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ANALYSIS OF THE FLOW IN THE GROOVES OF A
MOLECULAR PUM P

Yeng-Yung Tsui and Chia-Ping Kung
Department of Mechanical Engineering, National Chiao Tung University,
Hsinchu 300, Taiwan, Republic of China

Hong-Ping Cheng
Precision Instrument Development Center, Hsinchu 300, Taiwan, Republic of
China

A computational procedure used to solve conservation equations governing the slip � ow in a
molecular pump of the Holweck type is developed . The � nite volume method is used for
discretization and the grid is arranged in the curvilinear, nonstaggered form. The slip
boundary condition is imposed on the solid walls. The clearance gap between the rotor
and the casing is ignored. It is evident from the calculation that the pressure difference
between the two side walls of the channel, termed pressure side and suction side, varies
in accordance with the pressure difference between the inlet and the outlet of the pump.
Thus, the side-wall pressure difference can play the role of an indicator of pumping
effectiveness. Tests on a variety of con� gurations show that to achieve the best perform-
ance both the spiral angle and the channel height need to be optimized. Besides, it is better
to have fewer � ow channels and to place these channels on the rotor instead of on the
casing.

INTRODUCTION

The development of the molecular pump dates back to the early 1900s. The ¢rst
pump of this type was introduced by Gaede [1] using a series of parallel grooves
around the circumference of a rotor. Later, spiral grooves were mounted either
on a rotating cylinder by Holweck [2] or on a rotating disc by Siegbahn [3]. These
three types of pump are termed the molecular drag pump (MDP). A different design,
called the turbomolecular pump (TMP) came from Becker [4], in which the pumping
channels are formed by rows of rotating and stationary blades. The MDPs did not
draw much attention until recently because of their relatively low pumping speed
and questionable reliability during the early days. The TMP has the advantage
of high pumping speed and low ultimate pressure. However, the MDP has a high
compression ratio and is capable of raising the foreline pressure to the range of
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1 to 103 pa. Therefore, through combination of the TMPs with the MDPs the
demanding of high throughputs together with high discharge pressures can be
achieved.

The pumping principle of the molecular pumps is based on the occurrence of
when gas molecules impinge on a rapidly rotating surface, momentum is imparted
to the gas to counterbalance the pressure rise encountered in the £ow channel.
One way to model the molecular £ow in these pumps makes use of the equation
given by Gaede in [5^7]. Another approach developed by Kruger and Shapiro
[8] uses the Monte Carlo method to calculate the probabilities of molecules passing
through the £ow channels from both the inlet and the outlet. With these transmission
probabilities the maximum compression ratio and pumping speed can be obtained.
The above approaches are applicable to the free molecular £ow. For the £ow in
the transition regime the direct simulation Monte Carlo method is the most suitable
[9, 10]. As mentioned before, the working pressure for the MDP can be up to 103 pa.
At these high operation pressures the £ow in the pump will reach the continuum
regime. Not much effort was devoted to this area in the past. In some research
the analysis is based on the superposition of a Poiseuille £ow on a Couette £ow
[6, 11]. Apparently, this simple analytic model cannot fully re£ect the real £ow
in the pump. In this study the full Navier^Stokes equation are solved using a numeri-
cal method to investigate the £ow behavior in the Holweck-type pump. The £ow is in
the slip £ow regime, and, thus, the slip boundary condition is employed in the
calculation.

M ATHEMATICAL METHOD

A schematic drawing of the rotor of the Holweck-type molecular pump is illus-
trated in Figure 1. There are six grooves on the rotor. Because of the periodic
arrangement only one groove is considered in the calculation. Because the Reynolds
number is less than 20 in the current study, the £ow is in the laminar regime. The £ow

NOM ENCLATURE

A cross-sectional area
Bij diffusion matrix
f accommodation coef¢cient of

momentum
h channel height
J Jacobian of coordinate

transformation
Kn Knudsen number
p pressure
r radial coordinate
~R position vector
T temperature
Ui contravariant velocity in the xi

direction
~V £ow velocity vector

a channel angle
f transport entity
l mean free path
m dynamic viscosity
m0 apparent viscosity
r density
xi curvilinear coordinates
~O angular velocity vector

Subscripts
p value at pressure side
s value at suction side
w wall value
1 value at inlet
2 value at exit
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is assumed to be ¢xed at the room temperature of 300¯K. In the numerical
calculation the conservation equations of mass and momentum together with the
equation of state are solved. Because the £ow grooves are sited on the rotor, a
rotating frame of reference is necessary. To cope with the helical geometry of
the grooves a transformation from the cylindrical coordinates to the curvilinear
coordinates is undertaken. Then the governing equations can be written in the
following form:

1
Jr

@

@xi
…rUif† ˆ

1
Jr

@

@xi

m
Jr

Bij
@f
@xj( )

" #
‡ Sf …1†

where f stands for the velocity components in the cylindrical coordinates, and Bij

represents the diffusion matrix. For details of this matrix, see Tsui and colleagues
[12]. The rotation of the frame gives rise to centrifugal force and Coriolis force,
which are absorbed in the source term Sf .

~F ˆ ¡2r~O £ ~V ‡ r ~O £ …~O £ ~R† …2†

Figure 1. A schematic drawing of the pump.
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From gas kinetics it can be shown that the mean free path of gas molecules l is
related to the pressure and temperature as

lP
T

ˆ const …3†

The discharge pressure of the pump of the current study is ¢xed at 133 pa ( ˆ 1 torr).
According to the above relation, the mean free path is around 0.05 mm. The
Knudsen number, Kn ˆ l=h, where h is the height of the £ow channel ( ˆ 4.06 mm),
is around 0.01. Therefore, the £ow ¢eld will cover the slip £ow regime. The slip
£ow at the solid wall is most commonly given as

Vo ˆ Vw ‡ 2 ¡ f
f

l
dV
dy( )

w
…4†

where Vo is the £ow velocity at the wall, Vw is the velocity of the solid wall itself, and f
is the accommodation coef¢cient of momentum. The accommodation coef¢cient
usually takes a value close to 1. In the current calculation the value of unity is
adopted.

The governing equations shown in Eq. (1) are of divergence form. By applying
the Gauss theorem of divergence, we can transform volume integral of the equation
to a surface integral. Then the task of discretization can be accomplished via suitable
evaluation of the covective and diffusive £uxes. Convection terms are approximated
by the second-order linear upwind difference [13], whereas the diffusion terms are
approximated by the central difference. The grids used are arranged in the
nonstaggered manner; that is all dependent variables are collocated at the cell center.
To avoid the pressure-velocity decoupling caused by the nonstaggered grid
arrangement, a special interpolation practice [14] is utilized to calculate the mass
£ux through each cell face. By forcing the mass £uxes to satisfy the continuity con-
straint a pressure-correction equation is obtained. An iterative solution procedure
can then be employed.

The implementation of the slip boundary condition deserves a discussion. A
drawing of a control volume adjacent to a solid wall is given in Figure 2. The shear
stress at the wall can be calculated as

t ˆ m
dV
dy( )

w
ˆ m

Vp ¡ Vo

dn
…5†

where dn is the normal distance form the point p to the wall. The gas velocity at the
wall can be approximated as

Vo ˆ Vw ‡ 2 ¡ f
f

l
Vp ¡ Vo

dn
…6†

A direct way to implement the boundary condition can be obtained via successive
substitution of Vo given by the above equation into Eq. (5) during the solution
iteration. However, in this manner the solution procedure is not easy to converge
because the velocity Vo on the right-hand side of Eq. (6) lags by one iteration.
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A better way is given as follows. Because

Vp ¡ Vo ˆ …Vp ¡ Vw†
…1 ‡ …2 ¡ f †=f …l=dn††

…7†

the shear stress can be calculated from

t ˆ m0Vp ¡ Vw

dn
…8†

Here m0 stands for an apparent viscosity:

m0 ˆ m
1 ‡ …2 ¡ f †=f …l=dn†

…9†

RESULTS AND DISCUSSION

In the current study the baseline con¢guration of the pump considered is the
same as that used by Nanbu and Igarashi [15]. However, in the calculation of Nanbu
and Igarashi’s con¢guration the £ow channel was treated as a rectangular channel
and a stationary frame was used. The axial length of the pump is 53.5 mm while
the outer diameter of the rotor is 137.6 mm. There are six spiral channels on
the rotor. The width and height of each channel are 53.5 mm and 4.06 mm. The
spiral angle of the channel is 15¯. The clearance between the casing and the rotor
is ignored. The rotor rotates at 18000 rpm. Nitrogen is used as the working £uid.

Figure 2. Illustration of a control volume near the wall.
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The pumping process is assumed to be isothermal at 300¯K. The outlet pressure
is maintained at a ¢xed level of 133 pa and a number of mass £ow rates, 300 sccm,
600 sccm, 960 sccm, and 1440 sccm, are under consideration. Three different levels
of grid, 52*22*12, 102*32*22 , and 132*52*32 have been tested to exam grid
sensitivity. A typical grid is illustrated in Figure 3. The differences in the resulting
pressure distribution are insigni¢cant. Thus, the second level of mesh is used in
the following.

To illustrate £ow structure the contours of the axial velocity and the transverse
velocity vectors at x/L ˆ 0.6 and 1 for 300 sccm and 960 sccm are shown in Figures 4
and 5. Here L stands for the total length of the £ow channel. For the low £ow rate
reverse £ow forms at the two side walls in the lower half of the channel. The strength
of the reverse £ow decreases as the £ow rate increases because the adverse pressure
gradient prevailing in the pump is reduced accordingly, which will be clear in
the following. Because of the moving wall at the top the transverse £ow behaves
like a Couette £ow. However, as seen from Figure 4, the £ow pattern is transformed
to a cavity £ow when reverse £ow takes place near the bottom wall at the low £ow
rate.

The variation of the pressure, averaged over the transverse plane, is shown in
Figure 6. In this ¢gure and the following P1 and P2 denote the pressures at the inlet
and the outlet, respectively. It is seen that the pressure rise across the pump increases
as the £ow rate decreases. For the £ow rate of 1440 sccm the pressure decreases
monotonically. This indicates that the molecular pump is effective at low pressures.
Two sets of results are presented in the ¢gure: one for the use of the slip boundary
condition and the other for that of the no-slip boundary condition. For the low £ow
rate cases the pressure rise is higher for the no-slip £ow. The cause of this result
is ascribed to more momentum being exerted from the moving surface to the
gas as the no-slip boundary condition is being applied.

Figure 3. A typical grid arrangement.
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A comparison of the current predictions with the experimental data [15] is
given in Figure 7. Both results indicate a linear decrease of the pressure rise with
the £ow rate. However, the pressure rise is overpredicted for the low £ow rates.
This is believed to be the case because the clearance gap between the rotor and
the pump casing is not accounted for in the calculation. To illustrate this point
Figure 8 is presented. This ¢gure shows the pressure distribution in a plane at
the midheight of the channel. Evidently, there exists a pressure difference between
the two side walls. As will be seen in the analysis given below, the pressure rise across
the channel is re£ected by this side-wall pressure difference. Because the clearance
gap connects the two side walls of the channel, it is expected that the side-wall press-
ure difference should decrease and the pumping effectiveness deteriorates
accordingly.

A schematic drawing of the spiral channel is shown in Figure 9, in which the
channel is straightened, but with an angle a with respect to the circumferential
direction. The side with higher pressure Pp is termed the pressure side and the other
one with Ps is the suction side. The pressure side is located at the upstream side
of the rotation. A force balance over the entire £ow channel in the axial direction

Figure 4. Axial velocity contours and secondary velocity vectors at x/L ˆ 0.6 and 1
for 300 sccm. The solid lines represent 5, 10, 15, 20 m/s and the dashed lines
¡1, ¡2 m/s.
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is constructed:

…P2 ¡ P1†A & …Pp ¡ Ps†Aw cos a ¡ Fx …10†

Here A and Aw designate the cross-sectional area of the channel and the side-wall
area, respectively, and Fx represents the total frictional force exerted by the solid
walls in the axial direction. In the above equation the difference between the inlet
and outgoing momentum £uxes is ignored. It is clear from this equation that
the pressure difference between the pressure and the suction sides brings about
the pressure rise across the channel.

In Table 1 all the terms shown in Eq. (10) together with the average pressures
Pp and Ps are listed. As the £ow rate increases, the pressure difference between
the side walls decreases while the frictional force increases. This results in diminished
pressure rise across the pump. Thus, the side-wall pressure difference can be used as
an indicator of the effectiveness of the pumping process.

In the following the pump con¢guration is modi¢ed to examine its effects on
the pumping performance.

Figure 5. Axial velocity contours and secondary velocity vectors at x/L ˆ 0.6 and 1
for 960 sccm. The solid lines represent 5, 10, 15, 20 m/s and the dashed lines
¡1, ¡2 m/s.
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Test of Spiral Angle

The baseline spiral angle a is 15¯. In this test the angle varies from 13¯ to 30¯

together with a special case of 90¯. The resulted pressure variation along the £ow
channel for 600 sccm is shown in Figure 10. It is evident that the pressure rise across
the channel increases with the spiral angle until a ˆ 25¯, followed by a decrease
thereafter. It can be seen from Table 2 that the side-wall pressure difference increases
monotonically with the spiral angle. However, it is noted that this pressure difference
is multiplied by cosa in Eq. (10). The value of cosa decreases as the angle increases.
Therefore, there exists an optimum value of a. It can also be seen from
Figure 10 that the adverse pressure gradient is high in the inlet region for large angles
and high in the exit region for small angles. As a consequence, a better design of the
channel is to have larger spiral angles at inlet and smaller angles at outlet.

Test of Channel Height

To examine the in£uence of channel height three values of height, 3.5 mm,
4.5 mm, and 6 mm, together with the original height 4.06 mm, are under consid-

Figure 6. Pressure variation along the channel.
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eration. It is revealed from Figure 11 for 600 sccm that the pumping performance is
enhanced when the channel height is increased up to 4.5 mm, followed by a decrease
for the height of 6 mm. The cause of this phenomenon is clear from the following
discussion. When the channel height is increased, the cross-sectional area A increases
accordingly and the £ow velocity is reduced because the £ow rate remains as a con-
stant. Thus, more momentum is transferred from the moving wall to the gas for
the large height cases. In addition, less frictional force is caused at the stationary
walls in spite of the increase of the side-wall area. This results in better pumping
effectiveness. However, it should be understood that with a large channel height
the strength of the reverse £ow is stronger, which leads to a greater pressure loss.
Examination of the variation of pressure gradient reveals that a better performance
can be obtained by having a taper channel: larger height at outlet and smaller height
at outlet.

Test of Channel Number

The numbers of £ow channels tested are 4, 6, and 8. Figure 12 reveals that the
pumping performance is improved as the channel number decreases. From

Figure 7. Comparison of the pressure rise with measurements.
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Table 3 for 600 sccm it is detected that the pressure at the pressure side remains
almost constant, but the pressure at the suction side decreases with the channel
number. The decrease of channel number brings about wider channel space, which
allows a larger pressure difference to form between the side walls by the Couette-like
£ow.

Figure 8. Pressure distribution in a plane near the midheight of the channel.

Figure 9. Illustration of the force balance over the entire £ow channel.
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Comparison of the Channels Fixed on the Rotor and the Casing

In the above results the £ow channels are placed on the rotor. Another common
practice is to place the channels on the casing. Figure 13 indicates that better per-

Table 1. Force balance for various £ow rates

300 sccm 600 sccm 960 sccm 1440 sccm

P1A (nt) 6.13*10¡3 1.24*10¡2 1.98*10¡2 2.89*10¡2

P2A (nt) 2.75*10¡2 2.75*10¡2 2.74*10¡2 2.73*10¡2

PpAw (nt) 1.13*10¡1 1.53*10¡1 1.96*10¡1 2.46*10¡1

PsAw (nt) 8.62*10¡2 1.32*10¡1 1.82*10¡1 2.42*10¡1

Fx (nt/m2) 3.73*10¡3 4.79*10¡3 5.65*10¡3 6.56*10¡3

Pp (nt/m2) 64.0 87.1 111.6 140.1
Ps (nt/m2) 49.2 75.4 103.6 137.8

Figure 10. Pressure variation for various spiral angles.

84 Y.-Y. TSUI ET AL.

D
ow

nl
oa

de
d 

by
 [

N
at

io
na

l C
hi

ao
 T

un
g 

U
ni

ve
rs

ity
 ]

 a
t 2

3:
03

 2
7 

A
pr

il 
20

14
 



formance is yielded when the channels are ¢xed on the rotor. This is because the
speed of the moving wall is higher for this arrangement.

CONCLUSIONS

A three-dimensional numerical analysis model has been successfully developed
and applied to examine the £ow in a molecular drag pump of Holweck type. The
main ¢ndings are given in the following.

Table 2. Pressures at the pressure side and suction side for various spiral angles

15¯ 25¯ 30¯ 90¯

Pp (nt/m2) 87.1 91.9 97.2 164
Ps (nt/m2) 75.4 68.3 68.5 118.2

Figure 11. Pressure variation for various channel heights.

FLOW IN THE GROOVES OF A MOLECULAR PUMP 85

D
ow

nl
oa

de
d 

by
 [

N
at

io
na

l C
hi

ao
 T

un
g 

U
ni

ve
rs

ity
 ]

 a
t 2

3:
03

 2
7 

A
pr

il 
20

14
 



1. From the analysis it is clear that the pressure rise across the channel can be
attributed to the difference between the pressure side and the suction side
of the channel.

2. The increase of the spiral angle brings about an increase of the side-wall
pressure difference. But the component of this pressure difference in
the axial direction decreases with the angle. As a consequence, there exists
an optimum value of spiral angle.

Figure 12. Pressure variation for various channel numbers.

Table 3. Pressures at the pressure side and suction side for various channel
numbers

4-groove 6-groove 8-groove

Pp (nt/m2) 87.8 87.1 88.6
Ps (nt/m2) 69.9 75.4 80.0

86 Y.-Y. TSUI ET AL.

D
ow

nl
oa

de
d 

by
 [

N
at

io
na

l C
hi

ao
 T

un
g 

U
ni

ve
rs

ity
 ]

 a
t 2

3:
03

 2
7 

A
pr

il 
20

14
 



3. The increase of the channel height leads to more momentum being trans-
ferred from the moving surface to the gas because the speed of the gas
becomes lower. However, it induces stronger reverse £ow. Therefore,
the channel height also needs to be optimized. The pressure variation
indicates that a better design is to have larger spiral angle and channel
height at inlet and smaller spiral angle and height at outlet.

4. When the channel number increases, the spacing between side walls
decreases, causing a decrease in the side-pressure difference as well as
the pressure rise across the channel.

5. Compared with the placement of the channels on the rotor, the speed of the
moving surface is lower as the channels are sited on the casing. It gives rise
to lower pumping performance.
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