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Abstract: A new method is proposed to solve the hydrodynamics performances of a fluid lubricated
screw-nut pair using FLUENT. Before the simulations, the Computational Fluid Dynamics (CFD)
model of the gap flow field is built, based on some approximation rules. During the simulations, the
dynamic mesh technology is employed to realize the real-time update of the grids of the computa-
tional domain. For a given velocity perturbation, the stiffness and damping coefficients of the sys-
tem are solved using the finite difference method, and the influences of the perturbations on the
system are compared among different ranges. With the fluid—solid interaction and the real-time
restriction of the restrictors considered, the system is solved under different loading conditions. A
more accurate solution method for the dynamic stiffness and damping coefficients is provided, and
the dynamics characteristics of the system after loading are analyzed. On this basis, a qualitative
and quantitative comparison is carried out between the method based on the simplified Reynolds
equation and the proposed method in this paper, showing the latter superiorities in illustrating the
field. A general understanding of the dynamics properties under different loading conditions of the
system is obtained through this research, providing a basis for the precision control of the system
in the future research.

Keywords: fluid lubricated screw-nut pair; stiffness and damping coefficients; finite difference
method; dynamic mesh technology; fluid-solid interaction

1. Introduction

The screw-nut pair is a kind of mechanical linear actuator that converts a rotational
motion into a linear motion, and it is widely used in various types of industrial equip-
ment, such as machine tools, presses, and jacks [1-3]. With the development of precision
manufacturing technology, the requirements for the precision of machine tools are be-
coming higher and higher. As an important transmission mechanism in machine tools,
the screw-nut pair is taken as the key to improving the transmission accuracy of the sys-
tem. In the precision manufacturing and processing fields, the fluid lubricated screw-nut
pair is often used to replace the ball screw-nut pair, because of its excellent lubrication
and damping of vibrations. In order to control the accuracy of the system more effectively,
it is necessary to study its transmission mechanism and hydrodynamics characteristics. A
series of numerical simulations are usually carried out to increase the understanding of a
physical process in many engineering applications. When some problems that do not
meet expectations occur, the system can be modified and improved in a timely way, en-
hancing the reliability of the system and shortening the developing period and cost.

Numerical modeling is the basis of numerical simulation. Scholars usually simplify
the hydrostatic and aerostatic leadscrews into the series connections of various thrust
bearings, using diverse approaches. For example, the helical gap flow field was simplified
as multiple annular flow fields through the axial projection, by such scholars as Matataro
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and Akira [4], Satomi and Yamamoto [5], Shen [6], Luo and Zhao [7], Zhong [8], and Xin
[9]. With the lead angle and thread angle considered, El-Sayed and Khataan [10-12] ex-
panded the intermeshing helicoids within a pitch into a pair of annular-sector planes, ac-
cording to some approximate rules. On this basis, the pressure distribution of the gap flow
field of an aerostatic lead screw within a pitch was obtained by Susumu [13], and simula-
tion analyses of the hydrostatic lead screws under different driving modes were per-
formed in MATLAB by Zhang [14-17], Lu [18]and Liu [19].

In the above research into fluid lubricated nut-screw pairs, the judgment of the flow
regime was not carried out, and the flows were almost assumed as laminar for the sake of
simplicity. A parameter named the Reynolds number was proposed by Osborne Reynolds
to predict the flow regime of the pipe flow, and its critical value was then put forward
[20]. On this basis, the methods for calculating Reynolds numbers and the critical values
were developed to judge the flow regimes in computational domains with different geo-
metric shapes. For example, the flow between two plane parallel surfaces in [21] was re-
garded as a flow in a wide duct, and therefore the way in which the flow regime was
judged was consistent with that in the rectangular duct cases. At present, the mature ap-
plications, in which the Reynolds number is used to judge the flow regime, focus on var-
ious pipe flows and their extensions. In this research, apart from the pipe flow in the re-
strictor, there is not only a shear flow, but also Poiseuille flow, due to diffusion from the
recess. And besides, there are also flows in the direction of the oil film thickness when the
system is loaded. For such flow involved in this research, currently there are few convinc-
ing researches in which the formulas for Reynolds numbers and the critical values were
put forward to judge the flow regimes. If the flow regime in the recesses and sealing sur-
faces in this research is judged according to the methods applicable to the pipe flows, in
order to calculate the Reynolds number, the flow in the gap flow field would be assumed
to be unidirectional, as with the pipe flows, to obtain a mean velocity, and the motions of
boundaries of the computational domain would also be ignored.

The velocity and displacement of the table in the axial direction are the focus of the
research into the fluid lubricated nut-screw pairs, and any factor associated with the thick-
ness of the gap fluid may play a role in their variations. Especially in a high-precision
system, due to the narrow gap between the screw and the nut, a small change of any pa-
rameter may produce a considerable influence on the motion accuracy of the table. If the
flow regime in this research is judged according to the methods applicable to the pipe
flows, the mean velocity would be obtained at the expense of the motions in the other two
directions. Although the velocity in the shear flow is much larger than those in the other
two directions, this research comes from a precision manufacturing and processing pro-
ject, which aims at improving the accuracy of the motion in the direction of the oil film
thickness. Therefore, apart from the flow in the restrictor, the flows in the recesses and
sealing surfaces cannot be considered as simple pipe flows in this research, and such an
operation, in which the flow regime is judged through a mean velocity, is obviously not
suitable for this research.

Therefore, the qualitative judgment method was employed to judge the flow regime
in this research, according to the definitions of the laminar and turbulent flows. The fluid
in the laminar flow tends to flow without lateral mixing, and there are no cross-currents
perpendicular to the direction of flow. However, in contrast to a laminar flow, the turbu-
lent flow is irregular and very complex [22]. Most flows occurring in nature or created in
engineering applications are turbulent. According to the above analyses, the flow in this
research is obviously complex, owing to the irregular mixing of multiple flows. Therefore,
the flow was considered as turbulent in this research.

The time-averaged method is usually employed to solve the turbulent field, and any
flow variable of the fluid particle is considered to be the composition of a time-averaged
component and a fluctuation component [23]. The Reynolds-averaged Navier—Stokes
equation is then deduced from the Navier-Stokes equation, according to the thought. The
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generation of Reynolds stress in the process leads to some auxiliary equations being re-
quired to enclose the flow equations, which is usually realized using some turbulent mod-
els in the Computational Fluid Dynamics (CFD) software at the present time. However,
the new variables were neglected for convenience in the above numerical research, when
the Reynolds equations were deduced from the Navier-Stokes equations using the aver-
aging method. That is, the influence of the turbulent fluctuation on the average flow was
neglected, and the flow in the field was regarded as laminar. Meanwhile, for the sake of
simplicity, not only were the inertia term and the viscous force term ignored or greatly
simplified, but also the momentum equation in the direction of the gap thickness was
neglected, due to the narrow size of the clearance.

As mentioned above, the core of this research lies in the dynamic characteristics in
the direction of the oil film thickness. When the Reynolds stress is ignored, the effect of
the turbulent fluctuation on the average flow would be not considered, which would
heavily affect the fluid pressure applied to the screw and nut, and reduce the accuracy of
the simulation. Hence, the flow cannot be assumed as laminar directly for the sake of sim-
plicity, like the flows in some fluid lubricated bearings. Furthermore, the neglect or sim-
plification of the inertia force and the viscous force would result in the variation of the
fluid pressure acting on the screw and nut as well, impacting on the axial motion of the
table. In addition, the neglect of the pressure and velocity gradients in the direction of the
gap thickness is also inadvisable in a system whose accuracy is of a high standard.

A comparison based on the dynamic coefficients of sliding bearings was made be-
tween the method based on the simplified Reynolds Equation and the CFD method by
Troy and Minel [24], and it was found that the dynamic coefficients of the bearings with
the complex geometric features and physics were very difficult, or even impossible to be
described by the simplified Reynolds Equation. It was proved by Sahlin, Mori, Tucker, et
al. [25-27] that the CFD method was superior to the simplified Reynolds equation in illus-
trating the complex flows.

Moreover, in the previous numerical research into the lubricated screw-nut pairs, an
active mode, in which the solution process started from a given displacement fluctuation,
was adopted, when the dynamics characteristics of the loaded system were solved. Ignor-
ing the interaction between fluid and solid, the field was solved on the basis of the condi-
tions set in advance, and then, within each unit angle the solution was iteratively modi-
fied, according to the kinetic equilibrium theory. Hence the variation of the clearance was
a constant under a constant external load and angular velocity of the screw, when the
geometric and manufacturing errors were not taken into consideration. However, the fluc-
tuations of the velocity and the displacement vary with the dynamics state of the system,
and cannot be given in advance in practical industries. Furthermore, an absolute dynamic
equilibrium is absent, due to the turbulent fluctuation and the interaction between the
fluid and the solid. Consequently, there is a non-ignorable deviation between the results
based on the previous method and the actual flow field.

With the development of computational fluid dynamics, professional software such
as FLUENT is widely used in various computational fluid researches [28-30]. Apart from
a wide range of applications, there are a variety of solution models and methods in FLU-
ENT which have been confirmed by the projects, resulting in the CFD model being solved
with the most ideal solution of speed and accuracy. Furthermore, a friendly user interface
is provided in FLUENT, and the flow condition at any time can be visualized.

In view of the disadvantages of the existing method, with the physical model simpli-
fied using the approximation approaches proposed by El-Sayed and Khataan [10-12], it
was proposed that the turbulent models in FLUENT were employed to solve the Reynolds
stress created in the time-averaged process. In addition, the dynamics characteristics of
the system were solved in a passive mode, using the dynamic mesh technology in FLU-
ENT, realizing the fluid—solid coupling. With such operations, the simulation results can
be closer to the actual flow conditions than those based on the previous method.
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2. Materials and Methods
2.1. CFD Modelling for the Gap Flow Field of a Fluid Lubricated Screw-Nut Pair
2.1.1. Simplification for the Fluid Domain

According to [10-12], as shown in Figure 1, the green helical surface within a pitch is
developed into an annulus-sector plane in yellow, and there are the following relation-
ships between the surfaces before and after the unfolding;:

6S(?C_l’l’l=27—CK (1)
Vo i = Thi K; (2)
rsec?o = rh70K0 (3)
rsec = rh +e (4)
cosx n, ,»2 2 1
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- (6)
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1
= )
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o Tho " Thi
e=—= == -1
cos cosA, ) 8)
rh_o i
cosA,

Based on the relationships in Equations (1)—(8), an annulus-sector cylinder corre-
sponding to the gap fluid within a pitch was obtained. As shown in Figure 2a, the two
generatrixes named “ab ” and “cd” on the section of the cylinder are rotated along the
circumferential direction of the axial section until they coincide with those named “a’b’
“and “c’d’” on the other side, and then a concentric annulus cylinder is obtained as the
Computational Fluid Dynamics (CFD) model of the fluid domain. With something similar
applied to the nut and screw, the dynamics problems of the screw-nut pair were converted
into those of the thrust bearings.

Figure 1. Diagrammatic diagram of the equivalent relation between the helicoid in a pitch and the
annulus-sector plane.
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In this paper, a fluid lubricated screw-nut pair, in which the screw performed a two-
degree-of-freedom motion about the rotating axis, was selected as a research object. In the
system, the nut is static, and the screw is rotated clockwise, together with a translation
along the rotating axis. According to the rules in Equations (1)-(8) and the transformation
method in Figure 2a there exists the following relationship between the converted thrust

bearing and the screw-nut pair within a pitch: the screw is rotated by 2T turn corre-

spondingly, when the bearing is rotated by 1 turn. The computational domain of the sys-
tem is shown in Figure 2b,c.

(b) (©)

Figure 2. Fluid domain of a fluid lubricated screw-nut pair. (a) Establishment method of CFD
model. (b) Schematic diagram of computational domain. (¢) CFD model in FLUENT.

When the CFD model was solved, the angular velocity of the screw also needed to be
transformed, as seen in Equation (9).

0
— _sec_m Q (9)

Q
Yoo



Machines 2022, 10, 970

6 of 25

Here, Q is the angular velocity of the screw. Q, is the angular velocity of the
thrust bearing transformed from the screw, according to the approximation rules.
For convenience, the side with a larger coordinate on the Z__ -axis was named as

the upside of the screw, and the converse was the downside. Similarly, the same was ap-
plied to the nut and the gap oil film.

2.1.2. Meshing

While using the dynamic mesh technology and the unstructured grids [31-34], a cell
with a negative volume or poor quality may be detected. To avoid such conditions, the
computational domain in this paper was divided into 1.728x10° structured grids in
ICEM CFD, obtaining a grid quality of 0.999669, and there were ten elements in the di-
rection of the clearance thickness. Part of the grids are displayed in Figure 3.

Figure 3. Structured grids of the computational domain.

2.1.3. Governing Equations

An isothermal, incompressible and constant viscosity turbulent flow was supposed
to occur in the gap between the screw and nut, and the body force was neglected. The
transient Navier-Stokes equation and continuity equation of the flow field are shown in
Equations (10) and (11), respectively [35].

ou ou ou 1 op n,0u 0u 0Ju
u +v +w == +-2 + + )
oX, oy, oz, poX, p oxX*, oY, oZ°,
2 2 2
uav+vav+w60=_15p+ﬂ(60+8v+6v) (10)
a'}<S€C a‘YSCC aZSCC p aYSEC p aXZSt’C aYzSt’C aZZSt’C
ow ow ow 1 n,dw w w
u +0 +w =_ +—= + + )
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where u, v and w represent the velocity components of any particle in the X, v _
and Z__-axis direction, respectively.

The flow equations were decomposed using the time-averaged method. The realiza-
ble k-& turbulent model in FLUENT was adopted to enclose the time-averaged equa-
tions. A pressure-based transient solver was selected, and the SIMPLEC algorithm was
used for the coupling of the pressure and velocity. In the iterating process of each time
step, the calculation was considered to be converged when the residual value of each

physical quantity was less than 1x107°.
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2.1.4. Boundary Conditions

The boundary conditions of the fluid domain are displayed in Figure 2b,c. The types
of inlet and outlet were selected as pressure-inlet and pressure-outlet, respectively. In ad-
dition, the inlet pressure varied with the real-time regulation and compensation from the
restrictors. A real-time motion control of the screw was realized, using the dynamic mesh
technology in FLUENT.

2.2. Restrictor Setting

The capillary restrictor was adopted to regulate the inlet pressure [16,36] in this pa-
per. The resistance is:
12811,
c ﬂdf

Here, n is the viscosity of the oil, ;| and 4_ are the length and the diameter of the

R

(12)

capillary restrictor, respectively. The restrictor factor C_ is the reciprocal of R_.

The resistance of the continuous recess of the thrust bearing is expressed as follows
[37]:

rsyc ri rsec 0
In=LIn ==
_ 617 r;iec_i rsef_ro

R =—*~ == ==
b
y T(h3 ln rsecji rsecﬁa
r. . rT
sec_i sec_ro

h is the thickness of the gap oil film. . and r _ are the inner and outer radiance of

o

(13)

the transformed bearing, respectively. r ~ and r are, respectively, the inner and

sec_ri sec_ro

outer radiances of the recess after being converted.
In line with the flux conservation law, Equation (14) was employed to compute the
recess pressure of either side of the nut [16,36]:

rT/B= R s C (14)

b_r
P, is the oil supply pressure, Q is the flux in and out of the recess, P, and P,

are the upper and lower recess pressures, respectively.

3. Results and Discussion
3.1. The Computation of the Stiffness and Damping Coefficients
3.1.1. Solution Method

The stiffness and damping coefficients are commonly solved to study the stability of
the system, and the finite difference method and the partial derivative method are the
most frequently used methods [38,39]. In this paper, it was proposed that the flow field
be solved based on the Reynolds-averaged Navier-Stokes equation and the turbulent
model in FLUENT. On this basis, the finite difference method was employed to solve these
coefficients.

The oil film force acting on the screw changes when it suffers a perturbation at the
equilibrium position, in which the oil film thicknesses and the pressures of both sides of
the screw are the same. When a small perturbation occurs in any direction, the variation
of the oil film force can be linearized according to the perturbation theory, and meets the
following relationship with the displacement and velocity perturbations [40]:

AF =SAZ+CAE (15)
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Here, AF is the variation of the oil film force caused by the perturbations. S and

C are the stiffness and damping coefficients, respectively. A& and A& represent the
displacement and velocity perturbations, respectively.

It could be drawn from [14-17] that the normal component accounted for a much
larger portion of the axial force than the others. Therefore, dynamics performances in the
normal direction were employed to evaluate the axial performances of the system in this
paper.

3.1.2. Calculation Case
For a non-loaded system, different velocity perturbations inthe 7 -axis direction

were applied to the screw at the dynamic equilibrium position, and then the variations of
the oil film force and the displacement caused by the perturbations were analyzed. The
velocity perturbations were setas 3um/s, 30um/s and 300um /s, respectively. The
oil supply pressure was 5 MPa, and the angular velocity of the screw was taken as
3000 rpm . The other parameters of the system are displayed in Table 1.

Table 1. Main parameters of the system.

Parameter Symbol Units Value
Inner radiance of the nut Ty i m 0.0235
Inner radiance of the recess B i m 0.0265
Outer radiance of the recess Th 1o m 0.0295
Outer radiance of the screw o m 0.0325
Thread angle a rad g
Pitch P m 0.025
Initial clearance h, m 3x10°
Oil density P kg/m’ 875
Oil viscosity n Pas 0.0193
Restrictor factor C, m’ / (Ns) 0.04

As shown in Figure 4, the displacement of the screw from the equilibrium position
inthe Z_, -axis direction is represented by Az, which is also the variation of the thick-
ness of the gap oil film. In addition, F on the vertical axis represents the total oil film
force acting on the screw in the Z_,  -axis direction. The simulation results under the ve-
locity perturbations of 3 um/s, 30 um/s and 300 pm/s are displayed by the
curves in blue, red, and yellow, respectively.
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Figure 4. Variations of oil film forces with displacement and velocity perturbations.

It can be seen that there is an approximate linear relation between Az and F ina
short time for a given velocity perturbation. With the same Az acquired, the larger the
velocity perturbation, the smaller the variation of the oil film force. The reason is that it
takes a shorter time under a large velocity perturbation to obtain the same displacement,
leaving a shorter reaction time for the restrictors. Therefore, compared with the other two
curves, a lesser role is played by the restrictors in the yellow curve, to produce the least
variation in the oil film force, to prevent the growth of Az.

When Az is very small, the three curves in Figure 4 are very near to each other.
However, the distances from on to the other increase gradually with the growth of Az. It
can be found that the red curve is closer to the blue curve, compared with the yellow one.
As previously mentioned, owing to the short reaction time for the restrictors, the sensitiv-
ity of the oil film force to Az is almost the same under all cases, when the screw initially
suffers a small perturbation. Hence, the distances between the random two curves are
initially very narrow. Subsequently, Az increases gradually, due to the velocity pertur-
bation. As shown in the blue and red curves, it takes more time than the yellow one to
obtain the same Az . Therefore, the restrictors have a greater impact on the flow field un-
der the two cases, followed by the phenomenon in Figure 4.

According to Equation (15), it takes 0.002 s to obtain the stiffness and damping co-
efficients of 1.393x10° N/m and 2.787x10° N s/m , respectively, when the axial veloc-
ity perturbation is 30 pm/s. The average stiffness coefficients corresponding to a Az

of 3x10° m are 1.6x10° N/m , 1.41x10° N/m and 7.28x10’ N/m , respectively,
when the velocity perturbations are 3um/s, 30um/s and 300um/s. It is thus clear
that the stiffness of the system decreases with the growth of the velocity perturbation in
the situation of the same Az. Through the above analyses, a rough knowledge of the in-
fluences of the perturbations in different ranges on the system was acquired, which could
provide a reference for defining the acceptable scope of the perturbations according to
different requirements.
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3.2. Dynamics Analyses of a Fluid Lubricated Screw-Nut Pair Based on the Fluid—Solid
Interaction

As mentioned in Sections 2.1 and 3.1, a fluid lubricated screw-nut pair, in which the
rotation of the screw was transformed into its translation, was selected as a research object
in this paper. The pitch and yaw of the screw were not considered. Only the dynamics

properties in the Z_, -axis direction were studied in this paper, in order to provide a

C

basis for improving the axial accuracy of the system in the future research.

3.2.1. Translational Motion in the Z_, -Axis Direction

C

According to the theory of rigid body dynamics, with the forces acting on the screw
analyzed, the axial motion of the screw can be solved by numerically integrating Equation
(16):

Eo+E +F, =ma (16)
where E, and E, are the fluid pressures applied to the two sides of the screw, F, is

ex

the external load applied to the screw; m is the mass of the thrust bearing corresponding

to the screw within 2 pitch, and a is the translational acceleration in the Z, -axis

direction.
When 4 =0, the thickness of the gap oil film is invariant. When a= 0, a translational
motion around the equilibrium position is carried out by the screw with a variable speed

inthe Z, -axis direction.

3.2.2. Fluid-Solid Interaction

The solving process of dynamics characteristics based on the fluid—solid interaction
is shown in Figure 5.

mn

Set initial speed, position

Solve the fluid equations
Enter the external load

Obtain the forces acting on the screw

Output the new speed at the current time

Reach required time

End

Figure 5. Solving process of dynamics characteristics using the dynamic mesh technology.
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Differently from the previous method based on the kinetic equilibrium principle,
Equation (16) was solved using the motion solver in FLUENT, realizing the loading of the
system and the dynamics solution of the screw, and then the translational motion of the
screw around the equilibrium position was updated. In the meanwhile, such dynamic
mesh methods as remeshing, smoothing and layering in FLUENT were employed to up-
date the volume mesh in the deforming regions, which were subject to the motions de-
fined at the boundaries of the computational domain. The updated flow field was then
solved to obtain a new hydrodynamics state of the system. The process was repeated until
a given time.

3.2.3. Dynamics Properties under an External Load

The dynamics properties of the system were solved and analyzed under such param-
eters as displayed in Tables 1 and 2.

Table 2. Working parameters of the system.

Parameters Value

P, (MPa)

60
Q (rpm) 1500
3000

1

F, (N) 10
100

Initially, the external load and oil supply pressure ranges were roughly estimated
according to the workers” experiences, and the threshold values calibrated on the existing
similar products. The ranges of estimated values were then corrected, according to the
variation of oil film thickness obtained in the simulations. It was found that when the

system was subject to an external load of 1000 N, a phenomenon in which Az>h,

arose, which was not allowed. Therefore, with the current parameters in Tables 1 and 2,
only within the loading range of 1~100N were the dynamics behaviors of the system
solved and analyzed in this paper.

While the screw suffers different external loads within 1~100 N, how Az varies
is displayed in Figure 6. Taking Figure 6a as an example, “5MPa, 3000rpm, 1N ”

means that the oil supply pressure is 5MPa , the angular velocity of the screw is
3000 rpm , and the external load is 1N .
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22(x10™ m)

0.000 0.002 0.004 0.006 0.008 0.010

rz((x1 UJm)

0.000 0.002 0.004 0.006 0.008 0.010

22(x10°m)

0.000 0.002 0.004 0.006 (L.008 0.010

22107 m)

0.000 0.002 0.004 0.006 0.008 0.010
(d)

22(x10™ m)

0.000 0.002 0.004 0.006 0.008 0.010
(e)

Time(s)

Figure 6. Variations of Az under different external loads and oil supply pressures. (a) “5MPa,
3000rpm , 1IN ”; (b) “5MPa, 3000rpm , 10N ”; (c) “5MPa, 3000 rpm , 100N ";(d) “3MPa,
3000 rpm , 10N ”; (e) “3MPa, 3000 rpm , 100N ”.

As shown in Figure 6a—e, there is a sharp rise in Az of the screw after loading, and
then a downward trend is shown by Az in the form of a cyclical fluctuation around
some value. It can be seen that when the system is loaded for approximately 0.01s in the
simulations, the fluctuation in each case becomes very small, and the value of Az can
be roughly determined and distinguished from the others. As a result of the irregular tur-
bulent fluctuation of the fluid particle, the screw cannot reach an absolutely steady state
from the perspective of rigid body dynamics. Therefore, the fluctuation does not disap-
pear, even if it gets smaller and smaller. That is to say, the loaded system reaches a rela-
tively steady state over time, in which Az shows a dynamic fluctuation around a value
within a tiny range. It was found in the simulations that the shorter the update interval of
the grids was, and the longer the flow time was, consequently, the closer to the actual
condition the simulation result was; however, the calculation cost was higher. Compared
with the result in which the variation of the thickness of the oil film was a constant after
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loading in the previous researches, it is obvious that such a fluctuation in this paper can
reflect the actual condition of the flow field more accurately.

The oil supply pressures and the angular velocities of the screw are the same in Fig-
ure 6a—c, and the external load increases in an orderly way from (a), (b) to (c). According
to the results from 0.008 to 0.01s, it can be deduced that Az in the dynamic steady
state goes up as the external load increases. A similar conclusion can also be drawn
through a comparison between (d) and (e).

While comparing Figure 6b,d, or ce, it can be deduced that, with the same angular
velocity of the screw and external load, there is a negative correlation between the oil
supply pressure and Az in the relatively steady state.

The screw subject to an external load of 100 N was driven under different angular
velocities. The way in which Az varies within 0~0.01s after loading is displayed in
Figure 7.

—— 5 MPa. 60 rpm. 100N 5 MPa. 1500 rpm. 100N —— 5MPa. 3000 rpm, 100N
—— 3 MPa, 1500 rpm, 100N 3 MPa, 3000 rpm, 100N

z (<107 m)

l,'l U‘ J‘\ji\‘{j{\\j/\\f\uﬂv" A A A A e

1 N L] Y 1 " ] n I 5 I ] T 4 T oL I 1 1
0,000 0.001 0.002 0.003 0.004 0.0035 0.006 0.007 0.008 0.004 0o

Time (s)

Figure 7. Variation of Az under different angular velocities and oil supply pressures.

The simulation results under the conditions of “5MPa, 60rpm 100N ”, “5MPa,
1500 rpm | 100N ~, “5MPa, 3000rpm | 100N ~, “3MPa, 1500rpm , 100N ” and “
3MPa, 3000rpm | 100 N ” are represented by the curves in blue, yellow, purple, red and
green, respectively. The meanings of the descriptions of the conditions have been ex-
plained in Figure 6. In almost every situation, it can be seen that Az is becoming steady
when the system is loaded for about 0.01s.

Judging from the relative positions of the data at about 0.01s, the higher the oil sup-
ply pressure is, the smaller Az is, that is, the stronger the disturbance resistibility of the
system is.

As shown in Figure 7, the data in blue have the same oil supply pressure and external
load as the yellow and purple data. The differences of Az among them are all very tiny,
when the system is loaded for approximately 0.01s. A similar situation occurs when
comparing the data in red with the data in green. Therefore, it can be deduced that Az
in the dynamic steady state is little affected by the angular velocity of the screw.

In order to acquire a greater depth of understanding of the dynamics performances
of the system, the dynamic parameters other than Az were solved. A CFD model con-
taining 6.048x10* structured grids was employed to examine the grid independence of
the numerical solutions. Taking the case of “5MPa, 60rpm , 100N ” for example, a
comprehensive analysis of the simulation results within 0~0.05s was carried out in this
section.
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A~z (*1 0° m) Velocity fluctuation (m/s)  Resultant force (N) Oil film pressure (N)

Inlet pressure (MPa)

0,005
-0.010

As shown in Figure 8, how the oil film pressure and the resultant force applied to the
screw change over time are displayed in (a) and (b), respectively. The velocity fluctuation

inthe Z, -axis direction and the variation of Az during loading are shown in (c) and

(d). With the inlet pressures of the recesses on both sides of the nut monitored, the varia-
tion of the inlet pressure of the upper recess is presented in (e). (f) and (g) illustrate the
variations of the dynamic stiffness and damping coefficients of the system in the loading
process, respectively, and the content of the two figures are partially enlarged, to obtain a
clearer understanding of the results.
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Figure 8. Variations of the dynamic parameters of the system under “5MPa, 60rpm , 100N ".
(a) Oil film pressure. (b) Resultant force. (c) Velocity fluctuation. (d) Az . (e) Inlet pressure. (f) S .

(8) C.

As shown in Figure 8a—e, as time goes by, almost every parameter reaches a dynamic
steady state, in which a dynamic fluctuation around a value is shown by the parameter.
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In addition, it can be seen that there is little difference between the results at approxi-
mately 0.01 s and those after 0.01s, proving the availability of data range in Figures 6
and 7.

When the system is loaded for approximately 0.05s, the values of the oil film pres-
sure and the resultant force acting on the screw fluctuate around 99~101N and -1~1N
, respectively, and the ranges of the fluctuations can be reduced by shortening the update

interval of the grids. The velocity fluctuation of the screw in the Z_ -axis direction fi-
nally changes back and forth around 0m/s.InFigure8d, Az eventually varies around

6x107 m , which is approximately 2% of the initial oil film thickness. When compared
with Az in the same case in Figure 7, it was found that there was a tiny difference be-
tween the results based on the two groups of grids, showing the grid independence of the
solutions. Through the adjustment of the restrictors, the inlet pressure of either side of the
nut also gradually reaches a relatively steady state, with a dynamic fluctuation around a
value. As in Figure 8e, the inlet pressure of recess on the upside of the nut fluctuates
around 3.76 MPa at approximately 0.05 s .

In Figure 8f, asmall Az initially brings about a large stiffness coefficient, S, for the
loaded system. However, the sharp risein Az caused by the external load soon leads to
a sharp decline in the stiffness coefficient, and then the decline becomes gentle when the
stiffness coefficient is near to some value. Owing to the large range of the stiffness coeffi-
cient, a clear knowledge of it could not be acquired, which was solved by two enlarged
partial views. As is shown in the left-hand enlarged partial view, it can be seen that the
decline is slower and slower after the sign of the stiffness coefficient becomes negative.
The sign is related to the direction of the resultant oil film force. The stiffness coefficient
becomes stable when the system is loaded for approximately 8x10° s, and then it also
reaches a relatively steady state, along with the oil film pressure and Az . As shown in
the right-hand detailed view, the stiffness coefficient eventually shows a cyclical fluctua-
tion around 1.555x10° N /m .

As shown in Figure 8g, the damping coefficient C of the system exhibits a series of
irregular fluctuations around 0Ns/m almost throughout the recording time. The curve
is partially detailed within 0.049 ~0.05s to be analyzed more accurately. It can be found
that the damping coefficient in the red curve also shows a dynamic variation around
0N's/m , when the other parameters reach the relatively steady state. The alternatively
positive and negative variations displayed in the sign of the damping coefficient, result
from the reciprocating change of the direction of the velocity fluctuation.

As a result of the fluid—solid interaction, it could be seen in the above analyses that
these dynamic parameters were influenced by each other, and varied synchronously.
Eventually, the system reached a dynamic steady state rather than an absolutely steady
state, owing to the turbulent fluctuation. However, the Reynolds stress was neglected in
the previous method based on the simplified Reynolds equation, leading to the fact that
the influence of the turbulent fluctuation on the average flow could not be reflected in the
results. Furthermore, without considering the fluid-solid interaction in the previous
method, the flow equations were solved based on a series of predefined motions accord-
ing to the kinetic equilibrium theory. Therefore, such dynamics characteristics analyzed
in this section could not be reflected in the results which were based on the previous
method.

Moreover, as shown in Figure 8f,g, the stiffness and damping coefficients are solved
based on the varying velocity and displacement, rather than given velocity perturbations
in Figure 4, which can obviously reflect the real-time flow field more accurately.

3.3. Comparison with the Previous Method

As mentioned in Sections 1 and 3.2, in the previous research into the fluid lubricated
screw-nut pairs, the flow fields were solved based on the simplified Reynolds equation in
MATLAB. When the Reynolds-averaged Navier-Stokes equation was deduced from the
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Navier-Stokes equation, the Reynolds stress was neglected, for convenience. Meanwhile,
the inertia term and the viscous force term were ignored or greatly simplified. Further-
more, the momentum equation in the direction of the gap thickness were also neglected,
due to the narrow size of the clearance.

In addition, the solving pattern of the flow equations in the previous method is op-
posite to that in the new method. The field was solved based on the predefined motions
according to the kinetic equilibrium theory. Meanwhile, the influences of the screw and
nut on the field were not considered.

A qualitative comparison between the method proposed in this paper and the previ-
ous method was made in Sections 1 and 3.2. In order to show the drawbacks in the previ-
ous method more intuitively, a quantitative contrastive analysis was carried out in this
section.

In line with the simplification operations described above, the simplified flow equa-
tions of the system in this paper are given in Equations (17) and (18).

op v,

rSCC 6658(? ) TI aZS!L’CZ
) 17)
8’/58(1 - TI aZ&eC ?
&JTM 6065[[ avzm +l -0 (18)

+ +
arSE’C 1’S€C aQSSC aZSEC 1’S€C
Under different loading conditions, the fluid domain built in Section 2 was solved

based on Equations (17) and (18) in MATLAB. The angular velocity of the screw Q was
setas 3000 rpm , and the oil supply pressure P, was 5MPa.

As shown in Tables 3 and 4, the simulation results using the previous method are
compared with those based on the new method under different loading conditions.
Method “a” and “b” represent the newly proposed method in this paper and the previous

method based on the simplified Reynolds equation in MATLAB, respectively. F,_ is the

ex

external load, Az is the variation of the oil film thickness. P, and P, are the upper

and lower recess pressures, respectively.
In Table 3, Az isnearly 0 in both Method “a” and “b”, when a non-loaded sys-
tem is solved. In Method “a”, Az fluctuates dynamically around 0, and the recess

pressure also fluctuates around a value, rather differently from P, due to the restriction
from the restrictor. However, while using Method “b”, an absolutely non-loaded state is
obtained based on Az =0, and the recess pressures are very close to P,, resulting in the

fact that the restriction from the restrictors are almost not reflected. The simplification of
the flow equations in Method “b” is responsible for such a phenomenon, and the flux out
of the recess obtained using Method “b” is far less than that in the actual condition. There-
fore, a higher recess pressure is obviously brought about by less flux, when the field is still
solved according to the flow conservation. Correspondingly, the pressures of the whole
field are also larger than those in the actual condition.

It is noteworthy that in Method “a” the approximately equal signs before the pres-
sures and Az do not mean that the values are constant, but represent that the fact that
the pressures and Az fluctuate around those values. However, in Method “b”, the ap-
proximately equal signs before the pressures mean the rounding of the constant values.
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Table 3. Simulation results under non-loading conditions.
P, (MPa) P, (MPa) F_(N) Az (m) Method
~ 3.70 ~ 3.70 0 ~ a
~ 5.00 ~ 5.00 0 0 b

The simulation results using the two methods under loading conditions are shown
in Table 4. Considering the difference of the solution methods, the simulation results at
0.01s under Case “1” were selected to be compared with the eventual results under Case
“2” and “3” in this section. The meanings of the approximately equal signs in the two
methods are similar to those in Table 3.

Table 4. Simulation results under loading conditions.

Case RT(MPa) PrB(MPa) P.—P,(Pa) F (N) Az (m) Method

1 ~ 3.76 ~ 3.64 ~1.2x10° 100 ~6x107 a
2 ~ 5.00 ~ 5.00 ~ 64 ~1.42 6x107 b
3 ~ 5.00 ~ 5.00 ~ 2100 ~101.10 1.8x107°

As shown in Table4, P, P, and Az under Case “1” fluctuate around some val-

ues eventually, when an external load of 100N is applied to the system for approxi-
mately 0.01s using Method “a”. However, for the same Az , there is only a very small
external load applied to the system, according to the results obtained using Method “b”
under Case “2”. And the external load obtained using Method “b” is a constant. As men-
tioned above, the approximately equal sign before the load value means that the calcula-

tion result has been rounded. Furthermore, the difference between P, and P, ob-

tained is very tiny, and they are still very close to I. That is to say, a much larger external

load is needed in Method “a” to obtain the same Az as Method “b”, which can be ac-
counted for by the minor restriction from the restrictors in Method “b”. As mentioned in
Table 3, a lesser role is played in Method “b” by the restrictors, owing to the significantly
reduced flux, which is a result of the simplification of the flow equations. Correspond-
ingly, in Method “b”, the upper and lower oil film pressures obtained based on a given
Az are both larger than the actual pressures, hence the variations of the pressures are
smaller, especially when Az isvery tiny. Therefore, in Table 4, compared with Case “1”,
there is a lesser difference between the upper and lower oil film pressures under Case “2”.

Judging from Table 4, when an external load of approximately 100 N is applied to
the system, the variations of the recess pressures obtained using Method “a” under Case
“1” are much larger than those under Case “3”. However, alarger Az is produced using
Method “b” under Case “3”. As mentioned above, the restrictor has a minor effect on the
flow in Method “b”, leading to small variations of the oil film pressures, hence the im-
munity of the system against the external load is lower than that in Method “a”.

In order to show the differences between the two methods more intuitively, the pres-
sure fields under Case “1”—"3” were compared in the circumferential direction and the
direction of the oil film thickness. The pressure contours of the lower surface of the screw
under Case “1”-“3” are displayed in Figure 9. The pressure field obtained in FLUENT
using Method “a” is shown in (a), and the pressure distributions obtained in MATLAB
using Method “b” under Case “2” and “3” are shown in (b) and (c), respectively.
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Figure 9. Pressure distributions obtained using Method “a” and “b”.

The differences of pressure distributions and pressure values between Figure 9b,c is
too slight to be distinguished in the figures, the reason for which has been explained in
Table 4. The overall trend of the pressure distribution in Figure 9a is similar to those in
Figure 9b,c. Apart from the difference of pressure value, it can be found that the pressure
distribution on the inner side of the recess in Figure 9a is slightly different from that on
the outside, unlike the symmetric distribution around the recess in Figure 9b,c. Although
the diffusions to the edges are promoted by the pressure gradients, the influence of the
central force on the diffusion on the outside of the recess is opposite to that on the inner
side. Hence, the pressures of the outside of the recess decrease faster than those of the
inner side in Figure 9a. However, the difference is not reflected in the results obtained
using Method “b”.

As mentioned above, the pressure and velocity gradients in the Z_, -axis direction

were neglected, due to the narrow gap while using Method “b”. In order to display the
shortcomings brought about by such an operation more clearly, the oil film pressures ob-
tained using the two methods were compared in the direction of the oil film thickness.
The fluid particles, which had the same angular and radial coordinates at some time,
were selected as the research objects. That is to say, they were on the same normal line of
the screw surface. As the length scale in the direction of the oil film thickness was very
small, the differences among the pressures of different particles were also very small when
compared with the pressure values. In order to show the variation of the pressures in this
direction more obviously, a normal line going through the lower recess was selected, ow-
ing to its larger range of the flow field covered than those in the sealing surfaces. The line

on which the fluid particle had a position of “ (r 0,7 ):(0.029 m,0,<0 m) 7 was

taken as an example. The oil film pressures acting on the particles were then compared
between the two methods.

Owing to the neglect of the pressure gradient in the direction of the oil film thickness,
the pressures were equal in this direction while using Method “b”. That is to say, the pres-
sures of all the particles on the selected line were equal. Moreover, the pressures of all the
particles in the recess were also the same in Method “b”. As mentioned in Table 4, the
recess pressures under Case “2” and “3” were constants close to the oil supply pressure,
and it was found in the simulation that the differences between the upper and lower recess
pressures were very tiny, due to the poor influence of the restrictors in Method “b”. How-
ever, while using Method “a”, the pressures acting on the particles on the line were dif-
ferent and variable. Therefore, the relation curve between the pressure and the position of
the fluid particle on the line is shown in Figure 10, in order to show the variation of the
pressures in the direction of the oil film thickness in Method “a”.
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Figure 10. Variation of the pressures acting on the fluid particles in the Z_ -axis direction.
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Taking the lower surface of the screw as a reference, the distance from any particle
with a position of “ (r 0 ZM) = (0.029 m,0,<0 m) ” in the gap to the surface was set as

the independent variable. And the way in which the pressures acting on the particles vary
with distance is displayed in Figure 10. An irregular variation is shown by the pressures.
And it was found in the simulations that the curve varied irregularly over time due to the
turbulent fluctuation. The density of data points is related to the distribution of the grid
nodes; therefore, the data points are more densely distributed near the narrow gap than

the recess. Compared with the constant pressures in the Z_ -axis direction in Method

“b”, the variation of the pressures in Method “a” can reflect the flow field more accurately.
Through the above analyses, the method proposed in this paper was obviously su-
perior to the previous method in illustrating the field.

3.4. Feasibility Evaluation

In order to evaluate the feasibility of the solution method proposed in this paper, the
simulation results based on the new method were compared with the previous theoretical
results in [10].

The working parameters of the system are shown in Table 5. The oil film forces ap-
plied to both sides of the screw were solved under a non-loaded condition. It was then
found that the difference in the oil film forces between the upside and downside of the
screw was less than 0.001N when the system reached a dynamic steady state. Conse-
quently, the flow field on the upside of the screw was taken as an example in this section,
and the resultant oil film force acquired using the new method was compared with the
previous data in the literature.

Table 5. Working parameters of the system.

Parameters Value

P, (MPa)

N O U1 W~
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9
10
1500
3000

Q (rpm)

As shown in Figure 11, the horizontal axis represents the oil supply pressure, and the
vertical axis represents the total oil film force acting on the upside of the screw within a
pitch, that is, the axial-bearing capacity of the upside of the screw. The data in red repre-
sent the simulation results based on the method proposed in this paper, the data in blue
represent the results in [10], and the curves are obtained by data fitting.

Judging from the relative positions of the simulation results and the reference data,
there was good consistency between them. Consequently, it was proved to be feasible to
solve the flow field using the newly proposed method in this paper.

11+ —#— Data from Elsayed and Khatan 1976
— 1 - = Data in this paper
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Figure 11. Comparison between the simulation results based on the proposed method and the
previous data [10].

4. Conclusions

In order to avoid the shortcomings of the existing methods and reflect the flow field
more accurately, a new numerical method was proposed to solve the fluid lubricated
screw-nut pairs in this paper. The fluid domain of a fluid lubricated screw-nut pair was
simplified into a pair of annular flow fields according to some rules, transforming the
research into the fluid lubricated screw-nut pairs into the lubrication problems of a pair
of thrust bearings. The computational domain was solved using the dynamic mesh tech-
nology in FLUENT. And the CFD model was meshed into hexahedral grids in ICEM, to
avoid the negative cell volume and the undesired cell skewness.

Differently from the previous method, in which iterative corrections based on the
kinetic equilibrium theory followed an approximate solution based on the simplified
Reynolds equation, with the real-time adjustment of the restrictors considered in this pa-
per, the dynamics performances of the loaded system were solved based on the fluid-
solid interaction. According to the results, when loaded for a period of time, the system
entered into a dynamic steady status, in which a dynamic fluctuation around some value
was displayed by the dynamic parameter, reflecting the influence of the turbulent fluctu-
ation on the average flow.

From a quantitative perspective, the simulation results under different loading con-
ditions were compared between the new method and the previous method. It was found
that the immunity of the system against the external load was weakened in the previous
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method. It took an external load of only approximately 1% of that in the new method,
to obtain the same variation of oil film thickness. However, when the system was sub-
jected to the same external load, the variation of oil film thickness in the previous method
was approximately 30 times that of the new method. The simplification of the flow equa-
tions and the limitations brought about by the solution mode in the previous method were
responsible for these differences. And the defects of the simplified Reynolds equation
were demonstrated more intuitively through the comparison of the pressure fields. If such
simulation results were employed to guide the operation, unexpected damage might be
caused to the system.

Two methods for solving the stiffness and damping coefficients of the system were
given in this paper. For a given velocity perturbation, the stiffness and damping coeffi-
cients were solved in different ranges. And it was found that there was a negative corre-
lation between the velocity perturbation and the stiffness coefficient under the same dis-
placement fluctuation. In the other method, the velocity and displacement fluctuations
were caused by a given external load, and the stiffness and damping coefficients varied,
depending on the dynamics state of the system. While using the first method, it could take
less time to acquire a rough knowledge of the influences of the perturbations in different
ranges on the system, but the results based on the second method were more accurate
than those based on the first one. Therefore, a suitable solution method can be selected,
according to different requirements.

In order to evaluate the feasibility of the method proposed in this paper, the oil film
forces acting on both sides of the screw were solved under different oil supply pressures.
The simulation results were found to agree well with the theoretical results in the litera-
ture, verifying the validity of the new method.

The research into the dynamics performances in this paper can provide a good basis
and reference for better controlling the systems and improving the transmission and man-
ufacturing accuracies in future research.
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Nomenclature

00X, Y Z1a Rectangular coordinate system on the screw-nut pair
0,.X.. Y. Z.. Rectangular coordinate system on the Computational Fluid Dynamics (CFD) model
O,r. 0. 7  Cylindrical coordinate system corresponding to O_X_Y. Z

sec” sec sec”sec sec” “sec © sec”™ sec

p Pitch (m)

7, Radjius of any point on the helicoid (m)

T Inner radius of the nut (m)

Vi Inner radius of the recess of the screw-nut pair (m)
T ro Outer radius of the recess of the screw-nut pair (m)

1, Outer radius of the screw (m)
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