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Abstract: Incorporating the velocity slip effect of the gadsw at the solid boundary, the
performance and dynamic response of a micro gasAgeator system are investigated in
this paper. For the characteristic length scalthefmicro gas bearing, the gas flow in the
bearing resides in the slip regime rather thanhi@ tontinuum regime. The modified
Reynolds equations of different slip models ares@néed. Gas pressure distribution and load
carrying capacity are obtained by solving the R&mcequations with finite different
method (FDM). Comparing results from different misgét is found that the second order
slip model agrees reasonably well with the benckethrsolutions obtained from the
linearized Boltzmann equation. Therefore, dynanuefiicients derived from the second
order slip model are employed to evaluate the tindymamic stability and vibration
characteristics of the system. Compared with theticoum flow model, the slip effect
reduces dynamic coefficients of the micro gas Ingarand the threshold speed for stable
operation is consequently raised. Also, dynamidyaisashows that the system responses
change with variation of the operating parameteiduding the eccentricity ratio, the
rotational speed, and the unbalance ratio.

Keywords: MEMS, Micro rotor, Micro gas bearing, Velocity slipechanical performance,
Stability, Dynamical response.
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1. Introduction
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Figure 1. Schematic cross-section of the micro-motor irdtsgt with gas bearing.

In an attempt to address the ever rising demandifr performance compact power source, a new
branch of micro-electro-mechanical system callealgyoMEMS has recently been defiffedl. Among
them, the nascent project to develop micro scadetgdine generators at MIT is specifically targete
for high power density applications. These macharessupported by gas bearings, as shown in Fig.1,
and able to achieve rotation rate of more thanmitieon RPM (revolutions per minuté). The micro
rotor and the micro bearing are fabricated by mitabrication technology. Different from the
traditional rotor system, the micro rotor and tleating are made of Silicon.

Operating at such high speed, an accurate assdasefmée vibration characteristics of the micro
rotor system must be made so as to design highgbke rotary machines and avoid occurrence of
dangerous sliding wear and rub impact effect. Tt high speed rotor dynamic characteristic of the
micro rotor-bearing system is a major concern @rtiechanical design of micro motors and such kind
of power MEMS. There are many dynamic phenomenaramiinear problems that can be met for
MEMS that may challenge successful operation osg¢hmachines. Some researches, which aimed at
analyzing and simulating the rotor dynamics in miootating machinefy , have been done during
the past two decades. PieRbdeveloped a pseudo-spectral method to faciliteté simulation of the
rotor. Savoulidé¥ constructed a small-scale gas bearing model ferrdior. Wanlj! analyzed the
bifurcation of a rotor supported by a self-actirag gournal bearing, and the analysis focused on the
dynamic behavior of the rotor-bearing system. kesthresearches, the lubricated gas film was mostly
treated as continuum flow, and effects of the miturml mechanics have not been considered.

One of the most interesting characteristics in mi@tor-bearing systems is that the nature of the
lubricated gas flow departs from the continuum fi@gime. For a micro gas bearing, the thickness of
the gas film is comparable with the gas moleculaamfree path. At this scale, the gas layer adjacen
to the surface does not satisfy the no-slip vejobdundary condition. Some researchers have made
contributions and improvements to this field. Buofg®! introduced the first-order slip velocity model
and derived the modified Reynolds equation. Fisend Mitsuyd® presented the second-order slip
model and the 1.5-order modified Reynolds equatittrand*” discussed the second-order slip effect
on the micro gas bearing steady-state operatiofiorpeance. Y.H Suf? presented analytical
investigations of slip flow between the flying headd disk in the hard disk drive. However, these
researchers mainly focused on the micro fluid meidsa and few attentions have been paid to the
performance of the micro journal bearing.
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In this study, the performance of the micro bearggvaluated and the stability of the micro rotor
system is discussed. The gas velocity slip effecthe solid boundary is taken into account, and the
modified Reynolds equation is solved with the &ndifference method (FDM). By comparison of
performances of the micro gas bearing such as fiae, gas pressure distribution, load carrying
capacity and attitude angle derived from differertdels, the slip effect on the performances of the
bearing is discussed and the second order slip Indbosen to evaluate dynamic characteristics of
the system. The linear dynamic coefficients are leygal to acquire the linear threshold speed for
stable operation, and the dynamic responses d@rdiif speed regimes are compared. It is found that,
for a micro gas bearing, the velocity slip effeaduld result in smaller dynamic coefficients. As a
result, the stability of the micro rotor systemasmpromised and the threshold speed for stable
operation is pushed upwards.

2. Slip model and Reynolds equation

Figure 2. Schematic of the journal bearing in the micro rdtearing system (not to scale).

Fig. 2 shows the schematic of a micro gas jourearing to be investigated. The micro rotor spins
at an angular velocity of inside a stationary bushing. The bearing’s radié®, and the rotor’s radius
R. When the rotor’s center coincides with the begisirtenter, the distance between the outer edge of
the rotor and the inner edge of the bushing definesaverage clearandg, The ratio of the clearance
to the radius is denoted by( =C/R). As is shown here in cross sectional view, tharing isL in
length with both ends either exposed to the amloernteated with a uniform pressure distribution,
denoted byP, Due to constraints dictated by MEMS fabricatiocht@ologies, the dimension of the gas
journal bearing is chosen &=2mm, L =300nm, C =12nm, from which we could see that the
micro journal bearing is very short compared tartheacro-scale counterparts. The bearing’s length t
diameter ratio is 0.075, which is at least one oafenagnitude smaller than that in conventiona ga
bearings. This variation inherently alters the ithgv flow mechanisms in the micro bearing and
consequently the performance of the micro beanmththe stability of the micro rotor system.

The mass of the rotor is denoted by and e, , known as unbalance eccentricity, defines the
distance between the center of mass and centeearhefry of the rotorThe external radial force,
denoted byf,, exerts on the rotor and pushes the journal ceaw&ty from the bearing center. The
distance between the two centers, known as thengtxty and denoted bg, is usually normalized by
the average clearance and expressed as an “ecitgmatio” denoted by ( =e/C). A coordinate
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system is defined such that tKeaxis is parallel to the direction of the appliedce, while theY-axis

is perpendicular to the applied force. The anglevben theX-axis and the line connecting the rotor
center and the bearing center defines the atténdée and is denoted by.

In view of the length scale of the micro bearirgg thickness of the film would approach @rh or

less. Thus the characteristic length of the gam f8 comparable to the mean free path of the gas
molecule, and the flow regime could be determingdihe Knudsen number, which is defined as
Kn=//h. Here,/ is the molecular mean free path, amdhe characteristic length of the gas film.
According to the category of Bifd, the gas flow in the bearing resides in the skgime
(10° < Kn< 0.1), in which the velocity slip occurs at the solidumdary and the traditional Reynolds
equation needs to be modified. If we adopt tha-brder slip model, the flow slippage on the suefac
of the journal and bushing is giveri®hs

=-2 2/ —=-al — (1)

wheres is the accommodation coefficient relative to motuen a=(2- s)/s the surface correcting
coefficient. When the second-order slip model keta the flow slippage becontds

fu /% 9%
—al —- ——— 2
U, = & 2 2 (2)

And for the 1.5-order slip model, the flow slippagelds™®

2

slip:_a/E_E §/ w2 3)

u
Using the non-dimensional parameters expressed i(M)ghe first order modified Reynolds
equation, the second order modified Reynolds egaatnd the 1.5 order modified Reynolds equation

can be written in the non-dimensional form as E}.K§. (6) and Eq. (7).

t=wt, P=p,p, Xx=Rg, 2z=Rx, H=Ch (4)
T (e reac, 12 + T (prereac 2R o TPH) 5 SPH)
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Here, , p, , andh is the dimensionless time, dimensionless pressim@)mferential coordinate,

e6emw

axial coordinate and film thickness respectivelyhaiéeL = 5

is the bearing number, andp,
viscosity and pressure of the ambient gas respdygtiv
3. Steady-state performance

In this section, the steady-state performance efltbaring is studied. Results obtained from the
continuum flow, the first-order slip model, the sed-order slip model and the 1.5 order slip model a
compared with each other and benchmarked agaiase tof the linearized Boltzmann equation[10].
For the micro gas bearing presented, the geomethgavironment parameters are list in Tab.1.

Table 1. The geometry and the environment parameters

Descriptions Parameters Value

Radius of the rotor R 2 mm
Length of the rotor and the L 300 m
bearing
Average clearance C 12 m
Material of the rotor Si

Density 2.33g/cn
Material of the gas

Viscosity 1.8x10° Pa's

Environment pressure Pa 1.01325 Pa

The non-dimensionalized flow rates are given bysMj™® and Sul? as follows:
Continuum flow:

D
Q.(0)=+¢ (8)
First-order slip flow:
a/p D
D)= +— 9
Q(D)==+ (9)
Second-order slip flow:
avp D
QD)=L+ 2+ 2 (10)
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1.5-order slip flow:

_p ,alp D
D)=+ +— 11
where D :ﬁ is called the inverse Knudsen number. The analyggpressions of the linearized
Boltzmann equation is given by Cercigr&hias follow
1 1 D? D*
QB(D) - B"’ D C11' ?012 +mC12 (12)
where the coefficients dt&
1 o VP oo,
C,,=—{ D+ D\4+D
H \//7 12 1 20{4+07),(0)
o (13)
- 16+8D° +—- T,(D)- D(L6+ D2)T,(D)}
C,,=—{1- 21,(D} (14)
Jp
1 Jp . D? D?
C,=—{2-—D+—-2DT,(D)- 4+— T,(D)- 2DT,(D 15
2= - P05 20n(D)- 4+5- 7(0)- 20m,(0) (15)
D=C,,C,, - C122 (16)

T,(x) is the Abramowitz function and defined as

¥ n 2 X
T.(x) = ot xexp -t 1 dt 117
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Solving the Reynolds equations with finite diffecenmethod, the gas pressure of the gas film is
obtained. Integrating the dimensionless pressurdghensurface of the journal, the dimensionless
bearing force components along the radial direckpand tangential directioR; as shown in Fig.3
could thus be obtained

F = Pcosgxdgdx
18§
F.= Psingxdgdx

Then the non-dimensional load-carrying capagityand the attitude anglé can be expressed as

z=F>+F* , f =arctan5 (19)
r t F

r

Figure 3. The force component of the micro gas bearing.
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Figure 4. Comparison of non-dimensional flow rate Figure 5. Comparison of the gas pressure.

For the micro gas bearing presented in this disonsthe non-dimensional flow rate is compared in
Fig.4 where the eccentricity ratio ranges from @10.99. It can be seen that the second order slip
model excels others in the sense of approximatdhé linearized Boltzmann equation in the overall
operational range. When the eccentricity ratieegsIthan 0.9, the result of the first order slipdetas
also acceptable. Figure 5 depicts the gas preshstrgbutions of the gas film when the eccentricity
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ratio is 0.95 and the bearing number is 5. It itedahat results of the second order slip model are
almost the same as that of the linearized Boltznemmation, while the first order and the 1.5 order
slip models overestimate the gas pressure. Constguie load capacities are overestimated and the
attitude angles are underestimated, as shown i6 &igd Fig.7 respectively.

% %
@ R P Y]
5 ]
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—— Linear Boltzmann —— Linear Boltzmann ~ le=0.9
107 -+ 1st-order 307 ---- 1st-order ]
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-------- 1.5-order 200 - 1 5-order
10° 10" 10° 10’ 10° 10" 10° 10’
A A

Figure 6. Comparison of the load carrying capacity Figure 7. Comparison of the attitude angle.
4. Motion equations and the linear threshold speed

In this discussion, it is assumed that the mictorrbearing system is comprised of a rigid rotod an
rigid mounted bushing. Also, the rotor is perfectlg-axial with the bushing. Thus, the motion
equations of the rotor in the Cartesian coordinesgsbe written as follows:

mx =- f, + f_+me,w’ cos@ +r)

my = - f, +me w’sin(g +f) (20)

wherex andy are the projection of the rotor displacement dheoX-axis and Y-axis. Likewis&, and

fy are components of gas-film force in these twoadtiogs.
EqQ. (20) can be rewritten in state space form kews

Zl¢: Z3
ZZ¢= Z4

Zg¢=_li\jl;2ﬁ+bsin(wt+f) 21

z,%=

L+ bcosit +7)

2

where Z;=X, Z,=Y, Zs=X', Z,=Y’ are the state variables of the system. And someertbianless
variables are as follows

mP, 5 f
_a , F = 22
72nf Ly 2RLP, (22)

,b:i,t:m, M =
C

O x
0Ol<
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The gas-film forces are nonlinear function and bansecured by solving the Reynolds equation
with FDM. However, in most practical calculatioitss assumed that perturbation of the rotor frésn i
initial position is small enough that the gas-filonces could be considered as linear. Thus thdilpas-
force increments are modeled by a first-order Tragigansiol® *® as follows

a:x = KxxEZl + nyEZZ + DXXEZS + nyEZ4

_ (23)
OF, =K, [, +K [V, +D,[V,+D,, ¥,

where Fy, and F, are the bearing force increment§; and D; the dimensionless stiffness and
damping coefficient respectively. Substituting E(S8) into Eqgs. (21), and assume that the unbalance
ratio is zero (=0), the system’s free vibration equations candrévdd in matrix form:

oz,® 0 0 M? 0 Dz Dz,
¢ 2
Dz2¢ _ 12 0 0 0 m? DZ, _, DZ (24)
DZ3 M - Kxx - ny - Dxx - ny DZS DZS
pz,°® Ky - Ky ~x -D, DZ, DZ,

Subject matrix to eigenvalue evaluation so as to investigate itheat dynamic stability of the
system. The real part of each eigenvalyas the damping rate and corresponds to how quiakly
perturbation of the rotor decays<O implies a decay motion (stable), whileO implies a diverging
motion (unstable). There are four eigenvalues dfima. We only consider the one with the biggest
positive real part, because it represents the rdasigerous mode and can be observed in an
experimental measurement. At the threshold of sty the matrix A has an eigenvalue with real
part equal to zero, and the following equationsloaiderived

—_ 2 2
Ky =M *xg (25)
K = Kxnyy + Knyxx - nyDyx - nyny
o D, +D
(Ko - Ko lKeo- Ky )- KK (26)
g? = ~ o ATeq T Ty /T Ty hyx
DyxDyy - DyyDyx
6 T T 6 . :
— Kxx(continuum flow) — Cxx(continuum flow)
- Kyy(continuum flow) | Cyy(continuum flow) .
5n —— Kax2rd slipflow)y | 7 4 5| —— Cx@rdslipflowy | 7 g
—+— Kyy(2rd slip flow) —+— CyyQrdslipfowy | T
at P ] af
S 1 03
ok | , §
e o
1t , M E 1 0 ecia w5
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(a) Stiffness coefficient (b) Damping coefficient

Figure 8. The comparison of the dynamic coefficienteat .09
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Figure 8 presents the comparison of the stiffnessdamping coefficients between the continuum
model and second order slip model when the eccégtratio is 0.9. It can be seen that the dynamic
coefficients increase with the increase of the ibganumber, indicating the enhancement of the
stability of the micro rotor system.

Referring to Fig. 8, the dynamic coefficients of fecond order slip flow are much lower than those
of the continuum flow. From the discussion in s@ttB, it is known that the second order slip flow
predicts more accurate solutions for the microlggering, and the continuum flow assumption lead to
mistaken results. Furthermore, it is implied theg continuum flow assumption will underestimate the
threshold speed for stable operation. Combining25{.and Eq.(26) with results shown in Fig.8, the
threshold speed can be obtained. For the continlmm the stable threshold speed of the bearing
system is close to the poiht= 0.3when the eccentricity is 0.9. Considering the dffect, the
threshold speed raise to= 6.3.

5. Dynamic responses of the rotor-bearing system

1 -0.23: -0.77853,
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-0.2336

x
-0.2338,
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-1 -05

‘<<:‘

Figure 9. The response of the rotor at different bearing loemgcontinuum flow).

The numerical simulation of the rotor dynamicalp@sse can be achieved by solving the Reynolds
equation and the motion equation subsequently. (EL). for dynamical motion can be solved by
fourth-order Rouge-Kutta method, and the displacgsand velocities time series for rotor can thus
be obtained.
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Given a slight disturbance, a balanced rotor vatherge to its static equilibrium position or whirl
around the static equilibrium if the rotational efe is above the threshold speed. And it will ciagh
the bushing when the rotational speed is less tharthreshold speed. With the continuum model
assumption, the dynamic responses of the micrdogasng at different rotational speed are shown in
Fig.9 respectively. When the second slip model depted, the responses are different from the
continuum flow case, as shown in Fig.10.

By comparison between Fig.9 and Fig.10, it can denghat not only the threshold speed of the
stable operation is raised, but also the dynamesponses are different when employing the second-
order slip model. It is found that due to the glffect, the micro rotor needs much more time tchea
stable operation or to crash into the bushing.Heunore, the oscillation period of the whirl motign
prolonged when the second slip flow model is adibpfes a result, the whirl frequency is reduced due
to the slip effect, as shown in Fig.11.

@ =5 (b) =65 c) =8

Figure 10. The response of the rotor at different bearing Inem(2"® slip flow).
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(a) continuum flow (b) second-order slip flow
Figure 11. The whirl frequency spectrum of the micro rotor.

In this discussion, the whirl is caused by thefgasforce. It can be seen from Fig.11 that the nvhi
frequency is decreased due to the slip effect. Whercontinuum flow assumption is taken, the whirl
frequency ratio is 0.422. While, the ratio decrsase 0.079 for second order slip flow model.
According to the analysis in the Section 3, the \gascity at the rotor surface is subdued for the s
effect, and it equivalent to the case that a milmlv sotating rotor supported by a gas bearing inctwh
the continuum model govern the gas flow. Thus, wierl frequency of the former is reduced.
Consequently, the whirl frequency ratio is decrdase

(a) The rotor center’s displacement in X direction (b) The rotor center’s displacemant direction

(c) The rotor center’s orbit

Figure 12. The dynamical response of an unbalanced roterd.0, 6 =1%, e slip flow).
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(a) The rotor center’s displacement in X direction (b) The rotor center’s displacemant direction

(c) The rotor center’s orbit

Figure13. The dynamical response of an unbalanced rotor ( , 2%, 2"%lip flow).

For a practical rotor, due to the fabrication deféte mass center would inevitably depart from the
geometry center, and the rotor is unbalanced. Ftioen above discussion, it is known that the
continuum flow assumption will lead to a mistakesult of the dynamic characteristics of the system.
Thus, the second order slip flow is adopted fordix@amic analysis of the unbalanced micro rotor. Fo
difference rotational speed, the dynamical respprgean unbalance motor are acquired, which are
shown in Fig.12 and Fig.13.

Figure 14.The frequency spectrum of an unbalanced rotorlwgimotion ( = 10 6 =1%,
2" slip .flow)
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For some unbalanced rotor, the oscillation ampéitwill keep growing and the rotor will crash into
the bushing ( =6.0,6=1%), as shown in Fig.12. In other condition, the Waton amplitude will

decay to a certain value and the rotor motion becamnwhirl of small amplitude (= 1®=1%), as

shown in Fig.13. Unlike balanced rotor, the unbedahrotor will not converge to the static equililmi
position, for the unbalanced mass will be an ekomaforce due to the rotation of the rotor. Faisth
reason, the whirl frequency is equal to the rotatioate as shown in Fig.14.

Figure 15. The maximum and the minimum eccentricity ratidha rotor during the whirling motion
versus the unbalance ratio € ,1€econd slip flow model).

With the increase of the unbalance ratio, the wdmmplitude increases, as shown in Fig.15. The two
lines in the figure represent the maximum and mumreccentricity ratio of the rotor in the whirling
motion. It shows that, when the unbalance ratioeiases, the whirl amplitude is enlarged. And it is
almost a linear relation. Deduced from the increesed, it is supposed that the maximum eccengricit
ratio of the rotor will approach 1 when the unbakamatio is about 10%, at which the rotor will ¢ras
into the bushing. But during the calculation, ifasind that the rotor will crash into the bushingem
the unbalance ratio is 3.8%, which is much less #@6. Examining the dynamical response shown in
Fig.13, it is found that the whirl amplitude of thasteady state oscillation is much lager than dofat
the steady state motion. Consequently, the maximccentricity ratio of the rotor at the unsteadyesta
is much higher. As a result, the rotor will craskoithe bushing before steady whirl state when the
unbalance ratio is 3.8%.

6. Conclusions

In this study, the performances of the micro gamihg are presented. Besides, the stability and the
dynamical response of the micro rotor supportedhleymicro gas bearing are discussed. Considering
the micro length scale and the micro fabricationstints, the driving flow mechanisms in the micro
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gas bearing and the rotor dynamic characteristiche bearing system are different from those of
conventional gas bearings. From the analysis amdidtussion, some conclusions could be drawn:

(1) In most operation conditions of the micro gaaring presented in the paper, the second order
slip model predicts a good approximation to thedimzed Boltzmann equation;

(2) The slip effect at the solid boundary increases flow rate of the gas flow. Hence, the gas
pressure of the lubricated gas film is decreased tlae load carrying capacity of the micro gas ingar
is reduced.

(3) The dynamic coefficients of a micro rotor-begrisystem are decreased due to the slip effect,
which means that the system stability is comprochiSéerefore, the micro rotor must operate at much
higher speed to keep stable.

(4) When subject to a slight disturbance, a balanieo rotor will converge to or whirl around the
static equilibrium position when the rotational egés not less than the threshold speed. Othetvese
disturbance will be enhanced and the rotor wilshranto the bushing.

(5) Considering the slip effect, the rotor's wHmquency is decreased, and the micro rotor needs
more time to reach a stable operation or crashth@doushing.

(6) For an unbalanced micro rotor, the rotor woubd converge to the static equilibrium position.
The stable operation is a slight whirl which is itet by the unbalance force. The whirl frequency is
equal to the rotational frequency.

(7) The whirl amplitude increases with the increakéhe unbalance ratio. And the rotor would not
stay stable when the unbalance ratio is too big.
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