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Characteristics of a Coupled Gas Lubricated Bearing for a Scaled-Up
Micro Gas Turbine
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Abstract: In case of the limitation of Deep RIE fabrication for Micro Gas Turbine, bearing aspect ratio is limited in very small
value. The characteristics such as pressure distribution, load capacity and non-linearity of a short bearing of L/D=0.083 and a
conventional bearing of 1/D=1.0 with coupled boundary effects are investigated for Micro Gas Turbine bearings. The coupled
effect was analyzed by mass conservation at coupled end area. The results, increasing load capacity and non-linearity due to the
coupled effect of thrust and journal bearing, are obtained and the selection of journal bearing type is discussed.
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Introduction

As the development of micromaching progresses, the focus of
study of MEMS (Micro Electro-Mechanical System) moves
from static devices to dynamic devices. Naturally, a strong
requirement of development of power device that provides a
sufficient energy to dynamic device has been grown. Typically,
power devices used in the dynamic devices have low
efficiency, and it has been a major obstacle for developing
various dynamic devices. Table 1 shows a comparison of
efficiency of various power devices for dynamic devices.

As shown in Table 1, the micro combustion system has a
very good specific power ratio and could be a possible
candidate solution for the power device.

Thus studies on the micro combustion system are widely
performed. Specially, a study of Micro Gas Turbine have been
performed by Micro Gas Turbine Team at MIT [2,3].

Because micromachining technology is a continuous
process of chemical reaction such as addition, subtraction,
modification, patterning and fabrication of materials, there
exist some differences from typical machining. The most
important difference is a limit of aspect ratio of structure. This
means that the bearing geometry is limited by its
manufacturing technology. Actually, it is impossible to
manufacture a bearing with high L/D ratio and using a low L/D
ratio bearing for Micro Gas Turbine could not be avoided.

For that kind of bearing which attempt to use for Micro Gas
Turbine, Dr. Orr studied the stability characteristics of gas
lubricated bearings with very low L/D (0.075) ratio by using
Galerkin method, and showed that there is not only whirl
instability but also radial instability {4].

Fig. 1 shows a cut-away view of rotor and bearing. The
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bearing consists of three pieces, upper thrust pad, journal pad
and lower thrust pad, which has four pressure feeding holes
with 100 um radius. Each hole was connected with an external
compressor. And two types of journal pad were manufactured,
and one has feeding holes, while the other has no feeding holes
for the comparison between hydrodynamic and externally
pressurized journal bearing, while thrust pad always has
feeding holes.

When the rotor runs, the compressor will inhale the air from
atmosphere. And it is expected that the inhaled air could be
used to support bearing. For use of the air, each bearing pad
has feeding holes from the compressor chamber to the bearing
surface.

It should be noted that the journal bearing has an extremely
low L/D ratio about 0.083 due to the limitation of
micromachining technology and also noted that thrust and
journal bearings are coupled each other. Seeing circle A in Fig.
1 each end of thrust and journal bearing is coupled. It is
expected that this coupled effect of both bearings will have an
influence on bearing behavior.

Table 1. Comparison of power density of micro power devices

[1].

Device Power Density(MW/m®)
Micro-Lithium battery 04
Micro solar cell 1
Micro-elastic motor 1.7
Micro-reactor 20
Large scale combustor 40
Micro channel reactor 150
Micro-magnetic reactor 200
Micro-combustor 2000
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Fig. 1. Cut-away view of rotor and bearing.

The motivation behind this study is to investigate an
extremely short journal bearing behavior of coupled boundary
effect with thrust bearing. Additionally, for the selection of
suitable journal bearing, results of hydrodynamic and
externally pressurized journal bearing were investigated.

Theoretical Analysis

Validity of Reynolds Equation
In real Micro Gas Turbine, in order to provide a sufficient
compressor pressure ratio, rotor runs extremely high speed.
Based on technical report of KIST, its speed is almost
2,000,000 rpm [5] If the rotor diameter of real Micro Gas
Turbine is to be 4 mm, its DN value (diameter times the
number of revolution) is 8,000,000. However for the scaled-up
Micro Gas Turbine test rig, its rotor diameter is 12 mm. For the
same DN value with real Micro Gas Turbine, the rotor of test
rig should rotate-about 670,000 rpm.

The Reynolds iumber in fluid film lubrication is expressed as
follows. =~

—

inertia UyC
Re = 7 _ Poto% M
viscous o

Do, Uy, Co and U, are force density, characteristic velocity,
reference film clearance and absolute viscosity, respectively.
When the rotor of the test rig rotates about 670,000 rpm,
Reynolds number of thrust and journal bearing of test rig is
less than unity. Thus laminar flow assumption could be taken.

Before taking Reynolds equation as a governing equation,
its minimum fluid film thickness should be also considered. If
the film thickness of the bearing were small enough to reach
the arbitrary ratio compared to the mean free molecular path of
gas, the gas slips on the bearing surface, so called slip flow is
occurred [6,7]. In slip flow the velocity profile through the film
is different from that seen in laminar flow. In slip flow a
difference exists between surface velocity and average fluid
velocity at the surface. Thus when slip flow occurs, Reynolds
equation does not hold its validity anymore. The Knudsen
number Kn is an inverse measure of the average number of
molecular collisions, which is given as follows

A
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A, is mean free molecular path of gas and £ is film

thickness.

If Kn is less than 0.01, the flow may be treated as laminar
flow, while slip flow becomes significant if Kn is greater than
0.01 The typical A, of air is 0.064 ym and h varies from O um
to 12 um due to change of eccentricity ratio of journal bearing.
Therefore when the film thickness is smaller than 6.4 um, the
slip flow should not be ignored and Reynolds equation could
not be used as a governing equation.

Thus in this paper, all results are on the baseline that the
eccentricity ratio is not greater than 0.5 in order to hold a
validity of Reynolds equation and the results including slip
flow remain as further work.

Analysis Method
The generalized Reynolds equation for compressible lubricant
is written as follows.

z(p_ff )., z(p_ff %) - Yoph
dx\12udy)  y\12udy) 2 ox

And assuming that air is perfect gas, the relation p = p/RT can
be applied. The Reynolds equation for compressible,
isoviscous fluid can be expressed as follows. ’
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Equation (4) is expressed in cylindrical coordinates. And A is
bearing number.

Equation (3) and (4) are in nonlinear elliptical partial
differential form and can be written in vector form as follows

V- (ph’Vp-A(ph)) = 0 o)
_ 3dp ph33p _

After integrating equation (5) and (6) about the surface at each
node and applying Gauss divergence theorem, then these
equations can be transformed into line integral. And a
discretization about four surfaces at arbitrary node is applied.
Finally, the algebra equations at each node are obtained, and
these sets of equations could be solved numerically by
iterations. The set of equations of journal bearing can be
expressed as follows at arbitrary node.

(A +A+AFADD,
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Simultaneously, equation (6) can be expressed in algebra
form.
Additionally, in order to consider feeding holes, external flow
rate Qs is added in right side of equation (7) at the each node
where feeding holes are located.

Mass Conservation at Coupled End

Fig. 2 shows the coordinates of bearings. y direction, r
direction and direction represent the axial direction of journal
bearing, radial direction of thrust bearing and circumferential
direction of both bearings, respectively.

To couple thrust and journal bearing, continuity condition of
mass flow rate at coupled point is applied, that is, mass flow
rate must be maintained in a coupled control volume.

Fig. 3 is a view in detail of circle A in Fig. 3. In Fig. 3, H;
and H; are the film thickness of thrust and journal bearing,
respectively. And m, and m, are mass flow rate along the -
direction and y-direction, p, is pressure at coupled control
volume. Finally, p(r, 6) and p(y, 6) are the pressure at each
node along the thrust and journal bearing. For applying the
continuity condition, two assumptions were taken.

1. Mass flow rate along r and y direction is maintained at the
coupled end.
2. There is no pressure drop at the coupled end.
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Fig. 2. Coordinates.
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Fig. 3. Mass flow in a coupled control volume.

The assumption 1 means any mass flow along r or y axis
does not dissipate in 6 direction and this assumption can be
valid because it was shown that the flow rate of r or y axis is
much larger than that of 8 axis for short bearing [7].

The assumption 2 means that the pressure at journal bearing
end has the same value with the pressure at thrust bearing end.
By applying the continuity conditions, following relation can
be used.

my+m, = 0 ®)

These mass flow rates can be expressed as follows.

L R 0
r= "P2por T T 12uRT  or
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p = p/RT relation was used in equation (9) and (10).
Substitute equation (9) and (10) into equation (8), following
equation is obtained.

J d
21 53,2 an

Har dy

Remaining work of equation (11) is a descretization process
which is shown as follows.

Iy PrTenas O —Pr(Fena—1, 6)
or Ar (12)
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After substituting equation (12) and (13) into equation (11)
and by applying the assumption that there is no pressure drop
at the coupled end, p(r...,.0) = p,(yend,G) = p,, equation (11)
becomes an algebra form.

13)
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Thus equation (7) can be solved by iteration while applying
equation (14) at the coupled boundary of each bearing.

Results and Discussion

Table 2 shows the properties of scaled-up Micro Gas Turbine
test rig. The test rig was manufactured three times larger than
real system because of easy maintenance and measurement.
Although it is three times larger, it is expected to be a
successful approach to investigate major characteristics of
short and coupled bearing. It is noted that the test rig was
manufactured so that the journal bearing has an extremely low
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Table 2. properties of micro gas turbine test rig.

Rotational speed 670,000 rpm
Thrust film clearance 20 ym
Journal film clearance 12 tm

Diameter of rotor 10 mm

Diameter of journal bearing 12 mm
Length of journal bearing 1 mm
L/D ratio of journal bearing 0.083
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Fig. 4. pressure distribution of journal bearing externally
pressurized, four feeding holes, L/D = 1.0, pressure ratio of
jounal = 4.0, eccentricity ratio = 0.5 uncoupled.

L/D ratio, 0.083

Fig. 4 and 5 show the pressure distribution of externally
pressurized journal bearing correspond to L/D = 1 and L/D =
0.083 The analysis was performed, as a typical case, by setting
the boundary pressure equals to ambient pressure P,

As shown in Fig. 4 and 5, a significant difference between
two L/D ratios was observed. For a conventional bearing, in
case of L/D = 1.0, pressure distributions in circumferential and
y direction are both considerable. In Fig. 4, pressure is well-
distributed in circumferential and y direction. However for a
special case of bearing which is very short, L/D =0.083,
pressure distribution in the circumferential direction is less
significant than that in the y direction. This means that flow in
y direction induced by pressure, i.e., Poiseuille flow, is much
larger than that in circumferential direction. The assumption 1
was taken in this manner. As shown in Fig. 5, pressure is
mainly generated in y direction near feeding holes. Between
feeding holes, pressure gradient is almost zero in
circumferential direction.

If interaction between thrust and journal bearing were
considered, it should be expected that the pressure at coupled
end slightly increases compared to the ambient pressure. Thus
load capacity of thrust and journal bearing will be expected to
increase because load capacity is the sum of pressure on
bearing surface.

Fig. 6 shows a comparison of thrust bearing pressure
distribution in two cases, coupled and uncoupled boundary
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Fig. 5. pressure distribution of journal bearing externally
pressurized, four feeding holes, L/D = 0.083, pressure ratio of
jounal = 4.0, eccentricity ratio = 0.5 uncoupled.
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Fig. 6. pressure distribution of thrust bearing externally

pressurized, four feeding holes, pressure ratio of thrust and
jounal = 4.0.

case. Coupled boundary means that interaction between thrust
and journal bearing was considered, while uncoupled
boundary means that boundary condition was set as ambient
pressure.

Clearly, if the interaction between thrust and journal bearing
is considered, load capacity of bearing will increase. As shown
in coupled boundary case in Fig. 6, pressure near the outer
side, at the coupled boundary, was increased compared to the
uncoupled boundary case. This phenomenon increases the sum
of pressure on bearing surface, so that the load capacity of
bearing increases.

This result means that pressure of thrust bearing has an
effect on hydrodynamic journal bearing direct and, even in
hydrodynamic case, journal bearing will behave like an
externally pressurized bearing.
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Fig. 7. Pressure distribution of journal bearing externally
pressurized, four feeding holes, L/D = 0.083, pressure ratio of
thrust and jounal = 4.0, eccentricity ratio = 0.5.
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Fig. 8. pressure distribution of journal bearing hydrodynamic,
L/D = 0,083, eccentricity ratio = 0.5.

It should be noted that the coupled journal bearing is very
sensitive to the thrust bearing in hydrodynamic case. If the
pressure distribution of the thrust bearing is suddenly
perturbed, the pressure distribution of journal bearing is also
perturbed. Actually, in real operating condition, pressure
distribution of thrust bearing may vary dynamically and this
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Fig. 9. Dimensionless load capacity vs. bearing number of
jounal bearing externally pressurized, four feeding holes, L/D
= 0.083, pressure ratio = 4.0, eccentricity ratio = 0.5.
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Fig. 10. Dimensionless load capacity vs. bearing number of
jounal bearing hydrodynamic, holes, L/D = 0.083, pressure
ratio = 4.0, eccentricity ratio = 0.5.

could make an undesirable situation to journal bearing.

Fig. 9 shows the dimensionless load capacity vs. bearing
number curve of externally pressurized journal bearing case.
Clearly, load capacity of journal bearing increases when the
interaction between thrust and journal is considered. The load
capacity of uncoupled externally pressurized journal bearing
increases slightly due to increasing bearing number, and its
trend is linecar as shown. Also load capacity of coupled
externally pressurized journal bearing increases slightly with
nonlinear trend. The gradient of load capacity curve slightly
increase as bearing number is larger.

Simultaneously, dimensionless load capacity vs. bearing
number curve of hydrodynamic journal bearing case is shown
in Fig. 10 Fig. 10 shows similar trend with externally
pressurized journal bearing case. However it is noted that non-
linearity of coupled case is more significant than that of
externally pressurized journal bearing case. As shown in Fig.
10, load capacity of coupled case increase rapidly compared to
coupled case of externally pressurized journal bearing. This
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means, as described above, journal bearing is more sensitive to
thrust bearing than that of externally pressurized case. Under
real operating situation, various kind of disturbance will affect
system and it is desirable that system is less sensitive to such
disturbance.

On this concept, externally pressurized journal bearing type
is recommendable compared to hydrodynamic journal bearing
type because it is less sensitive to its high load capacity.
However, in externally pressurized journal bearing type, a
pressure source could be a problem. That means, the inhaled
air from compressor can be used for the pressure source of
both journal and thrust bearings, however such design reduces
the amount of air used in combustion and it could induce a
decreasing of efficiency of combustion. Therefore in order to
select a type of journal bearing, a close and careful
investigation of possibility of using inhaled air from
compressor may be needed.

Conclusion

In this paper, the characteristics of gas lubricated bearing, such
as non-linearity and load capacity, are discussed, based on the
successful direct numerical method in Micro Gas Turbine. The
characteristics of very short bearing with a coupled boundary
effect which increases a load capacity and induces a non-
linearity are observed. However all results in this paper are
limited in eccentricity ratio less than 0.5 because Reynolds
equation does not hold its validity in large eccentricity ratio
region. In that region slip flow of gas must be considered and it
remains as further work.
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