Navier—Stokes modeling of a Gaede pump stage in the viscous and
transitional flow regimes using slip-flow boundary conditions
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A three-dimensional model for a Gaede pump, based on the Navier—Stokes equations with no-slip
boundary conditions, was introduced by the authors in a previous work. A commercial
computational fluid dynamics code was used to obtain the solution in an outlet pressure range
corresponding to the viscous laminar regime and incipient transition to molecular flow and the
validation against the experimental data showed a good level of accuracy in terms of compression
ratio. However, the mechanical power dissipation predicted by the no-slip model shows a trend
diverging from the measured data for decreasing pressure, in the transitional flow regime. As most
of the mechanical power is dissipated into heat by viscosity, slip-flow boundary conditions are
introduced here in order to model the transitional effects on the wall shear stress and improve the
accuracy of the Navier—Stokes description at low pressure. The calculation is carried out up to
Knudsen numbers Kas 1, showing a very good agreement of the Navier—Stokes model, even close
to molecular flow conditions, and leaving a residual error acceptable for design purposes. The model
is used to analyze the flow fields in the Gaede pump and explain its behavior. The slip model needs
just one adjusting parameter, i.e., the momentum accommodation coefficient, but exhibits a small
sensitivity to its variations. Hence it can predict the compression ratio and power dissipation of
Gaede pumps of any size in their whole operating pressure range, from the laminar viscous regime
down to the transition to the molecular flow regin®@. 2005 American Vacuum
Society.[DOI: 10.1116/1.1865152

[. INTRODUCTION compression ratidgratio of outlet to inlet pressure, at zero
) ] . ) throughputK=p,./ pin), €ven when the model was used in a

This paper is the prosecution of a previous work by thepressure range where the continuous hypothesis was no
authors, dealing with the simulation of the compression tesfynger completely acceptable.
of a Gaede pump with a Navier-Stok@éS) model, in vis- One question is whether or when the NS model can be
cous and incipient transitional flow reglmJeSlow the analy- efficiently applied to get useful and reliable results in
sis is extended to lower pressures and the dissipation of Mgz ,um pumps applications. The general answer is, of
chanical power is considered. The model is enriched with th%ourse, that it depends on the Knudsen number Kfesi.e.,

introduction of slip-flow boundary conditions. , ratio of the mean free path to a characteristic length scale
In a drag pump, most of the mechanical power required tQy of the flow. For a given pump, i.e., giveh Kn depends on
keep the rotor spinning at the given operational speed ig,o pressure, because\ depends om. According to the
dissipated into heat owing to the friction between the rOtorChapman—Enskog theo?)the NS equations can be derived
and the gas, due to the gas viscosity. The power to COMPregg,m the Boltzmann equation via a truncated perturbative
the gas is indeed negligible, because of the small Pressu&ution, valid for Kn<l. Textbooks on rarefied gas
d|ﬁ§renc§zs (e.g., 1-10 mbarand mass flow ratese.g.,  gynamics? state that the no-slip NS model can be applied for
10™-10" kg/s) involved in the typical applications of these f15,ys characterized by Ka 1072 With suitable modifica-
devices. Friction dissipated powe) and the resulting Vis-  yjong of the boundary conditionslip-flow boundary condi-

cous heat generation have a direct impact on the rotor ten}ions) the NS model can be further extended up to Kn
perature, which is a critical design parameter. Hence, fromg 114

the design point of view, the capability of a model to predict |, ihe present work we will show that the agreement of
the dissipated mechanical power is as important as the capg;e no-slip NS model in terms dfV; is not good for Kn

bility to predict the compression performances. >5.1072 and that slip-flow boundary conditions at the walls

The NS model introduced in our previous paper wasyre necessary to reproduce corredtly We will also try to
solved using no-slip boundary conditions at the walls, com

‘understand the reasons of the different behavid¢ ahdW,

monly applied in high-pressure viscous flows. The comparizg regards the effect of slip-flow boundary conditions at low

son with the data showed a good level of agreement in thBressure.

The problem of modeling power dissipation in a Gaede
¥Electronic mail: silvio.giors@varianinc.com pump was already faced by Cerrat al,” using the one-
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dimensional pumping leak theory from Helmer and L%ta, Radial sealing Inlet aperture
calculate the pressure distribution, together with a transi-

tional one-dimensional model for the shear stress at the 2

walls. They showed that it is necessary to take into account
the transition effects in the shear stress at the wall, in order tc
reproduceéV;. By introducing an effective viscosity, decreas-
ing with increasing Knudsen number, they were able to re-
produce the behavior & in transition regime.Their model,
however, failed at high pressure, in the developed viscous
regime.

This work is organized as follows: in Sec. Il the Gaede
pump test is described, with particular emphasis on the mea
surement of the mechanical power. Section Il shows the
poor agreement of the no-slip NS model in term3\gf and
introduces the slip-flow boundary conditions. The slip-flow
NS model is described in Sec. IV. Section V shows the com-
parison of the slip-flow NS model results with the measuredc
data and reports a discussion relevant for the design purpost
Finally, in Sec. VI, some conclusions and future work per-
spectives are summarized.

Section 3

Section 1

Il. GAEDE PUMP TEST Stripper

An experimental Gaede pump was tested with nitrogen
gas, to measurk andW;. Its geometry is shown in Figs. 1 Section 2
and 2, and the geometric dimensions and working parameter
are listed in Table I. The rotor and the stator channels are
machined by high precision turning and milling, from an
aluminum alloy. Their surfaces are not atomically clean, bufic. 1. Gaede pump 3D geometry. Sections 1,2,3 represent three cross sec-
can be considered gas-contaminated surfdtieis feature tions passing for ;he rotation axig axis) and cutting the channel clpse to
wil be relevant to model the gas surface interacidhde- % et e sinhe snd the channel close 0 0 it respecel. Tre
tailed description of the pump, of the measurement setupsection 1.
and of the procedure to measutecan be found elsewhefe,
and will not be repeated here. We describe in some detail the
procedure to obtaitW; from the mechanical poweW,,ech calculated taking the slope of a linear least squares interpo-
measured through a free deceleration test. The pump wagtion of the deceleration datddw/dt|,=18.248 rad ¥ in
first run up to the full speed for a given outlet presspgg ~ the example of Fig. 3, referring to the casg=5 mbar.
(rotational speedvy=27f=4461 rad/s, weakly dependent The mechanical poweW,.;, measured as described
on pyy)- Then the motor was switched off and the rotational@bove, includes the friction powek; from the gas in the
speedw logged at time steps during the free deceleration Gaede channel, in the sealing regions and in the motor cham-
transient at constant pressure. In Fig. 3 you can see the dber, and the powew, dissipated by the bearings. The fric-
celeration dataw,=w(t;), for the casep,,;=5 mbar.

Knowing the polar moment of inertia of the rotby, the
torque isT=1,|dw/dt| and the mechanical power is given by
Wihheat=Tow. We were interested to calculate the power at the
full speed wg:Wineer= I pwo/dw/dtlg. A three-dimensional
CAD model of the rotor was used to calculate the polar mo-
ment of inertia of the rotor,,=9.18-10* Kg m? During the
deceleration the rotational speed of the pump decreases and
so the inlet pressure increases evepf; is kept constant,
owing to the fact that the compression is reducing. Neverthe-
less we were interested to measure the mechanical power at

Outlet aperture

Low pressure side
Stripper (r>Rw)
Radial sealing (#<Ra)

- Stator

High prerure side

the full rotational speed, so only the first 5% of the decelera- R.

tion transientw(t;)) was used to calculatélw/dt|o, from the R ,

nominal speed to 95% of the nominal speed. In that small Section 1: , Section 2:
i i channel — stripper

velocity range the pressure along the whole transient can be ‘

considered constant. The first 5% of the deceleration tran-

sient is approximately lineaisee Fig. 3, and |dw/dt|, was Fic. 2. Gaede pump cross sections.
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338 Giors, Subba, and Zanino: Navier-Stokes modeling of a Gaede pump stage 338

TaBLE |. Main geometrical dimensions and parameters of the tested Gaedgegime can be defined introducing some nondimensional pa-

stage.Rysc and Ry, are the rotor radius and channel inner radius, respecygmaters: Knudsen number, Kn, Reynolds number, Re, and
tively; h ande are the channel heigfit is the same axial and radjand the Mach number. M

sealing gap height, respectivel§f., A6, A6, andAé,, are the angular ) ) ] ) )
extensions of the channel, stripper, inlet, and outlet apertures, respedtively. Kn was arbitrarily defined as the ratio of the nitrogen

is the rotation frequency of the rotor. mean free path at the inlet pressumhere it assumes the

Re R o . Ay Gy A8 Ab maximum value in the pumpand the heighh of thg chap-
(m;;c) (m;]) mm  (mm) (decg (de‘;) (de'& (dé’é (H2) nel: Kn=\(p;,)/h, where\(pi,) = uvm/ Pin, & IS the viscosity
andv,=V2kgT/m is the most probable velocity of the gas
molecules, with mase and temperatur&; kg is the Boltz-
mann constant. This choice was motivated by the fact that
the channel is the part of the domain that mostly contributes
to the performances of the pump. Other choices are possible
tion power dissipated in the motor chamber is negligible withfor the characteristic dimension, in particular we could base
respect to the power dissipated in the Gaede channel arikh on the gape. We must be aware of the fact that, for a
sealing regions, because the motor radius is much smallgjiven pressure distribution, Kn calculated in the gap can be
than the pump disc radius, so that both the surface area angh to 10 times higher than Kn in the channel.
the peripheral speed are much smallsf, does not depend  Re can be based on the density corresponding to the outlet
on the pressure, and is measured when all the gas has begissure through the ideal gas lapy,=mpu/ksT, the
removed from the pump. It was measured through the decefjsc’s maximum speed/=2nfRy.. and the height of the
eration test at a very low pressufeith outlet pressur@ou  channel: Rg=po,Vh u. This definition is arbitrary, but was
<10°° mba: Its value is about 10 W. Itis a small correction chosen as being representative of the inertial-to-viscous-
at high pressure, but can be important at low pressure, Nengg,ces ratio in the channel. Other definitions are possible,
it was subtracted from the total mechanical power meas“regpecifically one used for Couette flow in shrouded rotor-

at th |ght§r p\;\?ssuref\;c order to r\(/e\;:)roduce\Me/s Pout char- stator systemsflow between a smooth rotor and a casing
ac%r]ls Ics. .f(.p"”') _f t“r“]e“{.p‘a“.’) tb. ¢ of th where R%:poutwRéisc/ w is generally used?®
€ precision of the indirect measurement of € Me- 1o \1ach humber was defined as the ratio of the disc’s

chanical power described above is estimated: 5. maximum speed/= 2Ry, to the nitrogen speed of sound
The described experiment was carried out in a wide pres- P 5e g P

sure range, 0.1 mbarp,,<25 mbar. If we consider the ra- at 300 K temperature.

tio of the maximum outlet pressur@e., 25 mbar to the <2|g tge con?dere}dK p;i?gjri<§ng§’18861 T‘?p‘i‘%
minimum inlet pressure(i.e., 2.5-10° mbay, the whole mbar, we have & 1n ’ N P

pressure range present in the pump covers about three de-Res =44 16 and M=1 (owing to the constant speed of

cades, in which the flow regime changes as well. The flow"® roto. _ o
Re, was defined thinking to the Gaede pump as a plane

channel. The comparison with the standard Poiseuille flow in
a pipe suggests that we are in a viscous laminar regime
4500 - — ; (Rg,< 2000, but the Gaede pump fluid dynamics is more
/ First 5% of data complicated, because of the presence of Couette drag flow
: : superimposed to Poiseuille flow, the sharp bend of the
4000 - N SRR EEEEEEEETERERE streamlines approaching the stripper and the circular geom-
: : etry.
: Daily and Nec€, studied the Couette flow in shrouded
3500 b o) ,"-._.. ........... S rotor-stator systems, identifying two laminar regimes, for
AN : Re, < 10° and two turbulent regimes above. The two laminar
, . regimes are characterized the first by merged boundary layer,
80001 ______________ dominated by diffusion effectéRe,<10%, the second by
: " separated boundary layers, dominated by convection and
centrifugal forceg5- 16 < Re;, < 10°). The two turbulent re-

80 55.8 3.0 0.3 285 30 25 20 710

w (rad/s)

O o L 'f-_-.,__., N gimes are also characterized by merggd and separate bognd—
Doceleration data, p_=Smbar| ary layers. These works seem to confirm that we are in vis-
— ©=4442.1-18.248 1 cous laminar regime.
: : Since, to the best of our knowledge, there are no experi-
2000, 50 100 150 mental data available in the literature on the laminar stability
t(s) of our specific experimental situation, in this work we will

. ) . use a viscous laminar NS model.
Fic. 3. Angular velocity data from the deceleration transient pgg -
=5 mbar: Extended transiefdotted and least-squares linear interpolation The Mach numb.er close t_o 1 suggests that ComprGSS'b'"ty
of the first 5% of the transier(solid). effects have to be included in the model.
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339 Giors, Subba, and Zanino: Navier-Stokes modeling of a Gaede pump stage 339

. , Kn » 4 component of the gas velocity, 4,sclose to the wall and the
L\ S A wall velocity U, (velocity slip), as well as between the gas
temperatureT ;¢ close to the wall and the wall temperature
Twan (temperature jump These differences are related to the
normal(d/ dn) and tangentiald/ d7) gradients of the bulk gas
velocity and temperature. The general form of the slip-flow

120

100 ..... -

g ®0 g boundary conditions reads:
5 Lo : Do . o
E R g S au 0 IN(Tyad
B B0 potk T Ur.gas™ Unwall = OpPA 0 + op— —— 2%, (18)
< R : : Do an p aT
5 Dol ! 4 : Dol
'I P To )] SRR - s o aT
: _ S gas
Tgas_ Twan = stA on (1b)

20} @ S S

o =) 'E,'(per..n{ema. aaﬂ where\=puv,/p, 1 is the gas viscosityp is the local pres-
. BE —— No-slip model sure,T is the local temperature=pm/kgT is the density and
10" 10° 10! Um= v"ZkBT/m is the most probable velocity of the gas mol-
Outlet pressure (mbar) ecules, with massn (kg is the Boltzmann constantThe

coefficientsop, o7, st are called viscous slip, thermal slipr
thermal creepand thermal jump coefficients, respectively,
and are dimensionless quantiti©gl).

The slip-flow boundary conditions model a resistance to
[1l. NO-SLIP MODEL RESULTS AND NEED FOR the momentum and energy flux from the continuous gas bulk
SLIP-FLOW BOUNDARY CONDITIONS to the surface, localized in the Knudsen layer. This resistance

. ; Ll js proportional to the mean free path, and becomes negligible

In a previous paper we described a no-slip NS model fo'l_hen the mean free path is much smaller than the character-

the Gaede pump, and compared the results with the expeﬁfv

mental data in terms of zero throughput pumping perfor-'St'C length scale of the flow, i.e., kR1. In fact the slip

mancesK or pressure differencap).t conditions reduce to the no-slip ones for negligible Kn. The
The agreement was pretty good. up toKao. Even if NS equations with slip-flow boundary conditions can be rig-

we were using a model inconsistent with the expected ﬂo\£rously derived form the Boltzmann equations, and they can

Fic. 4. No-slip model friction power compared with the experimental data,
for varying outlet pressure.

- 4

regime, we found an acceptably good agreement of the n € happ:|<ed dUP to Kngdserll nulmtl;ers KI'Q'l' 'Ii)o'r even

slip model with the data in terms df, in the considered Igher 1nudsen numbers focal thermal equiiibrium 1S no
pressure range. longer present, because the mean free path becomes compa-

Egable with the dimensions of the system, and the NS equa-

Here we compare the no-slip model results with the datt | istent with the phvsi f th b
in terms of W; (see Fig. 4 The agreement is good at high lons are no longer consistent wi € physics of the prob-
Ipm. The parametersrp, o, and sy in Eq. (1) are
m

pressure, where the viscous flow hypotheses is fulfilled, bu _ - ! A )
acroscopic coefficients which take into account the inter-

i i 1

's getting worse at lower pressures, wittn=5-10". i fiction of the gas molecules with the solid surface, and de-
pend, in general, on the particular gas—solid couple. They can
be expressed in terms of microscopic quantities called ac-
commodation coefficients. An accommodation coefficient
General formulation of the slip-flow boundary e(¢) can be defined for any molecular properv) (like
conditions momentum or energyand represents an integral characteris-

tics of the molecular distribution functiof{v) at the walt?
The slip-flow boundary conditions are a mean to take into

account the rarefaction effects in the framework of the NS
formulation of i P J (,D(V)|Un|f(V)dV—f (p(V)|Un|f(V)dV
gas dynamics, in the case of not extremely <0 o0
rarefied(i.e., not too large Kpconditions. They include vis- e(e) = . .
cous and thermal sligfor tangential momentum equatipn f (P(V)|vn|f(v)dv—f QD(V)|vn|f\,'\\/,|B(V)dV
and thermal jumpgfor energy equationboundary conditions. <O vp>0
The interaction of the molecules with a wall happens in a 2
layer adjacent to the wall, about one mean free path thick,
called the Knudsen layer. In this layer the gas moleculesvherev, is the normal component of the velocity, aftﬁlB is
collide both among themselves and with the wall, transferthe Maxwell-Boltzmann distribution function with the sur-
ring momentum and energy at each collision. face temperature and the number density providing the mo-
The velocity slip and thermal jump boundary conditionslecular flux of the reflected particles equal to the incident
are used to model what happens in this layer, stating thaine. For instance, ip(v)=mv, (v, is the tangential compo-
there is a difference between the macroscopic tangentialent of molecular velocitywe get the accommodation coef-

terms of W;, up to Kn<1, the introduction of different
boundary conditions at the wall is now considered.
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340 Giors, Subba, and Zanino: Navier-Stokes modeling of a Gaede pump stage 340

ficient for tangential momentuma;=e(Mw,). If @(v) TasLE Il. Nitrogen gas properties temperature dependence: viscosity follows
. . . . , - 3/2 . i _
=mvﬁ/ 2 we get the accommodation coefficient for kinetic Sutherland's lawy=o(T/To)*4(To+5)/(T+9); thermal conductivity fol
. . L 2 lows a polynomial lawk(T)=A; + A, T+A;T2.
energy associated with the normal motian=e(mv;/2).
The quantity{1-e(¢)] represents the part of the information wm 28.0134 kg/kmol
about a specific property(v) that an average incident mol-

. . Mo To S
ecule keeps afte_r a collls_;lc_)n with the wall. _ _ . 1663 10°Pas 311K 10667 K
Accommodation coefficients refer to the interaction of the A A, As

gas molecules with the surface and hence do not depend QN 4 737 103 W/m/K  7.272 105 W/m/KZ —-1.122 10° W/m/K2
the flow regime. As a consequence they can be measured ia
molecular flow conditions, where analytical expressions exist
relating accommodation coefficients to some macroscopic

measurable quantitie@.g., pressure drop through capillar- pitrogen gas with contaminated aluminum surfaces. We did
ies, or heat exchange from a heated yire _ _not find the data for such an exact situation, but we found
The mathematical relation between slip and jump coeffisome dispersed data for momentum accommodation coeffi-
cients and accommodation coefficients is based on the soligents in the rang€0.8, 1) in similar situationgnitrogen gas
tion of the Boltzmann equation in the Knudsen layer, assuMjperacting with contaminated surfaces of different materi-
ing a pa_rt|cular _model for collision integral and for the 9as—galy). As far as the energy accommodation coefficient is con-
surface interaction at the wall. cerned, we found that it differs significantly from unity only

One of the first theoretical estimations of the slip andy,, light gases, and we found data in the raii@, 0.9 for
jump coefficients was done by Maxwell in 18¥in terms nitrogen on glass, copper, and platinum surfades.

of a single accommodation coefficiemt whose significance  ence, in this work, we will take, as a reference, the value
is that a fr.actlortll—a) of the m_ol_eculgs u.ndergoes.a SPecu-, =4 =0.91, reasonably acceptable for the nitrogen—
lar reflection, while the remaining: is diffused with the  51yminum couple, and we will carry out a parametric analy-
Maxwellian distribution of the wall: sis to verify the sensitivity oK andW; to the value of both

72 -a 24 accommodation coefficients in the ran@es, 1).
op=———=0.886——; 07=0.75; (3)
2 « a
— IV. THE SLIP-FLOW MODEL: EQUATIONS AND
_15V7 BOUNDARY CONDITIONS
ST= 1 - 1.662.

According to the discussion about the value of Kn, Re,
A more recent result is from Sharip8who solved a Boltz- a@nd Ma introduced in Sec. II, the slip-flow model is based on
mann model equation in the Knudsen layer, using thdhe cqmpressible NS equation,l fora Ia_minar flow. Thg energy
Cercignani—Lampis scattering kernel at the WAlThis ker- equgtlon and the viscous heating are included. Ihe ideal gas
nel models the gas—surface interaction introducing two acl@W is used as equation of stage=pR'T, whereR =R/M,
commodation coefficients, one for the tangential momentumf=8-3145 J K mol‘l_, M=28.0134 kg/kmol. Even if the

a,, and one for the part of the kinetic energy associated wittaS temperature variations are not large compared to the ab-
the normal motiony,,. Sharipov presented a table of numeri- SOlute average temperatu@bout 10%, we enabled the gas
cal results and also the following interpolation formulastransport properties to vary with temperature, because this
valid for the casex,=1 (perfect accommodation of kinetic IMProved the model's accuracy without increasing its com-
energy, typical of the interaction of heavy gases, like nitro-Putational cost. We used Sutherland’s law for viscosity and a

gen, with commercial metal surfaces, like alumijum polynomial law for thermal conductivitysee Table ).
As far as the slip-flow boundary conditions are concerned,

5 1- L . ) .
o= 1.018 a 0264 at; r=1.175;5,= 1.954. we simplified their general for_mulaﬂo_[rif:q. (l_)], obserVIng
o o that the thermal creep term is negligible in our particular
(@) problem. In fact
pdIn(T)

In the following section we will describe the particular for- o

p_dr  orATgs h vy

mulation of slip and jump boundary conditions and coeffi- ~1-10%.102.-1
cients used in this work. ” pomdu,  op Tgas Len Viotor

Looking for experimental results about the values of the P'p dn
accommodation coefficients as reported in the available lit- ~10°%, 5)

erature, we found that the momentum accommodation coef-
ficient does not depend much on the surface material as fdrecause the temperature variations are about 10% of the av-
as the surface is rough, or it is smooth but contaminated, i.eerage absolute temperature, and the length of the chagpel
not atomically clealf (because in this last case a contami-is about 100 times greater than its height

nating atmospheric gas layer is adsorbed by the surfase Since the solution of the problem was carried out with the
already stated, here we are interested in the interaction afommercial CFD solverLUENT,** we decided to use its

J. Vac. Sci. Technol. A, Vol. 23, No. 2, Mar/Apr 2005
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built-in formulation for viscous slip and thermal jump equa- TR e
tions and coefficients: SR
ou gas
Urgas™ Urwall = OpA — (6a)
an
aT, 7
gas ..-
Tgas™ Twan = stA on (6b) y '........ 7 /
n L
. l"O".. ."""ll',' ll!llllllllllif"
with 0 &AL
N ol
2-o 2-a, \\\0"0"'0 7
op= ; sT=2 (7) N g
ay an \\\\

which are quite similar to Sharipov’s formulatidiq. (4)]
when, as occurs in our problem, the accommodation coeffi-
cients are close to 1. Also the expression used fiorEq. (6)

is different from the one used in EflL) (based on viscosily

It is based on the Lennard-Jones characteristic length for
nitrogen 5=3.621 A : \=kgT/\276%p, whereT and p are

the gas local temperature and presskgeis the Boltzmann
Cor']l'?l:(/?)nt;pes of boundaries are present in the numerical fOfFIG. 5. Detail of the surface computational mesh close to the inlet aperture.
mulation of the problem: walls and outflothere are no
inlet boundaries because we are interested to simulate a com- i ) ) ]
pression test, with zero mass flow rat®n the walls viscous cally rgfmed grid, with about 800 000 cells. The estimated
slip (for the momentum equatiorand thermal jumgfor the ~ numerical error for bottK andW; was <2%. _

energy equationboundary conditions were used. The mea- We failed attempting to reach a stat|or_1ar3_/ laminar solu-
sured velocity and temperature of rotor and stator walls werd®nS for po,> 10 mbar, where some oscillations were de-
applied as boundary conditions. On the outflow boundary th&ected. The oscillations were detected on détand W, but
static pressure is prescribed, while vanishing normal gradierff'€ir amplitude was very smalless than 2% The nature of

is set for all the other scalars. From the same simulation wéese oscillations was not numerical, because they persisted

could calculate, in a post-processing phase, botndW;. even on the finer grid. We accepted those solutions taking an
average value of the oscillating inlet pressure and power. The

comparison with the data will show that we are not commit-

ting a big error. The issue of laminar stability of the flow at
V. SLIP-FLOW MODEL RESULTS AND high pressures will be discussed later.

DISCUSSION

The model was solved using the commercial Finite Vol-
ume CFD solver Fluerlt The computational domain in-
cluded a portion of the inlet chambeattached to inlet aper- We chose the casp,,=1 mbar, corresponding to Kn
ture) and outlet chambefattached to outlet apertyrein ~10%, as a reference case for the slip-flow model. We
order to allow the self-consistent calculation of the radialsolved it with the following choice of the accommodation
leaks from and to those chambers. The computational gridoefficients, for nitrogen gas and aluminum wallg=«,
used to obtain the results presented in this paper was made ©0.91. Some pictures of the flow fields for this case are
about 300 000 hexahedral cells and a detail is shown in Figeported in Figs. 6 and 7.

5. It is a nonuniform, block structured, boundary fitted grid, In Fig. 6 the contours of constant pressure are drawn on
well aligned with the cylindrical(r,,z) coordinates and the surface of the rotor disc. The compression occurs almost
also with the main flow directions in the chanrigle higher  entirely in the last quarter of the channel, close to the outlet,
gas velocity component isy), and refined close to the walls. while the first three-quarters of the channel keep a uniform
The solution was carried out using first-order and secondpressure. This result is in qualitative agreement with the pre-
order upwind discretization schemes. The first-order waglictions of the one-dimensional model from Helmer and
chosen after verifying that the differences ikrandW; with Levi. It is a characteristic behavior of the Gaede pump,
respect to the second-order scheme were less than 1%. Thden py,<Ap,, where Ap,=6uVLy/h? is the maximum
segregated solvéSIMPLE algorithm was used to linearize pressure difference that the pump with disc velodfychan-

the system of NS equations. The numerical accuracy of thael lengthL., and channel height, can give according to the
results was checked monitoring the convergence of selectashe-dimensional model. The compression effect occurring in
macroscopic quantitieK and W;) during the solver itera- the strippenpm.=21.66 mbar p,,) confirms the results ob-
tions and repeating the calculation on a second systematiained with a previous no-slip modél.

A. Results of the reference case

JVST A - Vacuum, Surfaces, and Films
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0.46 TasLE lll. Sensitivity of K andW; at p,,,=1 mbar, to the accommodation

0.24 . . .
coefficients. AK/K, and AW;/W;, are the(percentagedifferences, relative
to the reference case, obtained witty=a,=0.91: K,=6.188, Wj,
=35.86 W.

AKIKg W, AW/ Wi
an a op ir K (%) (W) (%)
091 038 15 2395 6.153 -0.56 32.89 -8.2
091 1.0 1.0 2395 6.211 0.37 38.04 6.1
0.8 091 1.198 3.0 6.192 0.06 3591 0.1

1.0 091 1198 2.0 6.184 —0.06 3583 —0.08

Poiseuille velocity profile, shown by the one-dimensional
models? It is worthwhile to note the effect of the boundary
conditions, which allows the gas to slip along the wadig.,
the gas velocity close to the rotor is about 300 m/s, while the
rotor surface is moving at about 355 m/s
inlet (0.13 mbar) The numerical macroscopic results, #randW;, are re-
outlet (1 mbar) ported in Table Il for the reference case. A sensitivity analy-
Fe. 6. Results of the ref b 091 Cont sis was also performed, motivated by our uncertainty on the
oIfG(;oﬁsta?wfl;bsscgluteep::szr:rgcsnc{ah?urnotorrgis?:r,s(ﬁl(ﬁ;t;ar)..Thle d(i);::crz sllp_-fIOW cogfflments, to check the effects of .the accommo-.
between adjacent contours is 0.11 mbar. The distance between labeled cdh@tion coefficients on those results. The details on the sensi-
tours is 0.22 mbar. tivity analysis are reported in Appendix A. The conclusion of
that analysis is that the effects of variation @f on bothK
andW; are negligible. The effect ok, is remarkable orW;
In Fig. 7 the axial profiles of the tangential componentonly: A«,/ o, =—-10% with respect to the reference value pro-
Uy(2) of the gas velocity are drawn at Ry, for two angu-  ducesAW;/ Wiy~ —8%; A,/ a; = +10% with respect to the
lar positions, one close to the outlsection 1, and the other reference value produces\;/W;y= +6%.
close to the intlefsection 3. It is interesting to note that the
tangential velocity close to the outlet exhibits negative val-
ues close to the stator wallPoiseuille backflow while the
profile is close to linear at the inlé€ouette. This back-flow The model was used to calculateand W; for different
is due to the tangential pressure gradient and it is going toutlet pressures, from 1Bto 25 mbar. The comparison of
disappear at the inlet, where the pressure is uniform. Théhe model results with the experimental data is reported in
three-dimensional model confirms the typical Couette-Fig. 8@ for K and Fig. 8b) for W;. Both slip-flow and
no-slip model results are reported for comparison. Slip-flow
results are reported for three values of the tangential momen-

B. Experimental validation

: f 5 tum accommodation coefficients: 0.8, 0.91, and 1. The outlet
4} " Statorwall 1 pressure range in which we extended the calculation covers
i about three decades of pressure and Kn, if we consider the
3 ..................................... . .. .
: : 3 : maximum outlet pressure5 mbaj and the minimum inlet
p) SR e HESSTICR PR, R pressure(about 2.5- 1% mbay. In this pressure range the
— Inlet flow regime changes from viscous to molecular.
1= Outiet The agreement df is good in the whole pressure range.
N O Rotor disc wall: The differences between no-slip and slip-flow model are

peripheral speed = 355 m/s . .
small, but the slip-flow model results are closer to the experi-

mental data. There is no significant effect of the accommo-
T — ™ dation coefficient at any pressure, as already stated for the
' : : reference case. The residual disagreement between slip-flow

-3 : : : models and the data at low pressuig,,<1 mbar,Kn
_4T-- R < ... .:... Statorwall | >10_1) is about 10%.
; ; j 'S The agreement between the slip-flow model and the mea-
0 100 200 300 suredW; is very good in the whole pressure range. The slip-
Tangential velocity (m/s) flow model reproduces very well the trend of W& vs outlet

Fic. 7. Results of the reference capg,=1 mbar,a,=«,=0.91. Profiles of pressure curve. The differences between n(2:)—sllp anq Sllp-
the tangential velocity componentiy(r =Ry, Z, #=cons}, on section 1 model are .rgmarkable below 5 mt:(Mn.>5-1G ). There_ is
(outlet and section Jinlet). some significant effect of the tangential accommodation co-
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. L, Kn » R the leak from the high pressure outlet chamber into the chan-
82 — 10 — “1_0__ ,10 , nel and the one from the channel into the low pressure inlet
(@: oo e chambe), is small with respect to the “pumping leak”

P oo R through the strippefthe “pumping leak” is the one directly
dragged by the disk motion through the stripper from the
Do S outlet into the inlet of the Gaede channdls a consequence
it N the limiting factor of K is the pumping leak throughput

: C crossing the strippér?l’his pumping leak, for a well designed
stripper (not too short in tangential direction, otherwise the
pressure difference across the stripper gives an extra non-
negligible Poiseuille contribution to the leakages of Cou-
ette flow type. One-dimensional solution of Couette flow be-
tween a stationary and a moving plate, with slip boundary

e

w

Compression ratio
E-N

O Experimental data | . ;.
— - No-slip model
Siip model 0,=0.8

n

1 == Slip model ¢,=0.91 S conditions, shows that Couette flow’s throughput is not af-
- Slpmodelast | riiiifo fected by slip boundary conditions. In fact, in spite of the
‘1)04 10° 10" variation of the velocity profile, the average speed is kept
(a) Outlet pressure (mbar) equal to half the velocity of the plate at any Knudsen number
(see Appendix B There is no reason why this behavior
109 107! Kn 102 107 should be different in our three-dimensional model, because
20— T T T the flow in the stripper is close to one-dimensional, thanks to
() - Do N the very small gap-to-angular length ratio.
00 o g Slip-flow computedW; vanishes at very low pressure,
R Do Fo where the gas is getting extremely rarefied, as shown by the
2 s} o data.W; is given by the friction torque times the angular
5 Lo : D rotational speed»: W=T-w. The friction torque is the inte-
3 obe it gral of the 9 component of the shear stress acting on the
g I wall, 7,4 ¢, times the radius, on the surface of the rotor:
B Do
. . E: i tal dat
A [ = b lradron ®
oot .| _ Slip model 0,=0.8
—.— Slip model ¢=0.91 Rotor surface
] S —x— Slip model a,=1 .
0 RIS Most of the rotor surface has a normal pointing in the
107 10° 10' direction, so thatr,q 9= (AUg/ 92)|war- A Similar expres-
(b) Outlet pressure (mbar) sion can be written for the cylindrical surfaces, involving the

o 8 Sliod del 4 with i del and et Ivelocity derivativedus/ or.
1G. 8. Slip-flow model compared with no-slip model and experimenta ol . )
data: (a) compression ratio vs outlet pressufb) friction power vs outlet The no-slip model does not reproduce the dramatic reduc

pressure. tion of W; occurring in the transition to molecular flow, but

rather seems to reach an asymptotic valaigout 60 W at

low pressure. Actually the no-slip model cannot reproduce
efficient at lower pressures, as already stated for the 1 mbdhis effect reducing the pressure because the no-slip bound-
case. The residual error between the reference slip modé@ry conditions at the walls correspond to a nonvanishing
(¢y=a,=0.91) and the data, in the whole pressure range, i@symptotic value for the velocity gradient, and the gas vis-
about 3% or less. cosity is a constant. The slip-flow model, on the other hand,
is able to reproduce the decrease of power with pressure,
showing a very good agreement with the data, thanks to the
fact that the velocity gradient is a decreasing function of Kn.

At high pressure(py,=>10 mbar,Kn<0.01) the slip  This is shown, for example, by the solution of the one-
model results match the no-slip resultee Fig. 8 both in  dimensional Couette model with viscous slip boundary con-
terms ofK and of W;. This is in agreement with the math- ditions (see Appendix B and can also be shown qualita-
ematical form of the slip-flow boundary conditions at thetively by the analytic form of the boundary conditi¢&q.
walls [Eq. (1)], which reduce to the no-slip boundary condi- (6a)]: If A — (i.e., Kn—o), it is necessary thau, 4,4 In
tions for small Kn. —0 in order to keep a finite differenag, gas= U, wai-

The effect of the introduction of viscous slip and thermal One interesting result of the model, relevant for design
jump boundary conditions o at low pressure is very small. purposes, is the share @f; between channel, strippéseal-
This is due to a particular feature of any properly designedng gap withr >R,,) and radial sealingr <R;,) regions(see
Gaede pump, in which the leak through the radial sealind-igs. 1 and 2 Figure 9 shows these contributions\g for
(the leak through the radial sealing is the algebraic sum ofiarying p,,: (plotted here on a linear scale, in order to em-

C. Discussion
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O Experimentai data :
120 || = Computed, channel contrib. o ] z
—%- Computed, stripper contrib.

-6~ Computed, rad. sealing contrib.
—— Computed, total

100F - ---- ........ R ....... ....... 4

[o:3
(=]

D
(=]

Friction power (W)

Fic. 10. Slip-flow model computed contours of constagtr,z, #=cons}
on section 1p,,=1 mbar.

IS
o

st 2 . . o S | ) pressure gradient in the channel, while their problem is an
: 1 : : incompressible, two-dimensional, pure Couette flow. Besides
, ' * * T the shape of our channel is different from theirs.
% 5 10 5 20 25 Figure 10 refers to a situation characterized by, Re
Outlet pressure {(mbar) ~10% it shows theu, velocity contour pattern dominated by

diffusive effects, with backflow regions close to the corners
of the channel. Increasing the pressure, the flow pattern
changes, owing to an increasing effects of radial convection.
The centrifugal forces create a recirculating flow field in the

phasize the behavior at high presguie can see that most channel: the gas fI_ows radially outward close to the dis_c sur-
power is dissipated in the channel and in the radial sealingace' and radially inward close to the stator wase Fig.
region. These two parts of the pump contribute to dissipate-3: réferred tq,,=25 mbay. This radial velocity can be as
mechanical power, with a share of about 50% at low preshigh as 45 m/s fopy, =25 mbar(about 13% of the maxi-
sure, but with an increasing channel contribution at high™um disc speedand transports by convectiey. The result
pressure. The stripper contribution is small, owing to its!S the modification of the contour pattern fap: the two
small surface area, and saturates to a constant value qut@ckflow islands at the outer corndttigh r) disappear, re-
early. Also the radial sealing contribution, like the stripperPlaced by a smallisland at the tip of the disc. The contours of
one, reaches an asymptotic value at high pressure, corronstantu, are stretch_ed in r§d|al direction clqse to the disc
sponding to laminar Couette flow in the gap; its variation atSurface and the velocity gradiea,/Jz at the disc surfaces
low pressure is due to th@ransition effect of the slip-flow
boundary conditions. The channel contribution, which, like
the radial sealing, exhibits the transition behavior at low
pressure, maintains a positive slope even in viscous flow
conditions(p>10 mbar,Kn< 102, Rg,> 800).

This positive slope is found in the measured data and i
maintained almost constant even at pressures higher tha
those presented in this workip to 100 mbar Cerrutiet al.
already noticed this behavior at high pressEUbsH,t their one-
dimensional model was not able to reproduce it, reaching, or
the contrary, an asymptotic value. They attributed this dis-
agreement to the possible onset of the instability of laminar _
flow (like Taylor vortices or possibly turbulence. FiG. 11._ Sllp-flovl/ model computed contours of constap(r,z, 6=cons}

) A . .. on section 1py,=10 mbar.

Here we analyze the velocity profiles, in order to justify
that positive slope, in the framework of the present NS lami-
nar model. In Figs. 10, 11, 12 the contours of constant tan-
gential velocity componenty(r,z,9=contg, are drawn on
the restriction of section 1 to the channske Fig. 1 for
reference, for py,,;=1, 10, 25 mbar, respectively. The closed
islands on the contour plots represent the negative values c
uy (Poiseuille backflow These results are in qualitative
agreement with the numerical results for shrouded rotor-
stator systems by RandiamampianieaaI.,8 although the

comparisqn is not exaCt!y po;sible, S_ince our problem iss 12, Slip-flow model computed contours of constaptr,z, 6=cons)
compressible and three-dimensional, with a tangefdlahg  on section 1p,,=25 mbar.

Fic. 9. Slip-flow model computed contributions to the friction power from
different parts of the pump.
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Hence the model can be used as a design tool to predict the
performances and power dissipation of any geometrically

= T = 7

\;\;\\\»”177?;—,%1?;%_;_,{:’:‘,;: N TN different, possibly new, Gaede pump.

{\\\\ Mmoo T e o Instabilities and possibly turbulence effects can affect the
\ , behavior of the model at very high pressure, but this issue
T « 0 has not been developed here and could be the subject of
s:;/’/}ifl:_f‘f_ —= == === future work, in case there is a demand from the designers in
Q%’Q;;;’;'; g S SR that direction.

=== = - T e

The closer next step in the study of molecular drag pumps
Fic. 13. Slip-flow model computed velocity vectors projected on section 118 gqmg to consider heat exchange Phenomen.e}’ in Ordef to
Pou=25 mbar. predict the rotor temperature in transition conditions, which
is a critical design parameter in modern hybrid turbomolecu-
lar pumps.

increases. Fop,,=25 mbar(Re,~4.4-10), two separate
boundary layergone at the stator, one at the rotseem to ACKNOWLEDGMENT
be going to develop at high The authors would like to thank Dr. John Helmer for read-
The increase ofu,/Jz with the pressure justifies the in- ing the manuscript and giving useful suggestions for the in-
crease of the channel contribution W with py, in the terpretation of the numerical results.
framework of our laminar NS model.
The issue of Iar_ningr stability of the flow at high pres§ure,AppEND|X A: SENSITIVITY TO THE
related to th.e oscillation detected fpg,> 25 mbar_, is st AcCOMMODATION COEFFICIENTS
open, as this work does not answer the question of what gjnce we did not know the exact value of the accommo-
actually happens in the Gaede pump in that limit. Howevergation coefficients that, inserted in the Fluent built-in formu-
the e_xten5|on of f[he S|mulat!on at even higher pressure thalrétion[Eq.U)], reproduce the correct values@f andsy for
considered here is not very interesting from the design poingitrogen molecules on aluminum contaminated surfaces, we
of view, because the pump would not work efficiently for checked the sensitivity of the model to the variationxpand
pressures much Iarger than that correspon.dmg. to the knee 9); . We considered an uncertainty interval for bethand «,
the K vs py,; characteristicgabout 10 mbar in this case, see gqual t0(0.8, 1), including the maximum uncertainty interval
Fig. 8@)], where K drops dramatically. Sometimes the fonq in the literature for nitrogen gas. We chose the case
pumps are misused in the apphcatlon,. so that the interest i =1 mbar, corresponding to a Knudsen number Kn
the pOSS|bIe.unstabIe or turbule.nt flow in Qaede pumps is NAL 1071, and we checked the relative variation fand W,
only theoreﬁcal but even practical. This issue will possibly 5¢ter a variation ofx, and a;, of about=10% with respect to
be the subject of a future work. a reference case,=a,=0.91.
The results of this sensitivity study are listed in Table Il
In the first part of the Table we kept, constant
VI. CONCLUSIONS AND PERSPECTIVES (=0.97) and varieda;, between 0.8 and 1. The sensitivity of
A transition model of the Gaede pump based on laminaK is negligible(less than 0.5% The sensitivity ofW; is on
NS equations with viscous slip and thermal jump boundanthe contrary remarkable: about8% for ¢,=0.8 and about
conditions was developed. It was solved in a pressure range? for a;=1. In the second part of Table Ill we kep
covering three decades of Knudsen number, from viscousonstant=0.91) and variede,, between 0.8 and 1. The sen-
laminar (Kn=107) to transition to molecular flow condi- Sitivity of both K andW; are less than 0.1%.
tions (Kn=1), and covering the whole design operating Since the precision required for the design of a pump is
pressure range of an experimental pump. about 10%, we may conclude that, for design purposes, the
The validation against experimental data was carried ou®nly important parameter in our present case is the tangential
in terms of two engineering global quantities, compressiorfnomentum accommodation coefficiest Besides onlyw;
ratio and friction power, Showing a very good level of accu-iS remarkably affected by the variation of this parameter with
racy in the whole pressure range. The residual maximun@ non-negligible sensitivity. If we consider that the accuracy
error of about+10% for compression ratio and abct8% in the indirect measurement ®¥; is about=5%, the uncer-
for power (due to the uncertainty on the momentum accom-tainty of the accommodation coefficient has, however, only a
modation coefficientis small enough for design purposes, small effect for design purposes.
for which 10% precision is considered acceptable.
The model has a predictive nature, since the only paramAPPENDIX B: ONE-DIMENSIONAL COUETTE
eters to be set are the properties of the gas and the momeRLOW WITH SLIP-FLOW BOUNDARY CONDITIONS
tum accommodation coefficient. Although the value of the We consider here the one-dimensiofHD) Couette flow
latter is not known with precision, the variation on engineer-problem}5 solving it with viscous-slip boundary conditions,
ing parameters introduced by its maximum uncertainty isn order to show some of its features, relevant for the inter-
comparable with the uncertainty on the measured datgretation of the results of the three-dimensio(&D) work.
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We consider two infinite parallel plates, a stationary and affected by the Knudsen number in the transitional regime.

moving one, and we want to calculate theprofile (in the
direction transverse to the plajesf the x-componentalong
the plate} of the gas velocityu(y). Let h be the distance of
the moving plate from the stationary of@aced aty=0) and
V its velocity, directed along thg-axis. Since there are no

Boulon et al,'® carried out a DSMC(direct simulation
Monte Carlg simulation of Couette flow between two paral-
lel plates, in transition flow regime, for 19<Kn<10
They showed a linear velocity profile with the slip at the
walls, matching the present 1D analysis, in molecular flow

pressure gradients, the NS equations with viscous slipegime. Their results strangely move away from NS ap-

boundary conditions reduce to:
(
du 0
/—Ldyz ]
du

\ dy

U(O) = Up)\ (Bl)

y:O,
du
u(h) -V=- O'p)\ d_y

\ y=h

The solution of the problem is
UpKn

=A+By, with A= ————
uly) y, 1+ 205Kn

and (B2)

1 \%

B=—————. B2
1+ 20pKnh (82

The solution shows a linear velocity profile, with sloBe
decreasing with increasing Knudsen num@é&n=»\/h).

Let us consider two interesting properties of this profile.
The average velocity of the Couette flow is given hy:
=1/hfbu(y)dy=V/2. It is independent of the Knudsen num-
ber.

The shear stress of the Couette flow is given by;
=u(du/dy)=[u/(1+20pKn)](V/h). It is independent of; it
shows a dependence on Kn, — 0 for Kn— o,

In the framework of the NS formulation with slip bound-
ary conditions, we can conclude that one-dimensional Cou

ette flow throughput does not change in the viscous-to-

proaching the viscous regime, for Kn1072, producing a
nonlinear velocity profile and a Couette pumping spéad
throughpu} with a maximum in the transition regime. The
difference showed by DSMC simulation, between Couette
throughput in molecular and in viscous regime, is small
(about 15% for 250 m/s wall velocityand does not com-
promise our justification of the fact that is scarcely af-
fected by slip flow boundary conditions.
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