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A journal-axial coupled hydrodynamic bearing (JAHB) without groove was developed in our recent work. In
JAHB, the fluid flow could produce the pressure difference to uplift the rotor. Nevertheless, the levitation
mechanism of JAHB was not clarified, thus the quick design and optimization were blinded. This paper presents a
turbulent lubrication model to predict the fluid pressure distribution in JAHB and the lubrication characteristics.

The model takes full consideration of the coupled flow between the journal bearing and the axial bearing. The
comparison between the experimental results and the calculations shows that the maximum error is below 15%.
This work is expected to improve the fundamental understanding of the levitation phenomena in JAHB and their
dependence on multiple design parameters.

1. Introduction

Bearings are utilized in various types of turbomachines and are
essential for increasing the lifetime of such devices. However, for high-
speed and heavy-loading scenarios, wear failure inherently exists in the
mechanical bearings and adversely affects the operation stability [1-3].
Hydrodynamic levitation bearings [4,5], which can provide load ca-
pacities via the pressure difference in the process of fluid flow, have the
advantages of low noise, high capacity and compactness. Considering
the direction of the levitation force, they can be categorized into journal
bearings [6-8] and axial bearings [9-11]. Fundamentally, the dynamic
pressure effect [12,13] accounts for the generation of levitation forces in
the journal bearing. When the rotor rotates eccentrically in a housing,
the journal liquid film between them undergoes pressurization, resulting
in a pressure difference. The axial bearing typically comprises a sta-
tionary disc and a coaxial rotating disc [4,7], on which the spiral mi-
crogrooves are curved. When the axial bearing is rotating, the fluid flow
between the two discs is blocked and oriented by the slot-dam structure,
and the pressure increases from the disc center to the disc periphery.
Based on these principles, the capacity enhancement [14,15], stability
promotion [3,16] and friction reduction [17] of groove-based levitation
bearings were analyzed in tremendous studies to explore the introduc-
tion of different microgroove shapes and the corresponding structure
optimizations. For instance, herringbone grooved journal bearings were
demonstrated to cause less friction and improve the load carrying
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capacity [15,17,18]. In some remarkable works, scholars also attempted
to integrate the grooved axial bearing and the journal bearing [8,10,19].
Such coupled levitation schemes can provide synthetic supporting ca-
pacities in multiple directions. The applications of coupled levitation
bearings can be seen in centrifugal micropumps [1,19], rim driven
thrusters [14,18] and so on [2]. However, for axial bearings, many
studies have indicated that the load capacity is strongly correlated with
the gap between the grooved rotating disc and stationary disc [10,18].
The results showed that the gap must be maintained within dozens of
micrometers; otherwise, a dramatic reduction in levitation force was
observed [11,19]. There was also a significant dependence of the load
capacity decline on the disc deflection and microgroove blocking [9,20,
21]. In engineering situations, however, the abovementioned
high-precision assembly requirement, high-cost manufacturing and
blocking problem of microgrooves severely restrict the widespread use
of groove-based bearings [18].

It is clearly of vital importance to seek a simpler, lower cost and more
reliable hydrodynamic levitation scheme. This motivates us to invent a
novel journal-axial coupled hydrodynamic bearing (JAHB), as shown in
our previous works [22,23]. JAHBs comprise a plain cylindrical rotor
shrouded by a stationary eccentric-axis housing, as shown in Fig. 1(a). In
such a case, it contains a journal bearing, that is, the journal liquid film
between the rotor sidewall and the housing inner wall, and an axial
bearing, that is, the axial liquid film between the rotor endwall and the
housing endwall. In operation, the rotor can rotate at up to 20000
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revolutions per minute (RPM), and a radial levitation force (F;) can be
produced in the journal bearing according to the dynamic pressure effect
[12]. Even though the physical mechanism of the axial levitation was
not clear, our recent experimental study demonstrated that its ultimate
load capacity reached many times over the rotor’s weight [24]. The
trajectory measurements demonstrated that the rotor of the JAHB levi-
tated successfully under all rotating speeds [25]. Nevertheless, the lack
of understanding of the levitation mechanism has severely restricted the
quick design and optimization of JAHBs.

The analytical model of predicting the lubrication characteristics of
JAHB:s is obviously of much technological importance. In some studies,
groove-based hydrodynamic bearings were modelled. For example, the
pressure field in a textured journal bearing could be obtained with the
Reynolds equation [13,16,26], which matched well with the experi-
mental data [27]. Structural optimizations of groove-based bearings via
analytical models were successfully conducted [6,28]. However, in
previous research, there was hardly any analytical modeling of the plain
axial bearing, which might be attributed to the unawareness of its ca-
pacity to provide a levitation force, as JAHBs did.

More importantly, given the continuous nature of the fluid flow in
JAHBEs, fluid transfer inherently exists between axial and journal liquid
films. In such a case, the velocity profiles, viscous force behavior and
therefore the pressure field in the whole bearing may be influenced by
the fluid flow on the interface. Hence, the analytical model should be
established subject to this coupling effect. However, in most theoretical
studies, the fluid flows in journal bearings and axial bearings are
considered two separate issues, and global optimization is limited [7,19,
21,23]. Moreover, studies of fluid transfer in groove-based coupled
bearings are available [28,29]. Because the peripheral region of the
axial bearing was connected to the ends of the journal liquid film, the
fluid in the journal bearing could exchange with the high-pressure fluid
in the axial bearing, thus enhancing the overall pressure in the journal
bearing [19]. In return, the pressure distribution in the journal bearing
affected the interface flow rate and the velocity distribution in the axial
bearing [29]. Specifically, the eccentricity of the rotor led to asymmetric
interface fluid transfer and therefore caused asymmetric pressure dis-
tributions in the axial bearing [28]. The end leakage calculation of the
journal bearing was developed [26] and enabled the quantification of
the interface flow rate. Moreover, because of the larger pressure dif-
ference in the journal bearing at a higher rotating speed, the pressure
unevenness in the axial bearing became more obvious [10]. Further-
more, the asymmetric pressure field in the axial bearing could generate a
moment to the rotor, and an incline occurred [30]. The incline effect
further changed the capacity characteristics of the hydrodynamic
bearing [31]. A rotor dynamic study showed that the transient trajectory
of the rotor was more consistent with the experiment compared with
that in the uncoupled boundary condition [32]. Additionally, the hy-
drodynamic force results of coupled models also exhibited more satis-
factory agreement with the experimental data [5,29]. We can see that
such coupling phenomena in the fluid flow process cannot be neglected.

Inlet

Oulet Oulet

Axial bearing Interface

(a)

Fig. 1. (a) Schematic diagram of a JAHB. (b) Discretization of the computing domain. (c) Finite difference grids for the journal bearing model.
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Regarding the analytical model considering the momentum transfer
behavior, the interface boundary condition must be determined. From
the current work [33], the interface pressure and flow rate might be
resolved by the iterative approach, which regards mass conservation as
the convergence criterion when calculating the whole bearing pressure
field.

In this work, the flow equations are established considering the
coupling effects between the journal bearing and the axial bearing in the
turbulent regime, and their solutions with regards to the pressure dis-
tribution in JAHBs are derived. Furthermore, the experimental valida-
tion of the analytical model is discussed. The adoption of the analytical
model is then presented to deepen the understanding of the levitation
phenomena in JAHBs and their dependence on multiple design param-
eters. The coupling effects between the journal and axial bearings are
analyzed. The lubrication performances of JAHBs are computed and
evaluated, including the loading capacity and friction performance.
These results may be helpful in designing effective hydrodynamic levi-
tation bearings and developing various hydrodynamic devices based on
this novel levitation principle.

2. Analytical model

Fig. 1(a) shows the schematic of a JAHB. The configuration of the
JAHB is very simple and includes a plain hollow-cylinder rotor of radius
r; shrouded by a stationary eccentric-axial housing of radius R and
height H. In operation, the rotor rotates in the housing with an eccen-
tricity of e and levitates, thus creating a journal liquid film with a cy-
lindrical ring shape and a cylindrical-shaped axial liquid film. The axial
clearance is sz, and the inner radius of the rotor is ry. Notably, the pe-
riphery of the axial bearing is combined with the end of the journal
bearing, creating an interface for fluid exchange. In this section, the
establishment of the analytical model for the fluid flow process in JAHBs
is outlined. The structure parameters and operation conditions adopted
in this study are presented in Table 1.

2.1. Analytical model for the fluid flow in a journal bearing

Fig. 2(a) schematically shows the top view of the fluid flow in the
journal bearing. In this case, the thickness of the liquid film is much
smaller than the height of the rotor. Thus, the following assumptions are
obtained: (a) the pressure change along the film thickness direction is
omitted, (b) the flow is treated as incompressible and isothermal and (c)
Newtonian liquid is used. Since the rotating speed of the JAHB reaches
over 10,000 RPM, according to the turbulence criterion [34], the flow
condition actually lies in the turbulent regime. In such a case, the
modified Reynolds equation, subject to the cavitation boundary condi-
tion and turbulence, governs the pressure distribution and can be ob-
tained as [35]:
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Table 1
JAHB structure and operating conditions.
Parameters Symbol  Value
JAHB structure Inner/Outer radius of the  ro/r; 0.8/6.33 mm
rotor
Rotor height H 6 mm
Inner radius of the R 6.4 mm
housing
Eccentricity e 0-0.8
Axial clearance S2 0.5-3 mm
Experimental Ambient pressure Pa 0
conditions Axial clearance S3 0.5-2 mm
Inlet flow rate Qintet 180-280 ml/
min
Eccentricity e 0.5
Rotating speed ® 8000-12315
RPM
Calculation Discretization number m/n 100/50
conditions Ambient pressure Pa 30 KPa
Axial clearance S2 1-3 mm
Inlet flow rate Qinet 15-50 ml/min
Eccentricity e 0.1-0.8
Rotating speed [0} 8000-22000
RPM
Inclination direction @’ 0-180°
angle
Inclination extent Dy, 0-1
Inclination angle a \
Inclination eccentricity e’ \
Lubricant properties Type \ Liquid-water
Temperature Tq 25°C
Density ) 998.2 kg/m®
Cavitation pressure Pe 3.17 KPa
Dynamic viscosity n 0.000899 pa-s

Radial liquid
film I I l
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where p(6,z) and @(6,z) are the pressure distribution and liquid phase
distribution over the rotor’s cylindrical wall, respectively. Moreover,
@(0,2) varies from 0 to 1. 6 and z are the coordinate positions, and 7 and
o are the dynamic viscosity and rotational speed, respectively. p., p, and
Pinterface are the cavitation pressure, ambient pressure and pressure at the
interface, respectively. ky and k, are the turbulence coefficients, which
can be obtained in the Ng-Pan model [36].

In practical operation, the unbalanced moment in the x/y direction
may be exerted on the rotor; thus, inclination may occur. Fig. 2(c) shows
a diagram of the inclined rotor. Here, o’ is the center position of the
rotor. o7 and oy are the centers of the rotor upper end and bottom end,
respectively. Fig. 3(d) is the top view of the rotor. ¢ represents the
clearance of the journal bearing and can be calculated as R —r;. cxe’ is
the projection distance between o; and o0z. Moreover, e’ is called the
inclination eccentricity. ¢’ (0 <¢’'<n) is the angle of the inclination di-
rection. The film thickness h(6,z) varies spatially because of the eccen-
tricity and inclination and can be given by:

h(6,z) = c[l + e cos 0] + ce'(z/H — 1/2)cos(8 — ¢') (8
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Fig. 2. (a) The top view of the JAHB and the fluid flow in the journal bearing. (b) The enlarged sectional drawing of the JAHB and the fluid flow in the axial bearing.
(c) Diagram of the rotor incline. (d) The top view of the inclined rotor. (e) Profiles of the radial velocity v’ and tangential velocity u’ in the rotor boundary layer.
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Fig. 3. Microelement division in the axial liquid film and the force analysis.

where H is the height of the rotor. To prevent contact between the rotor
and the housing, there is an upper limit of the inclination. By conducting
the geometric analysis in the rotor-housing system, (cxe")max can be
calculated as follows:

(e xé€)

= 20[(1 — ezsinzgo')l/2 76‘ cos ¢’ } (©)

max

Here, we define D,, (0 <D, <1) to describe the extent of the incli-
nation. Thus,

ce' = (¢ X €) e X D (10)

and the inclination angle « can be calculated as:

cxeé (cxé), xD,
— — max 11
a=— o an

Finally, the position change brought by the inclination can be
determined by ¢’ and Dy,. For more details of the film thickness calcu-
lation with inclination, the reader can refer to Reference [30].

The solution of Eq. (1) can be obtained by using the finite difference
method (FDM). In FDM, the computing domain is discretized into m
nodes and n nodes in the § and z directions, respectively, and the grid for
computing is shown in Fig. 1(b) and (c). The key point is that all the
partial derivative terms in Eq. (1) are replaced by the central differ-
encing formulations. Furthermore, a successive overrelaxation (SOR)
scheme is applied to solve p(6,z) and &(6,2), and iterative calculations
are conducted until the convergence criterion of 107 is met. Adequately
fine discretization is conducted in FDM to ensure the mesh-
independence of calculations. For further calculation details, the
reader is referred to References [13,28].

After the pressure field is calculated, the radial levitation force (F;)
can be calculated by integrating the pressure along the cylindrical sur-
face of the rotor:

Fo=\/F’+F? 12)

where
2 H
F, = / / p(0, z)cos Odzr db 13)
0 0
27 H
F, = / / p(0,2)sin Odzr d6 14
0 0

where F, and F, are the x component and y component of F;, respec-
tively. The friction torque of the journal bearing Ty; can be given by:

o dp o wm\
Ty 7/0 ﬂ <§W+T>rl dzd6 (15)

Since the pressure gradient exists in the axial direction, the leakage
flow rate of one calculation node on the interface can be calculated as
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[26]:
; h 9
Q:'nte'fuce = (7 75 = O) -r1AzA0 (16)

The suffix i refers to the sequence number of the discretization in the
6 direction.

2.2. Analytical model for the fluid flow in the axial bearing

The velocity profile in the axial bearing is shown in Fig. 2(b). As
analyzed above, the rotor rotates at a super-high speed, and the flow
pattern evolves into the turbulent regime. Based on the boundary the-
ory, a thin flow occurs near the wall where the viscous forces dominate,
and a large velocity gradient appears along the thickness direction.
Regarding the JAHB, there are two boundary layers of thickness § and 9,
which flow near the rotor wall and the stationary wall, respectively. We
will consider here the fluid flow over the rotor rotating with a suffi-
ciently high angular velocity, due to which the effect of gravity on the
momentum transfer is neglected and the pressure is constant in the axial
direction. Additionally, the tangential velocity components are assumed
to be u’ and u in the boundary layers, as shown in Fig. 2(b). Furthermore,
under the influence of the centrifugation effect, the fluid possesses radial
velocity components of v’ and v in the rotor and stationary boundary
layers, respectively. Fig. 2(e) shows the spatial velocity distribution in
the rotor boundary layer, where the velocity can be divided into the
radial component v’ and the tangential component u’. For simplification,
the direction of the tangential velocity u/u’ is drawn to be parallel to the
radial velocity in red color in Fig. 2(b) and Fig. 4. And the tangential
velocity Vy/W,is drawn to be parallel to the axial velocity in red color in
Fig. 4. Notably, between the two boundary layers, a “core zone” exists,
wherein the radial velocity equals 0 and the tangential velocity remains
constant, which is Kwr, according to experimental studies [37,38] and
our recent numerical simulation results [24]. Here, K is variable and
may be related to the radial position of the boundary layer, and it is
assumed to be a function of r.

The classic “one-seven” law [39] is applied to describe the profiles of
the velocity distributions in the boundary layers. For the point 2’
= 0 located on the rotor surface, the radial component of the fluid ve-
locity tends to that of the rotor wall, which is zero, and the tangential
component of the fluid velocity equals wr. Regarding the point 2" = §
located on the boundary margin, the radial and tangential components
are 0 and Kor, respectively. Thus, for the boundary layer near the rotor,
the velocity distributions may be given by:

u’:ra){l— (%/)%-&-K(g)%} a7

r=afE -9

,,,,,, Boundary layer Rotor sidewall

wr;

Rotor endwall i 4
[1]B Intersection
0 > I'; WV, 3 zone
T

Fig. 4. The momentum transfer process in the intersection zone between the
journal bearing and the axial bearing.
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vp=ax*(1-K)rw (19)

where r and 2’ are the radial and axial coordinates, respectively. vp* is
the maximum value of the radial velocity, which can be assumed to be
proportional to the tangential velocity difference between the core zone
and the rotor nearby, that is, a* (1-K)wr. Similarly, for the boundary
layer near the housing endwall, we have

u = Krw (%)7 (20)
n() -3
vo = —aKwr (22)

In previous studies, the boundary flow pattern above a disc was
examined [40,41], where the boundary layer thickness is proportional
to r*/° and can be expressed as:

5=b(1— K)zr/(Re)% (23)

9 :fr/(Re)% (L)

where f varies as a function of r and is determined by the continuity
equation, which will be introduced later. b is a constant value for the
boundary layer thickness calculation. Re is the local Reynolds number
and is given by:

(25)

For the Reynolds number covered in this paper, a, a* and b are the
boundary layer coefficients and are assumed to be 0.162, 0.162 and
0.526, respectively, according to similar experimental research on the
velocity profiles in rotating-disc systems [37,38].

Considering the boundary flow between the rotor and the housing,
the continuity relation indicates that the integration of the radial ve-
locity components should equal the leakage flow rate from the journal
bearing and can be derived as follows:

? 0 /3 er rf
d d — nterface 26
/0 Vi z+/0 v === (26)

Similar to the discretization conducted in the journal bearing, the
calculation domain of the axial bearing is also divided into m parts in the
6 direction, and i is the sequence number of the discretization, as shown
in Fig. 1(c). By substituting Eqs. (18), (19) and (21)-(25), the resultant
solution for Eq. (26) takes the following form:

B 1 ; 3 120 Q::mer_ﬁu:e 1
f= e (a b(1 —K) 49 Abwr, Res @7

Fig. 3 shows the selection of one microelement of thickness s in the
axial bearing, and the corresponding force analysis is conducted. In
cylindrical polar coordinates, the radial momentum equation can be
written as:

52 52 52
2(r/ vzdz> - / wdr = —= (lde7£Tr
or 0 0 pJo Or P

where 7, is the radial shear stress on the wall surface. p(7) is the pressure
distribution on the rotor endwall. The left terms represent the radial
momentum change brought by the velocity variation in the radial di-
rection. The right first term indicates the effect of the pressure force, and
the last term is the effect of the radial shear stress z,. The tangential
momentum balance gives:

(28)
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2<r2 / ’ uvdz) = - ﬁ’[g ' (29)
or 0 P =

where 7y is the tangential shear stress on the wall surface, and the left
term represents the angular momentum change of the microelement. To
calculate the stress force from the wall, the Blasius empirical relations
[37,39] are adopted. Hence, 74 and 7, are determined from the following
equations. On the rotor endwall, the following can be obtained:

1 * 2 H
_ LA 3 vy
Tx = 0.0225p (;;5) vil(1 K)rw]“{ <7( — K)rw> + 1} (30)
- 0.0225/)(1)%[(1 () L @1
pé (1-K)yro
On the housing endwall, the following can be obtained:
o - ! ; Vo \2 3
T = 0.0225;)(/) @) vo(Kra) {(K—rw) + 1} (32)
_ Y g (20 1V
79 = 0.0225p (p &) (Kro) {(Kra)> + 1} (33)

Substituting Eqs. (17)-(24), (27) and (30-33) into Egs. (28) and (29),
followed by simplification, results in the ultimate non-linear differential
equations:

3/8

5C, 49, 2\ L dK (@?+1)
{6R13/5 Sa57 b1 = K) }RdRo.ozzs{ (1K)

T

(€D)]
2 1 %
(“;)Kl} 72 RIC;/S K—0313a'b(1 — K)’
dP 2R dK
75 = 2RK* + . {Fl (R.K) 7F2(R,K)Rd—R} (35)
SRe3,
where
35 ¢, b 5 2,
Fy (R,K) =go ris K +36(1-K) (8K+ 1) KF
—0.756a % b(1 — K)*{aK +a* (1—K)}
1 3/8 K’ 1/4
C00225] DTy st g2 1) <7>
b/ f
(36)
12
F, (R,K) = 0.207{—4—90%?3‘1/5 +axb(l1—K){a—4ax —4K(a—a
]
37

Here, Egs. (34) and (35) govern the distributions of K and p over the
radial direction, respectively. P, R and S are dimensionless coefficients,

which can be given by P = -2

— I S :
winn R=and § =2, respectively. More-

n
over, Cy is the leakage coefficient from the journal bearing and can be

defined as:

Q::nlerfa('e 1
=——"—"«(Re, ) 38
q AH(UV’? ( € 1) ( )
It should be noted that the calculation domain is also circum-
ferentially discretized into m sectors as shown in Fig. 1(b). There is a set
of mx 2 nonlinear equations in the forms of Egs. (34) and (35) to
determine the spatial distributions of K(r,6) and p(r,6), respectively.
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2.3. Model solution

In Sections 2.1 and 2.2, the analytical models of the fluid flows in the
journal bearing and the axial bearing are established. However, the
boundary conditions at the interface remain unknown, for instance, the
boundary \{alues of K and P at r=ri (Pinterface) and the flow rate at the
interface Qinterface- Pinterface a0d Qinterface can be determined as follows. In
the practical operation of JAHBs, the total inlet flow rate through the
center hole of the rotor, Qi and the ambient pressure p, are given.
Initially, we set an initial value of Pierface and substitute the boundary
conditions of Egs. (2)—-(7) into Eq. (1) to resolve the pressure field in the
journal bearing. Afterward, Qf,,te,face can be calculated by Eq. (16). Ac-
cording to mass conservation, the sum of Q%nte,face along the interface
should equal Qjur. Hence, iterative calculations are conducted by
updating the values of Piperface until the relative error between Qinre; and
ST Qﬁme,face reaches the threshold, 107. In this process, the New-
ton—Raphson method is applied to find Pinterface- Pinterface in constant on
the interface and the derivation can be seen in the Supplementary
Materials.

When given the boundary values of K and P at r = r, Eqgs. (34) and
(35) can be solved by using the Runge—Kutta algorithm with MATLAB.
From the results above, Pinterface can be assigned to Py;. Here, to deter-
mine the boundary value of K at r = ry, the tangential momentum bal-
ance is analyzed in the intersection zone ABCD. Fig. 4 shows the velocity
profiles in Zone ABCD. Considering the momentum transfer process, the
rotor boundary layer and journal bearing take angular momentum into
ABCD through Edges AD and AB, respectively. The angular momentum
leaves for the stationary boundary layer through Edge AD. In this pro-
cess, when the fluid flows over the stationary walls (BC and CD), the
friction works.

Thus, in ABCD, the sum of the angular momentum exit and ingress
should equal that of the friction effect. Moreover, the momentum bal-
ance is described by:

5 1 frh Lem? s
[”2/ u/v’dz’} = —/ rzfsr)dr-ﬁ‘m/ Tcodz
0 r=ry P r P 0
0 ri+h
+ {rlz / uvdz} + / 2V, Vodr

0 r=r rp

=70

(39

where V, and Vj are the axial and tangential components of the leakage
flow into the journal bearing, respectively. From the “one-seven” law
[39], we have:

/L

N\
Vo = wry (Z)7 (40)
= 0.5h\
Vz - Vmax'(1 - W ) (41)
Q::nlerfaae
Vmux = T onian 42
0.82hA0r, 42)

¢ is the thickness of the boundary layer on the cylindrical wall, and
7cp is the tangential shear stress, which is determined by the velocity
distribution on the cylindrical wall. Similar to the assumptions adopted
for the housing endwall, we have:

0.0225p(a + 1) e (K,ﬂ)*

Rer) — \Jn @2
M\
Wy = K, or, (E) (44)

w=m(y) (- “)
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&=fun [ (Re,)t 46)
Wy = [Vo]r, = ﬂKrléUrl 47)

where W, and Wy are the velocity components in the axial and tangential
directions over the cylindrical wall, respectively. The derivation of the
velocity profiles in ABCD can be found in the Supplementary Materials.
The suffix r; represents the value obtained at r = r;. By substituting Eqs.
(40)-(47) into Eq. (36), the following expression of K;, is obtained:

49 ;5 ) (K
%a*b(lfl(,]) +6C4K,|:0.0225(1+E) S+E (a2+1)*<fn'

48

where E = h/r;. Taking Eq. (48) into Eq. (34), the K distribution as a
function of r can be calculated. By substituting K and P,; into Eq. (35),
the pressure distribution on the rotor endwall can be obtained. Fig. 5
shows the flow chart of the whole calculation process. Moreover, the
axial levitation force (F,) and the friction torque of the axial bearing T,
can be given by:

21 Tl
F, = / / prdrdf (49)
0 Jr

21 Ty
Ty = / / P Trodrd (50)
0 ro

The total friction torque of JAHB can be presented by:
Ty =Th +Tp (51)

3. Experimental validation

A levitation force measurement experiment was carried out to verify
the analytical model proposed in Section 2. The general view of the test
bench is shown in Fig. 6(a). The whole system comprises the water loop
and the electromechanical parts. The water loop includes a water tank
for fluid storage, a valve for flow rate control and a pump for fluid de-
livery. In the whole circulation, as Fig. 6(b) shows, the fluid enters from
the inlet pipe and fills the clearance between the rotor and the housing,
thus constituting a typical JAHB. The electromechanical components
include a DC motor, a positioner, a force sensor and a precision
displacement platform. In operation, the rotor is driven by the motor, as
explained in the Supplementary Materials. The axial clearance sz can be
adjusted by the precision displacement platform and the positioner.
Before powering up, the rotor contacts the bottom of the housing. Then,
the displacement platform is adjusted in the axial direction until the
rotor also contacts the positioner. Afterward, the displacement platform
is operated to slowly lift the positioner by the desired s,. During oper-
ation, the rotor levitates and is limited by the positioner in the axial
direction, maintaining the axial clearance at s. Thus, the axial clearance
(s2) can be precisely controlled.

The measurement principle is presented in Fig. 6(c). Notably, the
sensor directly records the axial hydrodynamic force Fyyqy acting on the
housing. Then, the levitation force F, can be derived from the axial
momentum balance analysis. The resultant expression for the axial
levitation force F, takes the following form:

/)Qinler(vnm - Vm) = F‘Amriv - Fu - /)Vf/eamm'eg (52)

where the term pVijearanceg is the gravity of the fluid in the clearance
between the rotor and housing. Qi is given and represents the flow
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Fig. 6. (a) Schematic of the test bench for levitation force. (b) The sectional view of the test bench. (¢) The measurement principle based on the momentum analysis.

rate. vi, and vy represent the fluid velocities through the inlet and
outlet, respectively. When the structure parameters of the test bench are
known, Viegrances Vin and Vo, can be determined. The operating

conditions are summarized in Table 1. For more details, the readers can
refer to our published experimental work [24].
Fig. 7(d) shows a picture of the test facility. Measurements were
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conducted at different rotating speeds and flow rates, and each case was
repeated three times to reduce random errors. The analytical model
proposed in Section 2 is utilized to predict the axial levitation force
under the experimental conditions. Fig. 7(a)-(c) present the calculated,
simulated [24] and experimental levitation forces as functions of the
flow rate for different rotating speeds. The experimental force variation
and the corresponding standard deviation are also plotted. Satisfactory
agreement between the experimental results and the predicted results is
observed, which validates the analytical model. Specifically, at rotating
speeds of 8000 RPM, 9260 RPM and 12315 RPM, the maximum errors
between the measurement and the model are below 15%, 13% and 6%,
respectively. Moreover, the error tends to decrease when increasing the
rotating speed. Compared with the simulation results [24], the
maximum calculation errors are less than 6.3%, 7.33% and 7.04% for
8000 RPM, 9260 RPM and 12315 RPM, respectively. However, for the
same case, the CPU time required for the model is approximately 25 s in
MATLAB, rather than 2.6 h for the numerical simulation. Thus, the
analytical model is quite efficient and the code is easy to be coupled with
the optimization algorithm, thus enabling the quick design of JAHB. For
all the working conditions covered in the experiments, the axial levita-
tion force increases almost linearly with the flow rate. Moreover, the
levitation phenomenon is observed, as shown in Fig. 7(e) and (f). We can
see that compared with the initial state, the rotor is uplifted by the axial
levitation force in the operation state.

4. Results and discussion

On the basis of the analytical model, the dependence of the bearing
characteristics, such as the load capacity and the friction torque, on
multiple design parameters are analyzed in this section. Moreover,
mechanistic insights into the close coupling between the journal bearing
and the axial bearing, and therefore the influences on the lubrication
performance, are presented in this section. Furthermore, the parameter
settings are summarized in Table 1.

4.1. Investigation of the coupling effects

Fig. 8(a)-(c) present the overall view of the pressure field in JAHBs
for different eccentricities at @ = 20000 RPM and Qinjer= 40 ml/min in
non-inclined conditions. Due to the eccentric rotation of the rotor, the
pressure gradients in the journal liquid film are circumferentially
varying in nature, and pressure spikes and pressure valleys occur. It can
be seen that the pressure rises radially on the rotor endwall as expected,
thus confirming the levitation phenomenon. However, due to the un-
even pressure distribution in the journal liquid film, the variation in the
flow rate on the film interface is a function of the circumferential angle
6, causing the pressure field of the axial bearing to be inhomogeneous in
the circumferential direction, as displayed in Fig. 8(a)-(c). Moreover,
Fig. 8(d)-(f) show the interface flow rate (Q?n[e,fﬂce variation with @ at
different eccentricities (e) and rotating speeds (w). The results show that
the non-uniform distribution of Qfme,face is more obvious with increasing
eccentricity and w. Furthermore, the profiles of u’, v’, u and v in the axial
bearing, which are described by Eqs. (17), (18), (20) and (21), are dis-
played in Fig. 9(a) when 0 = 0. Here, the housing endwall is located at
z = 0, and the rotor endwall is located at z = 1 mm. The insert diagram
shows the top view of the JAHB and the selection of the circumferential
angle 0. From Fig. 9(a), there exists a “core zone” in the axial bearing,
where the tangential velocity remains constant and the radial velocity is
zero. From the pressure distribution on the rotor endwall in Fig. 9(b), the
fluid pressure increases along the radial direction due to the centrifu-
gation force, while the pressure is asymmetric in the tangential direction
caused by the circumferential-varying interface flow, as shown in Fig. 8
(d)-(f). Furthermore, to evaluate the effects of circumferential-varying
interface flow on the pressure field, the radial pressure distributions
on the rotor endwall at anterface =-49x10°% —25x10° o0,
2.5 x 10 and 4.9 x 10 m3/s are presented in Fig. 10(a). We can see
that with the increase in Qfme,face, the pressure curve rises. The mecha-
nism of this change is presented below.

A negative Q%nterface indicates that the fluid flows into the axial
bearing, and this inward flow acts as an accelerated flow. When the
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inward flow takes angular momentum into the axial liquid film, a sig-
nificant increase in the tangential velocity occurs in the core zone, which
means a larger K. Moreover, the tangential velocity difference between
the rotor and the fluid will decrease, resulting in a thinner boundary
layer on the rotor, as shown in Eq. (23). Fig. 10(b) displays the plots of
the boundary layer thickness and K as a function of the radius for
different Qﬁnte,face Aty —r;, 0.9 r7 and 0.8 r;. The results show that § in-
creases with Q{:m,face, while K decreases with Q;:nterface’ manifesting the
acceleration effect of the inward flow. Considering the form of Eq. (28),

the term appearing with g > u?dz becomes larger when K increases,
causing a higher gradient of p and a more significant pressure reduction
toward the disc center. The boundary theory illustrates that the velocity

gradient mainly appears in the thickness direction. Then, the influence
of the first term in Eq. (28) can be neglected. On the other hand, since
the inward flow enters the stationary boundary layer, as shown in Fig. 2
(b), the radial velocity increases, causing a larger zs,. However, g, de-
creases because of the smaller vo* at higher K, according to Eqs. (19) and
(30). Hence, the shear stress term in Eq. (28) decreases, also resulting in
higher dp/dr. Moreover, from Fig. 10(a), when Q%nte,face changes from
0 to — 4.9 x 10°® m3/s, the minimum value of the pressure decreases
from 24.84 KPa to 22.83 KPa. However, when Q{:nte,face increases from
0 to 4.9 x 10° m®/s, the minimum value of the pressure only increases
from 24.84 KPa to 26.25 KPa. It can be concluded that the influence of
Q,ime,face on the pressure field becomes weaker with increasing Qﬁ,lte,face.
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Notably, the overall pressure value in the axial bearing is closely
related to the boundary value Pinerface, Which is determined by Qe
through the journal bearing. For the journal bearing, the fluid flows
from the bottom end to the upper end, and in this process, the fluid must
overcome the ambient pressure p, and the flow resistance Ryoy. Raow can
be defined as:

Pim erface — Pa
RﬂUW N Qinlet (53)

Thus, given the ambient pressure p, and flow rate, Pierface is inher-
ently determined by Rg,w. Hence, the dependence of Rgqy on various
operation parameters is quantified.

Fig. 11(a) presents the plots of Ry as a function of the eccentricity
for different rotating speeds at Qiner = 40 ml/min. It is obtained that
Rpow obviously decreases with increasing e. A threshold of the eccen-
tricity (ecriticar) €Xists, below which Rgqy increases with a rotating speed
(w), but the contrary is true when e>eciticq. Furthermore, the variation
in Ryow as a function of Qi is plotted in Fig. 11(b)-(d) at e= 0.3, 0.5 and
0.7, respectively. The results show that there is a positive correlation
between Rpoy and Qinier, and the increasing trend becomes slower at
lower w and larger e. Additionally, it can be inferred from Fig. 11(b)-(d)
that ecritical increases when Qi increases. Fig. 11(e)-(f) display the
variation in Rgoy with the inclination angle ¢’ and inclination extent Dy,
respectively. The results show that R, almost linearly increases with
Dy, but first increases with ¢’ when ¢’ < 90° and then decreases with ¢’
when ¢’ > 90°.

4.2. Lubrication performances in different positions

Due to the non-rigid characteristics of JAHBs, the rotor’s position
changes during operation. The analytical model is utilized to explore the
load capacity and the friction feature under different eccentricities and
axial clearance (sz). Fig. 12(a) shows the levitation force variation
curves with e at w = 20000 RPM and Qiye= 40 ml/min. It can be
observed that the radial levitation force (F,) increases exponentially
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with an increasing eccentricity, which is consistent with the larger
pressure difference shown in Fig. 8(a)-(c). However, the axial levitation
force (F,) decreases with an increasing e. From the analysis above, the
flow resistance of the journal bearing (Rpey) declines with e, thus
resulting in a reduction in Pjserfece based on Eq. (53). Furthermore, as
shown in Fig. 8(d)-(f), since the unevenness of the leakage flow is
intensified with eccentricity, both the inward flow and the outward flow
are enhanced. However, from the analysis presented in Section 4.1, the
reduction effect of the inward flow is more obvious than the enhance-
ment effect of the outward flow on the pressure distribution. Thus, both
the flow rate change and the Piperface reduction brought by an increasing
eccentricity led to a decline in F,. Fig. 12(b) presents the plots of the
levitation force as a function of s,. F, remains unchanged when s, varies.
However, the effect of increasing sz on enhancing F, is not obvious and
saturates. When s, increases from 1 mm to 3 mm, F, only faintly in-
creases by 0.23 N. From this phenomenon, it can be inferred that the
terms appearing with 2R¢/(SRe!/%) in Eq. (35) are quite small and may
be eliminated for simplification. Moreover, the centrifugal force term
2RK? dominates the pressure distribution. Since the gravity of the rotor
is only 0.14 N, the levitation force is one order of magnitude larger than
the gravity in each direction, manifesting the excellent load capacity of
the JAHB.

The total friction torque (Tp) distribution of the JAHB and the ratio of
the journal bearing friction are presented in Fig. 12(c) and (d), respec-
tively. Due to levitation, the friction torque of the JAHB is dramatically
reduced, and Ty is less than 1 mN-m at 20000 RPM, as shown in Fig. 12
(c). Furthermore, s has a slight enhancing effect on Ty, and Ty is also
aggravated by the eccentricity. Fig. 12(d) illustrates that the journal
bearing is the main source of the friction torque, which provides more
than 67% of Ty Additionally, the ratio of the journal bearing friction
increases slightly when enlarging the eccentricity and decreasing sg.

4.3. Lubrication performance under different operating conditions

Regarding the JAHB, the inlet flow rate (Qjnier) and the rotating speed
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(w) are the primary operational parameters. Here, the relationship be-
tween the levitation force and Qi is plotted in Fig. 13(a). At e= 0.5 and
s2= 1 mm, the results show that F, almost linearly increases with Qjner,
which is consistent with the experimental data. Moreover, this increase
can be explained by the increase in the boundary pressure (Pizerface) with
an increasing Qjuie, according to Eq. (53). Although Pyygerfce increases, Fr
doesn’t change, since the enhancement of the overall pressure is
neutralized during the integration of Eqgs. (13) and (14). Fig. 13(d) de-
picts the variation in the levitation force as a function of w. It is illus-
trated that when w increases, a linear correlation holds between F;, as
described by Eq. (1), in which all the pressure terms are linearly coupled
with . However, F, decreases significantly with an increasing w. The
mechanism may be attributed to the dominance of the centrifugal force
term 2RK? in Eq. (35). This term is proportional to w? based on the
dimensional analysis, which leads to a larger pressure gradient from the
disc periphery to the disc center.

Additionally, the dependence of the friction torque on Qj; and w is
displayed in Fig. 13(c) and (d). As expected, Ty dramatically increases
when o rises. Specifically, a 138% increase in Ty is obtained when the
rotating speed changes from 12,000 RPM to 22,000 RPM. It seems that
the axial friction rises more rapidly with @ since the journal bearing
friction accounts for a reduced ratio of Trat higher w, as shown in Fig. 13
(d). However, the friction feature of the JAHB shows no obvious rele-
vance to the flow rate, as illustrated in Fig. 13(c) and (d).

4.4. Effect of the inclination on the lubrication performance

During operation, the external force moment and the asymmetric
pressure distribution on the end face of the rotor may cause an incli-
nation in the rotor. Fig. 14(a) and (b) show the change in the levitation
force with the inclination parameters, including the direction angles ¢’
and inclination extent D,,, when e = 0.5. From Egs. (9)-(11), the incli-
nation angle o decreases with Dy, and reaches a maximum at ¢’ = 90°. In
the case of e = 0.5, the maximum «a is 2.32° at D;, = 1 and ¢’ = 90°, and
the resulting extreme deviation of sz is 0.51 mm. Because F, is not
sensitive to sy, the impact of a 0.51 mm change in s, on the variation in
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Fg is less than 3.2% according to the results in Fig. 12(b). Thus, the in-
fluence of the inclination on the axial clearance of the axial bearing is
neglected. Fig. 14(a) shows that F, rises to a maximum value at ¢'= 90°
and then falls with an increasing ¢’, which is consistent with the ten-
dency between Rgoy and ¢’. F; is almost unchanged with ¢’ at small Dy,
but at high Dy, F; fluctuates with ¢’, and a local maximum point can be
observed at ¢’ = 90°. Generally, the fluctuation of F,. when changing ¢’
is not obvious, and the extreme deviation of F; is only 0.117 N when D,
= 0.8. From Fig. 14(b), it can be seen that Fj slightly increases with Dy,,
which may be related to the linear relation between Rg,y and Dy, while
F, increases faster with an increasing D;,. The average increase in F, at
various ¢’ is only 0.27 N when D, increases from 0 to 0.8. The T dis-
tribution of the JAHB is shown in Fig. 14(c) and (d). It can be seen that
both Tyand the ratio of Tf; reach the peak at ¢’ = 90° and increase with
D

5. Conclusions

In this work, a turbulent lubrication model of a novel journal-axial
coupled hydrodynamic bearing (JAHB) is developed. In this model,
the fluid flow in the journal bearing and that in the axial bearing are
bridged to predict the whole pressure field in the JAHB. The momentum
transfer behavior on the interface between the journal bearing and the
axial bearing is investigated. The results show that the interface flow is
asymmetric with the eccentricity of the journal bearing and therefore
causes pressure unevenness in the axial bearing. Mechanism analysis
reveals that the centrifugal force acting on the fluid dominates the radial
pressure distribution of the axial bearing and enlarges the pressure drop
from outlet to inlet. The inward flow into the axial bearing accelerates
the angular motion of the fluid and therefore weakens the pressure field,
while the outward flow enhances it. The proposed model has been
validated by the experiment with less than 15% error for the whole
range of working conditions. Furthermore, the model is utilized to
investigate the lubrication performances under various operating con-
ditions. At the rotating speed of 20000 RPM, the load capacity of JAHB is
one order of magnitude larger than the rotor’s gravity, while the friction
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Fig. 13. Levitation force of the JAHB at e= 0.5 and s,= 1 mm under (a) different rotating speeds and (b) different inlet flow rates. (c) The friction torque distribution
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Fig. 14. Levitation force of the JAHB at e= 0.5 and s;= 1 mm under (a) different inclination direction angles ¢’ and (b) different inclination extents D,,. (c) The
friction torque distribution with ¢’ and Dy,. (d) Distribution of the friction torque ratio of the journal bearing with ¢’ and Dy,

torque is less than 1 mN-m. Therefore, the JAHB may be a promising
option for reliable bearings in high-speed turbomachines.
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