n  o f w a te r v a p o r or ice 
fo rm atio n  m ay  o c cu r w ith  a  s ig n ifican t ra te  b e c a u se  o f th e  sh a rp  
te m p e ra tu re  d ec rea se  in  th e  b eg in n in g  of p u m p -d o w n . E ffects of 
la te n t h e a t  on tem p era tu re  h isto ry  will b e  s tu d ied  in  con junction  w ith  
th e  s tu d y  on partic le  form ation p rocesses in  C hap ter 5.

A ssum ption  5: E x ternal w ork done to th e  in te rn a l gas m edium  is zero,
i.e.,

W = 0 .  (3 .21)

S ince th e  cham ber w alls a re  rigid, no  w ork is done on  th e  gas by  its  
su rro u n d in g s . A ctually, gas inside th e  ch am b er h a s  expanded  du ring  
pum p-dow n a n d  w ork  h a s  b een  done on  th e  su rro u n d in g s , w hich  is 
th e  re a s o n  for th e  d rop  in  g as te m p e ra tu re . B u t  th is  d rop  in  
te m p e ra tu re  a n d  w ork  done h a s  a lready  b een  ta k e n  in to  acco u n t in 
Eq.(3.6).

3 .5  EQUATIONS FOR PUMP-DOWN

W ith a ssu m p tio n s 1 to  5, one can  sim plify th e  in teg ral equations
(3.6) a n d  (3.7) in to  a  p a ir  of o rd in a ry  d iffe ren tia l e q u a tio n s . 
S u b s titu tin g  E qs. (3.16) to  (3.21) in to  E qs. (3.6) an d  (3.7), one can  
find
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dp rii2  - n il (3 .22 )d t "  V

dT  h  A (Tw - T) (cD - Cv) _  . (cDT 0  -  CyT) 
 ----- + — — 7T-  T  m 2  + — ------ ——

Cy P V  c v p V  C y p V
m i (3 .23)

By m e a n s  o f e q u a tio n s  (3.22) a n d  (3.23), p a n d  T  c a n  be solved 
provided th e  m a ss  leak ing  ra te  ih i ,  m ass  p u m p in g  ra te  rii2  an d  wall 
te m p e ra tu re  Tw a re  know n.

F o r a  pum p-dow n  p rocess , 1112 can  be contro lled  by  ad ju s tin g  a  
th ro ttlin g  valve or by  u sin g  a  restric ting  orifice. B u t th e  leak  ra te  ih i is 

u su a lly  unpred ic tab le . O ne w ay to know  ih i is to  m ea su re  it. The effect 
of a  leak  can  be  s tu d ied  by  u sin g  a  num erical s im u la tio n  technique; in  
the  absence  o f experim ental da ta , one m ay assu m e  a  leak  function  %

w h e re  % is  a  fu n c tio n  of p re s su re  w hich  varies from  0  to  1  w hen  the  
gas p re s s u re  v a rie s  from  one a tm o sp h e re  to th e  u ltim a te  p re ssu re . 
W ith  th is  defin ition of %, u sin g  rii2  = pSe and  cp/ c v = y, one can  simplify 
e q u a tio n s  (3.22) an d  (3.23) to

w ith  in itia l cond itions p = p0, T  = T0  a t  t  = 0.

B y fu r th e r  a s su m in g  th a t  th e  wall te m p e ra tu re  is a  c o n s ta n t 
eq u a l to  th e  in itia l g as  tem p era tu re  (Tw = T0) a n d  no  leak  (% = 0), one
can  find th e  sim p lest m odel for the  pum p-dow n process:

(3 .24)
ril2

(3 .25)

dT  h A
d t  p V Cy

(Tw -T ) - (Y- 1) % - T  + x (YT0  -T ) (3 .26)
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(3 .27)

i r = 7 ^ ( T o ' 1 1 ' (Y' 1 ) T ^  ( 3 2 8 )

w ith  in itia l cond ition  p = p0  ,T = T0, a t  t  = 0.

3 .6  GAS FLOW CALCULATION

T he ra te  of m ass  flow o u t of th e  cham ber can  be calculated  by 

rii2  =  P  S e (3.29)

w here  Se is  th e  effective pum p in g  speed  — th e  volum etric flow ra te  a t  
th e  o u t le t  o f th e  ch am b er. A ssu m in g  th a t  th e  th ro u g h p u t — th e  
in te rn a l en erg y  flow — is  co n tin u o u s  in  th e  v a cu u m  system , one can  
find th a t

S e =  (3  3 0 )

w here  Sp is th e  in trin sic  pum ping  speed of th e  v acu u m  pum p an d  C is 
th e  com bined  c o n d u c tan ce  of th e  o b s tru c tio n s  su c h  a s  p ipes, baffle, 
orifice, a n d  elbow s in  th e  pum p in g  line. D etails of th e  derivation  and  
th e  te rm in o lo g y  com m only u se d  in  v a cu u m  techno logy  a re  given in  
A ppend ix  C. C a lc u la tio n s  fo r c o n d u c tan c e  o f a  v a rie ty  of v a cu u m  
c o m p o n e n ts  c a n  be fo u n d  in  s ta n d a rd  re fe rence  tex ts  on v acu u m  
tech n o lo g y  (see for exam ple, D u sh m a n , 1962; O 'H anlon, 1980; or 
Lewin, 1965). G enerally  speak ing , Sp an d  C depend  on b o th  p ressu re  
a n d  te m p e ra tu re , a n d  th e  p ro ced u re  u se d  to  ca lcu la te  Se is u su a lly  
com plica ted . How ever, if  a n  orifice o r a  th ro ttlin g  valve is u se d  to  
r e s t r i c t  th e  p u m p in g  r a te  in  th e  v isc o u s  flow  reg im e, S e is
d e te rm in e d  m o stly  by  th e  orifice a n d  th e  p u m p , a n d  th e  effects of 
o th e r  o b s tru c tio n s  m ay be neglected.
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F o r  th e  c o n fig u ra tio n  sh o w n  in  Fig. 3 -2 , C = Co r , th e  
c o n d u c tan c e  of th e  orifice. B y fu r th e r  a ssu m in g  th a t  Sp is c o n s ta n t 
in d ep e n d en t of p ressu re , one can  find th a t  (see A ppendix D):

Se =<

Qor 

r Sp

Qor
Sp

Qor
Sp

< r* (choked flow)

> r* (unchoked  flow)
(3 .31)

In  th e  above form ula, r* is  th e  critical p re s su re  ra tio  below w hich  th e  
flow a t  th e  orifice is  choked

r* —-
/  2  VY /  (y~ 1)

y +  1

(3 .32)

an d  Qor is  th e  choked volum etric flow ra te

Qor = Cd' { }1/2A>r V W  (3-33)

w here  Aor  is th e  a re a  of th e  orifice, an d  Cd’ is th e  d ischarge coefficient 
for th e  choked  flow, a n d  C'd is  a  c o n s ta n t depend ing  on  specific h e a t 
ra tio  y a n d  orifice sh ap e . For a  sq u a re  edged orifice (Liepmann, 1961), 
C 1 = 0 .8 2 4  for n itrogen  or air, and  C' = 0 .812  for argon.

In Eq. (3.31) for un ch o k ed  flow, r  is the  ra tio  of gas p re ssu re  a t 
th e  p u m p  in le t to th a t  inside th e  cham ber.

= {o.5B Uj-  4  , 1 Ly/(Y- 1)
I T ' 1 If

and

B =
' 2 y  W 2  C d" A o r V ~ R T  ( 2  

Y - 1  J Sp

(3 .34)

(3 .35)
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w here  Cd” is  th e  d ischarge  coefficient fo r u n c h o k ed  flow w hich  is  a  
function  of Re, th e  Reynolds n u m b er for th e  orifice, a n d  p, the  ratio  of 
th e  V ena c o n tra c ta  d iam eter to th e  u p s tre a m  p ipe  d iam eter. F o r th in , 
square-edged  orifice w ith  sm all P (< 0.1), Cd" in c re a ses  from 0.3  to 0 .7  
a s  Re in c reases from  4  to  200, and  Cd" d ecreases  form  0 .7  to  0 .62  a s  
Re fu r th e r  in c re ase s  from  200  to  105  (Miller, 1983).

In  sum m ary , th e  orifice controlled  flow u n d e r  th e  condition  th a t  
Sp is  c o n s ta n t h a s  th e  following charac te ris tics : (i) F o r choked flow, Se 
is  in d ep e n d en t o f p  b u t  d ep ends on gas te m p e ra tu re  to V ~T, (ii) F or 
u n ch o k ed  flow, S e dep en d s on  p re s su re  a n d  te m p e ra tu re , b u t  ra th e r  
weakly.

3 .7  HEAT TRANSFER CALCULATON

T he ra te  of h e a t  tra n s fe r  from  th e  ch am b er w all to th e  in te rn a l 
gas can  be calcu lated  by

Q = h  A (Tw - T) (3 .36)

w here  A is  th e  in te rn a l su rface  a re a  of the  c h am b er; Tw, th e  w all 
te m p e ra tu re ; a n d  h , th e  h e a t  tra n s fe r  coefficien t a t  th e  gas-w all 
in terface. It is th e  key  issu e  to  find a n  appropria te  expression  for h  for 
h e a t tran sfe r calculations.

3 .7 .1  N atu ra l Convection H eat T ransfer Coefficient

A n a tu ra l convection h e a t tran s fe r  coefficient will be u se d  in  th e  
c a lcu la tio n  of th e  h e a t  ad d ed  to th e  gas from  th e  c h am b er wall. The 
rea so n  is th a t  n a tu ra l  convection prevails d u rin g  v acu u m  pum p-dow n, 
a s  will be show n below.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



www.manaraa.com

70

E ffects of rad ia tio n  on  gas te m p e ra tu re  a re  negligible b ecau se , 
g a s  is u su a lly  tra n s p a re n t to  th e  in fra red  rad ia tion  involved in  ra d ia n t 
h e a t  exchange a n d  ab so rb s  very  little  rad ia tio n  energy. C onduction  is 
n eg lig ib le  w h e n  co n v ec tio n  p re v a ils . B o th  fo rced  a n d  n a tu r a l  
convection  m ay  occu r d u rin g  pum p-dow n. Forced convection is cau sed  
b y  th e  g a s  co n tin u a lly  b e in g  p u m p ed  o u t. T he n a tu ra l  convection  
re s u lts  from  th e  buoyancy  force d u e  th e  tem p era tu re  g rad ien t n e a r  th e  
w all. D u rin g  pum p -d o w n , n a tu r a l  convec tion  p rev a ils  over forced  
convection b ecause  th e  condition given below is a lm ost alw ays valid

^ - > 1 0  (3 .37)

w h e re

G r = 

Re =

gp2Dch3 Tw -T  
|i,2 Tw 

P u D c h

(3 .38)

(3 .39)

C rite rion  (3.37) is  ob tained  b y  a n  o rder-o f-m agn itude  an a ly sis  to  th e  
n a tu r a l  convec tion  b o u n d a ry - la y e r  e q u a tio n  (H olm an, 1986). T he 
criterion  can  be fu rth e r  expressed  a s

g Dch Tw — T
U3 T > 10 (3 -40>

Let u s  u se  a n  exam ple to  check  th e  valid ity  of Eq. (3.40). 
C onsider th a t  a ir  is  pu m p ed  o u t w ith  Se = 705 1pm, DCh = 45  cm , and
T  = 300  K. C a lcu la tion  show s th a t  Eq.(3.40) will b e  tru e  provided 
(Tw - T) > 4°C. The m easu red  d a ta  in  C h ap te r 2 show  th a t  (Tw - T) can  
b e  a s  a s  h igh  as  ab o u t 100°C w hich ind icates th a t  n a tu ra l convection in  
pum p-dow n  is  of p rim ary  im portance.

F or n a tu ra l convection.
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' h _ N u k  . .
“ - D c h

w h e re  N u is  th e  n a tu r a l  convec tion  N u sse lt n u m b e r  w h ich  is  a  
d im e n s id n le s s  n u m b e r  re p re se n tin g  th e  ra tio  of convective  h e a t  
tr a n s fe r  to  p u re  h e a t  co n d u c tio n . F or n a tu ra l  convection  in s id e  a
closed enclosure , th e  general expression  for Nu is (Holman, 1986)

Nu = c(GrPr)n (L/D)m (3 .42)

w h e re  coefficien ts c, n , a n d  m  d ep en d  on  th e  n a tu re  of th e  flow 
(lam inar o r  tu rb u le n t)  a n d  geom etry  of th e  enc lo su re . S ince n a tu ra l 
convection  in  a n  en c lo su re  is  a  very  com plex physica l ph en o m en a , 
d e te rm in a tio n  of th e s e  coefficients is  u su a lly  b a se d  on em pirica l 
co rre la tions b ased  on  experim ents.

For a  cylindrical cham ber in  w hich  tu rb u le n t n a tu ra l convection 
occu rs, experim en ts of U lrich e t a l (1969) show  th a t

Nu = 0 .13  (G rPr)l/3  (3 .43)

a n d  th e  tu rb u le n t h e a t tran sfe r coefficient becom es

h T = 0 .13  k
p 2 g P r  Tw - T ^ / 3

ji2  T I (3 .44)

Note th a t  hT is in d ep e n d en t o f Dch an d  th u s  in d e p e n d e n t of th e  
c h am b er geom etry.

If lam in a r n a tu ra l convection occurs, experim en ts of E vans and  
S tefany  (1965) show  th a t

Nu = 0 .55  (G rPr)l/4  (3 .45)

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



www.manaraa.com

a n d  th e  lam inar h e a t  tran sfe r coefficient becom es

72

f  p2 g P r  Tw - T  1 ^ 1 /4
h L = 0 .5 5  k   V  d 5TJ <3 ’4 6 >

Note t h a t  h L is  proportional to  DCh‘1//4, an d  th u s  is n o t very sensitive 
to  th e  v a lu e  o f Dch. In  Eqs. (3.43) an d  (3.45), th e  G rash o f n u m b er is 
b ased  on  th e  leng th  of th e  cylinder (i.e. DCh = L).

T he N usselt n u m b er v e rsu s  G rPr for n a tu ra l convection inside an  
enclosu re  is  p lo tted  in  Fig.3-3. It is found th a t  a t  G rPr = 3 .3  x  107, the  
N usse lt n u m b e r  for tu rb u le n t an d  lam in ar n a tu ra l convection h a s  the  
sa m e  v a lu e  a n d  th e re fo re  h r  = hL a t  th is  po in t. To e n su re  th e  
co n tin u ity  in  com putation , th e  condition for th e  on se t of tu rb u len ce  is 
G rPr = 3 .3  x  107. A ccording to  H olm an (1986), th e  o n se t for tu rb u le n t 
n a tu ra l convection  inside  a n  enclosure  occu rs a t  G rPr on  th e  o rder of 
107.

In  pum p -d o w n  p rocesses , e igher lam in a r o r tu rb u le n t  n a tu ra l 
co n v ec tio n  m a y  o ccu r. S ince  G rP r is  p ro p o rtio n a l to  DCh 3 P 2 . 
convection te n d s  to  be m ore tu rb u le n t inside th e  large ch am b er and  a t 
h igh  p re s su re . T ransition  from  lam in ar to  tu rb u le n t conditions or vice 
v e rsa  m ay  a lso  occur. If n a tu ra l convection h a s  s ta rted  w ith  tu rb u le n t 
flow a t  h ig h  p re s s u re s , it will ev en tu a lly  becom e la m in a r  a t  low 
p re ssu re s .

3 .7 .2  C o n s ta n t Wall T em perature

In  th e  h e a t  tra n s fe r  calcu lations, th e  ch am b er w all tem p era tu re  
a t  th e  w all-gas in terface is a ssu m ed  to rem ain  c o n s tan t du ring  pum p- 
dow n. G en era lly  speak ing , th e  w all te m p e ra tu re  Tw varies a s  th e  
in te rn a l g a s  tem p era tu re  varies. A dditional differential eq u a tio n s  for 
th e  w all m u s t  be solved in  con junction  w ith  the  eq u a tio n s governing 
the  gas. T he p roblem  becom es m u ch  m ore com plicated.
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Figure 3-3 Nuss.elt n u m b e r a s  a  function  of G rPr for n a tu ra l 
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Figure  3 -4  Effective pum ping  speed as a  fu n c tio n  of orifice 
size for v acuum  pum p D60A
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M e asu red  te m p e ra tu re s  g iven  in  C h a p te r  2  sh o w  th a t  th e  
te m p e ra tu re  a t  th e  gas-w all in te rface  rem ain s a lm o st c o n s ta n t (varying 
b y  le s s  th a n  2°C), w hile th e  g a s  te m p e ra tu re  v a rie s  n e a rly  100°C. 
T here  a re  tw o rea so n s  for th is  phenom ena.

The f irs t rea so n  is  th a t  th e  h e a t  capacity  o f th e  ch am b er wall is  
u s u a l ly  m u c h  g re a te r  th a n  th a t  of th e  gas. C o n sid e r a ir  in s id e  a  
sp h e rica l a lu m in u m  ch am b er w ith  d iam eter D = 50  cm  an d  th ick n ess  
tw = 1  cm . T he ra tio  of th e  h e a t  capacity  of th e  ch am b er w all to  th e

in te rn a l g a s  is  6  (“K"! [PCv| a1, w h ich  is  c a lcu la te d  to  be  262. T his
V U)  (pCv)air

m e a n s  th a t  th e  h e a t  re leased  d u e  to  1°C te m p e ra tu re  change  in  th e  
c h a m b e r w all will in c rease  th e  g a s  te m p e ra tu re  b y  262°C. T h u s  th e  
c h am b er w all behave.s .like a  large h e a t source to  th e  gas d u rin g  pum p- 
dow n.

The second  rea so n  is th a t  th e  w all tem p era tu re  is n ea rly  uniform  
d u e  to  i ts  large  th e rm a l conductiv ity , w hich  p rev e n ts  th e  su rface  of 
th e  w all from  being cooled w hile th e  in te rn a l solid  rem a in s  a t  c o n stan t 
te m p e ra tu re . W hen th e  B io t n u m b e r  Bi = h tw/ k w «  1. th e  wall 
te m p e ra tu re  will be  un ifo rm . In  s tu d y in g  h e a t  tra n s fe r  from  a solid  
ob ject, th e  B iot n u m b e r  is th e  ra tio  of h e a t co n d u c tan c e  o f su rface  
convection  to  in te rn a l co n d u c tio n  o f th e  ob ject. S m all B io t n u m b e r 
in d ica te s  a  un ifo rm  tem p era tu re  in side  th e  object. C onsider th e  sam e 
exam ple a s  th a t  for ca lcu la tin g  th e  h e a t capacity . A ssum e (Tw-T )/T  = 
0 .2  a n d  tu rb u le n t  n a tu ra l  convection , h  is c a lc u la te d  to  be  0 .05  
e rg /K .c m 2 .s by  Eq.(3.44), a n d  B i = 2 x  10-4, w h ich  is indeed  very 
sm all.
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If co n d en sab le  species s u c h  a s  w a te r  v ap o r is  p re s e n t  in  th e  
v a cu u m  system , v ap o r sa tu ra tio n  d u rin g  pum p-dow n is  a n  im p o rtan t 
p a ra m e te r  th a t  m u s t  be  ta k e n  in to  accoun t. W hen sa tu ra tio n  reach es 
i ts  c ritica l va lue  for nuc lea tion , vapo r to  partic le  conversion  will tak e  
place. S a tu ra tio n  ra tio  is  defined a s

S  = (3 .47)
Ps

w h e re  p s  is  th e  s a tu ra tio n  p re s su re  of th e  v ap o r w hich  is  only a  
function  of tem p era tu re  given b y  th e  C lausius-C lapeyron equation

log(Ps) = A + (3 .48)

w here  A a n d  B a re  co n stan ts  for a  specific vapor.

B o th  pv a n d  p s  vary  d u rin g  pum p-dow n. It h a s  been  a ssu m e d  
th a t  th e  v ap o r a n d  th e  gas a re  in  th e rm al equ ilib rium  a n d  th e  p a rtia l 
p re s su re  of th e  vapor is  p roportional to th e  gas p re ssu re  (A ssum ption 
1 in  S ec tio n  3.4). S u b s titu tin g  E qs. (3.11) an d  (3.48) in to  Eq. (3.47), 
th e  sa tu ra tio n  ra tio  can  be expressed  in  te rm s of th e  gas p re ssu re  an d  
te m p e ra tu re

Pvo
P° 10(a  + £ )

S ’ =   g -  (3 .49)

S ' is  u se d  to  d is tin g u ish  it  from  th e  a c tu a l vapor sa tu ra tio n  ra tio  S, 
defined b y  Eq. (3.47). It shou ld  be no ted  th a t  S' only acco u n ts  for th e  
vapo r red u c tio n  resu lting  from  pum ping  an d  S' = S  only w hen  S ' < Sc, 
th e  c ritica l sa tu ra tio n  for nuc lea tion  in  th e  absence  o f foreign nuc le i or 
fo r c o n d e n sa tio n  in  th e  p re se n c e  of fo reign  n u c le i. If S ' > Sc , 
n u c le a tio n  or co n d en sa tio n  will o ccu r w h ich  will, in  add ition  to th e
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vapo r being  pum ped  ou t, consum e ex tra  vapor b y  condensation . As a  
co n seq u en ce , S  < S'. T he a c tu a l s a tu ra tio n  S, a fte r  th e  o n se t of 
condensation , m u s t be determ ined by  s tudy ing  th e  therm odynam ics of 
pum p-dow n in  con junction  w ith  partic le  fo rm ation , w hich  is  a  m ore 
com plicated phenom ena.

In  th is  th es is , we refer to  S ' a s  th e  p o ten tia l vapo r sa tu ra tio n  
ra tio  (PVSR) w hich  is th e  m axim um  achievable sa tu ra tio n  (neglecting 
a n y  condensation) a t  a  given p  an d  T  du ring  pum p-dow n. PVSR h a s  its  
own physical significance -- it  is  a  m easu re  of th e  ab ility  of a  pum p- 
dow n to sa tu ra te  a  vapor. By calculating  PVSR, we can  p red ict w hether 
condensa tion  or nucleation  will occur d u ring  pum p-dow n.

3 .9  SUMMARY ON MODELING AND SOLUTION APPROACH

In the  co n tin u u m  regim e, th e  therm odynam ics of a  pum p-dow n 
p rocess can  be  described, based  on assu m p tio n  1 , in  te rm s of only two 
in d ep en d en t therm odynam ic variab les (p, T). O thers variables su c h  a s  
g a s  p re s su re  an d  v a p o r s a tu ra tio n  ra tio  a re  d e p e n d e n t on  th e se  
v a riab les . W ith a ssu m p tio n s  2 to 5, a  p a ir  o f o rd in a ry  d ifferential 
eq u a tio n s  a re  derived from m a ss  and  energy conserva tion  for solving 
(p. T).

In  th e  case  of a  system  w ith  no  leaks, E qs. (3.27) an d  (3.28) 
m u s t  be solved. In these  equations, the  effective pum ping  speed Se is 
calcu lated  b y  Eqs. (3.31) to  (3.35) an d  th e  h e a t tran s fe r  coefficient h  is 
c a lcu la ted  by  Eqs. (3.41) to  (3.46). T he p re lim in a ry  cond itions for 
solving th ese  o rd inary  differential equations are  th e  in itia l conditions 
(po. T0), ch am b er geom etry  (A, V), orifice c ro ss-sec tion  a rea  Aor (if an
orifice is  u se d  to con tro l th e  effective p u m p in g  sp eed , o therw ise  
a s su m e  Se to  be know n), an d  therm ophysica l p ro p ertie s  of th e  gas
(y, Pr, k  etc). If leaks a re  p resen t, one need s to  solve th e  o rd inary
d iffe ren tia l E qs. (3.25) a n d  (3.26). In  a d d itio n  to  th e  cond itions
m entioned above, the  m ass leak  ra te  m u s t be given or assum ed .
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A fter th e  in d e p e n d e n t variab les (p, T) becom e know n, th e  gas 
p re s s u re  is c a lcu la te d  from  th e  perfec t gas lav/. The PVSR is th e n  
ca lcu la ted  u s in g  Eq. (3.49) for a  given in itial vapo r p ressu re  pvo-

3 .10  SIMULATIONS AND EXPERIMENTAL COMPARISONS

In  th is  section , n u m erica l ca lcu la tions for v acu u m  pum p-dow n 
a re  carried  o u t fo r d ry  n itrogen , room  a ir, an d  argon . The re su lts  a re  
co m p ared  w ith  th e  experim en ta l d a ta  rep o rted  in  C h ap te r 2. We will 
u se  th e  sam e p a ra m e te rs  in  th e  num erica l calcu lation  or sim u la tion  a s  
th o se  in  th e  experim en ts! th e  volum e o f th e  c h am b er is  47 .3  lite rs  
(d iam ete r D = 4 5  cm , h e ig h t H  = 30  cm , m ad e  of a lum inum ); th e  
v a c u u m  p u m p  is  th e  D 60A p u m p  m an u fac tu red  b y  Laybold; a n d  the  
effective pum p in g  sp eed s a re  contro lled  by  orifices w ith  d iam ete rs  of 
0 .4 , 0 .6 , 0 .8 , 1.0 an d  5 .0  cm. respectively. It is  a ssu m e d  th a t  th ere  is 
no  leak  in  all th e  calcu lations.

3 .10 .1  C alcu lation  of Effective Pum ping Speed

F o r th e  v a c u u m  p u m p  u se d , th e  in tr in s ic  p u m p in g  sp eed  
S p = 705  1pm for n itrogen  o r air, and  Sp = 562 1pm for argon, assu m in g  
th a t  th e  g as tem p era tu re  is  25°C. Fig. 3 -4  show s th e  calcu lated  S e for 
d iffe ren t orifices. T he r e s u l ts  agree w ith  th e  ex p erim en ta l d a ta  to  
w ith in  ±5%. F or th e  p a r tic u la r  p u m p  u se d , the  ca lcu la tio n  ind ica tes 
th a t  choked  flow o ccu rs a t  th e  orifice w hen  Dor < 0 .75  cm  for n itrogen 
or a ir  a n d  w hen  Dor < 0 .68  cm  for argon.

3 .10 .2  S im ulated  P ressu re

T he a c c u ra c y  of p re s s u re  p red ic tion  is m ain ly  d e te rm in ed  by 
how  a c c u ra te ly  Se th e  ca lcu la ted . If T  a n d  Se re m a in  c o n s ta n t, E qs.
(3.25) a n d  (3.26) show  th a t  p re s su re  will decay  exponen tia lly  w ith  
tim e c o n s ta n t x = V /S e, i.e.,
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P /P o  = e-t/* (3 .50 )

Note th a t  b o th  T  an d  Se vary  du ring  pum p-dow n. However, ca lcu la tions 
ind ica te  th a t  th e se  v a ria tio n s w ould c au se  only  m inor, if  n o t negligible, 
ch an g es to  th e  v a lu e s  given b y  Eq. (3.50). C om parison  of c a lcu la ted  
p re ssu re  u s in g  Eq. (3.50) w ith  va lu es are  show n in  Fig. 3-5. For x = 5 .0  
seconds (D0r  = 1.0. cm  u n d e r  STP condition), a n d  in  th e  period  of 0 
< t /x  < 3, th e  c a lcu la ted  p re s su re  b a sed  on  th e  m ore exac t Eq. (3.50) 
is low er th a n  th a t  p red ic ted  by  Eq. (3-50) by  25% , in  th e  w o rs t case; 
an d  for t / x >  3, th e  difference becom es negligible. F or x =  20 .5  seco n d s 
(Dor = 0 .4  cm  u n d e r  STP condition), very sm all difference betw een  th e

calcu lated  va lue  a n d  th a t  given b y  Eq. (3.50) is  found.

3 .1 0 .3  C alcu la tion  of G as T em pera tu re

Typical c a lcu la te d  g as te m p e ra tu re s  for d ry  n itro g en  a n d  h igh  
p u r ity  a rgon  a n d  th e ir  experim en ta l co m p ariso n s  a re  p re sen te d  in  
Figs. 3 -7  to  3-9 . G enerally  speak ing , th e  ca lcu la tion  re su lts  agree  well 
w ith  th e  experim en ta l d a ta . T he agreem en t is p a rticu la rly  good d u rin g  
th e  in itia l s ta g es  of th e  p u m p  dow n process, i.e. from  th e  beg inn ing  of 
pum p-dow n  to th e  tim e th a t  th e  gas tem p era tu re  rea ch e s  a  m in im um - 
- th e  a g re e m e n t  b e tw e e n  t h e  th e o r e t ic a l  a n d  e x p e r im e n ta l  
te m p e ra tu re s  is  n e a r ly  p e rfe c t. H ow ever, b e y o n d  m in im u m  in  
tem p era tu re , th e  m e a su re d  tem p era tu re  in c reases  a t  a  fa s te r  ra te  th a n  
th a t  ca lcu la ted , su g g estin g  th a t  th e  n u m erica l m odel u n d e r-e s tim a te s  
th e  h e a t  tra n s fe r  from  th e  w all a t  low p re s s u re s —how ever, only  by  a  
sm all am ount.

T he ca lcu la tion  b a se d  on  n u m erica l s im u la tio n  h a s  revealed two 
im p o rta n t fe a tu re s  o f th e  pum p-dow n p ro cess . T he f irs t is t h a t  th e  
ra te  o f  gas te m p e ra tu re  decrease  is the  h ig h es t a t  th e  s ta r t  of pum p- 
down. At t  = 0, Eq. (3.28) gives
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Simulation:
x  = 5.1 sec (Dor = 1.0 cm) 
r  = 20.5 sec (Dor = 0.4-em)

.01
52 t / r  3

40 1

Figure 3 -5  C om parison betw een sim u la ted  p re ssu re  and  
e q u a tio n  (3.50)
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Figure 3-6 G as tem p era tu re  sim ulation: A greem ent is b est 
du ring  th e  cooling dom inan t period; th e  p red ic ted  tu rb u le n t 
region cioncides w ith  m easu red  fluctuation
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Figure 3-7  S im ulation  of GrPr during  pum p-dow n: N atural 
convection tran s itio n  from  lam inar to tu rb u le n t flow, then  
re tu rn in g  to lam inar flow
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Figure 3 -d  N itrogen tem p era tu re  du ring  pum p-dow n: 
C om parison  betw een  sim u la tion  a n d  experim ent
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Figure 3-9  Argon tem p era tu re  d u rin g  pum p-dow n: 
C om parison  betw een sim u la tion  a n d  experim ent
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(3 .51 )

In  Fig. 3-6 , x = 5.1 seco n d s a n d  T0  = 298  K. T h u s  th e  in itia l ra te  of 
te m p e ra tu re  change is  -23  K /s  w h ich  agrees w ith  th e  m easu red  value 
closely . T he  second  is  th a t  n a tu ra l  convection in  th e  c h am b er m ay  
ch a n g e  from  lam inar to tu rb u le n t  flow, an d  th e n  r e tu rn  to  lam inar. 
T he o n se t o f tu rb u le n t  n a tu ra l convection is generally  a ssu m e d  to  be 
G rP r > 3 .3  x  107. Fig. 3 -7  show s th e  ca lcu la ted  G rPr d u rin g  pum p- 
dow n. F or n itrogen  in  th e  given cham ber,

GrPr = 1.1 x  109 ( - ^ f  (3.52)

w here  AT = T 0 -T. In  th is  expression , th e  G rasho f n u m b er is b a sed  on 
th e  e q u iv a le n t  s p h e re  d ia m e te r , DCh = 6 V /A  = 3 8 .6  cm  for th e  
c h a m b e r  u se d . As show n  in  Fig. 3-7, G rPr is  zero  a t  t  = 0. The value 
q u ick ly  in c re a se s  to  3 .3  x  107  a t  t  = 0 .4  seco n d s (p = 600  Torr an d  
T  = 18°C) w h ich  m ay  signify th e  tran s itio n  from  lam in a r to  tu rb u le n t 
flow. However, th e  value of G rPr will decrease a s  th e  gas tem p era tu re  
reco v ers  a n d  th e  p re s s u re  d e c re a se s  fu rth e r. A fter t  = 6  seco n d s 
(p = 130 T o rr, T  = -50°C), th e  v a lu e  of G rP r w ill b e  low er th a n  
3 .3  x  10 7  a n d  n a tu ra l  convec tion  w ill again  becom e lam in ar. The 
period  of tu rb u le n t  co n d itio n s revealed  in  th e  c a lcu la tio n  coincides 
w ith  th e  period of sign ifican t flu c tu a tio n  in th e  m easu red  tem pera tu re . 
T he flu c tu a tio n  in  m e a su re d  te m p e ra tu re  is  u n d o u b te d ly  cau sed  by  
flu id  tu rb u le n ce . T he tra n s itio n  from  lam inar to  tu rb u le n t conditions, 
o r vice v e rsa , is  a  very  com plex  physica l p h e n o m e n a  w h ich  is n o t 
a m e n a b le  to  ex ac t th eo re tic a l a n a ly s is . The above d isc u ss io n  only 
show s th e  possib le  existence of su c h  tran s itio n s  d u rin g  pum p-dow n.

3 .10 .4  Poten tia l S a tu ra tio n  Ratio of W ater V apor

Fig. 3 -10  show  th e  value  of S ' for w ater vapo r d u ring  pum p-dow n 
o f ro o m  a ir  w ith  50%  in itia l  re la tiv e  h u m id ly . In  th e  n u m erica l
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Figure 3 -10  Potential sa tu ra tio n  ra tio  of w a ter vapor w hich  
ind ica tes th e  occurrence  o f w ater vapor condensa tion
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Figure 3-11 Air tem p era tu re  du ring  pum p-dow n: Difference 
betw een sim u la tion  an d  m easu rem en t ind ica tes la ten t h e a t 
re lease  from  w ater vapor condensa tion
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s im u la tio n  study , the iiiaidm um  value of S' calcu lated  is  13 indicating, 
th a t  w a te r  vapor will co n d en se  on  ex is ting  nucle i. S ince room  a ir  
c o n ta in s  a  large n u m b e r of pa rtic les  of d iam ete r la rger th a n  1  (im , 
a b o u t 104 /c c . In th is  case , the  critical sa tu ra tio n  for condensa tion  is 
only  sligh tly  h ig h er th a n  1. However, if room  a ir  does n o t c o n ta in  
p a rtic le s , th e  value  of S ' in d ica te s  th a t  hom ogeneous n u c le a tio n  of 
w a te r v ap o r (Sc is in  th e  range of 6  to 8 ) will occur. The S' value b a sed
on m easu red  tem p era tu re  is a lso  show n in  Fig. 3-10, an d  it show s a  
m axim um  value of 6 .

M ore evidence of th e  occurrence  of w a te r vapor co n d en sa tio n  
can  be seen  from  the  tem p era tu re  curves of Fig. 3-11. The m easu red  
a ir  tem p era tu re  rem ain s a lm ost c o n s tan t over a  period of tim e, w hich  
is  believed to  be th e  re s u lt  of la te n t h e a t re lease  from  w a te r v ap o r 
condensation . In th e  num erica l sim ula tion  th e  effect due to la te n t h e a t 
re le a s e  h a s  b e e n  n eg le c ted . C o n se q u e n tly , th e  c a lc u la te d  a ir  
te m p e ra tu re  is  sign ifican tly  low er th a n  th a t  m ea su re d  d u rin g  th e  
period of w ater vapor condensation .

3.11 CONCLUSIONS

A th e rm o d y n a m ic  m odel fo r v a c u u m  p u m p -d o w n  in  th e  
c o n tin u u m  regim e h a s  b een  developed to  p red ic t th e  tem p era tu re , 
p re s su re , and  vapor sa tu ra tio n  ra tio  d u rin g  p u m p  down. The m odel 
can  b e  u sed  fo r various given in itial cond itions and  properties of gas 
a n d  v a p o r, d iffe ren t c h a m b e r  geom etries, a n d  v a rio u s  p u m p in g  
c o n d itio n s . T he m odel c o n s is ts  of a  p a ir  o f o rd in a ry  d iffe ren tia l 
equations w hich can  be solved by  num erical in tegration.

T he p red ica tio n s m ade  on  th e  b a s is  of th e  m odel have  been  
com pared  w ith  experim en ta l d a ta  ob ta ined  w ith  d iy  n itrogen , h igh  
p u r ity  argon , a n d  room  a ir. In  all cases, th e  m odel is capab le  of 
p red ic tin g  the  effective pu m p in g  speed , a n d  therefore  th e  p re ssu re , 
accu ra te ly . Effect of the  tem p era tu re  varia tion  on  p re ssu re  h a s  been
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ta k e n  in to  a c c o u n t  in  th e  m odel. F o r n itro g e n  a n d  a rg o n , th e  
p red ic tion  of g as te m p e ra tu re  agrees well w ith  m e a su re d  va lues. For 
room  a ir , s ig n if ic a n t d ifference e x is ts  b e tw een  th e  p red ic te d  a n d  
m e a su re d  te m p e ra tu re s  m ain ly  b e c a u se  th e  effect of la te n t  h e a t  
re lease  h a s  b een  neg lected  in  th e  m odel. T h is  difference can  be  tak e n  
a s  p ro o f th a t  w a te r  v ap o r nuc lea tion  a n d  co n d en sa tio n  have occurred  
du ring  pum p-dow n.

A long w ith  th e  developm ent of th e  m odel, o rder-o f-m agn itude  
an a ly sis  in  th is  c h a p te r  h a s  revealed o ther physical phen o m en a  tak ing  
p lace  d u r in g  p um p-dow n . T hese are: (i) n a tu ra l  convection  prevails, 
(11) th e  ch am b er w all tem p era tu re  rem a in s  n e a rly  c o n stan t, a n d  (iii) 
th e  la te n t h e a t  re lease  from  w ater vapor condensa tion  o r ice form ation 
m ay  be a  significant h e a t  source;
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SIM ILA R nY  AND CHARACTERISTICS OF 
PUMP-DOWN PROCESSES 

ABSTRACT

A  genera lized  th e o ry  b a sed  o n  c o n tin u u m  th erm o d y n am ics is 
developed to  describe  p a th s  along w hich  th e  g a s  tem p era tu re  (T) and  
p re s su re  (p) change  d u rin g  pum p-dow n. A p a th  can  be expressed  in  a  
fu n c tio n a l form  a s  T /T 0  = fiZ, y, p / p Q). w here T 0  and  p 0  a re  th e  initial 
t e m p e r a tu re  a n d  p r e s s u r e  resp ec tiv e ly ; y, th e  g a s  in se n tro p ic  
coefficient; a n d  Z, a  d im ension less n u m b er w h ich  is de term ined  for a 
g iv en  g a s , c h a m b e r , p u m p in g  r a te ,  a n d  in it ia l  p r e s s u re  a n d  
te m p e ra tu re . The physical significance of Z is  th a t  i t  is  a  m easu re  of 
th e  degree o f ad ia b a tic ity  of th e  pum p-dow n  p rocess. W hen Z = 0, 
p u m p -d o w n  is  a d ia b a tic , a n d  w h en  Z = «», i t  is  iso th e rm a l. The 
cond itions for th e  exp ression  of the  p a th  are  th a t  (i) tu rb u le n t n a tu ra l 
convection  p revails inside  th e  cham ber, (ii) pum ping  ra te  is co n stan t.

4.1 INTRODUCTION

E x p erim e n ta l m e a su re m e n ts  an d  n u m erica l s im u la tio n s  of a 
p u m p -d o w n  p ro ce ss  in  p rev ious c h ap te rs  have  revealed th e  e ssen tia l 
f e a tu r e s  o f th e  p h y s ic a l p h e n o m e n a  w h ic h  in c lu d e  ch an g e  in  
th e rm o d y n a m ic  s ta te ,  g a s  flow, h e a t  t ra n s fe r , a n d  w a te r  vapo r 
c o n d en sa tio n . A lthough fac to rs th a t  determ ine these  phenom ena  have 
b e e n  sy s te m a tica lly  in v estig a ted , th e  so lu tio n  is  lim ited  to specific 
g a ses , c h am b ers , p u m p in g  ra te s , a n d  in itia l cond itions u sed  in  th e  
ex p erim en t o r  sim u la tion . I t  is th e  objective o f th is  c h a p te r  to  find a 
general so lu tion  w hich can  app ly  to all cases.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



www.manaraa.com

87

In  th is  c h ap te r, d im ensional analysis is  f irs t carried  o u t to  show  
th e  tim e  and  len g th  scale  o f physica l p h en o m en a  involved in  pum p- 
dow n. Following th is  th e  deriva tions of th e  d im ension less governing 
o rd in a ry  d if fe re n tia l e q u a t io n s  (ODEs) a n d  in te rp r e ta t io n s  of 
im p o rtan t p a ra m ete rs  are  given. N um erical s im u la tio n s of th e se  ODEs 
and  th e ir  experim en tal verification a re  th e n  p resen ted .

T he s tu d y  in  th is  c h a p te r  is  lim ited  to  a  vapor-free gas. V apor 
b ehav io r in  v a c u u m  sy stem s d u rin g  pum p-dow n  will b e  d iscu ssed  in  
d e ta il in  the  n e x t two ch ap te rs .

4 .2  DIMENSIONAL ANALYSIS

P u m p -d o w n  is  a  t r a n s ie n t  th e rm o d y n a m ic  p ro c e ss  w h ich  
involves gas flow a n d  h e a t tran sfe r. T he ta s k  o f d im ensional analy sis  
in c lu d e s  find ing  d im ension less q u an titie s , th e  tim e sca le  o f pum p- 
dow n, an d  th e  leng th  scale a n d  ch arac te ris tics  o f h e a t tran sfe r a n d  gas 
flow phenom ena.

4 .2 .1  D im ensionless Q uan tities

D im e n s io n le s s  te m p e ra tu re ,  d e n s ity , a n d  p r e s s u r e  a re  
in tro d u ced  as follows:

T* s  ; p* = ; an d  p* = (4.1)
Ao r  po Po

T he su b s c r ip t  "0" d e sig n a tes  th e  in itia l v a lu e  of each  variab le . The 
perfect gas law  in  te rm s of d im ension less variab les becom es

p* = p* T* (4.2)

O th e r  th e rm o p h y sica l p ro p erties  are  re la ted  to  th ese  d im en sio n less  
variables as
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J L  = t * i / 2 ; JL_ = t * i/2 ; and  —  = p * - 1 T * 1 / 2  (4.3)
Mo a o

w here |i0. ko. an d  a 0  a re  the  dynam ic viscosity , th e rm a l conductiv ity , 
an d  th erm al diffusively respectively evaluated  a t  T0  an d  p 0.

4 .2 .2  Time Scale of Pum p-Dow n a n d  D im ensionless Time

T he tim e sp a n  of pum p-dow n in  th e  c o n tin u u m  regim e can  be 
well scaled by

w here  V is  th e  c h am b er volum e a n d  Seo is  th e  effective p u m p in g  
speed  a t  in itia l pum p-dow n. It tak e s  approx im ate  9x for th e  p re ssu re  
to  re d u c e  from  760  to  0 .1 , T orr. B ased  on s u c h  a  defined  x, th e  
d im ension less tim e can  be expressed  as

4 .2 .3  C haracteristic  C ham ber D im ension

In  o rder to  s tu d y  h e a t tran s fe r  an d  g as flow p h en o m en a  inside 
th e  v a cu u m  cham ber, th e  ch a rac te ris tic  d im ension  o f th e  cham ber, 
D Ch. m u s t  b e  defined. F or a  spherica l cham ber, i t  is logical to chose 
th e  d iam eter a s  DCh- F or a  cylindrical cham ber, Dch m ay  be  chosen  a s  
its  d iam eter, or he igh t, or equ ivalen t sp h e rica l d iam eter. G enerally, 
DCh c a n  be expressed  a s

(4.5)
x

(4.6)
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w h ere  r  is  a  d im en sio n less  sh a p e  fac to r w hose  va lue  d e p e n d s  on, 
ch am b er geom etry  a n d  choice of DCh- Table 4-1 lis ts  possib le  choices 
for Dch a n d  co rre sp o n d in g  to  T fo r v acu u m  c h am b ers  w ith  sim ple 
g eo m etries .

Table 4-1 S hape  factor T for v acu u m  cham bers w ith  sim ple geom etry

Chamber Shape Dch r

S phere  W ith  D iam eter d d
7t
6

C ube W ith Edge a a 1

R ectangu lar W ith D im ension a  x  b  x  c a b e
a2

Cylindrical W ith d
tcH  
4  d

D iam eter d  a n d  H eight H H
n d 2  

4 H 2

All S hapes Dch
K
6

In  th is  w ork , Dch is  c h o sen  to  b e  th e  e q u iv a le n t sp h e ric a l 
d iam eter; fo r th is  choice, r  = n/6  for all ch am b ers  regard less of th e ir  
sh ap e . As will be  show n below, th e  calcu lation  of h e a t tran s fe r  a n d  gas 
flow is n o t very  sensitive to th e  choice of r  as long a s  th e  a sp e c t ratio  
of th e  v a c u u m  ch am b er -- th e  ra tio  of th e  lo n g es t to  th e  sh o r te s t  
d im ension  — is  less th a n  2  (not too thin).

4 .2 .4  H eat T ransfer C harac te ris tics

D uring  pum p-dow n, n a tu ra l convection governs the h e a t tran sfe r 
from  th e  c h am b er w all to th e  in te rn a l g as  (see C h ap te r 3). T he  h e a t 
tr a n s fe r  coeffic ien t a t  th e  gas-w all in te rface , h , d e p en d s  on  th e  
N usselt n u m b er
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N u = h  tV /n 17!  = C(GrPr)N (4 .7 )

w h ere  G r a n d  P r a re  th e  G rashof a n d  P ran d tl n u m b er respectively, C 
a n d  N a re  e x p e rim e n ta lly  d e te rm in e d  c o n s ta n ts .  In  te rm s  of 
d im ension less variables, G rPr can  be  expressed  as:

_ _ & P r (V /H  P* 2  (1 - T*) ____G rP r = ---------- ^ 5 2 ------- (4.8)

D epend ing  on  th e  va lue  o f G rPr, th e  n a tu ra l  convection c a n  be 
e ith e r  lam in a r  o r tu rb u le n t. If G rPr is on  th e  o rder of* or g rea te r th an , 
1 0 7 , tu rb u le n t  n a tu ra l  convec tion  o c c u rs . S ince  th e  e x ac t o n se t 
cond ition  for tu rb u len ce  is  unknow n, G rPr > 3 .3  x  107  is a ssu m ed  in  
th is  w ork  (at G rPr = 3 .3  x  107, th e  tu rb u le n t  N u an d  th u s  h  is the  
sam e  a s  th e  lam in a r va lue  w hich  e n su re s  co n tinu ity  in  h e a t tra n s fe r  
calcu lations).

T he  n a tu ra l  convection  te n d s  to  be  tu rb u le n t  in s id e  a  large 
c h a m b e r  a t  h ig h  p re s s u re  b e c a u se  th e  large c h a m b e r gives le ss  
c o n s tra in t  to  th e  g as  m otion , an d  th e  b uoyancy  force -- th e  driving 
force for n a tu ra l  convection — is im p o rtan t a t  h igh p ressu re . D etails on 
n a tu ra l  convection d u rin g  pum p-dow n have been  d iscu ssed  in  C hap ter 
3. H ere im p o rtan t fea tu res  of n a tu ra l convection a re  sum m arized .

1) F o r a  given gas an d  in itial conditions, th ere  is  a  critical cham ber 
volum e, deno ted  as Vc, for n a tu ra l convection to becom e tu rb u le n t. Vc 
c a n  b e  e s tim a te d  b y  finding (GrPr)max "  the  m axim um  value of G rPr 
d u rin g  pum p-dow n. Eq.(4.8) in d ica te s  th a t  (GrPr)max occurs w hen  the

p*2 (1 - T*)
t im e -d e p e n d e n t te rm  ------ ^ 2 ------- re a c h e s  a  m ax im um . A ssum ing

p u m p -d o w n  is  ad ia b a tic  (th is i s  a  good app ro x im atio n  a t  th e  very  
b eg in n in g  o f pum p-dow n w here sign ifican t tem p era tu re  difference h a s
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n o t yet occurred), T* = p*(y-D a n d  th e  tim e-d ep en d en t te rm  becom es

T u rb u len ce  will o c c u r if  (GrPr)max exceeds th e  o n se t value. C onsider 
a ir  u n d e r  STP conditions: v0  = 0 .156  cm 2 / s ,  P r = 0.71. Eq.(4.9) shows 
th a t  (GrPr)max will exceed 3 .3  x  10 7  if V > 6  liters.

T he a c tu a l c h a m b e r  vo lum e req u ired  for tu rb u le n c e  m ay  be 
la rg e r th a n  j u s t  e s tim a te d  b e c a u se  (i) th e  e s tim a tio n  is b a sed  on 
ad iab a tic  a s su m p tio n s  (co rresponding  to  in fin ite  p u m p in g  rate) and  
(ii) la rg e r c h am b er volum e is  req u ired  in  o rd e r  fo r tu rb u le n c e  to 
su s ta in  fo r a  period  of tim e.. U nder no rm al pum ping  conditions, a s  a 
ru le  of th u m b , Vc is  abou t, o r little  larger th a n , 10 liters. Vc = 15 liters 
is  a ssu m ed  in  th is  w ork.

2) If th e  c h am b er volum e V > Vc, n a tu ra l  convection  s ta r ts  w ith 
lam in a r flow in  th e  very  beg in n in g  of pum p-dow n  w here  (1 - T*) is 
n early  zero, changes to  tu rb u le n t flow as  (1 - T*) becom es large, th en  
re tu rn s  to  la m in a r flow a s  p re s su re  fu r th e r  d ec rea ses  an d  th e  gas 
te m p e ra tu re  recovers. If V < Vc, th e  n a tu ra l  convection  will rem ain  
lam in ar d u rin g  th e  en tire  pum p-dow n  period.

3) In tu rb u le n t  n a tu ra l  convection, th e  experim entally  determ ined  
coefficien ts a re  C = 0 .13  a n d  N = 1 /3 . T he average h e a t tra n s fe r  
coefficient is o b ta in ed  from Eq.(3.44)

p* 2  ( 1  - P*(Y~D) 
P*2(y-1) 

w hen  y =  1.4. T hen

w h ich  h a s  th e  m axim um  va lue  of 0 .1055  a t  p* = 0.49

(GrPr)max = 0 .1055  g F f  (Y/F) (4.9)

(4.10)
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H ere, h T is in d ep en d en t of cham ber volum e a n d  sh ap e  factor. As seen  
in  Eq.(4.10), th e  te rm  (V /r) cancels o u t b ecau se  Nu d ep en d s on  G rPr 
to  th e  1 /3  power.

4) In lam inar n a tu ra l convection, C = 0 .55  a n d  N = 1 /4 . The average 
h e a t  tra n s fe r  coefficient is  obtained

u  ~ ~  ^ V  V 1/ 12 f /  g P r k p 4  ^ p*2 ( i  .  T *) 1 1/4
h L -  0 .55  r J  |  vo 2  J  T *  J (4 .11)

h L d ep en d s on  V a n d  r  only  to  - 1 /1 2  pow er. If th e  a sp e c t ra tio  of
c h a m b e r  (for exam ple  d ia m e te r /h e ig h t)  ran g e s  from  0.5  to 2, th e  
choice of r  only cau se  h L to  differ approxim ately  ±5%.

4 .2 .5  C haracteristics Of G as Flow

To evacuate  a  ch am b er from  a tm o sp h eric  p re s su re  to  0.1 T orr 
(so called  ro u g h in g  period), m ech an ica l v a cu u m  p u m p s  a re  u su a lly  
u tilized . F or th is  k in d  of p u m p , th e  in tr in s ic  p u m p in g  speed  S p is 
n e a rly  a  c o n s ta n t in d ep en d en t of p re s su re  w hen  p re ssu re  g rea t th a n  
0.1 Torr.

G as flow m ay  occu r in  th e  following two s itu a tio n s : (i) No flow 
res tric tin g  device, su c h  as a  th ro ttling  valve or a n  orifice, is p re se n t in  
th e  p u m p in g  line. In th is  s itu a tio n , th e  co n d u c tan ce  of th e  pum ping  
line  in  th e  v iscous flow regim e (including  p ipes, ga te  valves, elbow s, 
etc.) is  u su a lly  large  in  co m p ariso n  w ith  Sp . T h en  th e  effective 
pum p in g  speed  S e is m ostly  determ ined  by  Sp. Therefore,

Se = Seo (4 .12)

(ii) R estric ting  device is p resen t in  th e  pum ping  line. In  th is  s itua tion , 
Se depends on  th e  conductance  of th is  device. If gas flow is controlled
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by  a n  orifice and  choked, Se Is Independen t of p re s su re  b u t  dependen t 

on  g as tem pera tu re :

(4 .13)

If T* = 0.7 , th e  ac tu a l Se will be  16% lower th a n  Seo.

4 .3  DIMENSIONLESS EQUATIONS

D epend ing  on  th e  s itu a tio n  of n a tu ra l convection and  pum ping  
ra te , pum p-dow n m ay be  m odeled in  the following cases:

N a tu ra l Convection Pum ping Rate
T u rb u le n t C onstan t

In  th e  su b se q u e n t derivations, th e  case  of tu rb u le n t n a tu ra l convection 
a n d  c o n s ta n t pum p in g  ra te  (TNC-CPR) is considered . T he o th e r cases 
c an  be  derived sim ilarly.

4 .3 .1  E q u a tio n s  in  Time Space

S u b s t i tu t in g  a ll th e  d im e n s io n le ss  v a ria b le s , E q .(4 .1) a n d  
E q.(4 .3 ) in to  E q.(3 .27) a n d  E q .(3 .28), one c a n  find  th e  following 
d im ension less o rd inary  differential equations:

ii
L am inar

H V ariable
C onstan t
V ariable

(4 .14)

= { 0 .13 Z (  ^  J* ) 4 / 3  T *l/5  p*2/3 - (Y - i ) J  T *  (4 .15)
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T he in it ia l  co n d itio n s a re  p* = 1 a n d  T* = 1 a t  t* = 0. Therefore, 
u n d e r  th e  condition  of TNC-CEPS,

p* = exp(- t*) an d  T* = f(Z, y, t*) (4

H ere y i s  th e  ra tio  of specific h e a t  a t  c o n s ta n t  p re s su re  to  th a t  a t  
co n s ta n t volum e. Z is a  d im ensionless n u m b er and  defined as

Z =

w h e re

x =

CO =

X  0 )

5

V 
Seo

V 
As

f  g o o  V /3 
P r

(4.17)

(4.18)

(4.19)

It is n o ted  th a t  Z is  de term ined  only by  th e  ch am b er size, in itial gas 
p roperties , an d  in itia l effective pum ping  speed. Therefore, Z is a  tim e- 
in d ep en d en t c o n s tan t for a  pum p-dow n. The physical significance of x, 
co, % an d  Z will be  explained later.

4 .3 .2  E q u a tio n  in  T herm odynam ic Space

In a ll th e  p rev ious s tu d ie s , pum p-dow n  p ro cesses  have been  
described  in  tim e space, w here tim e is th e  in d ep en d en t variable, and  
gas tem p era tu re  an d  p ressu re  a re  dep en d en t variables. T his approach  
u s e s  two eq u a tio n s , for exam ple E qs.(4 .14) a n d  (4.15), to  describe  
ch an g e  o f  g as te m p e ra tu re  a n d  p re s su re  d u rin g  pum p-dow n . T his 
se c tio n  w ill p re s e n t  a  sing le  e q u a tio n  w h ich  d esc rib e s  a  p a th  in  
th e rm o d y n am ic  sp a ce  a long  w h ich  g as te m p e ra tu re  a n d  p re s su re  
change d u rin g  pum p-dow n.
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From  th e  s tan d p o in t of therm odynam ics, th e  p a ir  n u m b er (p, T) 
a t  a n y  in s ta n c e  defines the  therm odynam ic s ta te  of th e  gas. D uring 
p u m p -d o w n , th is  s ta te  ch an g es, a n d  th e  loci of th e  s ta te  in  a  
te m p e ra tu re -p re s su re  d iagram  scribes a  p a th , w hich  will be referred 
to  a s  a  therm odynam ic s ta te  p a th  (TSP). W hen the  condition  of pum p- 
dow n changes, th e  TSP changes. T here a re  two advan tages in  u sin g  
TSP to  d esc rib e  pum p-dow n. F irst, it  is m ore concise . Second, it  
rep re se n ts  a  general solution to  the gas s ta te  during  pum p-dow n.

In  d im ension less q u an titie s , th e  s ta te  of a  gas c an  be defined 
by  e ith e r (T*. p*) or  (T*. p*). In term s of T* and  p*. th e  TSP can  be 
described  by  th e  following ord inary  differential equation:

dT*
dp*

I .  T * ^4/3  ^ 1/6  ^ _ 1/3
3 + (y - i ) }-

'J'*
(4.20)

w ith  a n  in itia l cond ition  T* = 1 a t  p* = 1. T his ODE is derived by  
solving dt* in  te rm s of dp* in  Eq.(4.14), a n d  th en  su b s titu tin g  it into 
Eq.(4.15). T he so lu tion  to th e  Eq. (4.20) is in  the  form  of

T* = f(Z, g, p*) (4.21)

If T* an d  p* a re  u sed  to specify the  TSP, the  equation  is

dT*
dp*

J
0 . 1 3 z ( 4 j ^ ) 4 /3 T*1/2 p * ~ 1 / 3  + (y- 1 ) 

- 0.13 Z ^ 1T~ ^ - J /3 T* 1 / 2  p * ‘ 1 / 3  + y

'T1*

"TT (4.22)

w ith  a n  in itia l cond ition  T* = 1 a t  p* = 1. This ODE is derived by 
su b s titu tin g  p* = p*T* in to  Eq. (4.20). The so lu tion  to Eq. (4.22) is in  
th e  form  of
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(4 .23 )

I t  is  n o ted  th a t  Eq.(4.21) o r  (4.23) re p re se n ts  th e  s im ila rity  
so lu tio n  to  th e  therm odynam ic  s ta te  of g a ses  in  pum p-dow n . Pum p- 
dow n p ro c e sse s  c a n  be  perfo rm ed  w ith  d iffe ren t c o m b in a tio n s  of 
g ases, ch am b ers , pum ping  ra te s , a n d  in itia l conditions. However, the  
TSP is th e  sam e a s  long a s  these  p rocesses have th e  sam e  y a n d  Z.

C om pared  w ith  Eq.{4.22), Eq. (4.20) is  sim pler; th ere fo re  th e  
p u m p-dow n  p ro cesses  will be  analyzed  b a se d  on  th is  eq u atio n . The 
f in a l r e s u l ts  w ill be  p re se n te d  in  te rm s  of (p*,T*), w h ich  a re  the  
variab les custom arily  u sed  in  vacuum  science an d  technology.

4 .3 .3  C ondition for M inim um  G as T em peratu re

A key  p o in t a long  a  TSP is  th e  one a t  w h ich  th e  m in im um  
te m p e ra tu re  o ccu rs . Before th is  po in t, ex p an sio n  cooling dom inates; 
a f te r  it, w all h e a tin g  dom ina tes. T he m in im u m  te m p e ra tu re  occurs 
w h e n  d T * /d t*  = 0 , o r  dT */dp*  = 0. D e s ig n a te  th e  m in im u m  
te m p e ra tu re  a s  T  a n d  a s s o c ia te d  p r e s s u r e  a s  p  (b o th  a re  
d im e n sio n le ss). W hen  dT*/dp* = 0 , E q .(4 .23) y ie ld s re la tio n sh ip  
am ong T, p, y, a n d  Z

g -l/3 J_^L > / 3y / 2 _  t r - i )  . .
1 "  0.13 Z (4 .24)

S ince  T  and  p m u s t  also sa tisfy  Eq.(4.23), th ey  m u s t have a  so lu tion  in 
th e  form  of

T = fi(Z, y) and  p  = f2 (Z, y) (4 .25)
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4 .4  PHYSICAL SIGNIFICANCE OF Z NUMBER

T h is  sec tio n  d escrib e s  th e  p h y sic a l sign ificance  of Z a n d  its  
c o n s titu e n ts  (x, £, an d  to) in  detail. F or a  given gas (y is  know n), Z is th e  
only p a ra m e te r  requ ired  to specify a  T SP for a  pum p-dow n.

4.4.1 In te rp re ta tio n  of x

T he te rm  x h a s  th e  u n it of tim e. U nder th e  a ssu m p tio n  th a t  b o th  
effective p u m p in g  speed an d  gas tem p era tu re  rem ains c o n s tan t, one 
can  find th a t

T h is m e a n s  th a t  x is  th e  tim e c o n s ta n t  of p re s su re  d ecay  (i.e. if a  
p u m p -d o w n  s ta r ts  a t  in itia l g a s  p re s su re  of 760  Torr, x is  th e  tim e 
period  w h e n  th e  p re s su re  rea ch e s  2 8 0  Torr). Sm all x in d ic a te s  fa s t  
p u m p in g  a n d  a  sm all cham ber. T his concep t h a s  been  conventionally  
accep ted  in  v acu u m  work.

H ow ever, regard ing  x a s  th e  tim e c o n s ta n t of p re s su re  decay  is 
n o t  p rec ise  b e ca u se  gas te m p e ra tu re  changes d u ring  pum p-dow n . If 
we only a ssu m e  th e  effective pum ping  speed  to  b e  a  c o n s tan t a n d  allow 
th e  tem p era tu re  to  vary, th e  so lu tion  fo r p* is

In th is  case , x is  th e  tim e c o n s ta n t of g as d en sity  decay. A ccording to 
th e  perfec t gas law

T he  r a t io  o f E q .(4 .26) to  E q .(4 .28 ) is  1/T*. As sh o w n  by  th e  
e x p erim en ta l m ea su re m e n ts  in  C h a p te r  2, T* can  be a s  low  a s  0.7.

p* = Q-t/x (4 .26)

(4 .27)

p* = T* e 't/x (4 .28)
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T herefo re , E q.(4 .26) p re d ic ts  p re s su re  th a t  is  40%  h ig h e r (in th e  
w o rs t case) th a n  E q.(4.28). However, s in ce  p* v a rie s  over severa l 
o rd e rs  of m ag n itu d e , th e  effects of te m p e ra tu re  o n  overall p re ssu re  
h is to ry  m a y  b e  m in o r. E q .(4 .28) m ay  be  a c c u ra te  en o u g h  for 
eng ineering  p u rp o ses .

4 .4 .2  In te rp re ta tio n  of £

T he te rm  % is  the  ratio  of cham ber vo lum e-to-surface area, an d  it 
h a s  u n i ts  of leng th . Table 4-2  lis ts  values of £ for four sim ple cham ber 
geom etries. G enerally  speaking , large % ind ica tes a  large cham ber. For 
exam ple, % = d / 6  for a  spherica l cham ber. In a  p rocessing  cham ber, 
w afer h o lders  an d  o ther a p p a ra tu s  inside th e  c h am b er reduce  th e  gas 
vo lum e a n d  c o n tr ib u te  m ore su rface  a re a . A s a  re su lt, £ will be  
red u ced .

Table 4 -2  Volum e to su rface  a rea  ratio  for sim pie ch am b er geom etries
C ham ber sh ap e $

S phere  w ith  d iam ete r d 

C ube w ith  edge leng th  a  

R ectangu lar w ith  d im ension  a  x  b  x  c 

Cylindrical w ith  d iam eter d and  heigh t H

d
6

a
6

abc
2 (ab+bc+cd)

Hd
2(d+2H )

D uring  a  pum p-dow n process, \  h a s  a  sign ifican t effect on h e a t 
tra n s fe r  betw een  th e  cham ber wall and  th e  in te rn a l gas. A lthough gas 
tem p era tu re  decreases, th e  wall tem p era tu re  rem a in s  nearly  constan t, 
a n d  th e  w all a c ts  like a  h e a t source to the  in te rn a l gas. Large % m eans 
less h e a t can  be  tran sfe rred  from th e  wall to  the  gas because  of (i) less 
exposure  of gas to  th e  wall and  (ii) a  longer h e a t tran s fe r  p a th  from the  
su rface  to  the  in te rn a l gas.
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4.4 .3  In te rp re ta tio n  of ©

T he te rm  to re p re se n ts  th e  effect of gas p ro p e rtie s  on h e a t 
tran s fe r , a n d  it  h a s  u n its  of len g th /tim e . In th e  defin ition  of to, th e  
P ra n d tl n u m b ers  for d ifferent gases  a re  very  m u ch  the  sam e (about 
0.7). Large to co rresp o n d s to  a  large h e a t  d iffusion  coefficient, a 0. 
T h u s , to m ay  b e  in te rp re te d  a s  th e  h e a t-p e n e tra tin g  ra te  of th e  
ch am b er wall to  th e  in te rn a l gas. The va lues for © for typical gases a t  
one a tm osphere  p ressu re  and  300  K are  show n in  Table 4-3.

I t  is  n o te d  th a t ’- © is  a  fu n c tio n  of in it ia l  p re s s u re  an d  
tem p era tu re . If pum p-dow n s ta r ts  a t  in itial conditions o th er th a n  760 
Torr a n d  300 K, th en  © m u s t be modified according  to

-M-afeTC&r <4-29'
w here coref is th e  value given in  Table 4-3.

Table 4 -3  H eat-penetra ting  ra te  of gaseste)
Gas co, cm /s cto, cm2/sft>) Pr<b> Y
A ir 6.743 0.220 0.708 1.400
Argon 7.877 0.349 0.700 1.667
Helium 14.500 2.190 0.705 1.667
Hydrogen 12.867 1.540 0.706 1.409
Oxygen 6.733 0.220 0.709 1.400
Nitrogen 6.724 0.220 0.710 1.400

(a) Pressure p=760 Torr, and gas temperature T=300K.
(b) cto and Pr are interpolated from Holman. 1986, p643-645 .
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4 .4 .4  In te rp re ta tio n  of Z

T he m ean ing  of Z c a n  be easily  u n d e rs to o d  b y  considering  two 
lim iting  cases: Z = 0  a n d  Z = °°.

W hen Z = 0, p u m p -d o w n  is  a n  a d ia b a tic  ex p an sio n  p rocess . 
S e ttin g  Z = 0  in  ODE(4.22), one finds th a t  tem p era tu re  an d  p re ssu re  
d u rin g  pum p-dow n obey th e  ad iabatic  rela tionsh ip , i.e.,

T* = p ^ - i l /Y  (4 .30)

T he c a se  of Z  = 0  co rresponds to  one of th e  th ree  lim iting  s itu a tio n s: 
a n  in fin ite  ra te  of p u m p in g  (x = 0 ), a  near-zero  ra te  of h e a t  tra n s fe r  
(co = 0 ), o r  a n  extrem ely large ch am b er (£ = <»).

W hen Z  = oo, pum p-dow n is a n  iso therm al process. T h is can  be 
proved u sin g  Eq.(4.24). W hen Z = oo, Eq.(4.24) equals zero, an d  T m u s t

mm

b e  e q u a l to 1 (T is th e  m in im u m  te m p e ra tu re  th a t  o ccu rs  d u rin g  
pum p-dow n). T  = 1 in d ica te s  th a t  th e  tem p era tu re  is c o n s tan t. T his 
c ase  co rre sp o n d s to  one  of th e  th ree  lim iting  s itu a tio n s: a  near-zero  
ra te  o f pum p in g  (x = °°), a n  infin ite  ra te  of h e a t tra n s fe r  (co = oo), or a n  
ex trem ely  sm all c h am b er (2; = 0 ).

In  p rac tice , Z is  n e ith e r  zero n o r infin ity , b u t  be tw een  them . 
C orrespondingly , pum p-dow n  is  n e ith e r ad iab a tic  n o r  iso therm al. The 
s m a lle r  th e  Z n u m b e r , th e  m ore  likely  th e  p u m p -d o w n  will be 
ad iab a tic . T h u s Z is a  m ea su re  of degree of ad iaba tic ity  of th e  pum p- 
dow n p rocess .
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4 .5  THERMODYNAMIC STATE PATH OF PUMP-DOWN

T his sec tio n  p re s e n ts  num erica l p red ic ted  a n d  m ea su re d  TSPs 
for n itrogen  (y= 7 /5 )  a n d  argon (y = 5 /3 ). T h e  TSPs for lim iting  case s  
Z  = oo a n d  Z = 0  a re  tw o s tra ig h t lines (on a  log-log plot), w h ich  a re  
iden tified  a s  iso th e rm a l an d  ad iab a tic  cu rv e s  respective ly  in  F ig .4-1 . 
T SPs for o th e r  Z n u m b e rs  fall betw een  th e s e  two lim its . S ince  i t  is  
h a rd  to  find  a n  ana ly tica l so lu tion  of TSP for th ese  in te rm ed ia te  va lue  
of Z, num erica l sim u la tion  techn iques will b e  u sed .

4 .5 .1  N um erical C alculation

For a  given y a n d  Z, TSP can  be found  b y  num erica lly  in teg ra ting  
Eq.(4.22). A fo u rth  o rd er R unge-K utta  in te g ra tio n  m e th o d  is  u se d  in  
th is  w ork. T he T  an d  p  associated  w ith  th e  T SP are a lso  found  d u rin g  
th e  in teg ration .

F ig.4-1 sh o w s c a lcu la ted  T SPs for n itro g e n  u n d e r  d ifferen t Z 
n u m b ers . The following fea tu res a re  revealed b y  th is  figure:

1) W hen Z eq u a ls  n e ith e r  zero n o r infinity, a  valley ex is ts  in  a  TSP. As 
p re s su re  or d e n s ity  decreases, th e  gas te m p e ra tu re  f irs t decreases, 
rea ch e s  a  m in im um , an d  th e n  recovers. T h is  tem p era tu re  valley  is 
c a u se d  by  tw o com peting  factors: gas e x p an sio n  cooling a n d  w all 
heating . As se e n  in  Eq.(4.20), th e  cooling effect is rep re sen ted  by

E c = (y- 1)

T he h ea tin g  effect is rep resen ted  by

E h = 0 .13  Z (  1T\ T * j 4 / 3 T*1 / 6 p* - 1 / 3
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1.0
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0.8
Z  =  oo (Isothermal) 
Z = 60 
Z= 12 
Z = 6
Z = 0 (Adiabatic)

0.7

0.6
.1 1.01.001 P*

Figure 4-1 The p a th  of therm odynam ic s ta te s  d u rin g  vacuum  
pum p-dow n for different Z num bers: N um erical sim ula tion  
for n itrogen

l.O

z= 1 2

Nitrogen ( Y=7/ 5)  
Argon W - 5/3)0.9

0.8

0.7
.1 1.01.001

Figure 4 -2  Effect of Y  on therm odynam ic p a th  of vacuum  
pum p-dow n: C om parison betw een n itrogen  a n d  argon
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H ere E c is a  co n s tan t for a  given gas, b u t  Eh in creases  a s  T* an d  p* 
d e c r e a s e .  In  th e  in it ia l  p u m p -d o w n , Eh is  zero a n d  cooling 
dom inates. As tem p era tu re  an d  density  decrease , th e  h ea ting  effect 
becom es increasing ly  im portan t. A t the  m in im um  tem pera tu re , the  
tw o effects a re  equal. As th e  d en sity  fu r th e r  d ecreases , h ea tin g  
p reva ils  a n d  even tually  th e  gas tem p era tu re  recovers to  i ts  in itia l 
tem p era tu re  (equal to  th e  wall tem perature).

2 ) T he sm alle r th e  Z, th e  m ore th e  gas tem p era tu re  w ould decrease . 
T h is is  due to  th e  fac t th a t  a  sm all Z n u m b e r co rresponds to fas t 
pum ping, large cham ber, or a  gas w ith a  lower therm al diffusivity.

Fig. 4 -2  com pares th e  TSP of argon  w ith  th a t  of n itrogen . For a  
g iven Z, th e  tem p era tu re  of argon d rops m ore th a n  th a t  of n itrogen 
b ecau se  argon  h a s  a  h igher value of y. Note th a t  the  expansion  cooling 
is  p roportional to  (y - 1 ).

T  a n d  p  for argon a n d  n itrogen  a s  func tions of Z a re  p lo tted  in  
F ig .4 -3  a n d  F ig .4-4 . T he overall p ic tu re  of T SP for a  pum p-dow n 
p ro cess  can  be  easily  ou tlined  w ith  th e  help  o f (T, p). F ig.4-5 show s 
th e  ou tlin e  for d ry  n itrogen  w ith  T0  = 298 K, p 0  = 760  Torr. The line

th a t  co n n ec ts  th e  in itia l p o in t (1,1) to  (T, p) m ay  re p re se n t cooling 
d o m in a n t period. The line th a t  connec ts  (T, p) a n d  (1, 0 .01 p) m ay 
re p re se n t h ea tin g  d o m in an t period. W hen Z = 12, ca lcu la tion  show s 
th a t  T  = 0 .823  (T = 241 K) an d  p  = 0 .272  (p = 2 0 7  Torr).

4 .5 .2  E xperim ental V erification (Large Cham ber)

E xperim ental d a ta  reported  in  C hap ter 2 a re  u sed  to  verify the  
n u m erica l re su lts  p resen ted  above. Since th e  n u m erica l sim u la tion  is 
b a sed  on  tu rb u le n t n a tu ra l convection, we will f irs t tak e  a  look a t  the  
experim en ta l d a ta  in  a  large ch am b er (a cy lindrical ch am b er w ith  a  
d iam e te r of 45  cm, a  he igh t of 30? cm , an d  a  volum e of 47 .3  liters).
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Figure 4-3 D im ensionless m in im um  gas tem p era tu re  as 
a  function  of Z  n u m b er in  th e  case of tu rb u le n t n a tu ra l 
convec tion
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  Numerical

•  Experimental
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Argon (^=5/3]
  Numerical
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z
Figure 4 -4  D im ensionless p re ssu re  a t  w hich th e  m inim um  
tem pera tu re  occurs a s  a  function of Z n u m b er in  th e  case of 
tu rb u le n t n a tu ra l convection.
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Figure  4 -5  O utline  the  term odynam ic p a th  b y  connecting 
p o in t (1,1) to  (T, p) to  (1, 0 .0  lp) in  th e  p lan e  of (T*. p*)
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Experimental
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Numerical
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Figure  4 -6  C om parison  betw een s im ula ted  a n d  m easu red  
therm odynam ic  p a th  of n itrogen
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T he vo lum e-to-surface  a re a  ratio  £ for th is  ch am b er is calcu lated  to be  
6 .43  cm . N itrogen a n d  argon  have been  te s ted  a t  650  T orr an d  298  K. 
T he co rrespond ing  fi> = 6 .40  c m /s  for n itrogen  a n d  co = 7 .48  c m /s  for 
argon. W ith  each  gas, five va lues of pum ping  tim e c o n s ta n t x have been  
te s te d . .

F ig .4 -6  co m p ares th e  sim u la ted  a n d  m e a su re d  therm odynam ic  
p a th s  fo r n itro g en . Good ag reem en t is  observed . E specially  in  th e  
cooling  p e rio d , th e  s im u la te d  p a th s  a re  a lm o s t id en tica l. A t low 
p re ssu re , th e  s im u la ted  tem p era tu re  a t  a  given p re s su re  is  lower th a n  
th a t  m easu red . T he re a so n  is th a t  a t  low p re s su re  (GrPr < 3 .3  x  107), 
n a tu r a l  convec tion  is  lam in a r. U sing th e  tu r b u le n t  h e a t  t ra n s fe r  
coefficient given b y  Eq.(4.10) u n d e re s tim a te s  th e  h e a t  tra n s fe r  from  
th e  ch am b er wall.

T he m easu red  T  a n d  p  fo r n itrogen  and  a rgon  a re  listed  in  Table 
4 -4  a n d  T able  4 -5 . I t  is found  th a t  n u m e ric a l r e s u l ts  ag ree  w ith  
m easu red  da ta , a s  se en  in  Fig.4 -3  an d  Fig.4-4.

4 .5 .3  E xperim entation  an d  S im ulation  in  the  Sm all C ham ber

E xperim en ts have  a lso  b een  carried  o u t in  a  sm all ch am b er w ith 
a  volum e o f 0 .26  lite rs  (a cylindrical cham ber w ith  a  d iam eter of 8  cm, 
a n d  h e ig h t of 5 .2  cm), t, for th is  cham ber is ca lcu la ted  to be 1.13 cm. 
O nly  n itro g en  is  te s te d  (p0  = 760 Torr, T0  = 2 9 8  K, a n d  to = 6 .7 4 3

c m /s) . Z is  varied  by  ad ju s tin g  x. T he m easu red  T  an d  p a re  lis ted  in  
T able 4-4.

N u m erica l c a lc u la tio n s  have  a lso  b e e n  c a rr ie d  o u t for th is  
c h a m b e r. S ince  th e  c h a m b e r  volum e is sm a ll (V < Vc), n a tu r a l  
convection  rem a in s  la m in a r  d u rin g  th e  en tire  period  of pum p-dow n. 
T he lam in a r h e a t tra n s fe r  coefficient hi, shou ld  b e  u sed . All the  ODEs 
derived in  Section  4 .2  keep  th e  sam e form  excep t th a t  Z is rep laced  
w ith  (hL/hiOZ, and
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> -  t 4 - 3 i )

F ig .4 -7  a n d  F lg .4-8  show  th e  nu m erica l re su lts  for T  an d  p  w hich  
agree well w ith  experim ental da ta .

T able 4 -4  D im ensionless m in im um  tem pera tu re  a n d  associated
p ressu re : experim ental d a ta  for n itrogen^)
t= 6.43 cm (bl 1= 1.13 cm fc)

x,sec Z T p x,sec Z T P
4.0 4.482 0.681 0.165 0.6 3.58 0.723 0.204
5.1 6.168 0.723 0.191 1.0 5.97 0.763 0.239
6.5 8.766 0.761 0.224 1.9 11.34 0.828 0.344

10.5 12.798 0.793 0.301 2.7 16.11 0.858 0.383
20.5 28.800 0.852 0.370 3.6 21.48 0.881 0.423

4.0 23.87 0.894 0.444
15.6 93.09 0.948 0.603

(a) y= 1.4
(b) Cylindrical Chamber d = 45 cm, H = 30 cm; po = 650 Torr; T0
(c) Cylindrical Chamber d = 8 cm, H = 5.2 cm; po = 760 Torr T0 :

= 298 K; % 
= 298 K; (0q

= 6.40 cm/s. 
= 6.14 cm/s.

T able 4 -5  D im ensionless m in im um  tem pera tu re  a n d  associated  
p ressu re : experim ental d a ta  for argonte)

t, sec z T P
5.1 5.93 0.636 0.207
6.1 7.10 0.676 0.236
8.1 9.43 0.706 • 0.273

12.8 14.89 0.764 0.367
25.1 29.20 0.830 0.498

(a) y= 5/3; Cylindrical Chamber d = 45 cm, H = 30 cm; t, = 6.43 cm; pQ = 650 Torr; 
T0 = 298 K; cop = 7.48 cm/s.
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Figure 4 -7  D im ensionless m in im um  tem p era tu re  a s  
a  function  of Z n u m b er in  the  case of lam in ar n a tu ra l 
co nvec tion
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Figure  4 -8  D im ensionless p ressu re  a t  w hich  the  m inim um  
tem p era tu re  occurs a s  a  function of Z n u m b er in  th e  case of 
lam in a r n a tu ra l  convection
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S in c e  th e  t u r b u le n t  n a tu r a l  c o n v ec tio n  co effic ien t h x  is 
in d e p e n d e n t , o f V a n d  r ,  i t  is  really  convenient to  u se . W hat if we u se  
h T  in s te a d  o f hL fo r th e  sm a ll ch am b er?  T he a n sw e r is th a t  th e  
te m p e ra tu re  d ro p  will b e  overestim ated  (see F ig .4-7). T he rea so n  is 
th a t  in  a  la m in a r  s itu a tio n  (GrPr < 3 .3  x  107), hL > hx. F o r n itrogen  
w ith  T0  = 2 9 8  K a n d  p 0  = 760  Torr, num erica l ca lcu la tio n  show s th a t

liL /h x  a t  th e  p o in t o f fT, p) can  be well approx im ated  by

V is  in  u n i ts  of lite rs . For V * 0 .26  liters, th is  ratio  equals 1.40.

4 .6  CONCLUSIONS

A genera lized  th eo ry  h a s  b een  developed to  describe  th e  p a th s  
a long  w h ich  th e  g a s  therm odynam ic  s ta te  c h an g es  d u rin g  a  pum p- 
d o w n  in  th e  c o n tin u u m  reg im e . Im p o r ta n t  d isc o v e rie s  a re  
su m m arized  below.

1) TSP re p re se n ts  th e  s im ila rity  so lu tio n  to  gas therm odynam ic  s ta te  
(p re s su re  a n d  te m p e ra tu re ) . U n d e r th e  con d itio n  th a t  tu rb u le n t  
n a tu ra l  convection  p revails a n d  pu m p in g  ra te  is co n stan t, th e  TSP 
is specified b y  a  p a ir  of d im ension less n u m b ers  Z an d  y. Z, given by  
E q .(4 .17), is  a  m e a su re  of degree of ad ia b a tic ity  of pum p-dow n. 
P u m p -d o w n  is  a d ia b a tic  w h e n  Z e q u a ls  zero . P um p-dow n  is 
iso th erm al w h en  Z equals infinity.

2) T he in d e p e n d e n t variab le  for a  TSP is gas p re s su re  w hich  can  be 
o b ta in ed  w h en  th e  p u m p in g  tim e c o n s ta n t x is given, x is the  ratio  
o f th e  c h a m b e r  vo lum e to  th e  effective p u m p in g  speed . Sm all x 
m ean s fa s t pum ping  o r a  sm all cham ber.

(V < Vc = 15 liters) (4 .32)
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3 ) T he  m in im u m  te m p e ra tu re  a n d  a sso c ia te d  p re s s u re  h ave  b een  
re la ted  w ith  th e  Z  num ber. F o r all th e  cases, num erica l s im u la tion  
a g re e s  w ith  th e  m e a su re d  d a ta . T h is  in d ic a te s  th a t  Z a n d  its  
c o n s t i tu e n ts  (x, £, to) h av e  b e e n  p ro p erly  sc a le d  for ch am b er 
g eo m e try , effective  p u m p in g  sp e ed , a n d  g a s  th e rm o p h y s ic a l 
p ro p e r tie s .

4 )  A n e q u iv a le n t sp h e r ic a l  d ia m e te r , sh a p e  fac to r , a n d  c ritic a l 
c h a m b e r  vo lum e fo r tu r b u le n t  n a tu r a l  co n v ec tio n  h av e  b e en  
in tro d u ced  in  th e  h e a t  tran sfe r analysis. T hese no tions a re  usefu l in  
ch arac te riz in g  th e  cond itions of pum p-dow n p rocesses .
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CRITICAL PUMP-DOWN CONDITIONS 
FO R VAPOR CONDENSATION OR NUCLEATION 

ABSTRACT

In  th is  ch ap te r, a  th eo ry  is developed for find ing  th e  c ritica l 
pum p-dow n condition  th a t  in itia tes  vapor condensa tion  or nuc lea tion . 
N um erical s im u la tion  an d  a n  experim ental s tu d y  u s in g  w a te r vapor is  
carried  o u t to  verify th e  theory. It is found  th a t  th e  critical condition  
fo r w a te r  v a p o r  c o n d e n s a tio n  o r n u c le a tio n  d e p e n d s  o n  th e  
com bination  of d im ension less Z n u m b er an d  in itia l relative hum id ity . 
B ased  u p o n  th e  theory , a  q u an tita tiv e  c rite rion  is  p roposed  for th e  
design o f c lean  vacuum  system s.

5.1 INTRODUCTION

V apor is  often  p re s e n t w ith  th e  c a rr ie r  g a s  in s id e  a  v a cu u m  
sy stem . In c o n tra s t  to  th e  c a rr ie r  gas, su c h  as n itrogen , argon , o r  
he lium , th e  vapo r m ay change i ts  p h a se  u n d e r  th e  range  of p re ssu re  
an d  tem p era tu re  du ring  pum p-dow n.

The origin of th e  p h ase  change can  be seen  from  Fig. 5-1. Pure 
m a tte r  h a s  th ree  p h ases : vapor, liquid, an d  so lid . In  th e  p re s su re -  
tem p era tu re  d iagram  (p-T diagram ), the  p h ase  dom ains a re  divided by  
th ree  equ ilib rium  curves. On th e  cond en sa tio n  curve {ax), vapor an d  
liquid p h a se s  a re  in  therm odynam ic equilibrium , so  a re  th e  liquid an d  
solid p h a se  on  th e  freezing curve [bx), an d  vapor a n d  solid p h a se  on  
th e  su b lim a tio n  curve (cx). The c ro ss-p o in t x  of th e  th ree  curves is  
called th e  trip le  point.
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Path 2
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Path 3

Figure 5-1 P ressu re-tem pera tu re  diagram  of p h ases  a n d  
vapo r therm odynam ic s ta te  pa thes during  pum p-dow n
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T he  v a p o r s a tu r a t io n  ra tio , S, is  th e  p r in c ip a l v a riab le  in  
governing vapor behavior.

S  = (5.1)
Ps

Pv is  th e  a c tu a l vapor p ressu re . p s is  th e  sa tu ra tio n  vapor p ressu re  (the 
curve  ac) w h ich  is  described  by  th e  C lausis-C lapeyon equation

log(ps) = A + T jr- (5.2)

Tv is  v ap o r tem p era tu re . A  an d  B are  vapor co n stan ts .

In  th e  p -T  d iag ram , th e  v ap o r s ta te  is  re p re se n te d  by  a  po in t 
(Tv, Pv)- A t each  po in t, th e  v ap o r sa tu ra tio n  ra tio  S  can  be calculated . 
V ap o r is  sa id  s a tu ra te d  w h en  S  = 1, u n s a tu ra te d  w hen  S < 1, and  
s u p e r s a tu r a te d  w h e n  S > 1. T he in itia l  v a p o r s ta te  (T0, pvo) is 
u n sa tu ra ted .

Pum p-dow n  is  a  n o n eq u ilib riu m  therm odynam ic  p rocess w hich
involves th e  change  of vapo r s ta te . In th e  T-p d iagram , th e  loci of the
ch an g e  in  vapor s ta te  d u rin g  pum p-dow n describes a  p a th . D epending 
o n  th e  cond itions of pum p-dow n, th ree  s itu a tio n s  m ay  arise , w hich are 
re p re se n te d  by  th ree  p a th s  1, 2, a n d  3  (see Fig.5-1).

P a th  1: T he  vapo r rem a in s  u n sa tu ra te d , an d  i ts  behav io r is  sim ilar to 
th e  ca rrie r gas. No p h a se  change occurs.

P a th  2: A long th is  p a th , th e  v ap o r s ta te  p a sse s  th e  v ap o r p re ssu re  
curve a t  p o in t fc; th e  vapor becom es su p e rsa tu ra te d . F u rth er, 
th e  p a th  in te rse c ts  th e  critical sa tu ra tio n  curve (de) a t  po in t I . 
T h is  signifies th e  p h a se  change from  vapor to liquid, i.e., the  
v a p o r  m a y  e ith e r  c o n d e n se  on  e x is tin g  p a rtic le s  o r  be 
converted  to  new  liquid  drop lets. U pon tem p era tu re  recovery,
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th e  c o n d e n sa tio n  o r n u c le a tio n  s to p s  a t  p o in t m, and  the  
evaporation  of form ed liquid drop lets m ay begin. After poin t n, 
th e  vapor will b e  a t  th e  u n sa tu ra te d  s ta te  again.

P a th  3: T h is re p re se n ts  a n  ex trem e cooling s itu a tio n  w hen  th e  vapor 
p a th  even c ircu m v en ts  th e  trip le  poin t. C om pared to  P a th  2, 
tw o m ore p h e n o m e n a  m ay  occu r: (i) a t  p o in t r, th e  liquid 
d rop le ts , w h ich  a re  form ed along  th e  segm ent (qr), m ay  s ta r t  
to  freeze  to  b eco m e so lid  c ry s ta ls ;  v a p o r  m ay  d irec tly  
co n d en se  to  th e  c ry s ta ls ; (ii) u p o n  te m p e ra tu re  recovery, 
sub lim ation  o r m elting of solid cry sta ls  m ay  s ta r t  after poin t t.

T herefore, all ty p es  of p h a se  change: vapo r to  liquid, liquid to 
solid, so lid  to  vapor, o r th e  reverse, m ay  occur d u ring  pum p-dow n. It 
sh o u ld  b e  p o in te d  o u t  h e re  th a t  th e s e  p a th s  a re  sk e tc h e d  in  
neglecting  a n y  d is tu rb an c e  from  p hase  changes. In the  a c tu a l process, 
th e se  p h a se  changes, for exam ple vapor to  liquid, will no t only d is tu rb  
th e  hom ogeneity  of th e  vapor sy stem  (by add ing  liquid droplets), b u t  
m ay  a lso  re lease  th e  la te n t h e a t to  d is tu rb  th e  vapor sta te . D ue to these  
d is tu rb an ces , th e  a c tu a l p a th s  m ay  no t b e  a s  sm ooth  a s  those draw n in  
Fig. 5-1 . However, th e  e ssen tia l physical phen o m en a  rem ain.

I t  is  d ifficu lt to  com p lete ly  u n d e rs ta n d  th e  p h a se  change  
p h e n o m e n a  j u s t  described . T h is s tu d y  is  lim ited to the  change from  
v apo r to  liqu id  -- co n d en sa tio n  an d  n u c lea tion  — during  pum p-dow n. 
In th is  c h ap te r, th e  critica l s a tu ra tio n  ra tio  Sc for condensa tion  and  
n u c le a tio n  is  f irs t described . Next a  m odel is developed to  p red ic t 
th e  p o ten tia l vapor sa tu ra tio n  ra tio  S for given pum p-dow n conditions 
in c lu d in g  th e  q u a n titie s  an d  p roperties o f vapors, p roperties of carrier 
gas, hom ogeneities of th e  m ix tu re , c h am b er geom etry, an d  pum ping  
ra te . B y com paring  S  an d  Sc, we can  find  th e  critical condition  for
co n d en sa tio n  o r nucleation .
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5.2  CRITICAL SATURATION RATIO

P h a se  c h a n g e  from  v a p o r to  liq u id  c a n  ta k e  p lace  in  two 
s itu a tio n s : (i) C o n d en sa tio n  on  ex is ting  p a rtic le s . A s th e  r e s u l t  of
condensa tion , th e  partic les grow in  size, b u t  partic le  n u m b e r  rem ain s 
th e  sam e, (ii) N ucleation (vapor condensing  onto m olecule c lu s te rs  or 
ions) to  form  s ta b le  liquid  p a rtic le s . A s th e  re s u lt  of nu c lea tio n , new  
p a rtic le s  a re  generated .

F ro m  th e  view  of m acro sco p ic  th e rm o d y n am ics , th e  driv ing 
force fo r p h a s e  tra n s fo rm a tio n  is  th e  d ifference  o f  th e  chem ical 
p o ten tia l

Aji = |1 l - |iv (5-3)

w here  hl Hv a re  th e  chem ical p o ten tia l of a  m olecule in  liquid  
p h a se  a n d  vapo r p h a se  respectively. If a  v apo r is regarded  a s  a n  ideal 
g as  a n d  its  p h a se  tran sfo rm a tio n  ta k e s  p lace a t a  c o n s ta n t p re ssu re  
a n d  tem pera tu re , G ibb's rela tion  show s

Ap = - k T  ln(S) (5.4)

w here k  Is B oltzm ann constan t.

A n e ce ssa ry  condition for vapor to  change to  liquid is th a t  A(x < 0 
(i.e. w hen  pi < pv : liquid is a  stab le  phase). C onsequently , S m u s t  be 
g rea te r th a n  1 , w h ich  ind ica tes th a t  th e  vapor m u s t be, a t  least, a t  a  
su p e rsa tu ra ted  s ta te .

However, s u p e rsa tu ra te d  vapo r c a n n o t change to  a  liqu id  s ta te  
u n til  a n  energy  b a rr ie r  is overcom e. T he energy  b a rr ie r  is th e  energy 
requ ired  to c rea te  a  new  liquid  su rface  th ro u g h  e ither creation  of new  
s tab le  n u c le i o r g row th  on  a n  ex is tin g  n u c le u s . D epend ing  on  th e

7

c h arac te ris tic s  of th e  vapor system , th e  energy b a rrie r and  the  critical
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s a tu r a t io n  ra t io n  Sc m ay  differ s ig n ifican tly  in  b o th  n a tu r e  a n d  
m a g n itu d e . T h e  co m p le te  p h y s ic a l p ic tu re  o f n u c le a t io n  a n d  
c o n d e n sa tio n , espec ia lly  in  th e  p re se n c e  of m ore  th a n  one v ap o r 
sp ec ies  a n d  foreign  nuc le i, is  n o t c lear. Som e c a se s  th a t  a re  b e s t  
u n d e rs to o d  an d  re lev an t to  pum p-dow n a re  described  below. Nuclei of 
a  spherica l sh a p e  a re  considered.

5.2.1 H om ogeneous C ondensation

T his refers to  condensa tion  on  a  s tab le  partic le  th a t  con ta in  th e  
sam e type of m olecule a s  th e  vapor. Let th e  partic le  d iam eter be d 0. If

c o n d en sa tio n  o c cu rs  a n d  th e  p artic le  g row th  to  a  new  size d, th e  
change in  G ibb's free energy is

w here  v j  is  th e  m olecule volum e in  liquid p h ase  a n d  o is  th e  su rface  
ten s io n  of th e  fla t liquid  surface . The first term  in  th e  RHS rep re se n ts  
th e  d ecrease  in  chem ical po ten tia l w hen  vapor m olecules change to  a  
b u lk  liq u id . T he  seco n d  te rm  re p re s e n ts  th e  in c re a se  in  su rfa ce  
energy.

T he con d itio n  for th e  partic le  to  survive a n d  co n tin u e  to  grow 
(i.e. for co n d en sa tio n  to  proceed) is

The te rm  on th e  rig h t side  is  the  energy  b a rr ie r  fo r c o n d en sa tio n  on 
th e  p a rtic le  of size d 0. T he critical s a tu ra tio n  ra tio  for th e  o n se t of 
condensa tion , Sc, is  ob tained  w hen two sides in  Eq.(5 .7 ) a re  equal, i.e.

AG = it (d3  - do3) k  ln(S) + it (d2 - d02) c (5 .5)

(5 .6)

i.e.,
4 o v i

icT ln (S )> (5.7)

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



www.manaraa.com

117

l n ( s d = T ™ L (S 8 )K  1  d o

T his is  th e  well know n Kelvin equation . The special case  is  d 0  = 00 (flat 
su rface ), w here  th e  energy  b a r r ie r  is  zero, a n d  S c = 1. F igure 5-2 
sh o w s Sc for w a te r  v a p o r c o n d e n sa tio n  a s  a  fu n c tio n  of p a rtic le  
d iam ete r. F o r p a rtic le s  w ith  d iam ete r la rg er th a n  0.1 |im , Sc is very 
close to  1 .

S tr ic tly  sp eak in g , th e  Kelvin e q u a tio n  is  only  ap p licab le  to 
h o m o g e n e o u s  c o n d e n sa tio n . In  th e  p re se n c e  o f fo re ign  nu c le i, 
c o n d e n sa tio n  is  h e te ro g en eo u s. However, if  th e  foreign n uc le i a re  
c h e m ic a lly  a n d  e le c tr ic a lly  n e u t r a l  w ith  r e s p e c t  to  th e  v ap o r 
m olecules, th e  Kelvin equation  can  still be used .

5 .2 .2  H om ogeneous N ucleation

If p a rtic le s  are  a b se n t in  th e  m ixture, p h a se  change from  vapor 
to  liqu id  m u s t  s ta r t  w ith  th e  c rea tio n  of new  nucle i. T h is is called a  
n u c le a tio n  p ro cess . If a  s ing le  v a p o r is  involved, th e  n u c le a tio n  
p ro cess  is hom ogeneous.

I t  is  n e c e s s a ry  to  d e sc rib e  th e  te rm ino logy  for n u c le a tio n  
p ro c e sse s  before  fu r th e r  d isc u ss io n . A ccording to  S p rin g e r (1978), 
c h a ra c te r is t ic s  of a  p u re  v a p o r  sy s te m  a re  d esc rib e d  by  single 
m olecu les, aggregates, em bryos, c ritica l nucle i, a n d  s tab le  nucle i (or 
partic les). An aggregate co n ta in s  from  2 to  (go-1) m olecules, w here g0  

is  sm all enough  su c h  th a t  the  aggregate can  d isin tegrate  spon taneously  
in to  m olecules. A ggregates a re  trea ted  a s  gas like. An em bryo contains 
en o u g h  m olecu les s u c h  th a t  its  p ro p erties  c an  be  described  by  the  
b u lk  liqu id  p ro p erties  a n d  su rface  ten s io n  of a  flat su rface . A single 
em bryo of a  certa in  size is  physically  u n s ta b le  (if one observes a  single 
em bryo , one m ay  find th e  em bryo 7 u n d e rg o es  size change  its  size
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Figure 5-2  Critical sa tu ra tio n  ratio  of w ater vapor 
condensation  a s  a  function  of nuclei d iam eter
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Figure 5-3 W ater vapor hom ogeneous nucleation: Critical 
sa tu ra tio n  ratio  as a  function o f  tem pera tu re
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ra n d o m ly  o r  even  d is a p p e a r  b e c a u se  of m ic ro sco p ic  th e rm a l an d  
density  f lu c tu a tio n  in  th e  vapor system ). S tatistically , however, th ere  is 
a  s tab le  p o pu la tion  d is trib u tio n  of em bryos. A  critical n u c le u s  con ta ins 
g* m o lecu les; g* is  th e  sm a lle s t n u m b e r  t h a t  m ak e s  th e  n u c le u s  
physica lly  s tab le . T he value  of g* d ep en d s on  th e  vapo r s ta te . Nuclei 
a re  th o se  p a rtic le s  co n ta in in g  m olecu les g re a te r  th a n  g*. Nuclei a re  
physica lly  s tab le ; th e ir  size m ay  still change, b u t  th is  change is  n o t 
ran d o m  a n d  can  be dete rm ined  from  th e  m acroscopic therm odynam ic 
s ta te  of th e  vapo r system .

O ne m ay  su s p e c t  th a t  a  vapor m olecule (d0  = 3 .85  A) m ay serve 
a s  a  n u c le u s . If th is  w ere th e  case , Sc m u s t  b e  268  for w a ter vapor, 
c a lcu la ted  b y  th e  Kelvin equation  (assum ing  th a t  su rface  ten sio n  and  
b u lk  d e n s ity  s till have m eaning). T he c loud  c h a m b e r experim en ts 
show  Sc < 8  (W hen T  = 268K). T herefore, th e  n u c le u s  in  th is  case
c an n o t b e  single m olecule. A ccording to  n u c lea tio n  theory, an  em bryo 
d is tr ib u tio n  exists:

nd
n i ~ exp f- AGd 

k T
(5.9)

w h e re  n d  is th e  co n ce n tra tio n  of em bryo of d iam e te r  d, n i  is  th e  
c o n c e n tr a t io n  o f v a p o r  m o le cu le s , a n d  AGd is  th e  free energy  
a s s o c ia te d  w ith  th e  fo rm a tio n  o f em b ry o s o f d ia m e te r  d. The 
ex p re ss io n  AGd is  th e  sam e a s  Eq.(5.5) except th a t  d 0  = 0 (actually d 0  

sh o u ld  b e  equal to  th e  vapor m olecule diam eter)

F o r S  > 1, th e  vapor is  a t  a  m etastab le  s ta te , AGd is  a  m axim um  a t

d *  (5 .10)
k  T  ln(S)

w here  d* is  called the  critical nuc le i d iam eter.
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A ccording to  c lass ica l n u c lea tio n  theory , th e  n u c lea tio n  ra te  (the 
ra te  for genera ting  s tab le  nuclei) c a n  be exp ressed  as

w here  C* is  th e  collision freq u en cy  betw een  vapo r m olecu les a n d  th e  
c ritica l nuc le i: Ze, th e  Z eldovich n o n eq u ilib riu m  factor; a n d  nd*, th e  
c ritica l n u c le i co n cen tra tio n . E x p ress io n s for C*. Ze, a n d  n,j* have 
b e en  su ssm arized  S p rin g er (1978).

i
T h e  c la ss ic a l th e o ry  re m a in s  th e  b e s t  for ex p la in in g  m o st 

availab le  experim en ta l d a ta , especially  for w a te r vapor. A n expression  
fo r Sc, derived from  th e  B eker-D oering-Z eldovich th eo ry  (one of th e  
c lassica l theories), is  given by  K atz an d  O sterm ier (1967) as:

w here  p s is  th e  vapor sa tu ra tio n  ra tio  in  Torr; <j, th e  su rface  ten sion  in  
d y n e /c m ; p*. th e  liquid  d en sity  in  g /cc ; T, th e  ab so lu te  tem p era tu re  in  
K; a n d  M, th e  m o lecu la r w eight in  g /m ole . T his c rite rion  is  b a sed  on 
th e  ra te  of form ation  of s tab le  n u c le i to  be  1  d rop /(cc .sec).

F igu re  5-3  show s Sc for hom ogeneous n u c lea tio n  of w a ter vapor 
v e rse s  te m p e ra tu re . T he c la ss ic a l th eo re tica l p red ic tio n  ag rees  w ith  
e x p e r im e n ta l  d a ta  w ith in  8 %  (H eist a n d  R e is s , 1968). W hen  
tem p era tu re  is  reduced  from  300  to  230 K, Sc for n u c lea tio n  in creases  
from  3 .1  to  8 . 6  (corresponding  to  th e  size of s tab le  nuc le i o f 20 to 10

j  = c* Ze nd* (5 .11)

= 1.05 x  10 - 2 6

(5 .12 )

A).
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5 .2 .3  N ucleation on  Ions

Ions c a n  becom e c o n d en sa tio n  s ite s  w hen  s a tu ra t io n  is h igh  
e n o u g h  (beyond 4  fo r w a te r  vapor). An ion  p ro v id es a  c e n tra l 
e lec trica l field. In th is  case , th e  free energy change  a sso c ia ted  w ith  
th e  condensa tion  is

* 3  = §£■ * ( d 3  - do3) k  ln(S) + * (d» - d„2) °  * %  £  - f )  ( 3  - £ )

(5 .13 )

w here  e is th e  liquid dielectric  co n stan t, eg is the  dielectric  c o n s ta n t 
su rro u n d in g  th e  g as m ix tu re , q  is th e  ion  charge, a n d  d 0  is  th e  ion 
d iam ete r. W hen  co m p arin g  Eq.(5.13) w ith  E q.(5 .5), th e  ad d itio n a l 
te rm  (th ird  te rm  in  th e  RHS) rep re se n ts  th e  change  in  ion  electrical 
field energy  d ue  to th e  condensate .

T he necessa ry  condition  for vapor to  condense onto ions is

d(AGd) ,
d (d ) ld=do^O  (5 .14 )

T h is condition  is alw ays satisfied  for S  > 1. However, if S  is n o t large 
enough , th e  scale  of condensa tion  is  very  lim ited b ecau se  of th e  local 
m in im u m  p re s e n t in  AGd (Fig.5-4). F or a  sing ly  ch arg ed  ion  w hen  
S = 3, th e  m in im um  of AGd for w ater vapor occu rs a t  d = 5A, beyond 
w hich  condensa tion  c a n  n o t proceed becau se  of th e  local in c rease  in 
free energy. The size of d  = 5A is  u su a lly  u n d e tec tab le . In o rd er for 
vapor to  con tinuously  condense onto ions, th e  local m in im um  in  AGd 
m u s t  b e  ab sen t. T h is type of condensa tion  is often  referred  to  a s  a 
ca tas tro p h ic  condensation . M athem atically, it requ ires th a t

d 2 (AGd) , ■
d 2 (d) 0  (5 .15 )
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Figure 5 -4  W ater vapor condensation  on ions: Free energy 
change  vs. drop d iam eter a t  different sa tu ra tio n  ratios
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W hen Eq.(5.15) equals zero, Sc for th e  c a ta s tro p h ic  co n d en sa tio n  on 
ions is obtained:

3.874 0 4 / 3  vi
ln (S c) =  N -  (5 .16)

k T  q 2 / 3  ( 1/tg - 1 /e ) x/ 3

For w a te r  vapor condensa tion  onto  a  singly  charged  ion  a t  T  = 268 K, 
eg = 1 , e = 80  (water), a n d  q = 4 .8  x  1 0 * 1 0  e su , Sc is  evaluated  to  be  
4 .26  w hich  agrees w ith  experim ental va lue  (Sc = 4 .2  for negative ion  in  
W ilson 's cloud c h am b er experim ent).

I t  is  n o ted  th a t  th e  p o larity  of io n s h a s  n o t  b e e n  ta k e n  in to  
a c c o u n t in  E q .(5 .16 ). A ctually , h ig h e r  s a tu r a t io n  is  n e ed e d  for 
co n d en sa tio n  on to  positive ions. E xperim en tal re s u lts  sum m arized  by  
M ason (1972) show s th a t  Sc is close to  6  for a  singly charged  positive 
ion. W hite an d  K assn er (1971) have m odified th e  th eo ry  to include  the  
effect o f po larity  to  m ake  th e  th eo re tica l p red ic tion  c o n s is te n t w ith  
experim en tal observation .

5.3 POTENTIAL VAPOR SATURATION RATIO

W ith  a n  u n d e rs ta n d in g  o f th e  c ritic a l s a tu r a t io n  ra tio  for 
co n d en sa tio n  o r nuc lea tion , we now  proceed to find th e  a c tu a l vapor 
s a tu r a t io n  d u r in g  p u m p -d o w n . F o r th is  p u rp o se , th e  follow ing 
a ssu m p tio n s a re  m ade:

1) V ap o r a n d  g a s  e x h ib it idea l g a s  b e h av io r a n d  a re  u n ifo rm ly  
d is trib u ted  in side  the  vacuum  cham ber.

2 ) V apor and  g as a re  alv/ays in  therm al equilibrium .
3 ) V apor and  gas a re  pum ped  ou t a t  th e  sam e speed.
4) No vapor condensa tion  or nuc lea tion  is allowed.
5) T u rb u len t n a tu ra l  convection prevails inside th e  cham ber.
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6 ) Pum ping  ra te  rem a in s co n stan t.
7) W all tem p era tu re  rem ain s co n stan t.

Before finding a n  expression  for th e  a c tu a l sa tu ra tio n  ra tio  S, we f irs t 
develop  a n  o rd in a ry  d ifferen tia l e q u a tio n  (ODE) th a t  d e sc rib e s  th e  
m ix tu re  a n d  th e  vapor s ta te  d u rin g  pum p-dow n. In  a  d im ension less  
form , th e  therm odynam ic  s ta te  is  specified  by  (p*,T*), w here

p* = - £ -  and  T * = ^ -  (5 .17 )
Po i o

p  is th e  m ix tu re  (total) p re s su re  w ith  in itia l value p 0; T  is th e  m ix tu re  
te m p e ra tu re  w ith  in itia l va lue  T0. In  te rm s of T* an d  p*, th e  ODE is 
w ritten  a s  (see C h ap te r 4  for details)

w ith  th e  in itia l condition  T* = 1 a t  p* = 1.

O rig in a lly , th is  e q u a tio n  w a s  developed  fo r th e  m ix tu re  
tem p era tu re  a n d  p re ssu re . However, b a se d  on th e  a ssu m p tio n  th a t  th e  
m ix tu re  a n d  vapo r a re  alw ays in  th e rm a l equ ilib rium  a n d  th e  vapor 
p re s su re  is  p roportiona l to  the  to ta l p re ssu re , we have

- ^ -  = p* an d  - ^ -  = T* (5 .19)
Pvo 1 o

Therefore, ODE (5.18) a lso  describes th e  vapor s ta te .

T he  ODE (5.18) can  be solved b y  n u m erica l in te g ra tio n  for a  
given Z a n d  y. T he so lu tion  can  be expressed  in  a  functional form  as■5

nr*
(5 .18)
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(5 .20)

O n th e  on  T*-p* p lane , th is  fu n c tio n  describes a  cu rve  w h ich  will be  
refe rred  to  a s  th e rm o d y n am ic -s ta te -p a th  (TSP) of th e  m ix tu re  o r the  
v ap o r.

A t each  p o in t of TSP, (p*, T*), th e  vapo r sa tu ra tio n  ra tio  can  be 
calculated  as:

S  = pvo   j—g— (5.21)
10(A + "T*To)

Since o f T* = fi(Z, y, p*), th e  s a tu ra tio n  ra tio  c a n  be  ex p ressed  in  a  
functional form  as

S = f2 (Z, y, A, B, p 0, T0, pv0, p*) (5 .22)

T his specifies a  curve (S v e rsu s  p*) for th e  pum p-dow n p rocess . We 
will refer to th is  curve a s  a  sa tu ra tio n  curve (S-Curve).

A  very  im p o rta n t p o in t on  th e  S-C urve is th e  p o in t w here  th e  
m ax im u m  s a tu ra t io n  ra tio  o c c u rs . Let u s  d en o te  th e  m ax im u m  
sa tu ra tio n  ra tio  a s  Smax and  th e  assoc ia ted  d im ensionless p re ssu re  a s  
£  an d  te m p e ra tu re  a s  T . It Is found  th a t  £  an d  T  m u s t  sa tis fy  the  
following c o n s tra in t (derived from  th e  condition  of d S /d p *  = 0).

(Y - 1) +

s - i / 3
/ A

T > 4 /3 £ 1 / 2
(1 +

1 B
A <T»T  lo

0.13 Z (5.23)

S ince £  an d  T  m u s t also sa tisfy  Eq.(5.21), th ey  m u s t have a  so lu tion  of 
th e  form
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£ = fi(z, y, To, B) an d  T  = f2 (Z, y, T0, B) (5 .24)

S u b stitu tin g  £  a n d  T  to  Eq.(5.21), one c a n  find  th a t  Smax can  be 
expressed  a s

Smax = -(—> Y, A, B, Po> To, Pvo) (5 .25)

v/here p 0  is  included  in to  th e  function  b e ca u se  i t  is needed  to  define 
the  d im ension less p ressu re .

The above fo rm ulation  enab les u s  n o t only  to  find the  TSP and  
S -C urve d u rin g  p u m p -d o w n  b u t  a lso  to  specify  th e  pum p-dow n  
pa ram etrica lly . However, i t  is  n e ce ssa ry  to  s tr e s s  once m ore th a t  
E qs.(5 .18) a n d  (5.21). do n o t co n sid er a n y  d is tu rb a n c e  d ue  to  the  
p h a se  c h an g e . T he p h a se  change  (co n d e n sa tio n  o r n u c lea tio n ), 
consum es th e  ex tra  vapor (in add ition  to  th a t  be ing  pum ped  out). It 
also re leases la te n t h e a t w hich will significantly  w arm  u p  th e  m ixture. 
Therefore, th e  sa tu ra tio n  calculated  by  Eq.(5.21) m ay be  referred to  as 
a  p o ten tia l vapor sa tu ra tio n  ra tio  (PVSR) b e c a u se  i t  is  a  m axim um  
a tta in ab le  value  a t  a  given p* an d  T* du ring  pum p-dow n. T hrough the 
ca lcu la tio n  of PVSR, th e  c ritica l cond ition  of p u m p-dow n  c a n  be 
determ ined by  com paring PVSR w ith the  critical sa tu ra tio n  ratio  Sc.

5.4 CRITICAL CONDITION OF PUMP-DOWN

The general therm odynam ic criterion for vapor con d en sa tio n  or 
nuc lea tion  is th a t  th e  ac tu a l vapor sa tu ra tio n  ra tio  S m u s t  exceed the 
critical sa tu ra tio n  ratio  Sc, i.e.,

S > Sc (5.26)
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From  th e  d iscussion  in  Section 5.3, i t  is know n th a t  Sc d epends . 
on  th e  ty p e  o f p ro c e ss  involved  (c o n d e n sa tio n  o r n u c le a tio n ; 
h o m o g e n e o u s  o r  h e te ro g e n e o u s ) . S c a lso  v a r ie s  w ith  v a p o r 
te m p e ra tu re . S ince it  h a s  b e e n  proven  th a t  Tv/ T 0  = f(Z, y, p*), Sc 
d u rin g  pum p-dow n m ay be expressed  in  the  functional form

w here  rep re sen ts  th e  type of p rocess an d  assoc ia ted  p a ram ete rs .

F rom  th e  fo rm u la tio n s  in  S ection  5 .3 , w e find  th a t  a c tu a l 
s a tu ra tio n  ra tio  (in th e  absence  of any  d istu rbance) can  be  expressed  
as

w here  Cl = (Z, y. A, B, p 0, T0, Pvo) is a  group  of c o n s ta n ts  rep resen tin g  
c h a rac te ris tic s  of a  pum p-dow n. This inc ludes th e  p roperties  of vapor 
a n d  c a rr ie r  gas, in itia l cond itions, a n d  d im ension less Z n u m b er. We 
will refer to  Q a s  th e  condition  of pum p-dow n. T he critica l condition  
of p u m p -d o w n , d en o ted  a s  £2C* is th e  Cl t h a t  will j u s t  in itia te  a  
co n d en sa tio n  o r nuc lea tion  p rocess.

Qc c a n  be  s tu d ied  convenien tly  w ith  th e  he lp  of S-p* d iagram  
(Fig.5-5). F o r a  given Cl, Eq.(5.28) specifies a  curve, w hich  is a  S-Curve. 
W hen th e  type of c o n d en sa tio n  p rocess is  d e te rm ined  ( W is given), 
Eq.(5.27) a lso  specifies a  curve, w hich  is  called a  Sc-Curve. T he critical 
Qc is th e  condition su c h  th a t  th e  S-Curve is tan g e n t to th e  Sc-Curve. If 
Sc is a  constan t, Qc can  be found  w hen

If Sc is  a  variable, Clc can  be found  from the  following two conditions:

(5 .27)

S  = f(Q, p*) (5 .28)

Smax ~ fiflc) = Sc (5 .29)
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Sc-Curve (Constant)

Sc-Curve (Variable)

S-Curve

Figure 5 -5  S a tu ra tio n  ra tio  vs. p ressu re  d u ring  pum p-dow n: 
C ritical condition of pum p-dow n is  found w hen  th e  S-Curve 
in sc ribes th e  Sc-Curve
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d S  dSc and S = Sc (5.30)dp* ”  dp*

5 .5  NUMERICAL SIMULATION FOR WATER VAPOR

W ater vapor is  th e  m o st com m on condensab le  species in  vacuum  
system s. As a n  app lica tion  o f th e  theory  developed above, w a te r vapor 
is  investigated  u n d e r  th e  following conditions:

V apor C onstan ts : A  = 9 .183837, B = -2403 .3699  
C arrier Gas: N itrogen o r Air [y- 1.4) 
p 0  = 760 Torr, T0  = 298  K

V ariables in  th e  investigation  a re  Z n u m b er a n d  relative hum id ity  RH. 
Note th a t  th e  in itial w a te r vapor p ressu re  is re la ted  to  RH by

W hen y, A, B, p 0, an d  T0  in  a re  given, Z a n d  RH  a re  su fficien t to 
specify  a  pu m p -d o w n  p ro c e ss . In  th e  follow ing s tu d y , n u m erica l 
s im u la tio n  tech n iq u es a re  u se d  to find the  critical va lue  for Z and  RH 
th a t  in itia te s  w a te r  vapo r co n d en sa tio n  or n u c le a tio n . At the. sam e 
tim e, th e  fe a tu re s  s u c h  a s  TSP, S-C urve, a n d  Sc-C u rv e  w ill be  
illu stra ted .

5.5.1 TSP of W ater V apor

F or a  given Z, ODE (5.18) c an  be in teg ra ted  to yield a  TSP for 
w a ter vapor, w hich  can  be expressed  as

Pvo = Pso RH (5 .31)

T* = fi(Z , p*) (5 .32)
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Figure 5 -6  show s TSP for Z = 16. A valley in  th e  tem p era tu re  h a s  b een  . 
found  b e ca u se  of com petition  of expansion  cooling a n d  w all h ea tin g  
(C hapter 4  h a s  explained th is  phenom ena  in  detail).

5 .5 .2  Potential S a tu ra tio n  Curve

F or a  given RH, PVSR can  be  ca lcu la ted  by  Eq.(5.21) a t  each  
po in t (T \ p*) of TSP. The so lu tion  is  of th e  form

S = f2 (Z, RH, p*) (5.33)

Fig.5-6  show s PVSR for Z = 16 an d  RH = 40% . A p e ak  is  found  in  
PVSR during  pum p-dow n. As p ressu re  is reduced , th e  sa tu ra tio n  ratio  
s ta r ts  to  in c rease  u n til  it  reach es a  m axim um , th e n  d ecreases . T he 
p e ak  in  th e  s a tu ra tio n  ra tio  m ain ly  re s u lts  from  th e  valley  in  th e  
te m p e ra tu re . In  th e  defin ition  of S  = P v /p s . th e  n u m e ra to r  pv 
c o n tin u a lly  d e c re a se s  d u rin g  th e  e n tire  p e rio d  of p u m p -d o w n . 
However, in  th e  in itia l period  w hen  th e  tem p era tu re  d ecreases , th e  
d en o m in a to r p s d ecreases  fa s te r  th a n  py. As a  resu lt, S  increases. In  
la te r  p e rio d  w h en  th e  te m p e ra tu re  recovers, p s recovers w hile p v 
con tinuously  decreases w hich  cau ses S to decrease.

A lth o u g h  th e  s a tu ra t io n  cu rve  is  a lm o s t o p p o site  of th e  
te m p e ra tu re  curve, th e  m axim um  sa tu ra tio n  ra tio  o ccu rs before th e  
te m p e ra tu re  reach es  th e  m in im um  for a  given Z. For Z = 16, Smax 
o ccu rs  a t  257  T orr (ft = 0.338). T he m in im um  tem p era tu re  occurs a t  
2 0 0  T o rr (ft = 0 .263). T h is phenom ena  can  b e  proved analytically . It 
can  be show n th a t  a t  Sq^ :

dT
d t

1 \_dp_ 
d t (5 .34)
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Air (40%RH) 
Po=760 Torr 
To=298 K

b  0.9
V

Z=16
Temperature 
Saturation Ratio

0.8
1.01 .1

Figure 5-6 W ater vapor sa tu ra tio n  ratio a n d  a ir tem pera tu re  
du ring  pum p-dow n: M axim um  sa tu ra tio n  ra tio  occu rs before 
th e  m in im um  tem p era tu re

100

Water Vapor-Air Mixture 
Po=760 Torr 
To=298K

RH=80%
RH=40%
RH=20%

.1
100O100101 z

Figure 5-7 M axim um  w ater vapor sa tu ra tio n  ratio  a s  a  
function  of Z n u m b er an d  in itial RH
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Since (1 + B /T) < 0 for w a te r vapo r a n d  d p /d t  < 0  d u rin g  p u m p -d o w n ,. 
d T /d t  < 0  a t  Smax in d ic a te s  th a t  th e  g as te m p e ra tu re  a t  Smax still 
d ec rea ses  (has n o t rea ch e d  th e  m in im um  yet).

It is  no ted  th a t  SmaY h ere  is  only a  function  o f Z a n d  RH.

Smax = «Z, RH) (5 .35)

The n u m erica l re s u lts  for Smax a re  plotted  in  Fig. 5-7. It needs to be 
re e m p h as iz ed  t h a t  Smax is  o b ta in ed  by  neg lecting  co n d en sa tio n . It 
show s th e  m axim um  po ten tia l o f pum p-dow n to s a tu ra te  a  vapor.

F igure  5 -8  show s th e  n u m erica l re su lts  o f ft an d  T  for different 
Z. S ince  ft = f(Z) a n d  T  = g(Z), corre lation  betw een  ft an d  T m u st 
exist. W hen p Q = 750  Torr, T0  = 298 K, and  y = 1.4, it  is found th a t

ft = 0 .98  T 5  (5 .36)

Show n in  Fig.5-9, th is  equation  fits th e  num erica l d a ta  well.

W ith  th e  h e lp  of Eq.(5.36), S m ^  can  be  found  w ith o u t need  to 
solve d iffe ren tia l e q u a tio n s  (5.22). S u b s t itu t in g  E q .(5 .36) in to  
E qs.(5 .21) y ields

Z =

0 .98  T5 7 3
0 - 4  + 1 B  \  |

( 1 + ? T 0 J J
0 .13  ( 1 - T ) 4 / 3 T 1 / 2

(5 .37)

S u b s titu tin g  Eq.(5.36) in to  Eq.(5.23) yields 

Smax = Pso RH
a5

0 .98  T
1 B 1 

1 0 (A+ t  T0 )
(5 .38)
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■ W ater Vapor-Air Mixture 
Po = 760 Torr 
To = 298 K >>

0.80.8

0.60.6

0.40.4

0.20.2

— — ~T" 0.0
1000

0.0
10 10011

z
Figure 5-8  D im ensionless tem p era tu re  and  p ressu re  a t  
m axim um  w ater vapo r sa tu ra tio n  ratio  a s  a  function  of Z

1.0

Water Vapor-Air Mixture 
Po = 760 Torr 
To = 298 K

0.8

0.6

P = 0.98T 
Numerical0.4

0.2

0.0
0.6 0.8 1.00.40.2

A
T

Figure 5 -9  R elationsh ip  betw een d im ension less p re ssu re  
and  tem p era tu re  a t  m axim um  w ater vapor sa tu ra tio n  ra tio
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F or a  given Z, T  can  be  solved in  Eq.(5.37) b y  ite ra tio n . A fter T  is 
fo u n d , Smax Is th e n  c a lcu la ted  b y  E q .(5 .38). T he co n d itio n s for 
E qs.(5.37) a n d  (5.38) a re  p 0  = 760 Torr, T0  = 2 9 8  K, a n d  y = 1.4.

5 .5 .3  Critical S a tu ra tio n  Curve

Two lim itin g  c a s e s  w ill b e  s tu d ie d  h e re : h e te ro g e n e o u s  
c o n d en sa tio n  a n d  hom ogeneous nu c lea tio n . T he f irs t case  a ssu m e s  
th a t  a  g rea t a m o u n t of foreign nuclei is p re se n t in  th e  m ix ture, an d  
th e  c o n d en sa tio n  p ro cess  dom inates. Sc for co n d en sa tio n  d ep en d s 
very w eakly on  th e  m ix ture  tem pera tu re , an d  is  veiy close to 1. In th is  
case, Sc-Curve is a  horizontal line.

The second  case  a ssu m es th a t  no  foreign nuclei a re  p resen t. Sc 
for n u c le a tio n  s tro n g ly  d ep en d s on  th e  m ix tu re  te m p e ra tu re , and  
varies d u rin g  pum p-dow n. Since T* now  d ep en d s on Z an d  p*. Sc for 
nuc lea tion  can  be expressed  a s

S c = f5 (Z, p*) (5 .39)

Figure 5-10 show s th e  re su lts  of a  sim ulation  for w hich Z = 16. The Sc- 
C urve is  exactly  opposite  to  th e  te m p e ra tu re  curve. A t th e  in itia l 
te m p e ra tu re  T  = 298  K (T* =1 ), Sc = 3 .1 2 . A t th e  m in im u m  
tem p era tu re  T  = 244  K (T* = 0.82), Sc = 6 .65.

5 .5 .4  Critical C ondition of Pum p-Down

S ince y, A, B, p„ , a n d  T0  have b een  fixed, th e  pum p-dow n  
condition  Q is dependen t up o n  only two variab les Z a n d  RH. The ta sk  
now  is to de te rm ine  th e  com bination  of Z an d  RH su c h  th a t  th e  Sc- 
Curve is tan g en t to the  S-Curve.

If Z is fixed, th ere  is a  critical relative hum idity , denoted  as  RHC, 
th a t  m ak es th e  S -C urve tan g e n t to th e  Sc-C urve (Fig. 5-11); if  RH >
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Z= 16 lr=1.4] 
Po = 760 Torr 
To = 298 K

1.0
-4

0.9

0.8
.01 1.1.U0 1 p*

Figure 5 -10  Critical sa tu ra tio n  ratio  of w ater vapor vs. 
p re ssu re  d u rin g  pum p-dow n
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Figure 5-11 S a tu ra tio n  ratio of w ater vapo r vs. p re ssu re  for 
different RH a t  fixed Z n u m b er
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RHC, th e  S-C urve c ro sses  th e  Sc-Curve twice; if  RH < RHC, th ere  is  no  
c o n ta c tin g  p o in t. S im ilarly  if  the. RH is  fixed, th e re  is  a  c ritica l Z 
n u m b e r , d e n o te d  a s  Zc , t h a t  m ak e s  th e  S -C urve  ta n g e n t to  th e  
Sc-C urve (Fig.5-12); if Z < Zc, th e  S-C urve p a sse s  th e  Sc-Curve; if Z > 
Zc, th e re  is n o  co n tac t poin t. B y num erica l calculation, th e  re la tionsh ip  
b e tw een  RHc a n d  Zc is  found, a s  show n in  Fig.5-13. The d a ta  for th e  
cu rve a re  lis ted  in  T able 5-1. It is  found  th a t  w hen  RH changes from  
10 to  80% , S c re d u c e s  from  1 0 .0  to  4 .8 0  (c o rre sp o n d in g  to
te m p e ra tu re  from  224  to  264  IQ.

T ab le  5-1  C ritica l co n d itio n s  o f w a te r v a p o r hom ogeneous 
n u c lea tio n a

RHc, % Zc S P/Po T/T0

2.8 5 14.00 0.16 0.695
4.8 • 6 12.50 0.19 0.720
9.6 8 9.99 0.22 0.751

15.5 10 8.44 0.26 0.771
21.7 12 7.50 0.28 0.790
35.0 16 6.36 0.34 0.823
47.0 20 5.69 0.40 0.845
59.0 24 5.31 0.43 0.860
80.0 32 4.80 0.49 0.885

114.0 40 4.35 0.61 0.911
a. po=760 Torr, T0=298 K.

W hen S c is co n stan t, th e  re la tionsh ip  betw een RHC and  Zc c a n  be 
d e te rm in ed  b y

Smax = f3(Zc, RH<J — Sc (5 .40)

T h is e q u a tio n  re p re se n ts  th e  co n to u r of Smax in  th e  Z an d  RH p lane. 
F ig u re  5 -1 4  show s th e  c o n to u rs  fo t Smax = 2, 4, 6  a n d  8 . T hese
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Figure 5-13  Critical Z and  RH for w ater vapor nucleation
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c o n to u rs  are  very  u se fu l. If Sc varies from  4  to  8 , th e  critica l Zc a n d  
RHC m u s t fall betw een th e  regions lim ited b y  Smax = 4  and  Smav -  8 .

5 .6  DESIGN CRITERION FOR CLEAN PUMP-DOWN

The pum p-dow n p rocess is know n to generate  a  large n u m b er of 
p a rtic le s , w h ich  a re  th e  co n tam in a tio n  so u rc e s  to  sem ico n d u c to r 
m an u fac tu rin g  an d  o th e r vacuum  rela ted  processes.

W hen co ndensab le  species, especially  w a te r vapor, a re  p re se n t 
in  a  c lean  c a rr ie r  gas, i t  is  believed th a t  liquid  p a rtic le s  form ed by  
v apo r nuc lea tion  an d  condensa tion  constitu te  th e  m ajo r portion , if n o t 
a ll, o f th e  p a r t ic le s  th a t  o c c u rs  in  p u m p -d o w n . N u c lea tio n  is 
re sp o n s ib le  fo r the. fo rm a tio n  of new  p a rtic le s . T he n u m b e r  of 
p a rtic le s  g en era ted  by  n u c lea tio n  c a n  be  a s  h ig h  as 1 0 4 /c c  (see 
C h a p te r  6 ). T he size of p a rtic le s  d ep en d s on  c o n d en sa tio n  w hich  is 
resp o n sib le  for th e  grow th  ex isting  p a rtic le s  (including th o se  form ed 
b y  nuc leation ). The liqu id  partic les  in  pum p-dow n can  grow  larger 
th a n  10 |im  (Borden a n d  B aron, 1987).

A lth o u g h  th e s e  liqu id  p a rtic le s  form ed in  p u m p -d o w n  a re  
tra n s ie n t  (some of th em  will b e  pu m p ed  ou t, o r  evaporated  a t  low 
pressu re), they  will have a  residence  tim e inside th e  v acu u m  cham ber 
a n d  m ig h t d e p o s it  o n  th e  s u b s t r a te .  In  th e  n u c le a t io n  a n d  
co n d en sa tio n  p rocess , m an y  im puritie s  m ay  be scavenged  in to  th ese  
new ly form ed partic les. N ucleation on  ions genera te  charged  particles 
w h ich  m ay  be  m ore easily  deposited  on  th e  su b s tra te . T he grow th of 
p a rtic le  size in c re a se s  th e  p a rtic le  d eposition  velocity  (or se ttlin g  
velocity).

In  o rd e r  to  e l im in a te  p a r t ic le  fo rm a tio n  f ro m  v a p o r  
co n d en sa tio n  o r nuc lea tion , th e  pum p-dow n m u s t b e  opera ted  u n d e r  
th is  condition:
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S(Q, p*) < ScOF, Q, p*) (5 .41)

This gives a  design  criterion  for c lean  pum p-dow n (in th e  sen se  of no  
vapor condensa tion  or nucleation).

W a te r  v a p o r  Is  th e  m o s t  com m on , u s u a l ly  th e  la rg e s t ,  
co n d en sab le  sp ec ies  in  a  v a cu u m  system . P um p-dow n is  u su a lly  
s ta r te d  a t  n e a r  STP cond itio ns. T herefore th e  re su lts  p re sen te d  in  
Fig. 5 -13  a n d  Fig. 5 -14  c a n  be d irectly  u se d  in  pum p-dow n p a ra m ete r 
design.

Two design  exam ples a re  given below. A ssum e a  cubic cham ber 
w ith  d im en sio n s of 30  cm  on  each  side; the  volum e is th e n  27 lite rs  
(1 cub ic  foot). A ssum ing  th e  w a ter vapor-a ir m ix tu re  is pum ped  o u t a t  
T 0  = 2 9 8  K a n d  p 0  = 760  T orr, th e re  a re  tw o p ra c tic a l d e s ig n
problem s:

1) Pum ping R ate  D esign

In th is  case , the  in itial RH m u s t be given. A ssum e RH = 40%. For 
th e  given cham ber:

V = 27  lite rs 

^ = - | - = 5 c m

and  a t  th e  STP condition  

g> = 6 .7 4  c m /s

From  Fig.5-13, Zc = 18 for nucleation . T hen  to avoid nucleation:

Veo
Se < — —  = 2  l i te r /s  

sZc
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F ro m  F ig .5 -1 4 , Zc = 62  for c o n d e n sa tio n  (Sc = 1). T hen  to  avoid 
co n d en sa tio n :

Se < 0 .587  l ite r /s

2) C ontro l of RH

If a  p u m p in g  ra te  is  given, th e  re la tiv e  h u m id ity  m u s t  be 
con tro lled  s u c h  th a t

RH < RHc

F or exam ple, given Se = 6  l ite r/s , a n d  x = -gr- = 4.5 s, th e n  

co x
Zc = —  = 6 .05

From  Fig. 5-13 , to  avoid nucleation,

RH < 5%

To avoid condensa tion ,

RH < 2%

F or a  fa s te r  pu m p in g  ra te , say  Se >10 l i te r /s ,  w ater-vapor-free carrie r 
g a s  is  req u ired . T his m eans th a t  th e  c h am b er m u s t  flu shed  w ith  dry  
n itrogen  in  o rd er to  avoid any  k ind  of condensation .

5 .7  CONCLUSION

A th eo ry  h a s  been  developed to  p red ic t the  critical condition of 
p u m p -d o w n  th a t  in itia te s  vapor c o n d en sa tio n  o r n u c lea tio n . It is 
fo u n d  th a t  th e  conditions of a  pum p-dow n p rocess can  be specified 
p a ram etrica lly  in  te rm s of £2 , from w hich th e  po ten tial vapor sa tu ra tio n

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



www.manaraa.com

142

c a n  be  de te rm in ed . The critica l s a tu ra tio n  ra tio , cin th e  o th e r h a n d , . 
m ain ly  depends o n  th e  type of condensa tion . T h is w ork  h a s  described  
hom ogeneous co n d en sa tio n , hom ogeneous nuc lea tion , a n d  nuc lea tion  
on ions.

W ate r v a p o r-a ir  m ix tu re , In itially  a t  760  T orr a n d  298K, have 
been  investiga ted  in  detail by  a  n u m erica l s im u la tion  techn ique . It is  
found  th a t  th e  c ritica l condition is  de te rm ined  by  a  com bination  of the  
d im e n s io n le s s  Z n u m b e r  a n d  th e  in it ia l  re la tiv e  h u m id ity . T he 
n u m erica l re s u lts  p re sen te d  in  Fig. 5 -13  a n d  Fig. 5 -14  c a n  b e  u se d  to 
specify a n d  design  c lean  v acu u m  pum p-dow n processes.
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CHAPTER 6

PARTICLE FORMATION IN TH E PRESENCE O F W ATER VAPOR 
DURING VACUUM PUMP-DOWN

ABSTRACT

Partic le  fo rm ation  in  th e  presence  of w a te r v ap o r d u rin g  vacuum  
p u m p -d o w n  h a s  b e en  ex p erim en ta lly  in v es tig a te d  in  a  cy lind rica l 
c h a m b e r  of vo lum e 2 6 0  cc filled w ith  partic le -free  a ir  w ith  know n  
relative hum id ity . It is  found  th a t  th e  n u m b e r of p a rtic le s  genera ted  
d u rin g  pum p -d o w n  d e p en d s  on  th e  p u m p in g  tim e  c o n s ta n t, relative 
hum id ity , a n d  te rm in a l p re ssu re . It is  a lso  found  th a t  th e se  partic les  
have  re s id u e  sizes o f 2 0  to  100 nm . Several h y p o th ese s  for partic le  
g e n e ra tio n  h ave  b e e n  te s te d . I t is  believed  th a t  p a r tic le s  g e n e ra te d  
d u rin g  p u m p -d o w n  a re  w a te r  d ro p le ts  c o n ta in in g  im p u ritie s . T he 
m ech an ism  o f d rop let genera tion  is  th ro u g h  w ater vapo r n u c lea tio n  on  
w a te r  m olecu les (hom ogeneous nucleation) or on  ions. T hese d roplets 
g row  In  th e  in it ia l  p e rio d  o f p u m p -d o w n  d u e  to  w a te r  v a p o r  
co n d en sa tio n . T he im p u ritie s  scavenged by  d ro p le ts  m ay  chem ical 
r e a c t  to  form  re s id u e  p a rtic le s . T he m o s t like ly  re a c tio n  is t h a t  
involving liqu id  p h a se  ox idation  o f po llu tion  species su c h  a s  SO 2  a n d  
n eu tra liza tio n  by  NH3  to  form  (NH4 )2 S 0 4 ,

6.1 INTRODUCTION

It Is w ell know n  th a t  m an y  aeroso l p a rtic le s  m ay  evolve in  a  
v a cu u m  c h am b er d u rin g  pum p-dow n. T he p resen ce  of p a rtic le s  h a s  
been  de tected  by  th e  following th ree  techn iques.

1) W afer S cann ing

A b a re  silicon w afer is  u sed  as th e  partic le  de tec to r. The w afer 
is  first in spec ted  b y  u s in g  a  su rface  sc an n e r to e n su re  th a t  none or few
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p a rtic le s  a re  p resen t. A fter th e  inspection , th e  w afer is  loaded in to  a 
v a cu u m  ch am b er a n d  th e  pum p-dow n is  th e n  perform ed. After pum p- 
dow n, th e  w afer is  ta k e n  o u t a n d  re in sp ec ted  b y  th e  sc a n n e r . As 
observed  b y  H oh (1984), Bowling (1986), an d  o thers , m an y  partic les  
a re  d e tec ted  on  th e  wafer, in d ica tin g  the  p resence  a n d  deposition  of 
p a rtic le s  d u rin g  pum p-dow n.

T h is  tec h n iq u e  prov ides th e  m o s t d irec t m eth o d  for de tecting  
th e  p a rtic le  co n tam in a tio n  on  a  w afer. A lthough expensive, m o d em  
su rfa ce  sc a n n e rs  a re  fu lly  au to m ated  and  easy  to  u se . However, th is  
te c h n iq u e  h a s  th e  following lim ita tions: (i) i t  is  n o t real-tim e; (ii) the 
m in im u m  d e tec tab le  p a rtic le  size is  0 .15  nm; (iii) th e  re la tio n sh ip  
b e tw een  p a rtic le  c o n ce n tra tio n  (su sp en d ed  partic le ) a n d  p a rtic le s  
added  to  th e  w afer is difficult to  find.

2) L ight S ca tte ring

A  v a cu u m  p a rtic le  co u n te r, m odel PM -100, recen tly  developed 
by  H igh Yield Technology (HYT), h a s  been  w idely u se d  to  m on ito r the  
p a rtic le s  in  v acu u m  processing  tools. The PM -100 u se s  a  la se r  n e t to  
de tec t p a rtic le s  th a t  p a ss  th ro u g h  th e  n e t covering a n  a re a  of 9  cm 2 . 
As th e  in v e n to r  of th e  c o u n te r , B o rd en  a n d  B a ro n  (1988) f irs t 
m onito red  partic les  in  v acu u m  processing  tools su c h  a s  ion  im p lan ters  
o r in  th e  v acu u m  loadlock. They found  pum p-dow n p ro d u ced  a  h igh 
p e a k  in  p a rtic le  co u n tin g , exceed ing  1 0 0 0  p a r t ic le s /m in u te s  an d  
co n sis tin g  of m an y  partic les  la rger th a n  10 pm . They also  found  th a t  
p a rtic le  c o u n t quickly  d isap p eared  w h en  th e  p re s su re  d ropped  below 
2 0 0  to  100 Torr. Recently, partic le  m onitoring  in  pum p-dow n u sin g  
th e  PM -100 also  h a s  been  carried  o u t by  C hen e t al. (1989) an d  W u e t 
al. (1989).

T h e  m a in  a d v a n ta g e s  o f th e  PM -100 a re  i t s  re a l- tim e  
m ea su re m e n t capability  an d  flexibility in  in sta lla tions. However, it  is a  
m o n ito rin g  device w hich  is  u n ab le  to  m easu re  partic le  co n cen tra tio n
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accura te ly  b ecau se  of its  low particle  co u n t efficiency (0.6% for 0 .5  pm  
an d  13% fo r 1pm), an d  the  flow ra te  th ro u g h  th e  de tec ting  a re a  is 
un certa in  u n d e r  vacuum .

3) V acuum  Particle Sam pler (VPS)

T he co n cep t of th e  VPS, schem atically  show n  in  Fig.6-1, is to 
u se  aeroso l in s tru m e n ts  th a t  opera te  a t  a tm o sp h ere  cond itions to 
m easu re  partic les in  vacuum  system s (Szym anski, e t a l., 1987). E ach  
m e a su re m e n t cycle in c lu d es  fo u r o p e ra tio n s : (i) p u m p -d o w n  th e  
sam p ling  ch am b er from  one a tm osphere  to a  specific p ressu re , lower 
th a n  th a t  in  th e  vacuum  system ; (ii) draw ing particle  sam ples from th e  
v a c u u m  sy s te m  in to  th e  ch am b er; (iii) v en tin g  th e  c h a m b e r to 
a tm osphere  p re s su re  again; (iv) m easu rin g  partic les  con ta ined  in  th e  
c h a m b e r  u s in g  a  CNC o r o th e r  in s t ru m e n ts  t h a t  o p e ra te  a t  
a tm ospheric  p re ssu re . None of th e se  four opera tions shou ld  p roduce  
partic les. However, w hen  fas t pum ping  w as perform ed, a  large n u m b er 
of partic les w ere found  d u ring  pum p-dow n. C onsequently , th is  se tu p  
becom es a  re a d y  tool for investiga ting  p artic le  fo rm ation  d u rin g  
pum p -d o w n . W ith  th is  tool, m u c h  in fo rm a tio n  a b o u t g e n e ra te d  
p a rtic le s  h a s  b e e n  o b ta in ed  s u c h  a s  c o n ce n tra tio n , charge , a n d  
volatility.

The ch arac te ris tic s  of particle  form ation d u rin g  pum p-dow n will 
be investigated in  th is  chap ter. The following issu e s  will be  d iscussed .

1) E xperim en ta l techn ique .
2) Q uan tita tive  m easu rem en t of partic le  generation  an d  determ ination  

of critical conditions.
3) H ypotheses of partic le  generation  an d  testing .
4) T heoretical analysis of particle generation  p a tte rn s .
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6 .2  EXPERIMENTAL INVESTIGATION

P artic le  fo rm ation  In  th e  p resence  o f w a te r  vap o r d u rin g  pum p- 
d o w n  d e p e n d s  o n  tw o m a jo r fac to r: (i) c o n d itio n  o f p u m p -d o w n  
in c lu d in g  pu m p in g  ra te , c h am b er geom etry, in itia l q u a n titie s  of w a ter 
v apo r, p ro p erties  of ca rr ie r  gas, and  In itia l p re s su re  a n d  tem p era tu re ; 
(11) c h a ra c te r is tic s  of nuc le igen ic  ag en ts  In c lu d in g  p a rtic le  size  an d  
p o p u la tio n , ion  ch arg e  a n d  popu la tion , type a n d  a m o u n t of res id u e  
gases.

In  th e  f irs t  case , w e lim it th e  s tu d y  to  th re e  e x p e rim en ta l 
p a ra m e te rs , nam ely,

Pum ping tim e constan t: x = V /S e 
Initial relative hum idity : RH 
Pum p-dow n term ina l p ressu re : p

O th e r  cond itions a re  fixed:

Cylindrical cham ber: V=260 cc (D x  H  = 8  x  5 .2  cm)
C arrier gas: a ir
In itial conditions: p 0= 1 a tm osphere , T0=298 K

In  th e  second  case , we lim it o u r  s tu d y  to  w a te r  v ap o r-a ir m ix tu res  
w h ich  a re  in itially  partic le  free b u t  m ay  con ta in  io n s  o r im p u rity  gases 
su c h  as SO 2  o r NH3.

6 .2 .1  E xperim ental S e tup  a n d  P rocedure

Figure 6 -2  is a  schem atic  d iagram  of the  experim ental a p p a ra tu s  
for investigating  partic le  fo rm ation  du ring  pum p-dow n. T he a p p a ra tu s  
c o n s is ts  of a n  e lec tropo lished  s ta in le s s  s tee l c h a m b e r  of 2 6 0  cc; a  
c o n d e n s a t io n  n u c le u s  c o u n te r  (CNC) fo r  p a r t i c le  n u m b e r  
m e a s u re m e n t;  a  c o n v ec tro n  v a c u u m  gau g e  (CVG) fo r  p re s s u re
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Figure 6-2 Experim ental ap p a ra tu s  for investigation of 
particle  form ation during  pum p-dow n
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m ea su re m e n t; a  h um id ity  con tro l an d  m e a su re m e n t system ; a  flow 
system  consisting  of a  m echan ica l v acu u m  p u m p , a  th ro ttlin g  valve, 
so leno id  p n e u m a tic  valves, a n d  W afergard m em b ran e  filters; a n d  a  
com pu ter contro l system  for valve control and  d a ta  processing.

T he experim ental p rocedure is a s  follows:

1) F lu sh ing  th e  cham ber w ith  a ir  of know n RH.
2 ) Pum p-dow n the  cham ber w ith  a  know n pum ping  rate .
3 ) V enting  th e  cham ber w ith  fixed ven ting  ra te .
4 )  Sam pling  partic les contained  in  th e  cham ber.

F ig .6-3  d raw s th e  valve configura tion  a n d  th e  a p p a ra tu s  for each  
o p e ra tio n . F ig .6 -4  defines th e  tim ing v a riab les  for each  opera tion . 
T hese opera tions a re  au tom ated  u sin g  fou r solenoid valves (V2 to V5). 
The o n /o ff  tim ing (0.1 seconds accuracy) an d  sequence  of th ese  valves 
a re  controlled  by  a  personal com puter an d  a  valve controller. Note th a t  
valve V I w as n o t u se d  b ecau se  draw ing a  sam ple  from  th e  v acu u m  
system  w as n o t necessary . D etails for each  operation  a re  d iscussed  in  
th e  following section.

6 .2 .2  E xperim ental C onsiderations

T he following requirements Eire proposed in this experiment:

1) Psirticles inside the  cham ber are  only generated  by  pum p-dow n.
2) T he experim en ta l p a ra m e te rs  x, RH, an d  p  c a n  be  controlled 

accurately.
3) T im ing of each  opera tion  sh o u ld  be  optim ized for th e  sak e  of 

sav ing  tim e and  m inim izing an y  partic le  lo ss  d u e  to  se ttling  or 
diffusion.

K eeping th e se  requ irem en ts in  m ind, we now  proceed  to describe th e  
experim en tal deta ils.
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V I V2

Throttling
Valve

V4

CNC

V1 Filter o Pump

CD
Chamber

Humidity 
Controller 
& Hygrometer

Flush chamber with humid air.
V3 and V4 open. VI and V2 closed. 
CNC pump is used to maintain air flow.

VI

V4 ■-HH I

2. Pump-down the chamber.
V2 open. VI, V3, and V4 closed. 
Pumping rate Is controlled by a 
throttling valve. V2 open time 
Is controlled by a PC.

VI V2

VIV4

3. Venting chamber with the same 
humidified air. V3 open. VI, V2, 
and V4 closed.

VI

V4

ODlo

4. Sample the total particles generated 
during pump down by a CNC. V3 and 
V4 open. VI and V2 closed.

Figure 6-3 Experim ental procedure for m easu re ing  
particle  generation  during  pum p-dow n.

Flushing Pump-Down Venting Sampling

■tl tl2 ■t2 t23 t3 t34 ■ t4 ■

Figure 6 -4  Tim ing of a  experim ental cycle
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A  C lean in g th e  C ham ber

F o r e lim in a tin g  p o s s ib le  p a r t ic le  re e n tra im e n t  from  th e  
c h a m b e r  su rfa c e , th e  v a c u u m  c h a m b e r  w as carefu lly  c leaned . The 
ch am b er w a s  f irs t  im m ersed  in to  a n  u ltra so n ic  b a th  (filled w ith  1 % 
"Liqio-Nox” de tergen t) fo r 30  m in u te s , th e n  th o ro u g h ly  w ashed  w ith  
p u re  DI w a te r, a n d  finally  b ak ed  in  a n  oven a t  250°C for 30  m inu tes. 
Note th a t  th e  c h am b er is  m ade  o f e le tropo lished  s ta in le ss  steel, and  
th u s  is e a s ily  c lean ed . A fter c le an in g  u s in g  th e  above m en tio n ed  
p ro ced u re , th e  su rface  of th e  ch am b er is  believed to  con ta in  few, o r to  
b e  free of p a rtic le s .

B. F lush ing

In th is  opera tion , w e n eed  to  con tro l th e  RH an d  c lean liness of 
th e  a ir  in  th e  cham ber. T he m ethod  of RH control and  m easu rem en t is  
d e sc r ib e d  b y  L iu, e t  a l. (1988). T h e  RH is  a d ju s te d  b y  m ix ing  
h u m id ified  a ir  w ith  d ry  a ir. T he  h u m id  a ir  is  o b ta in ed  by  bubb ling  
com pressed  a ir  th ro u g h  w ater, an d  th e  d ry  a ir  is ob tained  by  p ass in g  
co m p ressed  a ir  th ro u g h  a  chem ical d ryer. T he m axim um  range  of RH 
o b ta in ab le  is  from  10% to  80% . T he RH is  m e a su re d  by a  salt-film  
t r a n s d u c e r  a n d  a  e lectrica l h y g ro m eter ind ica to r. T he u n c e rta in ty  of 
RH m e a su re m e n t is ±2.5% .

RH b o th  th e  u p s tre a m  a n d  d o w n stream  of th e  c h am b er are  
m e a su re d . A s expected , th e  d o w n stream  RH is  a  few p e rcen t lower 
b e ca u se  th e  p ipe  a n d  filter in  th e  line m ay  ab so rb  som e w ater vapor. 
T he RH in  th e  c h am b er is  ta k e n  a s  th e  average of th e  u p s tre am  and  
dow nstream  values.

T h e  a ir  filling  th e  c h a m b e r  is  filtered  b y  a  m em b ran e  filter 
(Millipore W afergard 6 - s ta c k  hyd rophob ic  cartridge). T he filter h a s  a  
collection efficiency of n early  1 0 0 % fo r  all p a rtic le  sizes (at the  m ost
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p en e tra tin g  size 0 .05pm , th e  p e n e tra tio n  is  10*9). D ow nstream  of th e  
cham ber, th e  CNC co n tinuously  m onitors the  a ir  th ro u g h  th e  cham ber, 
a n d  n e a rly  no  CNC c o u n t a p p ea rs . T herefore , th e  a ir  in s id e  th e  
c h a m b e r  is  believed to  b e  free of p a rtic le s  of a n y  size. However, 
im purities in  gaseous form , su c h  a s  ions, organic vapor, SOa a n d  NH3,

m ay  ex ist since th ey  c a n n o t be  filtered out.

T he flu sh ing  tim e t i  is th e  tim e requ ired  to  e stab lish  a  c o n s ta n t 
RH w hich  tak es  a b o u t 3 m inu tes.

C  Pum p-D ow n

In  th is  o p e ra tio n , x a n d  p  are contro lled . S ince V is given, x 
v a r ie s  w ith  th e  p u m p in g  ra te  Se . P u m p in g  is  p e rfo rm ed  by  a  
m ech an ica l vacuum , p u m p  a n d  a  th ro ttlin g  valve. S ince th e  in trin s ic  
p u m p in g  speed  of th e  p u m p  (705 1pm for air) is  m u c h  g rea te r th a n  
th e  co n d u c tan ce  of th e  valve, gas flowing th ro u g h  th e  valve is alw ays 
choked  (sonic flow). A t a  given valve tu rn , the  effective pum ping  speed 
S e is  n ea rly  c o n s tan t, a n d  it is  de term ined  by  th e  "constan t volume" 
m eth o d  (Levin, 1965):

w here  tV2  is  the  open  tim e of valve V2, w hich is  s e t  by  th e  com puter; 
Po, th e  in itia l p re ssu re ; p tV2 . th e  p ressu re  a t  tv2. B oth  p re s su re s  a re  
m easu red  by  th e  CVG. After Se is found, x = V /S e is  calculated. In th is  
w ork, x ran g es from  0 .7  to  7 seconds co rrespond ing  to Se from  22 .3  to
2 .3  1pm.

T he te rm in a l tim e  o f pum p-dow n, t2 , d e p en d s  on th e  te rm in a l 
p re ssu re  p. F or a  given x,

(6 . 1)
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t2 = t i n (6 .2)

The p a u se  tim e betw een  pum p-dow n an d  venting , t 2 3 , is  2  seconds, 
w h ich  allow s p re s su re  a n d  flow s tab iliza tio n  in  th e  c h am b er a fte r  
pum p-dow n.

D epending on  th e  RH a n d  the  t  u sed , pa rtic les  m ay  o r m ay n o t 
be generated  in  pum p-dow n. If x is sm all (fast pum ping) an d  the  RH is  
h ig h , p a r tic le s  w ill b e  g e n e ra te d . H ow ever, th e s e  p a r t ic le s  a re  
tra n s ie n t bo th  in  size an d  n u m b er (i.e. they  are  being  generated  a n d  a t  
sam e  tim e a re  be ing  pum ped  out). T hese p a rtic le s  m ay  a lso  grow, 
se ttle , diffuse, or evaporate. Therefore, th e  n u m b er of p a rtic le s  in side  
th e  cham ber is a  function  of p ressu re  (or time). W hat we c an  m easure , 
u s in g  th e  VPS techn ique , is  th e  n um ber of partic les rem ain ing  in side  
th e  cham ber a t  th e  term ina l p ressu re , designated  as:

a n d  th e  c o rre sp o n d in g  p a rtic le  c o n c e n tra tio n , defined  u s in g  th e  
cham ber volume:

T he goal of th e  ex p erim en ta l m e a su re m e n t is  to  find  N o r n  a t  
d ifferent x, RH, and  p.

D. V en ting

T he  v e n tin g  sp e ed  Sv a n d  th e  v e n tin g  tim e  t 3  m u s t  be  
considered . Sv is  th e  volum etric  flow ra te  u p s tre a m  of th e  ch am b er 
w h ich  is  a t  a tm o sp h e re  cond ition . If Sv is  a  c o n s ta n t, th e  tim e 
required  to v en t the  cham ber from p  to pQ is

N = N(x, RH, p) (6.3)

n  = -y- s= n(x, RH, p) (6.4)
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(6.5)

In  th is  experim ent, t 3  is  ab o u t 1 second w hen  th e  cham ber is  ven ted  
from  1 to  760 Torr, th e  average ven ting  speed  is th e n  ca lcu la ted  to  
15.6 slpm . The p a u se  tim e t3 4  is  1 second  fo r p re ssu re  stab iliza tion  
and  flow inside  th e  ch am b er a fte r venting.

We m u s t  be  su re  th a t  ven ting  does n o t genera te  o r b rin g  an y  
p a rtic le s  in to  th e  cham ber. T h is m ay occu r w h en  th e  ven ting  ra te  is 
too h ig h  a n d  th e  ch am b er or o th e r  e lem ents su c h  a s  p ipes, valves, or 
filters a re  d irty . To check  th e  c lean n ess  of venting, slow p u m p in g  an d  
ven ting  a t  a  ra te  of 15.6 slpm  is perform ed. A ir w ith  the  sam e RH as  
th a t  in  pum p-dow n  is ven ted . T he sam e  ven ting  te s t  h a s  a lso  b een  
carried  o u t w ith  dry  n itrogen. In  e ither case, th e  CNC coun ts  nearly  no  
partic les, w hich  ind ica tes th a t  th e  ven ting  opera tion  is clean.

It sh o u ld  be po in ted  o u t th a t  ven ting  is a  com pression  p recess, 
w h ich  h e a ts  u p  th e  m ix tu re  in sid e  th e  cham ber. As a  re su lt, w a ter 
v ap o r co n d en sa tio n  or n u c lea tio n  will n o t occu r d u rin g  venting . J u s t  
th e  opposite , if  liqu id  p a rtic le s  a re  p re se n t in  th e  cham ber, ven ting  
m ay  en h an ce  partic le  evaporation.

£ . S am pling

After venting, partic les in  th e  cham ber a re  sam pled  by  th e  CNC. 
If th e  ven ting  h a s  n o t caused  an y  partic le  loss, th e  n u ih b er of partic les 
afte r venting, N0, is  equal to th a t  w hen  pum p-dow n stops, i.e.,

D uring  sam pling, the  CNC -pump con tinuously  draw s partic les, if 
any, o u t of th e  ch am b er a t a  fixed flow ra te  QCnc = 23 .6  c c /s .  At th e
sam e  tim e, filtered  a ir  (particle  free) e n te rs  th e  c h am b er w ith  th e
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s a m e  flow ra te .  P a rtic le  c o n c e n tra tio n  in  th e  c h a m b e r  is  th u s  
c o n tin u o u s ly  d ilu ted . If we a ssu m e  th a t  th e  p a rtic le  concen tra tion  in  
th e  c h am b er rem a in s  un ifo rm  an d  th ere  is no  sam pling  loss anyw here, 
we c a n  find th e  cum ulative  CNC co u n t Ncnc from

w h ere  t  is  th e  tim e e lapsed . T he second  te rm  on  th e  righ t h a n d  side 
of th e  e q u a tio n  re p re se n ts  th e  fraction  of p a rtic le s  left in  th e  cham ber 
a t  tim e  t.

T he ra te  of th e  CNC co u n t (the signals th a t  a re  p lo tted  on th e  PC 
m onito r) is

w h ic h  d ecay s  ex p o n en tia lly  (th is h a s  b e e n  observed  in  th e  a c tu a l 
m e a su re m e n t) .

Two m e th o d s  c a n  be  u sed  to  de te rm ine  N0. The f irs t m ethod  
u s e s  th e  cum ulative  co u n t. T his is  th e  m ethod  u se d  in  th is  w ork. It is 
a c c u ra te  b u t  m ay  ta k e  a  longer sam pling  period. T heoretically , th e  
cu m u la tiv e  c o u n t Ncnc equals  N0  only w hen  t  = °°. However, if m ore 
t h a n  99 .9%  o f th e  p a r tic le s  (Ncnc/ N 0  > 99.9% ) a re  needed  to  be 
sam p led , i t  req u ire s

In  th e  a c tu a l m ea su re m e n ts , th e  sam pling  tim e t 4  ranges from  90 to 
180 seconds. T he sam pling  in terval of th e  CNC is se t a t 3 seconds.

(6.7)

(6 . 8 )

t  > ln (103) -7 ^ — = 76 seconds
»cnc'cnc

(6.9)

T he  se c o n d  m eth o d  u se s  th e  d ecay  ra te  of th e  co u n t. By
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Eq.(6.7),

= c o n s ta n t (6 . 10 )

T heoretically , N0  c an  b e  determ ined from  th e  firs t co u n t ra te  a t  t  = 0:

A va lue  of N0  d e te rm ined  in  th is  m an n e r m ay n o t be very  accurate. 
To im prove th e  a c c u ra c y , o n e  m ay  u s e  th e  av erag e  v a lu e  of N0  

c a lcu la ted  a t  severa l tim e in s tan ces . F o r exam ple, if five co u n t ra te s  
a re  u se d  w ith  th e  sam p ling  in te rv a l o f CNC a t  1 second , th e  to ta l 
sam p lin g  tim e  U  c a n  b e  a s  sh o r t  a s  5  seconds. T h is  m ethod  m ay be 
p referab le  if fa s t  sam pling  cycles a re  requ ired  (the s itu a tio n  m ay arise  
w h e n  th e  V PS is  u s e d  to  sa m p le  p a rtic le s  from  a c tu a l  v acu u m  
system s).

F. M easu rem en t of O ther Partic le  Properties

In  ad d itio n  to partic le  n u m b er, o th e r p roperties a b o u t generated 
p a rtic le s  c a n  also  be m easu red  by  using  a n  aeroso l conditioner, show n 
in  Fig.6-2. T he conditioner can  b e  a  diffusion b a tte ry  to m easu re  size, a  
h e a t in g  tu b e  to  m e a s u re  p a r t ic le  v o la tility , o r  a n  e le c tro s ta tic  
p rec ip ita to r to  d e tec t charged  partic les. P relim inary  m easu rem en ts  of 
th ese  p roperties have been  m ade by  Szym anski e t ,al.(1988) a n d  A hn et 
a l.(1988).

6 .2 .3  E xperim ental R esu lts  and  D iscussion

M easu rem en t re s u l ts  of p a rtic le s  g en era ted  d u rin g  pum p-dow n 
a re  p re s e n te d  in  F igs. 6-5 to  6 -8 . T h is  sec tio n  f irs t d isc u sse s  th e

(6 . 11 )
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RH = 40%
r=p.7 sec (Z = 4.17) 
-c=1.0 sec (Z = 6.0) 
r=2.7 sec (Z = 16.0) 
r=3.1 sec (Z = 18.5)

10°
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Figure 6-5 Particle concen tra tion  for RH = 40%  as  a  function  
of p re ssu re  w ith  d ifferent pum ping  tim e c o n s ta n ts
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Figure 6 - 6  Particle aoncen tra tion  for a  fixed x  = 2 .7  sec. a s  a 
function  of p re ssu re  w ith  different in itial relative hum id ities
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F igure 6 - 8  C ritical conditions for partic le  generation
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c h a ra c te r is tic s  o f p a rtic le  fo rm ation  an d  th e  effects of experim en tal 
p a ram ete rs . In  o rd e r to  access th e  accu racy  o f th e  m easu rem en t, th e  
partic le  deposition  loss will be  also  estim ated .

A  E ffect of T erm inal P ressu re

If T is  s h o r t  a n d  RH is  high, a  pum p-dow n h a s  a  p o ten tia l to 
g en era te  p a rtic le s . However, th e  partic le  fo rm ation  does n o t s ta r t  a t  
th e  in it ia l  p re s s u re , a n d  i t  only  o c cu rs  u n t i l  a  c e r ta in  te rm in a l 
p re s su re  (onset p ressu re ) is reached . The o n se t p re ssu re  depends on 
the  com bination  of x an d  RH. W hen x = 2 .7  seconds and  RH = 49%, the  
o n se t p re s su re  is  a b o u t 450  Torr (see Fig. 6 -6 ).

A fter th e  o n se t p re ssu re  is  reached , partic le  concen tra tion  first 
in c re a se s  a n d  th e n  decreases a s  th e  term ina l p re ssu re  decreases. T his 
p eak  is  c au se d  by  th e  com petition  of particle  generation  an d  pum ping  
lo ss. In itia lly , th e  g en era tio n  d o m in a tes  th e  pum p in g  lo ss a n d  th e  
p a rtic le  c o n c e n tra tio n  in c re ase s . A t low er p re s su re , th e  genera tion  
s to p s  a n d  o n ly  th e  p u m p in g  lo s s  e x is ts . H ere th e  p a rtic le  
c o n c e n tr a t io n  is  r e d u c e d . A t th e  p r e s s u r e  w h e re  th e  p e a k  
c o n cen tra tio n  occu rs, th e  generation  equals th e  pum ping  loss.

R  Effect of x

F ig .6 -5  sh o w s th e  p a rtic le  c o n c e n tra tio n s  v e rs u s  te rm in a l 
p re s su re  a t  fixed RH for d ifferent pum ping  tim e co n stan ts . W hen RH 
is fixed, sm all x, rep re sen tin g  fa s t  pum ping , g en era te s  m ore partic les. 
C o n cen tra tio n s  a s  h igh  a s  104  p a rtic le s /c c  w ere detected  for x = 0 .7  
seco n d s a n d  very  few (alm ost no) partic les  w ere detected  for x > 3 .7  
seco n d s . A t th e  given in itia l relative hum id ity , RH = 40%, th e  p eak  
c o n cen tra tio n  a lm o st alw ays occu rs a t  a  fixed p re ssu re  of ab o u t 300 
T orr.
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C  Effect of RH

F igu re  6 - 6  show s th e  p artic le  co n cen tra tio n  for fixed x = 2 .7  
se c o n d s  a s  a  fu n c tio n  of p re s su re  w ith  d iffe ren t re la tive  in itia l 
h u m id itie s . H igher in itia l RH causes m ore partic les to  b e  generated  
a n d  s h if ts  th e  p e a k  in  c o n c e n tra tio n  to  h ig h e r  p re s s u re s . T he 
m ax im u m  c o n c e n tra tio n  for 63%  RH (300 p a rtic le s /c c )  occu rs a t  
a b o u t 4 5 0  to r r  w hile  th e  m ax im um  c o n cen tra tio n  for 40%  RH (60 
p a rtic le s /cc )  o ccu rs  a t  270  Torr. No partic les w ere detected  for RH 
< 35% .

D. M axim um  P artic le  C oncentration

F igu re  6-7  show s th e  partic le  concen tra tion  a t  a  fixed p ressu re  
of 277  T o rr a s  a  func tion  of pum ping  tim e co n stan t and  in itia l relative 
hum id ify . T he co n cen tra tio n s show n in  th is  figure a re  equal or close 
to  th e  m ax im um  concen tra tion  for the  given x an d  RH. It is found th a t  
(i) fo r a  given RH, th e re  is  a  critical x below  w hich  p a rtic le s  will be  
g en e ra ted , a n d  (ii) fo r a  given x, th e re  is  a  critical RH above w hich  
p a rtic le  g e n e ra tio n  will o ccu r. T he cond ition  of o n se t for p a rtic le  
g enera tion  dep en d s on  th e  p a rticu la r com bination  of x an d  RH. Taking 
1 p a r t ic le /c c  a s  de fin in g  th e  c ritic a l cond ition , th e  re la tio n sh ip  
b e tw een  th e  c h a ra c te r is tic  p u m p in g  tim e in  seco n d s a n d  re la tive  
hum id ity  is show n in  Figure 6 -8 .

E. C ritical Pum p-D ow n Condition for Particle G eneration

F ig u re  6 - 8  sh o w s th e  c ritica l co n d itio n s for pum p-dow n  to 
in itia te  p a rtic le  g e n e ra tio n . T he cu rve  defines th e  co n d itio n s for 
g en era tin g  1 p a rtic le /c c . More partic les w ould be  generated  w hen  RH 
is  h ig h er o r ch a rac te ris tic  pum ping  tim e is sh o rte r  th a n  th a t  given by 
th e  cu rve . To avoid partic le  generation , a  v acu u m  system  m u s t be 
opera ted  in  th e  region below th e  curve.
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F. Particle D eposition Loss

Partic les m ay  b e  lo s t d u e  to  w all deposition  b o th  d u rin g  p u m p - 
dow n  a n d  d u r in g  th e  sam p lin g  period . As a  re s u lt, th e  p a rtic le s  
d e tec ted  a re  few er th a n  th o se  b e in g  g e n era te d . T he e s tim a tio n  of 
partic le  loss u n d e r  th e  experim ental cond itions of th is  w ork  is carried  
o u t nex t.

D uring  pum p-dow n, som e o f th e  pa rtic les  genera ted  will b e  lo st 
to  th e  c h am b er wall b e c a u se  of tu rb u le n t  and  B row nian d iffusion  a s  
well a s  g rav itational sed im en ta tion . U sing the  theo re tical exp ression  of 
C rum p  an d  Seinfeld (1981), S zym anski e t al. (1988) e s tim ated  th ese  
lo sse s  u n d e r  d ifferent v a cu u m  conditions. C onsider a  closed c h am b er 
th a t  con ta in s partic les  o f c e rta in  size, d, w ith in itia l co n cen tra tio n  n Q.
T he ch am b er p re s su re  is  fixed. A ssum e tu rb u le n t  m ix ing  p reva ils 
in s id e  th e  cham ber, i.e., p artic le  co n cen tra tio n  is kep t un ifo rm  all th e  
tim e a n d  tu rb u le n t w all deposition  is dom inan t. In  th is  s itu a tio n , th e  
partic le  concen tra tion  decays exponentially , i.e.,

w here  t  is th e  elapsed  tim e a n d  xd is decay  c o n s tan t w hich  dep en d s on  
p a rtic le  d iam e te r

(6 . 12 )

1 6 V ke Dd
xa "  JcDch

(6 .13)
o

w here  x  is a  d im ension less p a ra m ete r

JcVs (6 .14)
2-\j k e D d
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w h ere  is  th e  B row nian  d iffusion  coefficient o f pa rtic le ; D ^ ,  th e

d iam ete r of a  sp h e re  w ith  volum e equal to  th e  volum e o f th e  cham ber; 
k e , th e  ed d y  diffusivity; a n d  Vs , th e  p a rtic le  se ttl in g  velocity. Vs 
dep en d s o n  partic le  d iam ete r a n d  p ressu re :

Vs = P p d -- — ( 6. 15)  
s 18 p

w h ere  pp is  p a rtic le  density ; g, th e  g ra v ita tio n a l c o n s ta n t; p., t h e  
ca rrie r gas viscosity; a n d  Cc, th e  C unn ingham  slip  correction  factor:

Cc = i  + [6 .3 2  + 2 .01 exp(- 0 .1095  p d)] (6 .16)

w here p  is in  Torr, and  d in  pm .

Fig. 6 -9  show s th e  percen tage  o f p a rtic le s  left in  th e  ch am b er a t  
d ifferen t v a c u u m  cond itions for a  tim e period  of 10 seconds. In th e se  
c a lc u la tio n s , k e = 1, pp = 1 g /c c , Dch = 7 .9 2  cm  (for th e  c h am b er
u se d ), a n d  a ir  p ro p e rtie s  a t  3 0 0  K a re  u se d . N ote th a t  th e  w all 
deposition  d epends on  partic le  d iam ete r w ith  a  m in im um  occurring  a t  
a  c e rta in  size. Large p a rtic le s  sed im en t fa s te r  w hile sm aller p a rtic le s  
d iffu se  qu ick ly . B o th  p ro c e sse s  becom e m o re  p ro n o u n c e d  a t  low 
p re ssu re s .

S ince th e  p a rtic le s  in  th e se  experim en ts a re  m ostly  generated  
a t  p re s s u re s  above 2 0 0  T orr. T he tim e to  re a c h  th is  p re ssu re  p lu s  
v en tin g  tim e is  ab o u t, o r le ss  th a n , 10 seco n d s. T herefore, th e  w all 
deposition  loss is  less th a n  10%. T he partic le  loss, d u rin g  th e  sam pling  
p e rio d  is  a lso  neg lig ib le . Note t h a t  sa m p lin g  is  c a rr ie d  o u t  in  
a tm o sp h e ric  cond itions, p a rtic le  deposition  o n  c h a m b e r w alls a n d  in  
sam pling  p ipes is  n o t im portan t.
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Figure 6-9 Particle deposition loss to cham ber wall a s  a  function 
of particle  size for a  elaped tim e of 1 0  secoends
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6.3  MECHANISMS OF PARTICLE GENERATION IN PUMP-DOWN

A very  fu n d am en ta l question  rem ains: w here  do th ese  partic les 
d u r in g  p u m p -d o w n  com e from ? T h ree  m e c h a n is m s  m ay  b e  
hypothesized: partic les de tached  cham ber surface, partic les b rough t in  
from  o u ts id e , a n d  p a r t ic le s  g e n e ra te d  d u e  to  g a s - to -p a r tic le  
conversion . All th ree  h y p o th eses  will be  te s te d  b y  com paring  th e  
experim ental observations w ith  th e  consequences of each  hypothesis.

6 .3.1 Surface  Particle R een tra inm en t

Som e investiga to rs (for exam ple, O 'H anlon, 1987; C hen  e t al., 
1989) hypo thesized  th a t  p a rtic le s  appearing  in  th e  ch am b er m ainly  
com e from  th e  cham ber w all — partic les prev iously  accum ula ted  on 
th e  su rface  a re  detached  a n d  stirred  up  by  th e  gas flow during  pum p- 
down. C onsequently , they  suggested  th a t  th e  n u m b e r of partic les is a  
fu n c tio n  of g a s  Reynolds n u m b er. The conditions for th is  hypo thesis 
a re  t h a t  p a rtic le s  m u s t  f irs t  ex ist, a n d  th e se  p a rtic le s  m u s t  be  
de tachab le  by  th e  gas flow. B oth conditions will be tes ted  below.

1) Partic le  Surface C oncen tra tion

D enote  partic le  su rfa ce  co n cen tra tio n  a s  n s . A ssum e th a t  all
p a rtic le s  on  th e  su rface  a re  in s ta n ta n e o u s ly  d e tach ed  a n d  yield a  
volum e concen tra tion  nv. From  th e  balance  of partic le  num bers , ngAg = 
n vV:

For th e  c h am b er used , th e  volum e-to-surface a re a  ratio  V/A*. is 1.13 
cm. M easu red  nv is a s  h igh  as  104 /c c . If the  pa rtic les  cam e from th e  
c h am b er su rface , n s shou ld  have  been  approxim ately  104 / c m 2. Since 
th e  ch am b er w all h a s  been  carefu lly  cleaned, th is  c an  n o t occur.
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2 ) A ir V elocity for P artic le  D e tach m en t

A  partic le  can  be de tached  from  a  su rface  only  w hen  th e  rem oval 
force overcom es th e  adhesive  force. Forces on  p a rtic le s  adhesive to  a

s p h e r ic a l p a rtic le  w ith  d iam ete r d  s it tin g  on  a  sm o o th  su rfa ce  is 
considered . A ssum e th a t  th e  rem oval force only com es from  a ir drag, 
a n d  th e re  is  n o  b o u n d a ry  layer, i.e ., th e  a ir  velocity a t  su rface  equals 
th e  m ain  s tre a m  velocity u . The question  arises, w h a t is  th e  value of u  
th a t  c a n  d e ta ch  th e  partic le  from  th e  su rface?

T he  d ra g  force on  th e  p a rtic le , Fd , is  found  from  N ew ton's 

re s is ta n c e  law

w h ere  Cd is  th e  d im ension less d rag  coefficient w hich  is a  function  of 

p a rtic le  R eynolds num ber,

T he  ad h esiv e  force Fa m ay  com e from  a  v a n  d e r W alls force — 

th e  long-range  a ttrac tiv e  force betw een  th e  m olecules of th e  partic les 
a n d  th o se  o f th e  surface , a n  e lec trosta tic  force if th e  partic les con ta in  
charge, or a  cap illa ry  force if a  liquid film ex ists betw een th e  particles 
a n d  th e  su rfa c e . All o f th e se  ad h esiv e  forces a re  p ro p o rtio n a l to

su rfa ce  a re  com plica ted  an d  have n o t been  fully u n d ers to o d . Here, a

(6 .18)

(6 .19)

C d = 0 .4 4  w h en  Red > 1000; Cd =
24(1 + Red2 / 3 / 6 ) 

Red w hen  1000 > Red >

3; an d  Cd = w hen  Red < 3.
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partic le  d iam eter. E xperim en tal re s u lts  for F a o n  a  sm oo th  su rface  a t  

25°C (H inds. 1982)

F a = 150 d [1 + 0 .0045  (%RH)] (6 .20)

w here d is  in  cm  a n d  Fa is  in  dyne.

T he velocity for partic le  d e tach m en t is ob ta ined  w hen  Fd > Fa,

1200 [1 + 0 .0 0 4 5  (%KH)] { 6  21)
. jc Cd d pg

F or d = 10pm  an d  RH = 50%, i t  is found  th a t  u  > 62  m /s .  F o r sm aller d 
a n d  h ig h e r  RH, h ig h e r  u  is  re q u ire d . If th e  b o u n d a ry  lay e r is 
considered , th e  ac tu a l’ u  shou ld  be even h igher th a n  th e  va lue  given by  
E q .(6 .21). T h is ca lcu la tio n  in d ic a te s  th a t  a  very  h ig h  a ir  velocity is  
requ ired  to  d e ta ch  partic les of d < 1 0  pm.

A ccording to  C leaver an d  Y ates (1982), in  add ition  to  d rag  force, 
a  tu rb u le n t  b u r s t  — th e  su d d e n  ran d o m  e ru p tio n s  of g a s  n e a r  th e  
su rface , c an  p roduce  a  lift force to  d e ta ch  partic les  w hen

xw d4 / 3 > p (6 .22)

w h e re  P is  a  c o n s ta n t  d e p en d in g  on  p a rtic le  sh a p e  a n d  type  of 
ad h esiv e  fo rce a n d  xw is  th e  w all s h e a r  s t r e s s  w h ich  d e p e n d s  on
b o u n d a ry  layer s tru c tu re . T his criterion  is d ifficult to  be quan tita tive ly  
applied  to  th e  pum p-dow n process b ecau se  v a lu es  for (3 are unavailab le  
a n d  tw for th e  g as  flow in sid e  th e  v a c u u m  c h a m b e r  is  d ifficu lt to  
d e te rm in e . H ere, xw for p ipe flow is  u se d  a s  a n  approx im ation : xw is

p ropo rtiona l to  p ^ j- R e 1!, w here u  is  th e  m ean  m a in  s tream  velocity, D

is th e  ch am b er d iam eter, u  is  th e  gas velocity, r\ is  the  b o u n d a ry  layer 
coefficient (rj = 1 /2  for lam in a r flow a n d  ti = 1 /7  for tu rb u le n t  flow),
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an d  Re is th e  gas Reynolds n u m b er

(6 .23)

In  a  given ch am b er a n d  c o n s ta n t pum ping  ra te  (u is  co n stan t), th e  
c rite rio n  (6 .2 2 ) becom es

3) E xperim en tal O bservation

Now, le t  u s  exam ine  th e  flow s i tu a t io n  in  o u r  p u m p -d o w n  
experim ent. C onsider th e  m axim um  pu m p in g  ra te  Se = 250  1pm. The
m e a n  a ir  velocity  th a t  o ccu rs  in  th e  cham ber, ca lcu la ted  u s in g  th e  
c h a m b e r d iam eter, is 20  cm /cc . T his is  m u ch  too sm all fo r partic le  
d e tach m en t. T he gas Reynolds n u m b e r a t  p 0  = 760  T orr is calcu lated  
to  be  1300, w hich  co rresponds to  lam in a r flow. T his show s th a t  the  
p a rtic le s  in  o u r pum p-dow n experim en ts a re  n o t from  th e  ch am b er 
surface.

C o n trad ic tio n  te s ts  show  th a t  p a rtic le s  a re  n o t from  su rface  
re e n tra in m e n t.

a) A ccording to  Eq.(6.21), in c reas in g  RH in c reases  th e  adhesive  force 
a n d  th u s  reduce  th e  partic le  reen tra im en t. E xperim en ts show  the  
opposite  — w hen RH increases, th e  n u m b er of partic les increases.

b) A ccord ing  to  E q.(6.24), th e  p a rtic le s , if  th ey  c a n  be  d e tach ed , 
shou ld  a p p ea r im m ediately  a t th e  s ta r t  of pum p-dow n w hen th e  Re 
is  m axim um . Note th a t  for a  c o n s ta n t pum ping  ra te  (u is  constan t)

in  a  given ch am b er, Re = R e 0  w here  Re0  is  th e  R eynolds
Po

n u m b e r a t  p 0  w hich is  m axim um . However, experim ents show  th a t

Ren d 4 / 3  > constan t (6 .24)
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p a rtic le s  do n o t a p p e a r  u n til  p  < 500  T orr. T he ex p erim en ta l 
m e a s u re m e n ts  u s in g  th e  PM -100  a lso  s u p p o r t  th e  above 
observations.

4) C onclusion

T he  partic les  genera ted  in  o u r pum p-dow n experim en t are  no t 
from  th e  su rfaces  of th e  cham ber. In th e  case  of c lean  su rface , the  
m odel re la tin g  th e  partic le  genera tion  d u rin g  pum p-dow n to  th e  gas 
R eynolds n u m b er m akes little sense.

S u rface  partic le  reen tra in m en t n eed s to be  considered  w hen  the 
c h a m b e r w alls a re  d irty  a n d  th e  p u m p in g  ra te  is ex trem ely  high. 
T hese s itu a tio n s  m ay  arise  w hen  a  cham ber h a s  b een  exposed for a 
long tim e to am b ien t a ir  (which con ta ins approxim ate 1 0 4/c c  partic les 
larger th a n  0 .5  |xm), o r th e  cham ber h a s  accum ula ted  m an y  partic les 
g e n e ra te d  b y  a  v a c u u m  p ro cess , s u c h  a s  a n  e tc h in g  p ro c e ss  in  
sem iconducto r m anufactu ring .

6 .3 .2  C ondensation  on Fine Particles

A s m entioned  in  Section 6.1, partic les in  pum p-dow n have been  
d e te c te d  b y  a  la s e r  c o u n te r  (PM-100). B orden  a n d  B a ro n  (1987) 
h y p o th e s iz e d  t h a t  th e  p a r t ic le s  d e te c te d  w ere  th e  r e s u l ts  of 
h e te ro g e n e o u s  c o n d e n sa tio n  (w ater v ap o r c o n d e n sa tio n  on  fine 
p a rtic le s  o rig inally  co n ta in ed  in  th e  c a rrie r  gas). T hey  s ta te d  th a t  
th e se  p a rtic le s  w ere in itially  too sm all to  be detected , a n d  th ey  la te r  
grew  to  becom e de tec tab le  b ecau se  o f condensa tion . H eterogeneous 
condensa tion  w as also  suggested by  o ther w orks (Chen e t al., 1989; W u 
e t al.,1989).

A  key  a ssu m p tio n  of th is  hypo thesis is th a t  m any  partic les exist 
in  filtered  air. Note th a t  cleanroom  a ir  is  filtered by  HEPA o r ULPA 
filters . T he a ir  u se d  in  th is  experim en t is filtered  by  a  m em b ran e
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filter. To te s t th is  a ssum p tion , two pa ram ete r m u s t  be know n: n a tu ra l 
aeroso l p a rtic le  co n cen tra tio n  (unfiltered) and  filte r efficiency.

1) N atu ra l Aerosol Particle C oncentration

T he a ir before filtration  con ta ins n e u tra l aeroso l partic les w hich  
m ay be classified (Mason, 1971):

F ine Partic les: 0.001 pm  < d < 0 .2  pm
G ian t Partic les: 0 .2  < d  < 2 pm
Large Partic les: d  > 2 pm

Room a ir  u su a lly  con ta in s 103  to  104/c c  g ian t a n d  large particles, and  
10 4  to  106/c c  fine p a rtic le s  (Junge, 1955; M ason , 1971; C lark  an d  
W hiteby, 1967). If  un filtered  room  a ir  is u sed  a s  th e  c a rrie r  gas, i t  is 
c e rta in  th a t  h e te ro g en e o u s  c o n d en sa tio n  will o c cu r d u rin g  pum p- 
down.

2) F ilte r Efficiency

T he p o p u la tio n  a n d  size d is trib u tio n  of p a rtic le s  in  th e  filtered 
a ir  d ep en d  on  filter efficiency. It h a s  b een  proved, b o th  theore tically  
an d  ex p erim en ta lly  (for exam ple, Lee a n d  Liu, 1980; Liu a n d  Lee, 
1976), th a t  filter efficiency h a s  a  m inim um  w hich  co rresponds to  the  
m o st p e n e tra tin g  p artic le  size (MPPS). The a c tu a l filter efficiency for 
partic les of sizes o th e r th a n  MPPS, larger or sm aller, w ould be higher. 
F ig .6 -1 0  sh o w s th e  m e a su re d  p a rtic le  p e n e tra t io n  cu rve  fo r a 
m em b ran e  filter.

T he rea so n  for. MPPS is explained by  filtra tio n  m ech an ism s. In 
th e  a b se n c e  of e le c tro s ta tic  deposition , a irb o rn e  p a rtic le s  p a ss in g  
th rough  a  filter a re  cap tu red  by  diffusion, in tercep tion , im paction, and  
g rav ita tiona l se ttlin g . T he g ian t pa rtic les  a re  effectively collected by 
im p ac tio n  a n d  g rav ita tio n a l se ttlin g . E x trem ely  sm a ll p a rtic le s  a re
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size, (b) F ilter efficiency a s  a  function  of particle size
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effectively collected b y  diffusion. In  th e  in te rm ed ia te  partic le  size n e a r  
M PPS, n e ith e r  d iffusion , in te rc e p tio n  n o r  im p a c tio n  is  p a rtic u la rly  
effective.

T able 6-1 su m m arizes th e  experim en tally  m easu red  MPPS and  
filte r efficiency of HEPA, ULPA, a n d  m em b ran e  filters. It show s th a t  
th e se  filters have very  h igh  efficiencies even a t  MPPS. Therefore, i t  is 
believed th a t  cleanroom  a ir  co n ta in s  very few  fine p a rtic le s  provided 
th a t  th e  f ilte rs  h av e  no  le a k s , a n d  th a t  th e  a ir  h a s  n o t  b een  
co n ta m in a te d  b y  a  in te rn a l fine p a rtic le  sou rce . The a ir  u se d  in  th is  
w ork w as filtered by  a  W afergard g as filter (a type of m em brane filter) 
a n d  can  be regarded  a s  particle-free.

T able 6-1 Partic le  concen tra tion  a n d  filter efficiency a t  th e  m ost
p e n e tra tin g  partic le  sizea

Filter ’̂Efficiency Particle Concentration 
# /cc

no  filter 1 0 4

HEPA 99.97%  a t  0 .3  pm 3
ULPA 99.999%  a t  0 .12pm 0 . 1

M em brane 99 .9999999  a t  0 .05pm 1 0 - 5

a. See Accomazzo et al. (1985) for details
b. The efficiency at any other size (small or large) is higher 

3) C onclusion

If th e  c a rr ie r  g a s  is a ir  filtered  by  HEPA, ULPA, or m em brane  
filters, few fine partic les  are  p resen t. In th is  s itu a tio n , he terogeneous 
c o n d en sa tio n  is n o t th e  m ajo r m ech an ism  fo r p a rtic le  fo rm ation  in  
pum p-dow n.

E x p erim en ta l te s ts  su p p o r t th is  conclusion . T he experim en ta l 
r e s u l t s  p r e s e n te d  in  S e c tio n  6 .2 .3  sh o w  t h a t  th e  p a r t ic le
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concen tra tion  can  be a s  h igh  a s  104 /c c .  A ssum e th a t  th ese  partic les 
com e from  fine partic les  w hich  have a  p e n e tra tio n  efficiency of 1 0 * 9  

(sam e a s  MPPS). T h is m ean s th a t  room  a ir  co n ta in s  1013/c c  fine 
p a rtic le s , w h ich  is  im possib le  b e c a u se  of th e  lim it of coagu la tion  
(natu ra l aerosol h a s  m axim um  concen tra tion  of 1 0 6 /cc),

6 .3 .3  W ater V apor Nucleation

Partic les in  pum p-dow n a re  n e ith e r  d e tach ed  from  th e  cham ber 
su rface  n o r b ro u g h t in  from  th e  ou tside . T hey m u s t, therefore , be  
genera ted  in  th e  gas. We hypothesize  th a t  partic le  generation  d u rin g  
pum p-dow n re su lts  from  w ater vapo r nuc lea tion . Table 6-2  lis ts  the  
sa tu ra tio n  ra tio s  and  nuclei sou rces for th ese  nucleation  processes.

Table 6-2  C ondensation  processes, critical sa tu ra tio n  ratio , and
nuclei.

Process Saturation Ratio Nuclei

H eterogeneous C ondensation 1 to  3 0.002 to 0.1 |im

C ondensation  on  ions 4 negative ions
(singly charged) 6 positive ions

H om ogeneous N ucleation 3 to  8 Molecule C lusters

Ions a re  n o rm ally  sing ly  ch arg ed  c o n ta in in g  a b o u t 30  a ir  
m olecules (Hinds, 1982). Negative ions can  becom e nucle i for w a ter 
v apor n u c lea tio n  w hen  S exceeds a b o u t 4, a n d  positive ions w hen  S 
exceeds a b o u t 6 . In  a  n o rm a l a tm o sp h e re , th e  e q u ilib riu m  ion 
concentra tion  of each  sign is ab o u t 1000 /cc . These ions are  created  by 
th e  reac tio n  of cosm ic rad ia tio n  a n d  rad ioactive  gases th a t  em anate  
from th e  g round . T his indicates th a t  if th ese  ions all becom e particles, 
2 0 0 0  p a rtic le s /c c  w ould be generated .
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E x p erim en ta l o b se rv a tio n  su g g e s ts  t h a t  a s  h ig h  a s  104 / c c  
p a rtic le s  a re  genera ted . T h is ind ica tes th a t  hom ogeneous n u c lea tio n  
(w ater m olecule c lu s te r  as co n d en sa tio n  nuclei) m ay  a lso  o ccu r in  
p u m p -d o w n . As sh o w n  in  C h a p te r  5, th e  c r it ic a l  s a tu ra t io n  of 
hom ogeneous n u c le a tio n  ran g e s  from  3  to  8  w h e n  g as tem p era tu re  
red u ces  from  300 to  250  K.

T he b e s t proof of th is  hypo thesis  is th e  W ilson  c loud ch am b er 
ex p erim en ts . As will be  d isc u sse d  la tte r , m a n y  a sp e c ts  of p a rtic le  
g e n e ra tio n  p a tte rn s , s u c h  a s  th e  o n se t of p re s s u re  a n d  c ritica l 
co n d itio n , m a tc h  p red ic ted  w a te r  v ap o r n u c le a tio n  d u rin g  p u m p - 
down.

6 .4  MECHANISMS OF RESIDUE PARTICLE FORMATION

It m u s t  be  po in ted  o u t th a t  the  partic les in  o u r  experim en t a re  
m e a su re d  a f te r  th e  pu m p -d o w n  p ro cess . S zy m an sk i e t al. (1988) 
p a sse d  th ese  partic les th ro u g h  a  heated  tu b e  of 300°C, an d  still found 
n u m e ro u s  CNC c o u n ts , in d ic a tin g  th a t  th e s e  p a r tic le s  a re  very  
p e rs is te n t. U sing a  d iffusion  ba ttery , Szym anski e t al. m easu red  th e  
size of th ese  partic les w hich  were found  to  have a  m ed ian  d iam eter of 
50 n m  an d  a  geom etric m ean  of 1.2. We will re fe r to  th ese  partic les 
d e te c te d  a fte r  p u m p-dow n  as  re s id u e  p a rtic le s . W here do th e s e  
res id u e  partic les com e from ? Before answ ering  th is  question , we need  
to  p o in t o u t the  following facts.

1) R esidue particles c a n n o t be p u re  w a ter d rop lets.

If th e se  p a rtic le s  w ere p u re  w a te r d ro p le ts , th e y  w ould have 
evaporated  com pletely in  a  v e iy  sh o rt tim e once pum p-dow n stops. As 
a  resu lt, no CNC co u n ts  shou ld  have occurred . T he life tim e of a  w ater 
droplet, LT, of d iam eter d can  be estim ated  by  th e  following form ula
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L T  =
R p p d 2

(6 .25)
8  D v  M v  ( P d / T d  ■ P y / T y )

w here  R is  th e  un iversal gas constan t; Mv , vapor m olecu lar weight; Dv, 
v ap o r d iffusion coefficient; p, th e  density  of w ater; py a n d  Tv , vapor 
p re s su re  a n d  tem p era tu re  in  th e  gas; Pd a n d  T d , vapor p re ssu re  and  
te m p e ra tu re  a t  th e  d rop let surface . If th e  d rop let is  sm all, th e  Kelvin 
effect m u s t  be  considered . The life tim e of a  w a te r  d rop let of 10|im  a t  
RH = 50%  is  on ly  0 .15  seconds.

2) R esidue partic les a re  n o t likely to be  organic oil d rop lets

It will b e  show n th a t  th e  res id u e  p a rtic le s  can  n o t be, a t  le a s t
n o t p u re , o rgan ic  d rop le ts  b e ca u se  th e  life tim es of d rop le ts  a re  still
too  s h o r t  to  b e  d e tec tab le . M ech an ica l p u m p  flu id s  h av e  v ap o r 
p re s su re s  on  th e  o rder of 10*5  to  10 - 8  T o rr (O 'H anlon, 1980, Section 
7.1). T hese  v a p o rs  a re  likely  to  be  p re s e n t in  a  v a c u u m  cham ber. 
C o n sid e r p u m p  flu id  Convil (a type  of hyd rocarbon ) w h ich  h a s  a  
sa tu ra tio n  vapor p ressu re  3 .8  x  10 ' 7  T orr a t  25°C. A ssum e th is  vapor is 
s a tu ra te d  in  th e  cham ber an d  is converted to oil d rop lets w ith  uniform  
size a n d  c o n c e n tra tio n  1 0 3 /c c  (the  o rd e r  o f th e  re s id u e  p artic le  
co n cen tra tio n  m ea su re d  in  th is  work). W ith  th is  a ssu m p tio n , one can  
find th a t  th e  th e se  d ro p le ts  have  a  size of a b o u t 50  nm , w h ich  will 
have  a  e s tim a te d  life tim e on  th e  o rder of 1 0  seco n d s w hen  am b ien t 
te m p e ra tu re  is  25°C. If th ese  d rop le ts  p a ss  th ro u g h  a  h ea tin g  tu b e  of 
200°C , th e ir  life tim e is  only on th e  o rder of 10 - 6  seconds.

T he  e s tim a tio n  is carried  o u t w ith  th e  following d a ta  a t  25°C: 
Tv = T d = 298  K, pv = 3 .8  x  10 - 7  T orr, Mv = 400  g /m o le , Dv = 0 . 1  
cm 2 / s ,  <y = 35  d y n e /c m  (surface ten s io n  of organic oils u su a lly  range 
from  30 to  40  dyne/cm ), an d  pp = 1 g /c c . S ince th e  d rop let is  sm all,

th e  K elvin effect m u s t w here
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sa tu ra tio n  p re ssu re  p s = 3.8 x  10' 7  Torr. W ith th e se  da ta , th e  life tim e

c a n  b e  e s tim ated  by  Eq.(6.25). A t 200°C, a ll th e  d a ta  keep  th e  sam e 
excep t th a t  Tv = Td = 473 K a n d  ps = 1 T orr. The Mv and  ps for
Convil a re  fo u n d  from  O 'H anlon (1980). T he o th e r  d a ta  have b een  
assum ed.

6.4.1 H ypo theses

We h y p o th es iz e  th a t  re s id u e  p a r t ic le s  a re  fo rm ed  by  g as  
im puritie s  th a t  a re  cap tu red  by  w a ter d rop lets w h ich  are  generated  by  
w a te r  v ap o r n u c lea tio n  an d  co n d en sa tio n  d u rin g  pum p-dow n. T hese 
res id u e  p a rtic le s  m ay  b e  form ed in  a  m a n n e r  show n schem atically  in  
F ig .6 -11.

1) Initially, th e  ca rrie r gas is  free of p a rtic le s , b u t  it c o n ta in s  w a ter 
vap o r a n d  gaseo u s im purities su c h  a s  SO 2  a n d  NH3, ions, organic
vapors su c h  a s  pum p  oil or grease, a n d  o thers . T hese im purities can  
n e ith e r be  filtered o u t by th e  filter n o r detected  by  a  CNC.

2) D u rin g  p u m p -d o w n , w h en  w a te r  v a p o r  is  below  th e  c ritic a l 
sa tu ra tio n , S* (curve ab), w ater m olecules an d  im purities would s tay  
in  a  g a seo u s  form. T hey m ay form  c lu s te rs  b ecau se  of th e  van  d e r 
W ails force, b u t  these  c lu ste rs a re  physically u nstab le .

3) O nce th e  c ritica l s a tu ra tio n  ra tio  fo r w a te r  vapo r n u c lea tio n  is 
reach ed  (S = S*), s tab le  d rop le ts  of size d* a re  generated .

4) T h e s e  g e n e ra te d  d ro p le ts  grow  b e c a u s e  of w a te r  v a p o r  
co n d en sa tio n  w hen  w a te r vapo r rem ain s su p e rsa tu ra te d  (curve be: 
S > 1). At th e  sam e tim e, im purities a re  scavenged an d  absorbed  by  
th e se  drop lets.

5) A fter p u m p -d o w n  o r  a t a n y  tim e d u rin g  p u m p -d o w n  th a t  th e  
s u p e rs a tu ra tio n  is  re leased  (curve cd: S  < 1), w a ter m olecules in
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th e se  droplets evaporate  b u t  th e  Im purities m ay stay .

6 ) W h en  w a te r  m o lecu les a re  com pletely  evaporated , im p u ritie s  left 
fo rm  re s id u e  p a r t ic le s . If th e s e  im p u ritie s  a re  sa lt- l ik e , th e  
c ry s ta lliz a tio n  m y  o c cu r (curve de). T hese  re s id u e  p a rtic le s  a re  
physica lly  s tab le  an d  th e ir  sizes a re  in  th e  de tectab le  ran g e  of the  
CNC.

T he following rem ark s  can  be m ade on  th e  hypo thesis . F irst, the 
im p u ritie s  alone, in  th e  absence  of w ater vapor, can n o t se lf-nuclea te  to 
fo rm  s ta b le  p a rtic le s . T hese  im p u ritie s  c a n  only b e  c a p tu re d  in  the  
p ro cess  o f w a ter vapor nuc lea tion  a n d  condensation .

Secondly, once th ese  im puritie s a re  cap tu red  in  a  drop let, they  
will n o t evapo ra te , a t  le a s t  n o t a s  easily  a s  w a te r m o lecu les. T his 
su g g e s ts  th a t  th e  im p u ritie s  m ay  chem ically  reac t w ith  each  o th e r  in  
liqu id  d ro p le ts  to form  s ta b le  p ro d u c t. F o r exam ple, i f  SO 2  a n d  NH3

h av e  b e e n  c a p tu re d  in  a  w a te r  d rop le t, th e y  m ay  re a c t  to  form  
a m m o n iu m  su lfa te  (NH4 )2 S 0 4  -- a  s a l t  w h ich  will becom e a  solid
c ry s ta l a fte r th e  d rop le t h a s  dried.

T h ird , th e  to ta l n u m b e r of res id u e  partic les eq u a ls  th e  n u m b er 
of d ro p le ts  form ed by  th e  n u c lea tio n . Note th a t  co n d en sa tio n  only 
affects partic le  size.

F o u rth , th e  p resen ce  of im p u rity  m olecules does n o t affect the  
critica l sa tu ra tio n  a n d  th e  ra te  of w ater vapor nucleation . Note th a t  the  
ra tio  of im p u rity  m olecules to  w a te r m olecules in  a  gas is on th e  order 
of 10 - 7  (equal th e  ra tio  of th e ir  p a rtia l p ressu res). C onsider S c = 5.
The critica l n uc le i p red ic ted  by  th e  Kelvin equation  is 1.30 nm  w hich 
c o n ta in s  a b o u t 26  m olecules. If th e  p robab ility  th a t  all th e  m olecules 
ge t in to  th e  c ritica l nuc le i is  equal, th e  nuc le i T-vill co n ta in  n early  all 
w a te r  m olecules. T h u s  th e  nuc lea tion  ra te  an d  Sc will n o t be d istu rbed
b y  im p u r it ie s . H ow ever, th e  im p u ritie s  scavenged  b y  th e  la t te r
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co n d en sa tio n  is  n o t negligible. C onsider th e  d = 5 |im  w hich  co n ta in s
2 .2  x  1 0 1 2  w a te r  m olecu les. By th e  sam e a rg u m en t, th e  d rop le t will 
c o n ta in  2 . 2  x  1 0 5  im p u rity  m olecu les w hich  co rre sp o n d s to  60  n m  
re s id u e  partic le .

6 .4 .2  E stim a tio n  of R esidue Particle Size

As a  te s t  of th e  h y p o th es is , th e  size of re s id u e  p a rtic le s  is  
e s tim a te d . T he  size  of w a te r  d ro p le ts  d u rin g  p u m p -d o w n  is  f irs t 
e stim ated . A ssum e th a t  th e  to ta l n u m b er of d rop lets in  a  u n it  volum e 
(partic les rem a in in g  in  th e  c h am b er p lu s  th o se  have  b een  p u m p ed  
out) is  nd a n d  all th e  d rop lets have equal size dd- From  m ass  b a lance  
b e tw een  th e  liqu id  drop lets a n d  th e  vapor in  conversion,

PwHd ( i f  dd3j  = Pw nw ^  Sw3)Fc (6.26)

w here  8 W is th e  w a te r  m olecule d iam e te r (3.85 A), n w is th e  in itia l 
w a te r v ap o r m olecule concen tra tion , an d  Fc is the  fraction of the  vapor

m olecu les in  conversion. Note th a t  n w = ——, w here  pw and  i a re  th e
1C X

in it ia l  v a p o r p re s s u re  a n d  te m p e ra tu re  respec tive ly , a n d  k  is th e  
B o ltzm ann  c o n s tan t. T hen

d d = f S  ^ T /3 § ^  (6*27)nd k Tv ✓

For a i r  of 50%  RH a t  T  = 298  K, pw = 11.73 d y n e /c m 2  (8 . 8  Torr). If 
F c = 0 .1  a n d  nd  = 103 /c c  (as show n la ter, nd « n max, th e  m ax im um  
c o n c e n tra tio n  m easu red ), dd is found  to  be 12 pm . In  B order’s rea l­
tim e m ea su re m e n t, m an y  d rop lets la rg e r th a n  5pm  have indeed  been  
observed. It is  in te res tin g  to tak e  a  look a t  a  lim iting situ a tio n  — all the  
v ap o rs  a re  converted  to  a  single d rop le t (Fc = 1 an d  Nd = 1 /cc), th e  
single d rop le t w ould have a  size of dd = 261 pm.
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The res id u e  partic le  size can  be estim ated  in  a  sim ilar m anner. 
A ssu m e th e  im p u ritie s  a re  equally  d is tr ib u te d  am o n g  th e  d rop le ts  
form ed, a lso  a ssu m e  th a t  im purity  is gas like w ith  m ean  m olecule or 
a to m  d ia m e te r  5i a n d  in itia l p a rtia l  p re s s u re  pj. T hen  one m ay  
estim ate  th e  re s id u e  partic le  d iam eter dr by

w here  F c’ is  th e  conversion  fac to r for im purities. A ssum e Fc '= Fc (the

im p u rit ie s  a n d  th e  w a te r  m o lecu les  h av e  e q u a l ch an ce  to  form  
droplets) a n d  5t = 8 j , Eq.(6.28) m ay also b e  w ritten  a s

T he SO 2  a n d  NH3  in  th e  c lean  a ir  is  on th e  o rd er of 10 (ig /m 3  

(Pi = 10_6 Torr, th e n  P i/p w « 10-7). A ssum e th a t  p i /p w =10*7, Fc = 0.1, 
a n d  n^ = 103 /c c ,  one c a n  find th a t  dr  = 56 nm , w hich  is  in  good 
ag reem en t w ith  m easu red  res id u e  partic le  size.

6 .5  THEORETICAL ANALYSIS

E xperim en tal evidence show s th a t  partic le  genera tion  a n d  w ater 
v a p o r  n u c le a tio n  a re  re la te d  d u rin g  p u m p -d o w n . T he p a tte rn  of 
partic le  genera tion  is rep re sen ted  by  th e  curve of . n u m b e r of partic les 
v e rs u s  p re s su re , w h ich  will b e  re fe rred  to a s  th e  n -p  curve. The 
p a tte rn  of n u c lea tio n  is  rep resen ted  by  th e  curve of sa tu ra tio n  ra tion  
v e rsu s  p re s su re , w hich  will be  referred  to  as th e  S -p  curve. Here, we 
will theo re tica lly  investigate  th e  ch arac te ris tic s  of each  curve an d  th e  
m app ing  betw een  them .

(6 .28)

(6 .29)
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6.5.1 C harac te ris tics of th e  n -p  Curve

In o rder to analyze th e  n -p  curve, we w rite  th e  ba lance  equation  
for p a rtic le  concen tra tion :

w here  I is  th e  ra te  of partic le  generation , th e  te rm  -n /x  is th e  ra te  of 
pa rtic le s  be ing  pum ped  ou t, Ld  is  th e  w all deposition  loss, a n d  Le  is 
the  partic le  evaporation loss.

F rom  th e  h y p o th e s is , th e  p a rtic le s  c a n  n o t be  com plete ly  
evaporated  b ecause  of th e  residue  p resen t. T hen

It h a s  b e e n  show n th a t  th e  w all deposition  lo ss  is  n o t s ign ifican t (at 
lea s t a t  p re s su re  g rea te r th a n  100 Torr). H ere a ssu m e

dn T n r t■jt-  = I - —  + Ld  + Le o r x
(6 .30)

LE = 0 (6 .31)

L d  =  0 (6 .32)

Eq.(6.30) now  becom es

n
x

(6.33)

As it h a s  been  show n in  previous chap ters ,

_dP_ = _ _P_ 
d t x (6 .34)

T h e n

dn  _ n  - x I 
dp ”  p (6 .35)
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or

d  ln(n) _ x l
d  ln(p) "  n (6.36)

Fig. 6 -12  show s a  sk e tch  of a  typical m easu red  n -p  curve on  a  
log-log scale . Im p o rtan t p re ssu re s  a re  identified:

particle  concen tra tion  n max occurs 

w ith  th e se  p re ssu re s , the  n -p  curve can  be divided in to  four regions:

(i) p 0  > P > P i

In  th is  region, no  partic le  generation , i.e.,

T his reg ion  is referred  to  a s  th e  no  particle  genera tion  region.

(ii) P i>  p  >p2

In  th is  reg ion , p a rtic le  g e n e ra tio n  is  d o m in a n t a n d  th u s  n  
in c re a ses . It is  a ssu m e d  th a t  the  ra te  of partic le  genera tion  is (k+1) 
tim es th a t  of partic le  pum ped  out:

P2 = 
P3 = 
Pmax =

Po
P i

in itia l p re ssu re
o n se t p re ssu re  for partic le  genera tion  
o n se t p re ssu re  for n e a r  s tead y  partic le  concen tra tion  
cease  p re ssu re  for partic le  genera tion  
th e  p re ssu re  a t  w hich  the  m axim um

1 = 0 , n  = 0 , a n d  d n /d p  = 0 (6 .37)

(k + 1 ) n (6 .38)
x
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Figure 6 -12  Schem atic  diagram  show ing th e  characteristics 
of particle  form ation a s  a  function of p ressu re
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Figure 6-13  Schem atic  diagram  show ning the  sa tu ra tio n  
ra tio  a s  a  function  of p ressu re  and  m apping  betw een particle 
form ation a n d  w ater vapor nucleation
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S u b s titu tin g  Eq.(6.38) to  Eq.(6.36) yields 

d  ln(n)
d  ln(p) = - k  (6.39)

T his eq u a tio n  in d ica te s  th a t  ln(n) v e rsu s  ln(p) is a  s tra ig h t line in  the  
reg ion  of p a rtic le  g e n e ra tio n  d o m inance  w h ic h  ag rees  w ith  th e  
m easu red  re su lts  (see Fig. 6-5). The so lu tion  to  th is  equation  is

- k - i i r r  l 6 A 0 )

w here n i  = 1 m ay be u se d . S u b stitu tin g  th is  equation  to  Eq.(6.38), one 

finds th a t

I =  ( 6 - 4 1 )

(iii) P 2  > P > P3

In  th i s  reg io n , th e  p a r tic le  c o n c e n tra tio n  a p p ro a c h e s  a  
m axim um  a n d  rem a in s  nearly  co n s tan t (nearly s ta tio n a ry  region). The 
c h a rac te ris tic s  are

d n  ^ „ n max= 0, n  » n max, and  I = ---------- (6.42)dp  “  “ max t

(iv) p  > p 3

In  th is  region, th e  p artic le  genera tion  e n d s  or a t  is a t  le a s t 
neg lig ib le . T he  g e n e ra te d  p a rtic le s  a re  s im p ly  p u m p e d  ou t. We 
consider th is  region a s  pum ping  loss dom inant.

1 = 0  ■“ » - r a p - * 1 (6-43)
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w h ich  h a s th e so lu tion  o f

= (6 .44)
n3 P3

T h is e q u a tio n  fits  th e  ex p e rim en ta l m e a su re d  n -p  cu rve  in  th e  
p um ping  loss dom inan t region.

A n o th e r  im p o r ta n t  is s u e  is  th e  to ta l  n u m b e r  of p a rtic le s  
genera ted  d u rin g  pum p-dow n, n t , w hich  can  be w ritten  a s

t3
n t = j l d t  (6 .45)

since  d t = - t th en

Pi P2 Pi

n t =  / T i ^ =  f ' t - f '
P3 P3 P2

(6 .46)

S u b s titu tin g  Eqs.(6.41) an d  (6.42) in to  Eq.(6.46) an d  n o tin g  n.i = 1, 

one can  show  th a t

n t  = (n2  - 1) + nmax ln (p 2 / P 3 ) (6 .34)

S ince  n 2  • n max a n d  k  » 1 ,  n t h a s  th e  sam e o rd e r  of m ag n itu d e  of 

nmax’

6 .5 .2  M apping Betw een th e  S-p Curve and  th e  n -p  Curve

W ater vapor sa tu ra tio n  p a tte rn s  in  pum p-dow n  (the S-p curves) 
have b een  investigated  in  C h ap te r 5. T hese p a tte rn s  a re  schem atically
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sh o w n  in  Fig. 6 -1 3 , w here  FVSR s ta n d s  fo r  th e  p o te n t ia l  v a p o r 
s a tu r a t io n  ra tio , Sc s ta n d s  fo r th e  c r it ic a l  s a tu r a t io n  ra tio  for

n u c lea tio n , an d  b o th  a re  theo re tica lly  p red ic ted  by  th e  neg lec ting  of 
any  d is tu rb a n c e  of condensa tion  and  a sso c ia ted  la te n t h e a t. F ig.6-13 
a lso  sh o w s th e  g u e sse d  a c tu a l  s a tu ra t io n  S  w h ic h  in c lu d e s  th e  
d is tu rb a n c e  of co n d en sa tio n . To su p p o rt th e  h y p o th es is  th a t  partic le  
g en era tio n  is  th e  re s u lt  of w a te r nuc lea tion , th e  m ap p in g  betw een  the  
n -p  cu rve  an d  th e  S-p curve are  investigated  below.

1 ) Overall M apping

T he p a rtic le  g en era tio n  p a tte rn , sh o w n  in Fig.6 -12 , h a s  b een  
divided fo u r reg ions b y  p re ssu re  p 0, p i ,  P 2 , a n d  P3 . The c o u n te rp a r ts
of th e se  reg ions a n d  asso c ia ted  p re s su re s  a re  also found  in  th e  S-p 
curve, a n d  th e  detailed  exp lanations a re  sum m arized  in  T able 6-3.

T able 6 -3  Overall m app ing  betw een w ater v ap o r sa tu ra tio n  a n d  
partic le  genera tion _______ • ______________________

Pressure S-p curve n-p curve

Po>P>Pl S  < Sc: no nucleation No p artic le  g en e ra tio n

P l> P > P 2 S > Sc: nuc lea tion  occurs 
D ifference (S -S J  in c reases

P artic le  g en e ra tio n  
dom inates pu m p in g  loss

P2>P>P3 S > Sc: nucleation  con tinues 
B u t difference (S-Sc) reduces

S tationary : partic le  
generation  eq u als  
pum ping  lo ss

P3 > P S < Sc: nuc leation  stops P artic le  g en era tio n  
stops, p u m p in g  loss is 
do m in an t
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2) P red iction  of O n se t P ressu re  of Particle G eneration

T he  n o -p artic le -g en era tio n  region in  th e  n -p  curve, from  p 0  to 
p lt co rresp o n d s to  no -nuclea tion  region in  th e  S-p curve w here  PVSR
a n d  a c tu a l sa tu ra tio n  is  identical. According to th is  m apping, th e  onse t 
p r e s s u r e  o f p a r t ic le  g e n e ra tio n , p l t  is  th e  o n se t p re s s u re  for 
n u c le a tio n , w h ic h  is  a t  th e  in te rse c tio n  of PVSR a n d  Sc . T h is 
in te rsec tio n  c a n  b e  pred ic ted  by  the  theo ry  developed in  C hap te r 5.

A cco rd ing  to  th e  th eo ry , Sc d e p en d s  on  Z only  a n d  PVSR
d e p en d s  on  b o th  Z a n d  RH for m oist a ir  a t  fixed in itia l tem p era tu re  
a n d  p re s su re . F o r th e  experim ent, p Q =760 Torr, T0  = 298 K, and  Z =

X CD
5.96x (note Z = , w here  £ = 1.13 cm for th e  ch am b er an d  co = 6 .74

c m /s  fo r the  air).

F ig .6 -14  show s th e  calcu lated  Sc an d  PVSR for different RH a t  a  
fixed Z = 16, w h ich  co rresponds to a  fixed x = 2 .7  seconds in  Fig.6 -6 . 
W hen RH = 58% , th e  in te rse c tio n  in  F ig .6-15  is  a t  430  T orr while 
o b se rv e d  P i  in  F ig .6 - 6  is a b o u t 4 5 0  T orr. As RH in c re a se s , th e
in te rsec tio n  is  sh ifted  to  h igher p ressu re , w hich  is also  su p p o rted  by 
experim en tal observation .

F ig .6-15  show s ca lcu la ted  Sc and  PVSR a t  a  fixed RH = 40% for 
Z = 6  a n d  Z = 16, w h ich  co rre sp o n d s to  th e  s itu a tio n s  of x = 1.0 
seco n d s an d  x = 2 .7  seconds in  Fig.6-5 respectively. The lim iting case  
Z = 0 (ad iabatic  expansion) is  a lso  show n in  th e  figure. For sm aller Z 
n u m b e r  (RH is fixed), th e  in te rsec tion  of PVSR a n d  Sc u su a lly  occurs
a t  h ig h e r p re s su re . However, w hen  Z < 6 , th e  in te rsec tio n  does n o t 
change  m u ch , w h ich  in d ica tes  th a t  th e  n u c lea tio n  (particle form ation) 
co rre sp o n d in g  to  th e se  Z n u m b e rs  s ta r ts  m ore or le ss  a t  th e  sam e 
p re s su re . T his p red ic tion  agrees w ith  o u r experim en tal observation.
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Figure  6-14  O nset p ressu re  of particle  form ation a t  a  fixed 
Z = 16 w ith  different relative hum id ity
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Figure  6-15 O nset p ressu re  of particle  form ation a t a  fixed 
RH = 40% w ith  different Z n u m b ers
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3) P red ication  of C ritical C ondition of Particle G eneration

Fig. 5 -1 3  in  C h ap te r 5  show s theo re tica l p red ic tion  of critical 
c o n d itio n s  o f  w a te r  v a p o r  n u c le a tio n , w h ic h  d e p e n d s  on  th e  
com bination  o f Z an d  RH. T he curve rep re se n ts  th e  nuc lea tion  ra te  of 
1 n u c le u s /s .c c . H igher RH an d  sm aller Z m ean  h igher nuc leation  ra te . 
Fig. 6 - 8  sh o w s th e  ex p e rim e n ta l observed  c ritic a l co n d itio n  for 
pa rtic le  fo rm ation , w h ich  d ep en d s on  th e  com bination  of x and  RH. 
T he  d a ta  p o in ts  re p re s e n ts  th a t  1 p a r t ic le /c c  will b e  g en era ted . 
H igher RH a n d  sm all x m ean  m ore partic le  generation .

C om parison  betw een Fig .5-13 a n d  Fig.6 - 8  is  m ade in  Fig.6-16, 
w h ere  th e  d a ta  p o in ts  (x.RH) in  Fig. 6 - 8  a re  converted  to (Z,RH) 
accord ing  to  Z  = 5.96x for th e  experim ental condition. It is  found th a t  
th e se  d a ta  p o in ts  fall in  th e  region lim ited b y  Sc = 4 (the value for 
w a te r v ap o r n uc lea tion  on ions) and  S c for w a ter vapor hom ogeneous 

n u c le a tio n . T h is  co m p ariso n  verifies th e  h y p o th es is  th a t  p a rtic le  
fo rm ation  in  th is  experim ent is th e  re su lt of w a ter vapor nucleation .

6 . 6  CONCLUSIONS

Particle  genera tion  d u rin g  pum p-dow n, in  th e  p resence  of w ater 
v a p o r , h a s  b e e n  q u a n ti ta t iv e ly  m e a s u re e d  a n d  th e o re tic a lly  
investigated . The discoveries are  sum m arized a s  follows:

1) T he  n u m b e r o f  p a rtic le s  genera ted  is a  fu n c tio n  of pum ping  tim e 
c o n s tan t, in itia l relative hum id ity , a n d  term ina l p re s su re  of p um p- 
dow n . T h e  p a r t ic le  g e n e ra tio n  is  th e  r e s u l t  of w a te r  v ap o r 
nucleation : hom ogeneous nucleation , nucleation  on ions, o r both . In 
th e  e x p e rim e n ta l co n d itio n s , th e  ty p es o f n u c le a tio n  a re  n o t 
d istingu ishab le.

2) R e s id u e  p a r t ic le s  a re  fo rm ed  d u r in g  p u m p -d o w n . T hey a re  
p e rs is te n t  a n d  will n o t com plete ly  evapo ra te  a fte r  pum p-dow n.
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Figure 6-16  C ritical Z and  RH: C om parison of o n se t of 
m e a su re d  partic le  form ation and  p red icted  w a te r  vapor 
n u c lea tio n
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T hese res id u e  partic les a re  likely to con ta in  (NH4 )2 S 0 4  (a reac tion  
p ro d u c t of S 0 2  a n d  NH3), w hich  m ay  be scavenged an d  abso rbed  by  
th e  d rop lets d u ring  th e  w a ter vapor nuc lea tion  and  condensation .

3) It is found th a t  th e  critical condition of particle  genera tion  depends 
on  th e  com bination  of Z and  RH for a  given vapor-gas m ix tu re . The 
c r i t ic a l  c o n d itio n  p re d ic te d  th e o re tic a l ly  a g re e s  w ith  t h a t  
de te rm ined  experim entally  .

4 ) T he experim ental observations and  analyses show  th a t  th e  partic le  
generation  is n o t caused  by  th e  su rface  partic le  ree n tra im e n t or th e  
hete rogeneous condensa tion  on fine particles.
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CHAPTER 7  

CONCLUSIONS

A v acu u m  pum p-dow n p rocess h a s  been  s tu d ied  experim entally  
a n d  th e o re tic a lly  from  two p o in ts  of view: th e rm o d y n am ics  a n d  
p artic le  fo rm ation . The im p o rtan t co n trib u tio n s of th is  th e s is  a re  a s  
follows:

1) T h e  f i r s t  a n d  th e  m o s t  c o m p le te  t r a n s ie n t  te m p e r a tu re  
m easu rem en t d u rin g  pum p-dow n h a s  been  provided.

2) A th erm o d y n am ic  th eo ry  h a s  b een  developed for th e  c o n tin u u m  
regim e, w hich  h a s  b een  ignored before, and  th u s  m ade th e  pum p- 
dow n th eo ry  m ore  com plete. M oreover, a  s im ila rity  so lu tio n  to  
pum p-dow n  h a s  b e en  found, an d  a  d im ension less Z n u m b er h a s  
b een  in troduced  to m easu re  th e  adiabaticity  of pum p-dow n.

3) A th eo ry  h a s  b een  developed for vapor condensa tion  an d  nucleation  
d u rin g  pum p-dow n , o n  th e  b a se s  of w h ich  design  c rite rio n  for 
c lean  vacuum  pum p-dow n is found.

4) Particle form ation h a s  been  quantitatively  investigated w hich  show s 
th a t  th e  partic les  a re  m ainly  w ater d rop le ts  a n d  form ed by  w ater 
v apo r hom ogeneous nucleation , or nuc leation  on  ions, o r bo th . The 
im p u ritie s  scavenged  by  d rop le ts  m ay  be  chem ical rea c tio n s  to  
form  res idue  partic les. The m ost likely reaction  is th a t  SO 2  + NH3  

-> (NH4)2S 0 4 .

In  C hapter 2, tra n s ie n t tem pera tu re  of gas during  vacuum  pum p- 
dow n h a s  b e e n  sy s te m a tic a lly  m e a su re d  w ith  a  m o d e rn  d a ta  
acqu isition  system . A su b s ta n tia l drop in  gas tem p era tu re  is observed. 
In a  4 7 .3  lite r cham ber, w hen the  effective pum ping  speed is  705 1pm
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and  th e  in itia l tem p era tu re  is  25°C, the  m ax im um  tem p era tu re  drop is 
70 °C fo r 50% RH room  air, 95°C for d ry  n itro g en , 105°C for h igh  
p u r ity  argon . It is  found  th a t  th e  following fac to rs  have sign ifican t 
effects on  gas tem p era tu re  h istory : effective pum p in g  speed , ch am b er 
g e o m e try , g a s  m e d iu m , in i t ia l  p r e s s u r e ,  w a te r  v a p o r , a n d  
m easu rem en t location.

In  C h a p te r 3, a  m ath em atica l m odel fo r th e  p rocess of v acuum  
pum p-dow n, b a se d  on  fu n d am en ta l therm odynam ics an d  p rocesses of 
h e a t a n d  m a ss  tra n s fe r  in  th e  co n tin u u m  regim e, h a s  b een  developed 
to  p re d ic t th e  tem p era tu re  a n d  p re s su re  o f gas, a n d  th e  sa tu ra tio n  
ra tio  of condensab le  species. The in p u t to th e  m odel is th e  physical 
p roperties of g as an d  vapor, th e ir  in itial s ta te s , th e  ch am b er geom etry, 
a n d  th e  p u m p in g  cond itions. N um erical c a lc u la tio n s  b a se d  on  th e  
m o d e l a re  c a r r ie d  Oiit fo r v a rio u s  p u m p -d o w n  co n d itio n s . T he 
p red ic tions a re  in  good agreem ent w ith  th e  experim en tal d a ta . Along 
w ith  th e  developm ent o f th e  m odel, o rder-o f-m agn itude  an a ly sis  in  
th is  c h a p te r  lead  to  th e  following conclusions regard ing  to  th e  pum p- 
dow n p ro ce ss : (i) n a tu ra l  convection  is  th e  p re d o m in a n t p ro cess  
affecting h e a t tra n s fe r  to  an d  from  th e  ch am b er w alls; (ii) th e  cham ber 
wall tem p era tu re  rem ain s nearly  c o n s ta n t d u rin g  pum p  down; (iii) th e  
la te n t  h e a t re leased  from  w a ter vapor c o n d en sa tio n  or ice fo rm ation  
m ay b e  a  significant h e a t source affecting th e  gas tem pera tu re .

In  C h a p te r  4 , a  genera lized  th eo ry  b a se d  o n  th e  m odel in  
C h ap te r 3  is developed to  describe th e  therm odynam ic  p a th  of pum p- 
dow n w h ich  is  th e  form  of T* = f(Z, y, p*). T h is  is  th e  s im ila rity  
s o lu tio n  to  p u m p -d o w n  w hich  c a n  b e  ap p lied  to  a ll c h a m b e rs , 
p u m p in g  cond itions, a n d  ca rrie r gases. Z is a  d im ension less n u m b er 
w h ich  is d e te rm in ed  for a  given gas, ch am b er, p u m p in g  ra te , and  
in itia l p re s su re  a n d  tem p era tu re . T he physica l significance of Z is a  
m e a su re  of th e  degree of ad iaba tic ity  of pum p-dow n  p rocess . W hen 
Z = 0, pum p-dow n is ad iabatic , and  w hen  Z = i t  is isotherm al. Some 
p a ra m e te rs  a re  a lso  in tro d u ced  in  th is  c h ap te r , s u c h  a s  equ iva len t
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sp h e ric a l d iam ete r, s h a p e  factor, a n d  critica l vo lum e for tu rb u le n t  
n a tu ra l  convection in  th e  analysis. T hese p a ram ete rs  a re  very u se fu l in  
charac te riz ing  th e  cond itions of pum p-dow n p rocesses .

In  C h a p te r 5, a  g en era l theo ry  is  developed for a  critical pum p- 
dow n co n d itio n  t h a t  in i t ia te s  v a p o r  c o n d e n sa tio n  o r n u c le a tio n . 
Poten tia l vapor s a tu ra tio n  ra tio  is u se d  to  m easu re  th e  ability  of pum p- 
dow n s a tu ra tin g  a  vapo r. The c ritica l s a tu ra tio n s  fo r hom ogeneous 
n u c lea tio n , hom ogeneous co n d en sa tio n , and  co n d en sa tio n  to ions a re  
described . N um erical s im u la tio n  o f th e  theo ry  show s th a t  th e  critical 
cond itions for w a te r v ap o r nucleation , d r co n d en sa tio n  depend  on the  
co m b in a tio n  o f Z n u m b e r  a n d  in itia l RH. B ased  on  th e  developed 
theo ry , a  q u a n tita tiv e  c rite r io n  is  p roposed  for th e  design  of clean  
vacuum  system s.

In  C h a p te r  6 , p a r t ic le  g e n e ra tio n  in  p u m p -d o w n , w ith  th e  
p re se n c e  of w a te r  v a p o r, h a s  b e e n  q u a n tita tiv e ly  m e a su re d  a n d  
th e o re tic a lly  in v e s tig a te d . T he c o n tr ib u tio n s  a re  su m m arize d  as 
follows:

1) T he n u m b e r of p a rtic le s  g en era ted  is  a  fu n c tio n  of p u m p in g  tim e 
c o n s ta n t , in itia l re la tiv e  h u m id ity , an d  te rm in a l p re s su re . T he 
p a r t ic le  g e n e ra t io n  i s  a  r e s u l t  of w a te r  v a p o r  n u c le a t io n  
(hom ogeneous n u c lea tio n ), o r n u c le a tio n  on  ions, or bo th . In th e  
experim en ta l condition , th e  types of n u c lea tio n  m en tioned  a re  n o t 
d istinguishab le.

2) R esidue  p a rtic le s  a re  form ed in  pum p-dow n, th e y  a re  p e rs is te n t 
a n d  will n o t  com plete ly  evaporate  a fte r pum p-dow n. T hese res id u e  
p a rtic le s  a re  likely to  co n ta in  (NH4 )2 S 0 4  w h ich  a re  th e  reac tio n  
p ro d u c t of S 0 2  an d  NH3 , an d  a re  scavenged a n d  abso rbed  by  the  
d rop le ts  d u rin g  w ater v a p o r nuc lea tion  an d  condensation .

3) T he c ritic a l c o n d itio n  for p a rtic le  g e n e ra tio n  d e p e n d s  on  th e  
com bination  of Z an d  R H  for a  given vapor-gas m ix tu re . The critical
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con d itio n  th eo re tica lly  p red ic ted  ag rees w ith  th a t  experim en tally  
d e te rm in e d .

4) H ypothesis te s t  show s th a t  th e  particle  generation  is  n o t caused  by 
th e  su rfa c e  p a rtic le  re e n tra in m e n t  in  c le an  c h a m b e r , o r th e  
he te rogeneous condensa tion  o n  fine partic les in  filtered air.
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APPENDIX A

THERMOPHYSICAL PROPERTIES USED IN TH E CALCULATIONS

Table A -l Physical p roperties of E-type therm ocoup les
Type Composition P.g/oc co, eig/g.0C K,erg/cm.s.°C

Chromel (+) 10%Cr - 90%Ni 8.666 0.444 x lO7 17.0 x 105
Constantan (-) 60%Cu - 40%Ni 8.922 0.410 xlO7 22.7 x  105.
dj = 0 .0055  cm (2 tim es TC wire d iam eter)
pj = 8 .80  . • g /c c
C p j  = 0 .425  x  107  erg/g.°C

Table A-2 Coefficient to convert em f to  tem p era tu re  (=u) for E -type
th e rm o co u p le s

Range aixlO*1 32X101 a3xl0® 84x10®

0 to 400°C 1.7022525 -2.209724 5.4809314 -5.7669892
0 to -100°C 1.7372525 ll •I it

Table A-3 A ir p roperties a t  1 Atm and  300  Ka
p , = 1.1774 x lO ' 3 g /c c
Cp = 1.0057 x  107 erg/g.°C

V- - 1.8462 x  10- 4 g /cm .s
K - 0 .02227 x  10® erg/cm .s.°C
P r = 0.772
M = 28 .9 g /m o le

a: The data are from Holman (1986, p643)
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Table A-4  P roperties of w a ter vapora
Lv = 2 .84  x  1 0 10 e rg /g
Dv = 0 .24 cm2/ s
a  = 72 d y n e /c m
A 9 .1 8 3 8 3 7
B - 2 4 03 .3689

a: From Handbook of Chemistry and Physics, 53rd Ed. CRL Press.

Table A-5 Physical co n stan ts
R 8.31 x  107 erg /K .m ole
& 5.669 erg /c m 2 .K4

No = • 6 . 0 2  x  1 0 2 3 m o lecu les/m o le
k 1.38 x  10-16 dyne.cm /K
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APPENDIX B

TRANSIENT PRESSURE MEASUREMENT W ITH 
A  CONVECTRON VACUUM GAUGE

T he  C onvectron  V acuum  G auge (CVG), a  type  of P iran i gauge 
m ade b y  G ranvill-Phillips Co., m ea su re s  p re ssu re  b y  m ea su rin g  h e a t 
lo ss  from  a  h e a te d  w ire. U nlike o th e r th e rm a l gauges w hich  u su a lly  
m ea su re  p re s su re  from  10 to 10*2  T o rr (O 'Hanlon, 1980), th e  CVG can  
m e a su re  p re s su re  over six  decades from  103  to  10"3  Torr. The gauge 
h a s  b e e n  ca lib ra ted  u n d e r  s tead y  p re ssu re  by  th e  m an u fac tu re r. Using 
it  to  m e a su re  t r a n s ie n t  p re s su re  d u rin g  p um p-dow n , we find th a t  
w ith o u t co rrection  th e  CVG over-reads th e  p re s su re  above 3 0  Torr. In 
th is  a p p en d ix , w e will d is c u s s  th e  gauge o p e ra tio n  p rin c ip les , its  
c a lib ra tio n  u n d e r  s te a d y  p re s su re , a n d  its  re sp o n se  to  tra n s ie n t  
p re ssu re .

B .l PRINCIPLE OF GAUGE OPERATION

A s show n sch em atica lly  in  F ig .B -l(a), th e  CVG is  p laced  in  a  
W heatstone-B ridge  c ircu it w ith  feedback contro l c ircu itry . O f th e  four 
r e s is to rs  of th e  b ridge , R i is  a  p re s su re  se n s in g  w ire (a 0 .0005" 
d iam ete r tu n g s te n  w ire w ith  a  50 x  10 - 6  Jim th ic k  gold p la te  of length  
3.8") e n c lo sed  in side  th e  gauge tu b e  envelope. R2  is a  re s is to r  netw ork 
for c o m p en sa tin g  th e  v a ria tio n  in  am b ien t tem p era tu re . As show n in 
F ig .B -l(b ), th e  w ires  w ith in  R 2 , w hose  e le c tr ica l re s is ta n c e  a re  
te m p e ra tu re  sensitive , a re  w rapped  a ro u n d  a  Kovar m an d re l. If the  
m a n d re l te m p e ra tu re  re m a in s  a t  20°C , R2  = 55 Q. R 3  a n d  R4  are 
c o n s ta n t re s is to rs  of 261 Q an d  523 G respectively.

In  p re s su re  m easu rem en t, the  feedback circu itry  alw ays balances 
th e  b ridge  w hen  p re s su re  changes. T he opera tion  is  briefly described 
h ere . A t a  s te a d y  p re s su re , for exam ple p  = 1 a tm , th e  b ridge  is
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(a) T he W heatstone bridge w ith  feed b ack  control circu itry  
to  m ain ta in  c o n stan t senso r wire tem pera tu re  constan t.

Length = 6.0 cm
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Sensing Wire (R i) 
/  Diameter = 1.5 cm 

Length = 5.0 cm

. Compensation Resistor (R2 ) 
J '  Wire wraped around a Kovar 

Mandrel

I To Vacuum System

(b) C onstruction  of the  gauge

Figure B -l Schem atic of a  convectron vacuum  gauge
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b a la n ce d  a n d  n u ll  voltage Vn = 0. If p re s su re  Is red u ced  to  a n o th e r  
s tead y  p re s su re , th e  h e a t  lo ss from  th e  s e n so r  w ire w ill b e  red u ced  
b ecau se  less  m olecules ca rry  th e  h e a t away. T h e  decrease  in  h e a t loss 
in c re ases  Ts and  th u s  R j w hich  cau se s  th e  b ridge  to  unbalance(V n  *
0). T he feedback  c ircu itry  sen ses  nonzero  V n a n d  d e c rea se s  Vb (the  
bridge su p p ly  voltage) u n til Vn is zero again.

It c an  be easily  show n a t  the bridge voltage

Vb = G C V h  + ho (B .l)

w here  h  is  th e  p re ssu re -d e p e n d e n t h e a t tra n s fe r  coefficient for th e  
sen so r w ire, ho is  th e  p ressu re -in d ep en d en t h e a t  tra n s fe r  coefficient, 
and  Gc is  th e  gauge co n stan t

Go = Rz (T3  - T) a T ~  (B.2 )

w here  Ts is th e  s e n so r  w ire tem p era tu re , T is  the  gas tem p era tu re , 
and  As is  th e  su rface  a rea  of th e  wire.

E q u a tio n  (B .l) is derived from a n  energy b a lance  for th e  se n so r 
wire. T he  bridge b a la n ce  req u ire s  th a t  R i = (R2 R 3 ) /R 4  a n d  th u s  Ts 
should  b e  a  c o n stan t. C o n stan t Ts fu rth e r req u ires

Qe = Qh (B.3)

w here Qe is th e  electrical energy d issipated  th ro u g h  the  wire

0 » "  (R3/Ri u ? u * Vfa2 (B-4)

and  Qh is  th e  h e a t loss from  th e  sen so r wire

Qh = h  As(Ts -T) + A g o e  (Ts 4  - Tw4) + end loss (B.5)
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The rad ia tio n  a n d  end  lo ss  a re  im p o rtan t a t  low p re s su re  (p < 10 ' 4  

Torr) w hich  is a  c o n s ta n t in d ep en d en t of p re s su re  for a  given gauge. 
For th is  reason , equation  (B.3) can  be rew ritten  a s

Qh = (h + ho) As (Ts - T) (B.6)

w here h 0  is evaluated  from  th e  h e a t loss of th e  w ire a t  zero p re ssu re  
(actually  a t  th e  lower lim it of th e  gauge, 10 - 4  Torr). F or the  CVG 275, 
h 0  = 3 .1 4  W att/m 2-°C for N2  equivalent gas.

F or th e  CVG 275, th e  gauge c o n stan t Gc m ay  be evaluated  a t  the 
n o m in a l o p e ra tio n  condition : T s = 120°C, T =  20°C, a n d  R2  = 55 £2, 
w hich yields Gc = 0 .212  a n d  th u s

Vb = 0 .212  V h  + 3 .14  (B.7)

h  is in  W a tts /m 2-°C an d  Vb is in  Volts. T his eq u atio n  ind ica tes th a t  the 
voltage Vb a t  th e  bridge b a lan ce  depends only on  h  w h ich  is a  function 
of p re ssu re  a s  show n in  Fig.B-2. T hus by  m easu rin g  Vb, p  is m easured . 
T his exp lains th e  gauge opera tion  principle.

F o r a c c u ra te  p re s s u re  m ea su re m e n t, Gc m u s t be a  c o n s ta n t 
in d ep en d en t of gas tem p era tu re  (or am bien t tem p era tu re ), i.e.

R 2  (Ts-T) = c o n s ta n t (B.8 )

Eq.(B.8 ) provides the  b ase  for th e  design of R2 . As show n in  Fig.B-1, R2  

c o n s is ts  of th e  w ires w rap p ed  a ro u n d  th e  K ovar m an d re l, a n d  it 
changes only w hen  th e  tem p era tu re  of th e  m an d re l changes. T h u s in 
com pensa ting  th e  gas tem p era tu re  change, th e  m a n u fa c tu re r  a ssu m es 
th a t  th e  gas tem p era tu re  is  equal to  th e  tu b e  w all tem p era tu re , Tw, 
i.e., T  = Tw = am b ien t tem p era tu re . A ccording to  th e  m an u fac tu re r, R2  

is able to  com pensa te  for th e  ch an g es of a m b ien t te m p e ra tu re  from 
+15 to  +50°C.
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Figure B-2 Bridge voltage vs. p ressu re  for CVG 275
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Figure B-3 Convectron V accum  Gauge: Indicated p ressu re  
vs. tru e  p ressu re  for different pum ping tim e c o n stan t
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B.2 GAUGE CALIBRATION AND ITS THEORETICAL JUSTIFICATION

T he b ridge  voltage Vb of th e  CVG h a s  been  ca lib ra ted  aga in st 
s tead y  p re s su re  for various gases by  the  m an u fac tu rer. Fig.B-2 is the  
ca lib ra tion  for a ir  or N2  equivalent gases. T his calib ra tion  d a ta  can  be 
th e o re tic a lly  ju s tif ie d . To do so , th e  d ep en d en ce  of h  on  s tead y  
p re s su re  is  investigated.

A s p re s su re  reduces from atm ospheric  p re ssu re  to  h igh  vacuum , 
the  h e a t  tra n s fe r  coefficient, h , varies w ith  th e  p ressu re , p, differently 
co rrespond ing  to  the. flow regim es classified by  K nudseii num ber: Kn = 
X./ds, w h ere  X is  th e  gas m ean  free p a th  a n d  d s is th e  d iam eter of the
s e n so r  w ire. T ab le  B - l  l is ts  th e  g en era l ex p ress io n  for h  in  the  
d ifferen t reg im es. It is  no ted  th a t  fo r a ir  a.t 20°C pA. = 4 .6  Torr.cm . 
ThuSi fo r th e  s e n s o r  w ire (ds = 1.3 x  10*3 cm), Kn can  be expressed  in 
te rm s  o f th e  p r e s s u r e  in  T o rr a s  K n = 3 /p . N ext, th e  specific  
exp ressions in  a ll th e  regim es are  derived for a ir a t  20°C.

1) C o n tin u u m  Regim e fKn < 0 . 1  or p  < 30  T orr): The h e a t  loss from 
th e  se n so r  w ire is carried  aw ay by  convection. If th e  p re ssu re  is 
s teady , only n a tu ra l convection tak es  p lace due to  the  tem pera tu re  
g ra d ie n ts  n e a r  th e  se n so r  wire. U sing a ir  p ro p ertie s  a t  a  m ean  
te m p e ra tu re  3 3 3  K a n d  p re ssu re  760 Torr: P r = 0 .697 , v =  0 .188 
cm 2/ s ,  kg = 0 .02874  W atts/m .°C , one can  find

h  = 3 1 6 p 0116  (B.9)

Note th a t  in  th e  con tinuum  regim e a t h igh p ressu re  the  h e a t loss of 
th e  w ire is  p roportiona l to pO. 1 1 6  an d  th u s  Vb is p ropo rtiona l to
p0.058, w h ich  is n o t sensitive to th e  p re s su re  change. S ince the  
o rien ta tio n  o f th e  w ire affects n a tu ra l  convection, th e  gauge h a s  
b een  calib ra ted  for th e  gauge tube  in  th e  horizontal position.
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Table B-l Heat transfer of the sensor wire In different regimes

Regime Steady Pressure Transient Pressure

Continuum

Kn<0.1

Natural convection dominates

ds i
For a  horizontally oriented wire(Holman)
Nu = O ^ G rP d 0 ®58 lO-9 < GrPr < 10-2

Pr = ̂  :Handtlnunixr 

G r= g P P ^ 0 V M  :Grashof number
\r&

Cy = gas specific heat
[i = gas dynamic viscosity
kg = gas thermal conductivity
f) = thermal expansion coefficient
g = gravitational constant
p = gas density: function of pressure

In addition to natural convection, 

forced convection also occurs.
King's Law for forced convection across 
the wire
Nu= 0.24 + 0.56Ri^>.45 

pUdg
Re- =------: Reynolds number

F
u  = mean velocity over the sensor wire. 
ds = wire diameter

Transition
0.1<Kn< 10

Conduction dominates. Temperature discontinuity near 
the wire is a  function of pressure.

h  " 0.5dsln(d/dg) + e(ft/p)(ds/d  +1) (Dushman-chaP W

(2- a) (9y-5) 
a  2(y+l) 

d = gauge tube diameter 
Cl- a  constant depends on unit and gas 
a=  thermal accommodation coefficient 
y = specific ratio 
X = gas molecule mean free path

Same as that in steady pressure

Free molecule
Kn> 10

Molecule collision with the wall dominates. Heat loss
from the wire is linearly proportional to pressure.

3 ft h -  rjffixmkTs)!  ̂k ^  p (Dushman, chap 1)
k = Boltzmann constant 
m = gas molecule mass

Same as that in steady pressure

B-7
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2 ) T ra n s itio n  Regim e fO.l < K n < 10 o r  0 .3  < d < 3 0  T o rr): 
C o n d u c tio n  is  th e  m a in  h e a t tra n s fe r  m ech an ism  — th e  h e a t  from  
th e  w ire is  lo s t to i ts  su rro u n d in g  b y  th e  w ay of tran s fe rr in g  kinetic 
energy  from  one m olecule to a n o th e r  on  a  m icroscopic sca le . F or a  
th in  w ire, th e  d isc o n tin u ity  in  tem p era tu re  n e a r  th e  w ire occu rs 
b e c a u se  o f th e  "slip" (D u sh m an , 1962), a n d  i t  is  a  fu n c tio n  of 
p re s su re . U sing th e  exp ression  in  Table B - l  for th e  CVG, one can  
find th a t

h  ~ 5 .593  + 1 6 .4 4 /p  (B.10)
%

In  deriv ing  th is  e q u a tio n , th e  th e rm a l accom m odation  coefficient 
b e c o m e s  a  = 0 .6 4 6 , w h ich  is  o b ta in ed  by  e q u a tin g  h  in  th e  
tra n s itio n  regim e to  th a t  in  the  co n tin u u m  regim e a t  30  T orr.

3 ) F ree  M olecule Regime (Kn > 10 o r p  < 0 .3  T orr); In th is  regim e, 
th e  in n e r  collision o f m olecu les is negligible. T he h e a t  lo sse s  from  
th e  se n so r  w ire occu rs by  the  bo m b ard m en t of a ir  m olecules on the  
w ire a n d  th e n  on th e  tu b e  wall.

h  = 175p (B .l 1)

T h is eq u atio n  is th e  lim iting  case  of Eq.(B.10)

4) R ad ia tio n  a n d  E nd  Loss D o m in an t Regime (p < lO^i . T orr): In th is  
reg im e ,

h = h 0 (B.12)

H ere th e  h e a t  lo ss is  in d ep e n d en t of p re ssu re  a n d  th e  CVG losses 
th e  sensitiv ity . T h u s 10-4 Ton: is  th e  lower lim it for th e  CVG. To be 
safe, th e  CVG se ts  i ts  lim it to  1 0 '3 Torr.

T he re s p o n se  of th e  g au g e  Vfc to s te a d y  p re s s u re  c a n  be
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th eo re tica lly  calcu lated  b y  su b s titu tin g  Eqs. (B.S), (B.10) a n d  (B . l l )  to 
E q .(B .l). As show n in  Fig.B-2, th e  theore tical Vb agrees well w ith  the  
m easu red  Vb.

V b  is  a  n o n l in e a r  fu n c tio n  of p re s s u re .  In th e  a c tu a l  
m e a s u re m e n t, Vb is  cond itioned  by  th e  V acuum  G auge C ontro ller 
(VGC) w hose  o u tp u t Vp in  Volt is a  linear function  o f p ressu re  in  T orr 
in  a  log scale

Vp = log(p) + 4  (B.13)

As th e  p re s su re  varies from  10 '3 to  103 Torr, th e  Vp varies from  1 to  7 
Volt. If s te ad y  p re ssu re  is  m easu red , th e  equation  (B.13) is a cc u ra te  in  
th e  e n tire  m easu rem en t range.

B.3 GAUGE RESPONSE TO TRANSIENT PRESSURE

As sh o w n  in  C h ap te r 3, th e  tra n s ie n t p re ssu re  from  760 to 0 .1  T orr 
d u rin g  pum p-dow n can  b e  p red icted  by

p / p o  = exp(- t/x ) (B.14)

w here  x is  th e  tim e c o n s ta n t of p re ssu re  decay  a n d  p0 is th e  in itial 
p re s su re . U sing  th e  CVG to m easu re  th e  tra n s ie n t p ressu re , w e find 
th a t  its  re sp o n se  depends on  n o t only th e  p ressu re  b u t  also x a n d  p0.

Fig.B-3 p lo ts th e  ind icated  p re ssu re  v e rsu s  th e  tru e  p re s su re  for 
a ir  u n d e r  different x. The ind icated  p re ssu re  is ob tained  by  m easu rin g  
Vp a n d  th e n  converting  i t  to  p re s su re  u s in g  Eq.(B.13). The p re s su re
p red ic ted  by  Eq.(B.14) is  regarded  a s  th e  tru e  p re ssu re . It is  found  
th a t  be low  30  T orr, th e  in d ic a te d  p re s su re  ag rees  w ith  th e  tru e  
p re s su re ; w hile above 30  Torr, th e  ind icated  p re s su re  is h igher. F or 
exam ple, w h en  x = 5 .0  seconds, th e  tru e  p re ssu re  is 512 T orr w hile 
th e  in d ica ted  p re ssu re  is 1000 Torr.
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T h ere  tw o re a so n s  w h ich  m ay  c a u se  th e  CVG to  over-reads 
tra n s ie n t p re s su re s  above 30  Torr. (i) h  changes b ecau se  of the  forced 
convection re su ltin g  from  gas pum ped  ou t. (ii) T  decreases becau se  of 
th e  gas ex p an sio n  cooling. As d iscu ssed  in  Section  B . l ,  th e  p re ssu re  
read ing  of th e  CVG depends on V R2  (Ts-T) h  ; Ts is a  c o n stan t b ecause  
of th e  gauge  is  alw ays b a lan ced  reg a rd less  of w h e th e r p re s su re  is 
t r a n s ie n t  o r s tead y ; R 2  a lso  rem a in s  c o n s ta n t  b e c a u se  th e  Kovar 
m an d re l te m p e ra tu re  rem a in s  co n s tan t. T h u s  dev ia tions in  h  a n d  T 
from  th e  c a lib ra tio n  co n d itio n  c a u s e  th e  gauge  to  m is re a d  th e  
p ressu re .

D eviation in  h  d u e  to  Forced Convection

U nder th e  tra n s ie n t  p ressu re  condition, the  gas in side  th e  gauge tu b e  
is co n tin u o u sly  pum ped  ou t, and  its  flow is s im ila r to a  s in k  flow a s  
show n in  Fig.B-4. Forced convection takes place a s  th e  gas flows across 
th e  s e n s o r  w ire. As show n  in  T ab le  B - l ,  th e  effects of forced  
convection  c a n  b e  neg lected  a t  low p re s su re  w h en  co n d u c tio n  or 
m o lecu le  b o m b a rd m e n t is  th e  m a in  h e a t  t r a n s fe r  m ec h an ism . 
However, th e  effects of forced convection m ay be sign ifican t in  th e  
co n tin u u m  regim e a t  h igh  p re ssu re  (p > 30  T orr for a ir  a t  20°C). In 
ad d itio n  to  n a tu ra l  convection, forced convection a lso  carries  h e a t 
aw ay from  th e  se n so r  w ire. In  th is  m ixed convection  s itu a tio n , th e  
to ta l h e a t tra n s fe r  coefficient becom es

h  = (hFn ± hNn)1 /n  (B. 15)

w here h ^  is  th e  n a tu ra l convection h e a t tran sfe r coefficient calculated  
b y  Eq.(B .9), a n d  th e  h F is  th e  forced convec tion  h e a t  tra n s fe r  
coefficient w hich  m ay  be estim ated  u sing  King’s  law

h F = -5*- (0 .24 + 0.56Re°-45) (B. 16)u s
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A -A

When gas is pumped out, the flow field is similar to sink flow. 
Gas velocity across the wire may be approximated by the gas 
velocity at A-A cross section.

Figure B -4 G as flow p a tte rn  inside th e  gauge tube
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w here th e  R eynolds num ber

(B. 17)

w here  u  is  th e  average g a s  velocity ap p ro ach in g  th e  wire, w hich  m ay 
be e s tim a te d  b y  th e  gas velocity a t  th e  c ro ss-sec tio n  A-A in  Fig.B-4. 
W hen th e  tim e c in s ta n t  x is  a  c o n stan t, th e  to ta l volum etric flow a t  th e  
gauge o u tle t  is a  c o n s ta n t  a n d  eq u a l to  th e  volum e of th e  gauge tu b e  
divided b y  x, a n d  th e  flow ra te  a t th e  A-A c ross-sec tion  is  one h a lf  th e  
to ta l. T h en

T h e  effect of forced convection on  p re ssu re  c a n  b e  estim ated  a t  
760 T o rr  an d  300K . A ir p ro p erties  a re  u se d . C onsider x = 5 seconds. 
C alcu la tion  show s th a t  u  = 0 .184  c m /s , Re = 1.8 x  10-3, an d  h F = 522
W atts /m .K . T he n a tu ra l  convection  h e a t  tra n s fe r  coefficient a t  760 
T orr is  h N = 6 8 2  W atts /m .K . T his show s th a t  h F an d  hN are  on  the
sa m e  o rd e r  o f m a g n itu d e . T here fo re , w h en  p > 30  T orr, m ixed  
convection  indeed  occu rs d u rin g  p re s su re  change. A ssum ing  n  = 10 
in  Eq.(B .15), one  c a n  find  th a t  forced convection  c a u se s  h  to  deviate 
from  E q.(B .7) b y  ±2% w h ich  will c a u se  th e  CVG to m is rea d  the  
p re s su re  b y  ab o u t ±18%  (Note p  «  h 8-62).

D eviation in  T d ue  to  G as E xpansion

W ith  th e  th e o ry  developed in  C h a p te r  4 , th e  gas te m p e ra tu re  
inside th e  gauge tu b e  is calcu lated  w h en  th e  p re ssu re  is reduced  from  
760  to  0 .1  Torr. F or a ir  o r  n itrogen , T  v e rsu s  p  u n d e r  d ifferent tim e 
c o n s ta n ts  x is  p lo tted  in  Fig.B-5. T he following fe a tu re s  have  b een  
revealed b y  the  sim ulation :

(B. 18)

w here D r  is th e  tu b e  d iam eter w hich  is equal to  2 .35  cm.
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1.00

0.98

Po = 650 Torr 
To = 20°C

0.96

• x -  20.5 sec
- x  = 10.5 sec
- x  = 5.1 sec0.94

0.92
.01 .1 1

P/Po

Figure B -5 Air or nitrogen tem pera tu re  in side  the  gauge tube  
a s  a  function  of p ressu re  for different pum ping  tim e c o n stan ts
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1) The tu b e  w all tem p era tu re  rem a in s  c o n s ta n t b ecau se  of its  large 
therm al capacity.

2) The tem p era tu re  first d ecreases b ecau se  of gas expansion  cooling 
a n d  la te r  recovers because  of h e a t tran sfe r from  th e  tu b e  wall.

3) T he fa s te r  th e  p re s su re  decays (sm aller x), th e  m ore th e  gas h as  
b een  cooled. For different x, th e  m axim um  (Tw-T) a n d  the  p ressu re  
a t w hich it occurs is listed  in  Table B-2.

4) The m ajo r changes in  tem p era tu re  occurs betw een 760 to  30 Torr. 
Below 30  Torr, th e  difference betw een T  an d  Tw can  be  neglected.

T he im m ediate  consequence  of decreasing  th e  g as tem p era tu re  
is  th e  in c re a s e  in  th e  h e a t  lo ss  from  th e  s e n s o r  w ire. M ore 
im portan tly , th is  tem p era tu re  change can  n o t be com pensated  b y  the  
com pensation  re s is to r R2  inside th e  CVG because  R2  rem ains co n stan t 
a s  th e  w all te m p e ra tu re  (or Kovar m an d re l tem p era tu re ) rem a in s  
constan t.

Table B -2 M axim um  gas tem p era tu re  drops inside th e  CVG w hen gas
p re ssu re  is reduced3.
X, s (Tw*T)niin» °C Pmm. T orr
5 15 4 4 8

10 9 5 1 0
2 0 4 5 1 9

a. Data is obtained from the simulation with the following parameters: gauge tube
diameter is 2.54 cm and length is 17.5 cm. po = 650 Torr: Tw = 20°C. 
x is the pumping time constant.

It is  n o ted  th a t  a s  th e  p re s su re  d e c re a se s , th e  in d ica ted  
p re ssu re  firs t increases an d  th en  decreases w hich is  j u s t  the  opposite
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to th e  g a s  te m p e ra tu re  p a tte rn . T his gives a  clue th a t  th e  over-reading 
of th e  p re s s u re  is  m ain ly  a sso c ia ted  w ith  th e  d ec rea se  in  th e  gas 
te m p e ra tu re . T he  m ag n itu d e  of th e  over-read ing  c a n  be  e s tim ated  
from  th e  s im u la ted  tem p era tu re . As show n in  Table B-2, w h en  x = 5 
s e c o n d s , th e  m ax im u m  (Tw - T) is  15°C w h ich  is  eq u iv a len t to 
in c re a s in g  h  b y  15%  (Note th e  o rig in a l te m p e ra tu re  d ifference  
betw een th e  w ire and  gas is  ab o u t 100°C). T his will c au se  th e  gauge to 
over-read th e  p re s su re  by  300%  w hich  m ay  sa tu ra te  th e  gauge voltage 
— th is  h a s  b e en  observed in  th e  m easu rem en ts . T h is e stim ation  again  
show s th a t  th e  ex p an sio n  cooling is  th e  m ajo r re a so n  for th e  over­
reading .

B.4 CONCLUSIONS

T he  re s p o n se  .of th e  CVG to  s te a d y  p re s s u re  a n d  tr a n s ie n t  
p re ssu re  h a s-b een  investigated. It is  found  th a t

1) The gauge c an  m easu re  s tead y  p re ssu re  accu ra te ly  from  10 '3 to 103 
T o rr.

2) W ith o u t co rrec tio n , th e  gauge over-reads th e  t r a n s ie n t  p re s su re  
above 30 T orr for a ir  o r N2 . Below 30 Torr, th e  gauge read in g  of 
tra n s ie n t p re ssu re  is  nearly  the  sam e a s  th a t  for s tead y  p ressu re .

3) T he m is re a d in g  o f p re s su re  above 30 T orr is  c a u se d  by  i) th e  
deviation  in  h e a t  tra n s fe r  coefficient d ue  to forced convection, an d  
ii) th e  d e c re a se  in  g as  te m p e ra tu re  d u e  to  th e  g as e x p an sio n  
cooling. T he second  fac to r is  th e  m ajo r rea so n  for p re s su re  over­
read ing .

4) The gauge  can  n o t com pensa te  for th e  expansion  cooling b ecau se  
the  te m p e ra tu re  of th e  tu b e  w all (m andrel) rem a in s c o n s ta n t while 
the  g a s  tem p era tu re  changes.
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APPENDIX C 

TERMINOLOGY IN VACUUM TECHNOLOGY

T he d e fin itio n s  o f te rm in o lo g y  in  v a c u u m  tech n o lo g y  a re  
ex p la in ed  in  th is  append ix . R em ark s o n  th ro u g h p u t  c o n tin u ity  are  
m ade.

C .l PUMPING LINE

T he pum ping  line is  th e  gas flow p a th  form  the  exit of a  cham ber 
to  th e  in le t of a  pum p. •*

C.2 VOLUMETRIC FLOW  RATE, MASS FLOW RATE, PUMPING 
SPEED, AND EFFECTIVE PUMPING SPEED

Along th e  pum ping  line a t  a n y  cross-sec tion  w ith  a n  a re a  of A, if 
th e  gas  m olecule m ean  d rift velocity is u , th e  volum etric  flow ra te  for 
th is  c ro ss-sec tio n  is

V  = u  A

a n d  th e  m a ss  flow ra te  a t  any  cross-section  is 

m  s p  V

w here  p is th e  gas density  a t  the cross-section .

T h ere  a re  two sp ec ia l c ro ss-sec tio n s  in  th e  p u m p in g  line: the  
in le t o f th e  pum p, an d  th e  ou tle t o f the  cham ber. Two special n am es 
a re  given to  th e  vo lum etric  flow ra te  a t  th e se  two c ro ss-sec tions. The 
vo lum etric  flow ra te  a t  th e  in le t of a  pum p is  called in trin s ic  pum ping  
speed  o f th e  pum p device, i.e.,

Sp = Vpump inlet
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Sp is  a  function  of p re ssu re  a t  the  in le t of th e  pum p, a n d  th is  function  
is u su a lly  re fe rred  to  a s  a  p u m p in g  curve  w h ich  is  c a lib ra ted  a n d  
p u b lish ed  by  th e  p u m p  m an u fac tu re r. The vo lum etric  flow ra te  a t  the  
o u tle t of th e  ch am b er is  called effective pum ping  speed , i.e.,

Se = Vchamber exit 

Se is a  function  of Sp and  conductance  of th e  pum ping  line.

C.3 THROUGHPUT, O
t ‘

T he p ro d u c t of th e  in le t p re s su re  a n d  th e  p u m p in g  sp eed  is  
defined a s  th e  th ro u g h p u t of the  pum p.

4> = pm Sp

Note th a t  th e  th ro u g h p u t h a s  a  u n it  of power. T he th ro u g h p u t a t  any  
cross-sec tion  o th er th a n  the  pum p in le t m ay  be  sim ilarly  defined

O  = p V

w here  p  is th e  p re s su re  a t  th e  cross-sec tion . F rom  th is  defin ition, we 
c a n  see th a t  th e  th ro u g h p u t is th e  ra te  of expansion  w ork  a t th e  c ross- 
section .

It is  com m on ly  re g a rd e d  in  v a c u u m  tec h n o lo g y  th a t  th e  
th ro u g h p u t  th ro u g h  th e  p u m p in g  line  is c o n tin u o u s  (at a  given 
m om ent, th e  th ro u g h p u t is equal a t  an y  cross-section). S ince p re ssu re  
ch an g es along th e  pum ping  line, th e  volum etric  flow ra te  is  d ifferent 
a t  different cross-sec tion  by th e  requ irem en t of th ro u g h p u t continuity .
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C.4 COMMENTS ON THE THROUGHPUT CONTINUITY

T he se ries  law  of co n d u ctan ce  an d  th e  c a lcu la tio n  of Se are 
b a se d  on  th e  re q u ire m e n t o f th ro u g h p u t c o n tin u ity  th ro u g h  th e  
p u m p in g  line. I t is  w orthw h ile  to  ch eck  th e  c o n d itio n s  for th e  
con tinu ity . For th is  pu rp o se , we rew rite th e  defin ition  of th ro u g h p u t 
by  u s in g  the  perfect gas law  p  = RpT an d  R  = (y-l)cv

O = (y-1) cvT pV = (y-1) cvT  m

w here  m  is the  m ass  flow ra te , and  cvT  rii is th e  gas in te rn a l energy 
flow ra te  a t a 'c ro ss-sec tion . Since cv and  y are  co n stan t, th e  n ecessa ry  
a n d  sufficien t condition for th ro u g h p u t O to be con tinuous is  th a t  T  m 
is con tin u o u s. T his is sa tisfied  only in  one p rac tica l s itua tion : steady  
s ta te  flow an d  iso therm al p rocess — m is  c o n s tan t and  T is  uniform  all 
over th e  v acuum  system . B oth  conditions can  n o t be exactly  satisfied  
d u rin g  pum p-dow n. Two fac ts  have been  dem o n stra ted  in  C h ap te r 2. 
The f irs t is th a t  th e  pum p-dow n p rocess is tra n s ie n t in  n a tu re  an d  
th a t  s tead y  s ta te  ex ists only w hen  th e  u ltim ate  p re s su re  is  reached , 
an d  th e  second fac t is  th a t  th e  pum p-dow n p rocess is n o t iso therm al 
a t  h igh  p ressu re . T h u s it is  only a n  approxim ation  to a ssu m e  th a t  the  
th ro u g h p u t is  con tinuous du ring  the  pum p-dow n processes.

Two o th er equivalen t conditions for th ro u g h p u t co n tin u ity  m ay 
also  b e  s ta te d  a s : (1) th e  m ass  capacitance  of th e  pum ping  line is 
negligible, a n d  (2) th e  h e a t  tra n s fe r  betw een  gas an d  p ipes o r o ther 
devices in  th e  pum ping  line is negligible. The f irs t condition  e n su res  
th a t  th e  m a ss  flow ra te  is  co n tin u o u s, w hile th e  second  condition  
e n su re s  th a t  the  tem pera tu re  (stagnation) is uniform .

In  a  pum p-dow n, th e  effect of capacitance  m ay  be significant 
w hen  large p ipes are  u sed  o r in  the  beginning of a  p u m p  down process 
w hen  th e  p ipes function  a s  a  gas reservoir. The effect of h e a t  tran sfe r 
m ay  also  be significant in  th e  in itial pum p down w hen  th e  tem pera tu re
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difference betw een wall an d  gas is large or in  the  s itu a tio n  w hen  a  cold 
baffle is  p resen t. In  th ese  situations, th e  th ro u g h p u t is  no t con tinuous.

C.5 CONDUCTANCE OF A  CONNECTING ELEMENT, C

If a  c o n s ta n t th ro u g h p u t th ro u g h  a  co nnec ting  e lem ent in  th e  
pum ping  line is  O an d  th e  p ressu re  drop ac ro ss  th e  elem ent is Ap, th e  
conductance  is defined a s

Note th a t  th e  co n d u c tan ce  h a s  a  u n i t  of vo lum etric  flow ra te , b u t  it 
does n o t equal th e  vo lum etric  flow ra te  a t  a n y  c ro ss-sec tio n  of th e  
e lem en t.

C.6 SERIES LAW AND PARALLEL LAW OF CONDUCTANCE

T he se ries  law  s ta te s  th a t  if  two e lem ents w ith  conductance  C i 
and  C 2  a re  connected in  series, the  equivalent conductance  is C.

J  1__ 1
C "  C i + C2

The p a ra lle l law  s ta te s  th a t  if two e lem ents w ith  co n d u ctan ce  Ci an d  
C2 a re  connected  in  parallel, the  equivalent conductance  is C

C = Ci + c 2

The series law  is first proved. By definition 

< J > i  < £ > 2  < I>

c i =  A ^ f  C2 = a p T  a n d c =  aF  (a)

The p re ssu re  drop for th e  series connection  m u s t  sa tisfy

Ap = Api + Ap2 (b)
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S u b s titu tin g  (a) to  (b) an d  a ssu m in g  th ro u g h p u t is con tinuous, i.e.,

Os: <&! = <I>2 (b)

th e  se rie s  law  is  th e n  proved.

T he p a ra lle l law  is proved by  th e  rela tion

Api = Ap2 = Ap (d)
an d

<I> = 3>i + <X>2 (e)

S u b s titu t in g  fa), (d) to  (e) y ields (Ci + C2 )Ap = CAp w h ich  proves th e  
p a ra lle l law.

C.7 DERIVATION O F EQUATIONS (3.29) AND (3.30) USED IN 
CHAPTER 3

To find th e  effective pum ping  speed  for th e  s itu a tio n  show n in 
Fig.3 .1 , we u se  th e  req u irem en t of th ro u g h p u t con tinu ity

<I> = p Se = Pin Sp = Cor (P - Pin)
th e n

Q O O
P  • P to  = C or =  Se '  Sp

w h ich  yields th e  re su lt

o  S p  C or 
& e-  S p  +  C or

By th e  defin ition  of th e  effective p u m p in g  speed, th e  m a ss  flow ra te  
can  b e  calcu lated  by

rii2 = p Se

w here  p is th e  g a s  d en sity  w ith in  th e  cham ber.
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APPENDIX D
D -l

CALCULATION OP EFFECTIVE PUMPING SPEED

T he eq u a tio n s  to  be  solved a re  fo u n d  from  th e  req u ire m e n t of 
th ro u g h p u t continuity :

Cor (p -  P in) =  P in  S p  ( D - l )

p in  S p  = p  S e ( D - 2 )

T he c o n d u c ta n c e  o f th e  orifice C0r is, a  p iecew ise fu n c tio n  of th e  
p re s su re  ratio, r

f  , . r 2 y \ l / 2  1/y  / ,  (Y -D /Y l l /2  A or  r ^ T "
Cd — —] r  \1 - r  J YT7 VRT r > r *

I t -  l J
C o r  = <

Cd
Y- 1

2 y  V  / 2 ^  l /Y  r ^(Y-1) /Y
RT r  < r*

( D - 3 )

r  = Pin
P

r* = /  2 \y/(Y-P

Y -1

( D - 4 )

( D - 5 )

In th e  above e q u a tio n s , p is th e  ch am b er g a s  p re s su re ; T, th e  gas 
tem p era tu re ; pm, th e  pum p  in le t p ressu re ; Sp> th e  pum ping  speed  of 
th e  v acu u m  pum p; Se, th e  effective pum ping  speed; Aor, th e  a re a  of the  
orifice; r*. th e  critica l p re ssu re  ra tio  below w hich  choked  (sonic) flow 
o ccu rs; Cd', th e  orifice d ischarge  coefficient for u n ch o k ed  flow; Cd", 
th e  d isch arg e  coefficient for choked  flow. F o r a ir, y = 1.4, th e n  r* = 
0 .5283 .
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The objective is  to  find S e for a  given Aor, Y, p, T  an d  Sp. To do 
th is, dividing equations (D. 1) an d  (D.2) by  p  yields

Cor (1 - r) = r  Sp (D.6)

Se = r Sp (D.7)

There a re  two unknow ns, r  an d  Sg, in  th e  above two eq u a tio n s w hich  
a re  so lvab le . In th e  follow ing, S p is  a s su m e d  to  b e  c o n s ta n t  
(independen t of pm).

It is no ted  th a t  S*e is the  volum etric flow ra te  across th e  orifice w hich  
d ep en d s on ly  on  th e  Aor , in d ep e n d en t of Sp . We m ay  refer to  th is  
s itu a tio n  a s  orifice controlled flow.

For unchoked  flow, su b s titu tin g  Eq. (D.3) for the  case  r  > r* in to  
Eq.(D.6), one can  find a  quadratic  function

x 2 + Bx - B = 0 (D.9)

For choked  flow, su b s titu tin g  Eq. (D.3) for th e  case  r  < r* in to  
(D.7), one can  find

[Y + U /(Y - l) l Aot^ K T
)

(D.8)

w h e re

x  * r(Y' 1,/Y (D. 10)

( D . l l )

the  so lu tion  of Eq. (D.9) yields
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r  = {o.5B ( V l  + 4 / B -  i ) J Y/(Y_l) (D.12)

and

Se = r  Sp (D.l-3)

In  th is  case , Se dep en d s on  b o th  orifice size a n d  Sp . If th ere  is no 
orifice re s tric tio n  — a ssu m e  Aor = «> in  Eq. (D. l l ) ,  r  = 1 an d  Se = Sp . 
The flow is  controlled by  th e  pum p  only.

T he orig inal c rite rion  for choked  flow is p in /p  < r*. To u se  it, 
one m u s t  solve for pin for a  given pum ping  condition. S ince r  = Se/ S p, 
th e  criterion  for choked flow c a n  be also  expressed  a s

T h is  c rite r io n  p ro v id es m ore  conven ience  th a n  th e  o rig ina l one 
b ecau se  i t  c a n  be d irectly  checked for th e  given v a lu es of Aor. Y. p, T 
an d  Sp w ith o u t solving for p ^ .

(D. 14)
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