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ABSTRACT  Numerical and  experimental  investigations are  performed for the rarefied  gas fiows in

pumping  channels  of  a  helical-type drag pump. Modern  turbomelecular  pumps  include a drag stage  in the
discharge side, operating  roughly  in the pressure range  of  10'!-10Torn The flow occurring  in the pumping
channei  develops from the molecular  transition to slip flow trayeling downstream. Two  different numerical

methods  are  used  in this analysis:  the first ene  is continuum  approach  using  the Navier-Stokes equations  with

s]ip  boundary condition,  and  the second  one  is stochastic  particle approach  through the use  of  the direct
simulation  Monte  Carlo (DSMC) method.  The flows in pumping  channels  are  three-dimensional  (3D) in the
rotating  helical channels.  The main  dienculty in modeling  a 3D  case  comes  from the rotating  frame of  reference,

Thus, trajectories of  particles are  no  longer straight  lines. In the present DSMC  method,  trajectories of  particles
are  calculated  by integrating a  system  ofdifferential equations  including the Coriolis and  centrifugal forces. Our
study  is the first instance to ana]yze  the rarefied  gas flows in rotating  frame in the presence ofnoninertia]  effects.

Keywords:  Heiica]-type Drag-Pump,Direct Simulatien Monte  Carlo Method, Molecular Transition Flow

1. INTRODUCTION

     A  turbomolecu]ar  pump  (TMP) operates  eenciently  at

very  Iow gas density. Under this condition,  it has high
compression  ratio  and  pumping speed. Today, molecular

drag stages  are  widely  used  in coniunction  with  a  TMP  in

order  to improve the pumping performance of  it[1]. For
example,  compound  or  hybrid molecular  pumps  have

gained wide  attention  because of  their increased pumping
throughput  and  disgharge pressure.
     The drag pump  may  be ofthe  Holweck  (helica]-type)
or  Siegbahn (disk-type) design. In the present study, the

pumping performanee ofa  helical-type drag pump  (HTDP)
is numerically  analyzed,  The fiow within  a  pumping
channel  of  a  HTDP  varies  from the  sLip  to the molecular

transition regime.  Two  different numerical  methods  are

used  in this flow analysis: one  is continuurn  approach  using

the Navier-Stokes (N-S) equations  with  slip  boun-dary

condition,  and  the other is stochastic particle approach

through the use  of  the  clirect simulation  Monte  Carlo

(DSMC) method.
     Many  investigatiens have been done toward

deve[oping theories of  the  molecular  transition and  s!ip

flows in channels  of  a  HTDP.  By  using  the DSMC  method,

Nanbu  et  aL[2]  numerically  studied  the performance in the

molecular  transition and  slip  flow regimes,  They found that
most  ofpressure  rise  occurs  near  the outlet ofthe  channel.

     Sawada[3,4] and  Sawada and  Nakamura[5] exten-

sively andiyzed  the pumping  mechanism  by solving  the  N-S
equations  with  slip boundary condition.  These theoretical
and  experimenta]  investigations give usefu1  data for the
channel  design by clarifying  the relationships  between

channel  geometries and  pumping  perfbrrnance.
     Sawada[4] also found that the  compression

performance is improved by,the generation of  vortices  in

the molecular  transition regime  due to the onset  of

turbulence  in the channel.

     Panos et aL[6]  defined the separation  pressure
between the yiscous  and  the free molecular  state, and  they

extended  Gaede's equation, which  was  used  for the helica[
single-groove  drag pump  in the  free molecular  flow, to the

helical multi-groove  drag pump in both the viscous  and  free
molecular  states.

     However, the  previous studies[2-6]  were  limited to
the quasi-three-dirnensional (Q3D) modet.  Namely, the

three-dimensional (3D) rotating  helical channel  was

considered  as a rectangular  groove facing a  wall,  which  is
linearly moving  along  the groove; see  Fig. 1. In the present
study,  the rotating  helical channels  are  three-dimensional[y

modeled  to investigate the etfect  of  the Corio]is and

centrifugal  forces on  the pumping  performance,
     As  a validation  for our  computer  code,  the present
numerical  resu]ts  for Q3D and  3D  models  are  first
compared  with  the preyiously known  numerica]  and

experimental  ones  obtained  by Nanbu  et al[2].  Of  the two

models,  the 3D  model  gives more  accurate  resutts  than does
the Q3D model.  Our experimental  results  are  atso  presented
in the pressure range  ofO.02--4  Torr and  are  compared  with

numerical  ones  for both models.
     The purpose ofthe  present study  is to understand  the

characteristics  of  the mo[ecular  transition flow field
existing  within  rotating  channels  of a  HTDP.  For
simplification,  we  do not  take into account  comp[icated

physicaL processes such  as  rotational  and  yibrational

nonequilibrium.  The present numerical  results  provide
information on  the velocity  and  density fields, Final]y, we

assess  the validity  and  usefulness  of  the N-S  simulations  jn

the molecular  transition regime.  Particular attention  is,

therefore, given to the computational  limitations of  thls

method.
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Fig. 1 Geometry  of helical-type drag pump  (Q3D): (a) rotor
1; (b) rotor  2,

2, Q3D AND  3D  MODELS

     Helical  channels  (Q3D) are  cut  in the axial  direction
and  expanded  in the  circumferential  direction, as  seen  in
Fig, 1. It is convenient  to treat the problem within  the frame
of reference  of  moving  blades. If the coordinate  system  is
fixed with  the rotor,  the casing  is linearly moved  from right

to left with  the velocity U  . Two  different kinds of rotors

are  illustrated in Figs, 1(a) and  1(b), respectively.  In these

figures, a  is the helix ang]e,  a  the channel  width,  b the

ridge  width,  d the channel  depth, and  Ad  the clearance

between retor  and-staton  The channel  depth of  rotor  1 is 4
mm,  while  that ofrotor  2 is continuously  varied from 8 mm

(at inlet) to 4 mm  (at outlet),  Also, the channel  shape  of

rotor  2 consists  oftwo  parts, i. e., ai=  400 for the upper  part
of  channel  and  a,=: 150 fbr the lower one, respectiveiy.

    The former investigations[2-6] did not take into

account  that there are  difTerent effects  on  the pumping
characteristics  when  the helical channels  are  set on  the  rotor

or  on  the stator.  Although the  perforrnance is quite different
for these two  cases, the previous Q3D model  was

consjdered  as  equivalent  for both cases. In this paper, we

present the 3D model  te show  the  efTect  ofthe  Coriolis and

centrifugal forces on  the pumping  performance. Figures

2(a) and  2(b) illustrate the computational  grid of  the  3D

channel  for rotors  1 and  2, respectively.

x

z

Fig. 3 Computational cells  for Q3D  model.

3. COMPUTATgONAL  M[ETHODS  AND  BOUNDARY
CONDITEONS

     The flow conditions  considered  in the present investi-

gation range  from the  molecular  transition to the slip  flow
regime. [EXvo different methods  are  used.  The first one  is the
continuum  approach,  in which  the N-S  equatiens  with  s[ip

boundary conditions  are  solved  numericatly.  These
equations  can  be extractecl  from the Boltzmann equation  by
retaining terrns up to the first order  using  the Chapman-
Enskog expansion[7].  Because the expansion  parameter is,
essentially,  a local Knudsen  number  Kn,  the N-S method

becomes  inappropriate for Iarge Kn.  Thus, we  are to
clarify the boundary, for this approach,  with  respect  to the

rarefaction effects. The second  method  is the molecu[ar

approach,  in which  a  direct physical simulation  is

performed by considering  interactive motions  of  mo[ecuies.

The  DSMC  method  of  Bird[7]  is emp]oyed  to so]ve the

problem ofinternal  rarefied  flows in pumping channels.
     Tb save  space,  we  do not  discuss here the procedures
in obtaining  solutions  of  the N-S  equations;  but we  refer  the

reader  te Sawada[3,4] and  Sawada  andNakamura[5].

     The simulated  physical space  is divided into a

network  of  cells, A rectangular  gricl system  is used  in Q3D
moclel,  as  seen  in Fig. 3. In the case  of  3D  model,  the

computational  grid consists of  deforrned hexahedral ce]ls,

i.e,, the four corners of a  cell  face may  not  be cop]anar,

Therefore, each  cell  is subdiyided  into five tetrahedra]

subcells, which  have four welL-defined  triangular faces, to

enable  tracking the molecules  frorn one  ce]] to another;  see

Fig. 2. In most  ofour  calculations,  the nurnber  of  cefls  are
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40x20xlO  in the x-,  y-,  and  z-directions,  respec-

tively. More  grid points are placecl near  the outlet  region  of

the channe}  to handle large pressure gradient.
     A  representative  set  of  particle histories is generated
to obtain a good approximation  to the molecular

distribution function. The  essential DSMC  approximation  is
the uncoupling,  over  a small time  interval, ofthe  molecular

motions  and  the intermolecular collisions.  Time  is advanced
in discrete steps of  magnitude  At,  which  is small

compared  to the mean  collision  time between molecules.  A
Iarge number  of  molecules  is unifbrmly  distributed in the
computational  domain, and  the initial velocities  of

molecu]es  are  evaluated  from the MaxweLlian distribution
function. The gas flows entering  the open  boundary of  the

computationa]  domain  are  initjaHy assumed  to be in
equilibriuml  with  zero  bulk velocity.  The bulk velocity  is
updated  by iteration.

     The null-coMsion  technique  of  Koura[8] is adopted
to determine the number  of  col]ision  pairs selected  within  a

cel[ during At . The collision  process is accounted  by using

the variable soft sphere  molecular  model  of  Koura  and

Matsumoto[9]. The flow field is sampled  every  5 time  steps

during 20000 time  steps  after  reaching  the steady  state.  At
the steady  state  of  the simugation,  the  totai number  of

simulated  molecules  in the flow domain is about  2× 1OS.
     The main  diraculty in modeling  a 3D case  comes

from the rotating  frame of  reference.  In particular,
trajectories ofparticles  are  not  straight  lines in the rotating

frarne. Thus, trajectories are  calculated  by integrating a

system  of  differentia] equations,  including the  Coriolis and
centrifugal  forces. The fourth-order Runge-Kutta algorithm
is used  to integrate the following equation:

ar  
=
 
-to

 x  (to x  rmol  ) T 2to × Vmol  , (1)

in which  a,  is the re]ative  acceleration,  t;,,.i and  Y..i is
the trajectory and  the relative  velocity  of  molecules,  and

a) is the angular  ve]ocity  ofthe  rotor.  From  Eq. (1) we  can

find the position and  the velocity ofparticles  at any  time  on

the y-z  plane; see Fig, 2.

4. EXPERgMENTAL  APPARATUS

     Experiments on  the pumping  characteristics  are

carried out by using  the test pump  to verify  the present
numerical  resu]ts,  The  rotor  is 168.6 mm  in diameter and
132 mm  in axial  length. It has seven  threaded  rectangular

grooves. The schematic  diagram of  the experimental

apparatus  is shown  in Fig. 4, This  apparatus  mainly  consists

of  two  parts/ the test pump,  and  instruments that facilitate

pressure measurements  and  flow supply  into the test pump.
The test  pump  is connected  to a  two-stage  oil rotary  pump
(970 t/hiin), The pressure in the high-vacuum side is

measured  with  a  Pirani (7.6× 10'"-7,6 forr) and  Penning

(7.6xlO'S-7.6×10'] Tbrr) gauges, and  the pressure in the

fore-yacuum side  is measured  with  a  Pirani gauge.
Experiments are  performed by varying  the outlet pressure
a in the range  ofe,02  Tbrr S  4  S  4 Ibrr. 

'fest
 gas (N, )

is supplied  through a mass  fiow controller  from a  regulated

high-pressure cylinder, The motor  casing  is co'oled  by water

at 22±3eC during operation.
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1.'
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Fig. 4 Schematic diagram ofexperimental  apparatus.

5. RESULTS  AND  DISCUSSgON

     Tb  validate  our  computer  program, the present
numerical  results  are  compared  with  the previous]y known
numerical  and  experimental  ones  obtained  by Nanbu  et

al[2].  The perforrnance curves  are  shown  in Fig. 5. The
computations  are conducted  by employing  the DSMC  and

N-S  methods  by changing  the inlet pressure q for the
fixed outlet  pressure 4=O.3 Torr. The  present DSMC

results for Q3D model  agree  weli  with  those ofNanbu  et  aL

But the N-S results  deviate from those  of  the DSMC
method.  The throughput  e increases linearly as  the

pressure difference AP  (=4-R)  decreases. The DSMC
results  for Q3D mode]  underestimate  by as  rnuch  as  209ih in
the throughput  at  AP  

=O.1
 Tbrr comparing  with  the experi-

menta)  data. This discrepancy is partly related  to a motion

between the rotor  and  casing  wall,  which  is assumed  to be
linear in Q3D model.

     Also, the DSMC  results  for 3D  mode]  are  shown  in
Fig. 5. In the case  of  Q3D model,  on]y  the moving  effect  of

the casing wall on the performance exists;  however, in the
3D  model,  Coriolis and  centrifugal forces are  dominant
effects atong  with  the curvature  ofchannels,  In the present
study,  these effects  on  the pumping  performance are

considered.  In particular, trajectories of  particles are

calculated  by integratjng the system  of  differential
equations,  inciuding the  Coriolis and  centrifugal  fbrces,
Consequently, it is seen  that the DSMC  resutts  which

employ  3D model  give the best correspondence  to the

experimental  data.

sRitN

-

O,3

O,2

U.

e.oo･
S 10

 Q(7lorr 
'
 bts)
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Fig. 5 Comparison of  the  present numerical  resu]ts  with  the

previously knowri ones  at 4=O.3 Tbrr.
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Fig. 6 Pressure distribution obtained  by the DSMC  method

along  the pumping  channel  at  ny =O,023
 Tbrr and  IU =O.1

Tbrr.

     The variations  of  pressure along  the helical channel

at  R 
=O,023

 Ibrr and  4=O.1 
'[brr

 are  shown  in Fig. 6, in

which  the pressure and  the length are normalized  by the
inlet pressure a and  the axial  length of  the helical rotor

L, respectively.  In the case  of  rotor 1, the pressure is
continuously  increased with  fiow through  the channel,  and

most  ofthe  pressure rise occurs  near  the outlet.

(a)

5

 11

                     (b)
Fig. 7 Flow field obtained  by the DSMC  method  of  3D

he]ical channel  (rotor 1) at il=O.023 Torr and  4=O.1
Torr/ (a) velocity  vectors;  (b) density contours.

Especially, it can be seen  that the use  of3D  model  leads to
a  sharper  rise  in pressure near  the outlet  compared  to the

Q3D model.  In the  case  of  rotor  2, the pressure profile
becomes flat in the middle  ofthe  iower part ofchannel,
     To  investigate the detailed fiow structure, the relative

velocjty  and  density fields for rotor 1 are i)lustrated in Fig.
7. The pressure conditions  are  fl =O.023

 Torr and  4`:O.1
Torr. Velocity vectors  show  a backstreaming of molecules

near  the channel  outlet. Density contours  show  that the gas
density increases rapidly  very  near  the  channel  outlet.

Figure 8 shows  yelocity  vectors  and  density contours  fbr
rotor  2, The pressure conditions  are  the same  as  in Fig, 7.

     The flow field on  the y-z  plane is presented in

Figs. 9 and  1O. We  present 4 velocity  and  density profiles in
each  figure, respectively,  to see  the  evolution  a]ong  the

channel  length. In these figures, the  numbers  Q, e, @, and

@  represent  the y-z  plane corresponding  to the axial

location at  x=L14,  L/2,  3L14,  and  L, respectively.

We  can  see  the effect  ofdecreasing  local Kh  on  ve]ocity

and  density profiles. The  density contours,  as  seen  in Figs.
9(b) and  10(b), show  that the density gradients in the

pressure side (P-S) of  flow channel  are  larger than those in
the suction  side  (S-S).

(a)

         

         

         

         

         

         

         

         

         

         
                     (b)
Fig. 8 Flow  field obtained  by the  DSMC  method  of  3D

helical channel  (rotor 2) at  R=O.023 Tbrr and  a ±O.]

Tbrr: (a) velocity  vectors;  (b) clensity contours.
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where  u.  and  u.  refer  to the  slip  velocity  and  the wall

velocity,  respectively.

     As  seen  in Fig. 12, the results  obtained  by the

second-order  modification  are  the same  as  those  obtained

by the first-order slip velocity in the range  of  4>  1 Torr.

The differences between the two  results  appear  noticeab]y

for 4< O.1 Torr. Although the second-order  modification

fails to predict quantitatively the experimental  data as  in the
first-order method,  it is interesting to note  that the resu]ts

obtained  by the second-order  method  agree  qualitative[y
with  the experimental  data.

                          

                       a) 

                          

                          

                      

           

        tu 
         ,

      @-gF.Sg
 e  H .,  EL"i

(a)fS-S

  DENSITY

  15 28.75
, 13 24.92
  H  2tos  l'
         /

  9 17:Sl
  7 13.42i
,s  g.sgl

I3  S,75'
11  ].g2

-

                     (b)
Fig. 9 Flow  field obtained  by the DSMC  method  of  3D

helical channel  at  fl=O,023 Torr and  4=:O,1 Tbrr: (a)
ve[ocity  vectors:  (b) density contours.

     Figure 11 shows  the evolution  of  the conductance,

C/Cl,., versus  the inverse Kn, based on  the channel

depth and  the average  pressure 4=(q+4)/2.  Here,

C.fi. is the free molecular  conductance,  We  obtain a

pronounced Knudsen  minimum  of  the conductance  around

the Kn  of1.

     The effect  ofthe  outlet  pressure on  the inlet pressure
at zero-flow  condition  is shown  in Fig. 12 for rotor  1.
Comparison  between the experimental  data and  the N-S

results  shows  good  agreement  in the range  of  il 2 2 Torr.
But the discrepancy between the two results  becomes larger
for a  S 1,14 Terr, i.e., Kn2O.O1,  This  indicates that the

s]ip flow analysis  of  the  N-S  method  is inappropriate for

Kn)O,O1.

     Sawada[3,4J showed  that the N-S  equations  can  be
solved  numerica]ly  for a  rectangular  groove with  moving

wall  in the s[ip  flow regime  ifthe boundary conditions  are

modified  to include a  s]ip  velocity  at  the wall. From the
momentum  transfer between gas and  wall,  the slip on  the
wall  surfaces  is given by:

u, =  u,. + K.(g/).  + 
K2n2

 ( :ir ). , (2)

9

qaj...,,.

p-s )

                     (b)
Fig. 10 Flow  field obtained  by the DSMC  method  of  3D
helical channel  at Il;O.023 Torr and  II=O.1 Torr: (a)
velocity  vectors;  (b) density contours,

 ttRb

5

4

3

2

1

oO.1
l 10 IOO

                        lfKn

Fig. 11 Inverse Knudsen number  effects on  the conductance
through  the  channei  from molecular  to slip  flow regime.
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Fig, 12 Effect of  the  outlet  pressure on  the inlet pressure at
zero  throughput.

     Experimental results  are  compared  with  those

obtained  by the DSMC  simulations,  The good agreement

between the two  is shown  in Fig. 12. This clearly reyeals
the ability of  the DSMC  method  to predict the rnolecular

transition flows, Especially, the 3D  model  predicts well  the

experimentaldata.

6. CONCLUSIONS

     Numerical and  experimental  studies  have been made
for the molecular  transition and  slip  flows in the rotating

helica] channel  ofa  HTDP.  The computations  are  conducted

by employing  the N-S  and  DSMC  methods.  The  present'results
 obtained  by both methods  agree  well  with  the

experimental  data for Kn  -<O.Ol. In particular, the N-S

method  with  slip  boundary conditions  drastically simplifies

the simulation  and  saves  computational  effbrt  in predicting
the performance for this regime.  But, the results  from the
DSMC  method  are  only  reasonable  in the  molecular

transition regime  for Kh)O.Ol.  A  new  3D  model  of  a

helical channel  has been developed, and  the efllects  ef  the

Coriolis and  centrifuga]  forces on  the pumping  performance
are  discussed. The  results  indicate that the present 3D
model  gives more  accurate  solutions than  does the previous
Q3D model.
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NOMENCLATURE

aarbcdAdKnLPeer;n-lRTuUPI..t

Greeksymbols

aztlto

Project.

channel  width  (mm)
relative  acceleration  (mfsZ)
ridge  width  (mm)
conductance(m]ts)

channel  depth (rnm)
clearance  (mm)
Knudsennumber,  Ald
axial  length ofrotor  (mm)
pressure (Pa)
average  pressure, (ny +4)f2

throughput (Pa 
"

 l/s)

traj ectory  of  molecules

ordinary  gas constant
absolute  temperature  (K)
velocity  (m/s)
peripheral speed  ofrotor  (mls)
relative  velocity of  molecules  (

'

helix angle  of  channel

mean  free path (mm)
dynamic  viscosity  (Pa 

]
 s)

angular  ve  locity (rad7s)

mls)
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