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To overcome the space limitation of orifice-type and capillary restrictors in hybrid bearings, a kind of
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atypical long orifice-type restrictor is proposed and its experimental model is established. Through the
analysis of the structure and flow rate of orifice-type restrictor and capillary restrictor, a long orifice-type
restrictor and a feasible experimental modeling method are presented by use of orifice plate instead of the
whole bearing. The flow rate of water film restrictors are tested under the aspect ratio of 4-10 and the

pressure difference of 1.5-5.5 MPa and the experimental model of long orifice-type restrictor is established.
The result shows that the restrictor of atypical structures needs to be modeled by experiment. The flow

discipline of atypical restrictor is approximate to typical orifice-type restrictor and the throttling model is a
nearly turbulent model.
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NOMENCLATURE

Q Dimensionless flow h, Bearing clearance (um)

C, Restrictor's design coefficient B Flow dimension

p, Oil chamber pressure (MPa) m Constant value of 1 or 0

P, Inlet pressure (MPa) Qinz Flow of orifice-type restrictor (g/s)
P, =P, ! p, Dimensionless form of pressure (jm Dimensionless form of flow

Qs Flow of capillary restrictor (g/s) A Outlet velocity (m/s)

Qu Dimensionless form of flow A Area of systolic section

v, Velocity of flow (m/s) G, Flow coefficient between 0.6 and 0.7
A Area of orifice section d, Orifice diameter (mm)

Ap Pressure difference a, Coefficient between 0 and 1

d Diameter (mm) Greek Symbols

| Length (mm) 7 Kinematic viscosity (cm%s)

d, Capillary pipe throttling diameter (mm) 1) Capillary throttling coefficient

I, Capillary pipe length (mm) A Orifice-type throttling coefficient

R Outer diameter of capillary (mm) P Density of lubrication medium (kg/m?)
r Inside diameter of capillary (mm)

1. INTRODUCTION

Rolling bearings are significantly abraded when rocket
engine is in the environment of low temperature, low

*Corresponding Author’s Email: xautroland@163.com (Y.M. Wang)

viscosity and heavy load. They have to be replaced after
each flight and are hard to meet the requirements of new
generation of turbine pump [1]. Hybrid bearing has
become the first choice of new supporting component of
turbine pump due to its excellent performance. The
research on replacing rolling bearing with hybrid bearing
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was developed very early in foreign countries and it is still
in the stage of test and demonstration. The laminar,
transition and turbulent models for different kinds of
restrictors have been investigated by many researchers.
Dwivedi et al. [2] studied the effect of different flow
regimes including laminar, transition and turbulent flow
condition on the static and dynamic performance
parameter of hydrodynamic bearing. Manshoor et al. [3]
investigated the performance characteristics of a thin film
lubricated journal bearing based on three kinds of
turbulent models. Shenoy and Pai [4] did much research
on the stability characteristics of an externally adjustable
fluid film bearing in the laminar and turbulent regimes.
Bouard et al. [5] presented the influence of the flow
regime on tilting-pad journal bearing performance by the
use of three turbulent models. Khalil et al. [6] studied the
effect of laminar and turbulent lubrication on the
performance of externally pressurized circular and conical
thrust bearings based on Reynolds stress model. Philippe
and Antunes [7] proposed theoretical model and
experiments on the nonlinear dynamics of parallel plates
subjected to laminar/turbulent squeeze-film forces.
Maneshian and Gandjalikhan Nassab [8] presented a
thermohydrodynamic analysis of turbulent flow in journal
bearings based on the computational fluid dynamic
techniques. Deylami et al. [9] investigated heat transfer
and pressure drop in a corrugated channel based on a
RNG turbulence model. Renn and Hsiao [10] described
the experimental and CFD study on the mass flow-rate
characteristic through an orifice-type restrictor in
aerostatic bearings. Chang et al. [11] investigated the
influences of geometry and flow parameters on the
discharge coefficients in aerostatic bearings with orifice-
type restrictors.

Recently, China has verified the replacement
possibility in the preliminary project and implemented a
great number of theoretical and test researches including
medium [12], complex three-dimensional field [13] and
test [14-16]. However, the restrictor models in hybrid
bearing are orifice-type restrictor and capillary restrictor
model with certain constraint conditions [17], such as
orifice jet condition, very long throttle pipe, etc. Due to
the special property of lubrication medium, spatial
environment of turbine pump as well as limitation of
technological level, there is much difficulty in the
computation of liquor inlet flow of liquid oxygen or
hydrogen lubricating hybrid bearing using the present two
models.

Moreover, the use of two models will result in the
calculation errors of the bearing performance. To solve
this problem, Dai et al. [12] established one kind of short
capillary restrictor model. However, this model is only a
simulation model and has not been verified by tests.

Based on the above analysis, this paper proposes long
orifice-type restrictor structure base on hybrid bearing
orifice-type and capillary restrictor structure analysis and
mathematical model of flow. An orifice plate flow test is

designed and the flow of water lubricant under different
pressures is tested. A long orifice-type restrictor
experimental model is also constructed. The flow under
liquid nitrogen lubricant is also measured and the
proposed model is verified.
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Figure 1. Restrictor: (a) orifice-type, (b) long orifice-type,
(c) capillary.

2. THEORETICAL MODEL OF RESTRICTOR

2. 1. Structure Type of Fixed Restrictor  Although
the operating principle of hybrid bearing is similar to
cylindrical bearing, cavity, hybrid bearing has its own
distinct features because of the existence of fluid. In
bearing operation, dynamic pressure effect appears at the
boundary of fluid cavity and fluid cavity region has static
pressure effect. Figure 1 shows three kinds of restrictors’
structure; Figure 1 (a) and (c) show common orifice-type
restrictor and capillary restrictor and Figure 1 (b) shows
new type of atypical long orifice-type restrictor structure
between common restrictor structures on the basis of
national project research in earlier stages.

2. 2. Theoretical Model of Atypical Long Orifice-
type Restrictor The distinction between orifice-
type restrictor (1/d<4) and capillary restrictor
(1/d >10) is the value of aspect ratio. This paper
presents a long orifice-type restrictor when aspect ratio
is between 4 and 10. Dimensionless Equation of the
flow passing through restrictor (capillary, orifice-type)
is [18]:

Q=C,-p)" ())
In Equation (1), when m=1, it is capillary restrictor;
when m=0.5, it is orifice-type restrictor; p, =p, / p,
(p, is oil chamber pressure, p, is inlet pressure), 5d is
restrictor's design parameter. The flow of capillary
restrictor (1/d >10) is:
_ mApd*

" 1287

Qinl = _"AvydA (2)

where Ais the area of orifice section, | :ﬂ(Rz_rz),
Yol

Ap=p,—p, is the pressure difference, n is kinematic
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viscosity. When flow dimension is B:[%J, the

dimensionless form of the flow is:

= Q.  37d! —
o <int _ 2%Tc q_
anl B 32hg|c ( pr) (3)
— 37zd?
C, =0 =—"7=
. 32h3l, @)

where d_ is capillary pipe throttling diameter, h, is
bearing clearance,l, is capillary pipe length,
P, =p,/p, is dimensionless form of pressure, h; is

bearing clearance.

When aspect ratio was less than 4 (1/d <4), the
flow model performed like orifice outflow form model.
The flow value can be calculated using Bernoulli's
equation in the form:

dZ [2A
Qu. = AV, =C, ”7/7" (5)

where A is the area of systolic section, v, is outlet
velocity, C, is flow coefficient (0.6~0.7), d, is orifice
diameter and p is density of lubrication medium. The
dimensionless form of Equation (5) is:

c zdZ [2Ap 2
q
G-t e 2erCdin p ©)
B ho (PP,
— 3/27d?
C, =/1=—’\3/_7r 077 )
hs \/p Ps

According to incompressibility of fluid, the flow
through restrictor Q,, must be equal to the flow out of

the controlled oil chamber Q,, , i.e.

Qin = Qout (8)

Because of the limit of spatial dimension of turbine
pump, inner and outer diameter of hybrid bearing is
very small, causing the length of liquor inlet hole on the
bearing to be very small. In the meantime, the diameter
of liquor inlet hole cannot be too small due to
technological reason. So the applied restrictor device
can neither really meet the condition of capillary
restrictor nor meet the condition of orifice-type
restrictor, resulting in the difficulty in flow calculation
when using this liquor inlet hole to perform throttling.
In order to simplify the design of bearing, the liquor
inlet hole on the bearing will be directly used for
throttling instead of the additional restrictor, and the
precise calculation of flow passing through liquor inlet
hole during throttling will become particularly
important. This paper proposed a model with explicit

physical significance solving particular flow problem.
The following flow model named long orifice-type
restrictor model has dimensionless form as:

éin = aqéinl + (1_ ay )Qinz (9)

where 0<q,<1 and it is the correlation coefficient that

describes the connection between long orifice-type
restrictor and the other two restrictors including the
orifice-type and capillary restrictors. In particular, when
a, =0, itis orifice-type restrictor model; when «, =1,

it is capillary restrictor model. The dimension of liquor
inlet hole is between dimension of capillary and orifice-
type restrictor and the proposed model has the features
of two typical kinds of restrictor. The coefficient «,

can be determined based on the experiment and the
conservation law of fluid flow. From Equations (1) ~
(9), we can infer:

050 F)+ (-ay) 40~ B,)* =G, (10)

where & is the coefficient between 0 and 1, & is capillary
throttling coefficient, 4 is orifice-type throttling coefficient.
It can be seen from Equation (10) that the influencing factors
of bearing flow in long orifice-type restrictor model includes
capillary restrictor coefficient and orifice-type restrictor
coefficient, as well as long orifice-type restrictor coefficient.

3. TEST DESIGN AND EXPERIMENT RESULTS

3. 1. Test Design and Results According to
restrictor's evolution mechanism and flow calculation
equation, the design adopts throttling orifice plate for
flow test and test sketch is shown in Figure 2. Thickness
of orifice plate is fixed value. As the aperture and
pressure of both sides of orifice plate changes, the flow
passing through throttling hole is measured and the
relationship between flow and aspect ratio and pressure
difference of throttling hole is analyzed. The throttling
hole flow with water medium is tested. The test
parameters includes throttling aperture d(0.5-4mm) and
different pressures P(1.5-5.5MPa), and the known
orifice plate length I=5mm. Table 1 shows experiment
values and Table 2 shows the flow values calculated
with orifice-type restrictor and capillary restrictor
equations, respectively. Letter “O” denotes Orifice-type
Restrictor and letter “C” denotes Capillary Restrictor in
Table 2.

3. 2. Error Analysis and Construction of Long
Orifice-type Restrictor Experimental Model It
can be seen from Table 1 and Table 2 that the flow test
value is similar to calculated results of orifice-type
restrictor model, but far away from calculated results
with capillary restrictor model. According to flow
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calculation equation, restrictor flow will increase as
pressure difference and aperture increases. Figure 3
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shows the curve of orifice plate flow of different aspect
ratios with pressure difference.

TABLE 1. Aqueous medium restrictor flow test data (pressure units MPa, flow units g.s™%)

P, P, AP Qi (I/d =10) Q. (I/d =5) Qs (I/d =2.5) Q4 (I/d =1.67) Qs (I/d =1.25)
15 0 15 12 40 123 285 497
25 0 25 15.5 51.4 158.4 365 640
35 0 35 18.4 61.1 187 428 758
4.4 0 4.4 21.3 68 209 484 851
55 0 55 245 76.5 236 539 944
TABLE 2. Aqueous medium restrictor calculated flow data (pressure unit MPa , flow units g-s™)
P flowQ (I/d =10) flowQ, (I/d =5) flowQs (I/d =2.5) flowQ, (1/d=1.67) flowQs (I/d =1.25)
OR CR OR CR OR CR OR CR OR CR
15 8 46 30 7.3 120 117.2 271 593.1 482 1874.6
25 10 76 39 12.2 156 195.3 350 988.6 622 3124.4
35 12 10.7 46 17.1 184 273.4 414 1384.0 736 4374.1
4.4 13 13.4 52 21.5 206 343.7 464 1739.9 825 5498.9
55 14 16.8 58 26.9 231 429.6 519 2174.9 923 6873.6
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Figure 2. Orifice plate flow test system sketch

When the throttling aperture with the same length
has difference of more than two times, the flow passing
through restrictor has the difference of an order of
magnitude. The curve shows influence law of
restrictor's geometrical parameter on the performance of
hybrid bearing. Figure 4(a) and Figure 4(b) show the
error ratio between measured value and calculated value
of orifice plate flow under different restrictor models as
inlet and outlet pressure difference changes, where ratio
I/d is 2.5 and 10 respectively, and outlet pressure P, is 0.
It can be known from the figure: when restrictor's aspect
ratio 1/d<4, flow measured value is close to the
calculated value using orifice-type restrictor model, the
error between them changes not much as inlet and outlet
pressure difference increases about 2%; measured flow
value is very different from the calculated value using
capillary restrictor model, the error between appears

linear variation as inlet and outlet pressure difference
increases. The pressure difference is 5.5MPa especially,
the error increases to 80%. When restrictor's aspect ratio
4<l/d <10, no matter what kind of typical restrictor
model is used, flow measured value is very different
from calculated value and orifice-type restrictor error
curve appears in rising trend. As inlet and outlet
pressure difference increases, the capillary restrictor
error curve appears in rapid descending trend.

According to the above analysis, orifice-type
restrictor model can be used for flow calculation when
aspect ratio is within (0, 4). When aspect ratio is within
(4, 10), there is not proper restrictor model. In this
paper, the measured data can be fitted on the interval to
obtain experimental equation of long orifice-type
restrictor model under water lubrication medium in the
form:



F.Jietal. / IJE TRANSACTIONS C: Aspects Vol. 29, No. 3, (March 2016) 378-385 382

2 -
Q=042 o7y ZL [AP=P) 4 Ly
d 4 P d

? { - 11)
Q:O]ﬂ M LY
4 P d

The meaning of Equation (11) is that we can obtain
complete model of restrictor with 0<<l/d<10 by
experiment.
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Figure 3. Orifice plate flow of different aspect ratios with
pressure difference
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Figure 5. Comparison of flow measured and calculated
values with 1/d=10 and 1/d=5
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Figure 6. Bearing capacity and aspect ratio under different
restrictor models

But we should also understand that this type of test
is not easy. Especially, the medium of test is liquid
nitrogen. We have drawn the flow curve of calculated
and experiment values for long orifice type restrictor in
the range I/d =10 and I/d =5 in Figure 5 to verify the
proposed model.

The long orifice-type restrictor model constructed
from the experimental results conjecture that the flow
state of lubrication medium is transition state from
laminar state to turbulent state. The Reynolds number
can be calculated by:

_ pvd _ 998kg/m* x9.4m/s x0.0005m

Re =
P 1.01x10°Pa’s

=4645

when Re<2000, the flow state of lubrication medium is
laminar; when Re>4000, the flow state of lubrication
medium is turbulent. Therefore, the flow state of
lubrication medium is transition state from laminar to
turbulent state and long orifice type model in this paper
is roughly turbulent model.

On the basis of hybrid bearing performance
simulation procedure programmed by our project team,
the bearing capacity of certain type of hybrid bearing
with capillary restrictor model, orifice-type restrictor
model and long orifice-type restrictor model are
calculated  respectively.  Basic  parameters  of
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computational examples: four oil chambers, inner
diameter of bearing 30 mm, outer diameter 62 mm,
width 16 mm, oil chamber depth 1.5 mm, oil chamber
length 7.85 mm, and oil chamber width 8 mm; oil
supply pressure is 10 MPa, bearing radius clearance 30
um, rotating speed 29000 r-min™, and eccentricity 0.2,
water lubrication, medium density is 998.22 kg-m®.
Restrictor aspect ratio I/d respectively takes 4, 5.9, 7.7
and 10, length I=5mm.

Figure 6 shows the change of bearing capacity and
aspect ratio under different restrictor models. Data
analysis indicates that bearing capacity under different
restrictor models is much different. As mentioned in the
literature and the experimental results indicate, the load
capacity cannot be determined by the flow rate. For the
orifice restrictor, the change of diameter can lead to the
change of oil chamber pressure and the change of load
capacity. It means that when the diameter decreases and
I/d remains, the oil chamber pressure will increase, the
hydrostatic effect will be strengthened and the load
capacity will increase. The hydrostatic effect of oil inlet
hole is not strong in the experiment of capillary pipe
and long orifice type restrictor models. As increasing
the diameter of restrictors, the oil chamber pressure and
the load capacity will decrease. Typical orifice-type
restrictor model and capillary restrictor model cannot
meet restrictor's bearing performance simulation
analysis when aspect ratio 4<<1/d<<10 and the atypical
long orifice-type restrictor model provides technical
support for this type of restrictor and design of bearing
in the high-speed turbo pump. In other words, when
aspect ratio 4<<1/d<<10 the long orifice-type restrictor
model can be applied for design of bearing in the high-
speed turbo pump to overcome the space limit of
orifice-type and capillary restrictors in hybrid bearings.
The long orifice-type restrictor model can be only used
at the condition of aspect ratio 4<<1/d<10.

3. 3. Experimental Verification of the Long Orifice-
type Restrictor Model with Liquid Nitrogen  The
long orifice-type restrictor model was obtained by test
with water lubricant in previous section. In order to
verify the correctness of the model, the flow of liquid
nitrogen was measured in this section. In liquid nitrogen
experiment, when the aspect ratio of orifice plate is
respectively 2.5 and 1.67 (0<l/d<4), theoretical value of
flow was calculated using Equation (11) in long orifice-
type restrictor model. The model has been validated
through comparison of measured and calculated values.
Figure 7(a) and Figure 7(b) show the measured and
calculation values of liquid nitrogen flow along with
pressure difference when restrictor aspect ratio is 2.5
and 1.67, respectively. It shows that it is a certain
deviation between the calculated value and measured
value of liquid nitrogen flow. It was also found that the
error ratio is about 0.2, namely the measured value of

liquid nitrogen flow is about 80% of the calculated
value. The phenomenon of aerosol and cavitation were
founded in the experiment. Accordingly, the problem of
two-phase (liquid-vapor) lubrication existed in the
experiment.
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Figure 7. Error ratio between flow measured value and
calculated value

In summary, the proposed long orifice-type
restrictor model under the respective water and liquid
nitrogen lubricants are tested and verified. Equation
(11) gives a complete flow rate model with 0<I/d<10,
where the orifice-type restrictor model can be used at
the condition 0<l/d<4 and the long orifice-type restrictor
model can be used at the condition 4<<l/d<10. The
appropriate models can be selected according to
restrictor’s I/d in the engineering. The research results
can provide first-hand test data support for hybrid
bearing of high-speed rocket engine turbo pump.

4. CONCLUDING REMARKS
The restrictor model is needed for the performance

calculation or simulation of high-speed hybrid bearing.
The practice of this paper indicates that restrictor with
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atypical structure needs test modeling and one feasible
program of test modeling is given using orifice plate
instead of the whole bearing. Considering one kind of
long orifice-type restrictor similar to typical orifice-type
restrictor, the experimental work was to measure the
flow of such atypical restrictor with water as lubrication
medium; the restrictor aspect ratio (4-10) and pressure
difference (1.5-5.5 MPa), indicated the flow law is
similar to typical orifice-type model.

Based on the test modeling method of short capillary
restrictor model in the literature [8], one analytic
express that combines the typical capillary and orifice-
type models was used to simulate or fit the experimental
data published in this paper. The test model of such
atypical restrictor was also obtained. Because the nature
is inclined to typical orifice-type model, it is named as
long orifice-type restrictor model.

Traditionally, the establishing models are divided into
four types of jet flow, laminar flow, turbulence and
transition region; jet flow and laminar flow models
respectively correspond to restrictor with typical orifice-
type and capillary structure, and long orifice-type
restrictor model in this paper is roughly turbulence model.
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