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Previous lubrication studies for planetary roller screw (PRSM) are mainly concentrated on steady-state condition
without the consideration of entrainment angle. However, PRSM always operates in transient situations with
frequent startup and shutdown process. In this paper, uneven friction distribution, the influence of helix angle on
lubricating properties and transient behavior in the roller-screw interface are analyzed comprehensively based

on transient mixed-EHL model, which considers real three-dimensional (3D) machined roughness and arbitrary
entrainment velocity. The results show that smaller helix angle is beneficial to improve the lubrication perfor-
mance. Increasing the rotating speed and declining axial load can moderate the uneven friction distribution.
Besides, a relatively large angular acceleration may enlarge the film thickness and reduce the friction at the shut
down status. The numerical simulation model can be utilized as a design optimization tool for the PRSM.

1. Introduction

Planetary roller screw mechanism is the key component of electro-
mechanical servo system in aeronautics and space applications, which
converts rotational motion into linear motion (see Fig. 1). A comparison
between the ball screw mechanism and PRSM shows that PRSM has
longer service life and higher transmission accuracy though they are
similar in transmission principle. In recent years, it has been widely used
in machine tools, industrial robots, aerospace and other fields because of
its compact structure and enormous carrying capacity.

However, due to heavy load, fast speed and frequent back-and-forth
motion, PRSM is accompanied by serious friction heat generation and
wear problems. The transmission efficiency, accuracy, and service life
are affected by the lubrication state on the contact interface in PRSM
significantly. Therefore, a comprehensive lubrication analysis from the
mixed-EHL model is essential to PRSM structural design, life improve-
ment, and efficiency loss minimization.

The kinematics, stiffness characteristics and friction heat of PRSM
have been studied extensively but researches are rather scanty on the
lubrication of contact interface in PRSM. Auregan et al [1]. simulated
the wear behavior at the screw-roller contact interface by disk-ring
experiment, and studied the wear problem under different lubrication
conditions by changing the normal load, speed and slide-roll ratio. Ma et
al [2]. studied the contact characteristics of PRSM considering sliding
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friction, which are verified by finite element method. Jones [3-5] and
velinsky [6] established a relatively mature analysis method for the
contact characteristics and kinematics of PRSM. Fu and Liu [7,8] then
used different methods to solve the kinematics equations of PRSM, and
compared with the experimental results. In addition, there have been
many articles that focused on the contact load between threads and
static stiffness in PRSM [9-12]. After that, Xie et al [13]. analyzed the
elastohydrodynamic lubrication of screw-roller interface with roughness
surface. Qiao et al [14]. established a heat estimation model of PRSM
based on the heat grid method, and studied the friction heat generation
under different working conditions through experiments. Li [15] et al.
established a friction torque model of PRSM in roller damping, and used
the finite element method to analyze the contact stress. Sandu [16] et al.
proposed a theoretical model to calculate the power dissipation of PRSM
considering the contact geometry and dynamics comprehensively, and
verified it with the experimental method.

The numerical algorithms and computational efficiency of EHL has
been studied by many scholars, which is carried on many machine parts.
Venner [17] and Kweh [18] established a mixed EHL with
two-dimensional real surface roughness. Zhu [19] and Ai [20] proposed
a point EHL model based on digital 3D real surface roughness. At the
same time, Zhu [21] and Hu [22] proposed a unified mixed EHL to
simulate the transition of interface morphology from dry friction to full
film lubrication. After that, many scholars made many progresses based
on theref [21,22], such as Wang et al [23]., Liuetal [24]., Heetal [25].,
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Nomenclature

agp, by short and long semi-axis length of Hertz contact ellipse

As, Ay equivalent cross-sectional area of screw and nut,
respectively

Cs contact stiffness of screw-roller interface

Cn contact stiffness of nut-roller interface

ds, d, nominal diameters of screw and nut, respectively

dno external diameter of nut

E effective Young moduli

fori friction of i-th thread

F applied load at contact interface

Fa axial force of any roller

F, friction at contact area

Fy., F. friction at fluid lubrication and boundary lubrication area,
respectively

Fout axial force in PRSM

G pitch error

Gy, limiting elatic shear modulus

Gy, Gr  spur and ring gear pitch circle radii, respectively

h film thickness

ho normal approach of the two rigid body surfaces

Ks(e) first kind of complete elliptic integral of screw side

K, (e) first kind of complete elliptic integral of nut side

Ls, Ly lead of screw and roller, respectively

Mgy dynamic friction offset moment

n number of rollers

ng number of contacts at each side

D pressure

D fluid pressure

P pitch

Qsi, Qni  normal load on screw side and nut side, respectively

rs, IR contact radii of the screw and roller, respectively

rso, Tro  nominal radii of the screw and roller, respectively

Ry, Ry equivalent radii of curvature for roller and screw,

respectively

Ry, Ry  equivalent radii of curvature in the x-axis and y-axis
directions, respectively

t time

Uy, Uy velocity for roller and screw, respectively

Vv surface deformation

X,y coordinates (x is chosen to be parallel to rolling direction)

Xin, Xour  X-coordinates at boundary

Yin Your Y-coordinates at boundary

Z number of starts

Ol helix angle of screw

a pressure-viscosity exponent

B contact angle

y shear rate

81, 62 roughness heights for surfaces 1 and 2

& pitch deviation

& pressure convergence accuracy

Crys angular velocity ratio

n lubricant viscosity

1o ambient lubricant viscosity

Ocs, Ocr  angle of location of contact point

0,, O entraining and sliding vector angle

u friction coefficient

U M,  entraining and sliding velocity

v poisson’s ratio

Vs_r slip velocity of screw-roller interface

OR composite root mean square roughness

T shear stress

73 limiting shear stress

p lubricant density

Po ambient lubricant density

> ps curvature sum of screw-roller interface

> Pn curvature sum of nut-roller interfaces

WR angular velocity of roller revolution

Ws angular velocity of screw

Q numerical solution domain

. Roller
Carrier

r»ﬁ'

VH,'HHIHHIHHHH

i

Ring gear

Fig. 1. Planetary roller screw mechanism.

Lubrecht et al [26]., and so on. Many scholars make some progress in the
algorithm to solving the ultra-thin lubricant film, including the
Newton-Raphson iterative [27], converse solution [28], multigrid al-
gorithm [29-31] and simplified multigrid technique [32]. Later, Pu et al
[33]. proposed a Mixed-EHL model for discretionary entrainment angle.
It is worth mentioning that the previous EHL model can only calculate
the condition when the entrainment angle is zero. In the transient EHL
model of spiral bevel gears established by Wang [34], the equivalent
curvature radius, entrainment velocity and contact load all change with
time. As EHL is relatively mature, this paper will not elaborate on it. For
details, please refer to Zhu [35,36].

Previous lubrication studies in PRSM were limited mostly to the

steady-state cases with smooth surfaces, which ignored the effect of
entrainment angle. The considerable start up and shut down process of
PRSM represent that transient behavior can not be neglected in the
analysis of EHL. In the present study, a comprehensive analysis for un-
even friction distribution, the influence of helix angle on lubrication
characteristic and transient behavior in the roller-screw interface is
carried out by recently developed transient mixed-EHL model [34],
which considers 3D roughness surface and discretionary entrainment
velocity. The results of new developed mixed-EHL Model for
roller-screw interface show that the simulation method can be used as a
design optimization tool for the PRSM and is beneficial to the study of
wear, temperature and fatigue life.

2. Theoretical method
2.1. Load distribution

The main force transmission parts of PRSM include screw, nut and
several rollers. The threads of screw and nut are usually designed as
trapezoidal thread with 90-degree angle to obtain excellent transmission
efficiency. The profile of roller threads is designed as an arc for the sake
of reducing the friction between parts. Therefore, the contact types of
nut-roller and screw-roller can be regarded as point contact. Due to the
bearing behavior of the thread contact mechanism, the load distribution
between threads will be uneven. The normal contact forces at the screw-
roller and nut-roller side are expressed as Q; and Qp; respectively, where
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the subscript i = 1 ~ n¢ and ny is the number of roller threads.
According to the load balance condition, the axial force of screw is
explicated as:[12].

n n

= Z Qgsinagcosff = Z Q,.;isinacosf 1
i=1 i=1

n

Fout
Fa=——

where f is the contact angle, a; is the helix angle, and n is the number of
rollers.

The contact stiffness (Cs and C,) of the screw-roller and nut-roller
depend on the structural and material parameters, which can be
expressed as:

¢ =249 arpy o, 4
G = I;;,li(;? \3/ (3E)2an/4

where K(e) and Kp(e) are the first kind of complete elliptic integral; E
represents the effective Young moduli; ma; and ma, are the coefficient
related to eccentricity of the screw side and nut side respectively; > p,
and )" p, are the curvature sum of roller-screw and roller-nut contacts,
respectively.

Under the deformation compatibility condition of threads, the con-
tact load distribution is expressed as:[37].

(2)

T

. nP(A, + A,) S Qs;sin’a,cos?f
(5(,-,1) — & )smaxcosﬁ =

C+C, 4EAA,(C, +Cy)

o) =0
3

Where P is the pitch; ¢; is the pitch deviation; A = zrdg /4 and A,
= n(d,zlo 7di) / 4 are the equivalent cross-sectional areas; ds and d,, are

the nominal diameters; and d,, is the external diameter of the nut. And
all subscripts s and n denote screw and nut respectively.

2.2. Contact kinematics

When the roller rotates around the axis of the screw, it also rotates
around its own axis. The results of ref [2] show that the relative sliding
speed at nut-roller interface is much lower compared with screw-roller
interface. Moreover, the rolling speed of the contact points between
nut and roller is close to zero without considering pitch circle mismatch
of the spur-ring gear [3]. Therefore, the contact behavior of the
roller-nut interface is regarded as pure rolling in this paper.

However, the rotational motion of the roller is purely due to the
friction at the roller-screw interface. The friction of roller-screw inter-
face is the most important factor on transmission performance. Gener-
ally, the thread directions of screw and roller are designed to be opposite
to obtain large pitch and small lead. The research results of ref [5] show
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that the contact point of the screw and roller deviates from the center
line of the PRSM. And the deflection angle (6¢s and O¢gr) is used to
determine the position of the contact point.

In order to determine the direction of the sliding speed of the screw-
roller interface, the coordinate system X;YsZs; is established as shown
in Fig. 2. The origin is always on the central axis of PRSM, and X, al-
ways points to the center of the j-th thread.

Using the method of ref [6], the relative slip velocity vs_, of
screw-roller interface can be calculated as

(— rsinfcsw, + rgsinfcr Gog) X,

(rycosOcs, — rrowr — rso@g — rRCOSORGWR) Y

Ve = ()]

&w 7LS?LRaJ 7—GLRw Z
o 2r R g R )

Among them, Lg and Ly are the lead of screw and roller respectively;
ry and ry are the actual contact radii of the screw and roller; rzo and rg
are the nominal radii of the roller and scre-w.

The spur ring gear is designed at both ends of the rollers to prevent
the axial slip between the roller-nut interface. The pitch error between
the spur ring gear and screw thread has some influence on the slip at the
screw-roller interface as well.

G = (Gy — Gg)/Gr )

Where Gy and Gr are the spur and ring gear pitch circle radii
respectively.

In steady state, the ratio of common angular velocity of roller wg and
angular velocity of screw wg only depends on the structural parameters
of PRSM and is not related to the force state of screw. The expression is
as follows:

wg _ Grsresinfcssinfeg + 1,080cs(rro 4 rso — Grreostcr)

Crjs = -2 - (6)
K5 ( — Grgsinfcg)* + (rro + rso — GrrcosOcg)

2.3. Mixed EHL equations

Zhu and Pu [33] proposed an elliptical contact EHL model with
arbitrary entrainment angle, which is now applied to the analysis of
lubrication behavior at the screw-roller interface in this paper.

Normal load and relative sliding velocity are solved by Eq.3 and Eq.5
respectively. The relationship between contact ellipse and principal di-
rection of screw is shown in Fig. 3. The direction of relative sliding ve-
locity solved by Eq.5 is close to PRS rotation axis. The angles (6., 6s)
between velocity vectors (i, 45) and x axis are illustrated in Fig. 3 (The
velocity vectors ys is equal to the relative slip velocity of screw-roller
interface v;_,). The entrainment velocity u,, which can be seen as the
rolling speed of roller and screw in the contact points, can be calculated
as following:

U, = W,F,cosQ 7)

vertical view

Vs-r Contact point

Vrolling

Fig. 2. The contact geometry of the roller and screw.
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I Roller axis
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. Helix direction of roller

Fig. 3. The direction of sliding and entraining vector in the roller-screw interface.

It can be seen that Is and Ir represent the helix direction of screw and
roller respectively; es; and es, are the direction of maximum and mini-
mum curvature radius of screw contact geometry respectively; x and y
are coordinates of solution domain; and the blue border is the numerical
simulation solution domain.

The contact pressure and film thickness are solved by Reynolds
equation:[33].

0 (ph® dp 0 (ph® op\ o(ph) . d(ph)
o (1—2,1 a) +@ (m 0_y> = (t)cos[0e(1)] o + p, (t)sin[0. (1) ] oy
d(ph)
+ ot
®

Due to the quite limited effects of heat actually, the isothermal EHL
model is used in this paper [38]. Either the non-Newtonian or Newto-
nian lubricant can be assumed in the solution of Reynolds equation. In
the example of non-Newtonian lubricant, 7 is replaced by the effective
viscosity for the inlet conditions. More information can be found in Refs
[19,22].

In addition, the boundary conditions of pressure in the solution re-
gion are as follows:

2iXinsy ) = PiXou,y ) =15V ) =pi(%You ) =0 9

Where, p; is the fluid pressure, Xin, Xout, Yin and Your are the coordinates at
boundary of the solution area. As the solution area is much larger than
the elliptical contact area, the contact at boundary is fluid contact and
the fluid pressure at boundary is zero.

The film thickness is a function of the time t of the specified point,
including the effect of contact geometry, elastic deformation and
roughness. The expression is as follows :

2 2

X
A A T VER ) Fa ) Faty ) (0)

h(x,y,1) = ho(t) +

Where, hy(t) is the normal proximity of the two contact surfaces, x%/2R,
and y*/2 R, are the contact geometry before elastic deformation,
S1(x,y,t) and 62(x,y,t) denote machined rough surfaces 1 and 2
respectively.

The expression of Boussinesq integral, used for solving the surface
deformation V (x, y, t), is as follows:

(&5¢,1)

2 )4
- > dede an
”E//ﬂ VE=8"+0—¢

The viscosity of lubricants depends on the pressure to a certain
extent. The viscosity equation of exponential law is used for calculation
in this paper:

n= rloeap (12)

Where, 7 is the initial viscosity of lubricant, & is the pressure-viscosity
exponent.

The relationship between pressure and density can be expressed as:
[39].

/):/)0(1+

At any time, there is an equilibrium relationship between the applied
load and the pressure in the whole solution domain as follows:

-9
0.6 x 10~% ) 13)

1+1.7x10%

F(e) = // iy (14)

3. Numerical procedure

The dimensionless governing equations in 2.3 are solved numerically
based on the Newton iteration method. In order to make the obtained
pressure distribution satisfies certain convergence accuracy, the DC-FFT
method is used [40]. The Gauss Seidel iterative method and semi system
algorithm are developed for obtaining high convergence accuracy for
mixed EHL with ultra-thin films. The contact pressure and film thickness
are obtained by solving Reynolds equation. Furthermore, the PMD al-
gorithm can improve the calculation efficiency and accuracy signifi-
cantly. And the ability to solve the very thin film thickness will improve
as grid density rises. The transient PMD method of three-layer grid [34]
is used in the calculation process. The program converges from rela-
tively sparse grid I to relatively dense grid II, and converges to the most
precise grid III eventually. The convergence results of pressure and film
distribution of the upper grid are taken as the initial values of the next
grid. The calculation flow diagram of transient EHL is shown in Fig. 4.

In order to obtain good accuracy of numerical simulation, it is
necessary to satisfy the Newton Raphson iterative convergence criterion
of Reynolds equation. The expression is as follows:
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Luricant Calculation of contact load,
parameters sliding velocities and rolling

| velocities
I
v
Calculation of initial Hertz
pressure Pypand central film
thickness H,

t=t+At

Calculation of viscosity, density
and elastic deformation

'

Calculation of initial film

thickness distribution
Modifying i
P, 0 and H, 0

Take pressure
and film
thickness

distribution of

previous time
step as the initial
value of the next
time step

Y

Calculation of pressure
distribution by solving the
Reynolds equations

Do the pressure and load
converge

Save pressure and film thickness
distribution

Last timestep

Take pressure and film thickness distribution of
previous mesh level as the initial value of the
next mesh level

Last mesh level

Results output

Fig. 4. Flowchart of transient EHL in PRSM.

new old

> Pij —DPij
horie

& <1x107 (15)

where, p;; is the pressure distribution obtained through solving the
Reynolds equation.

In addition, the friction at the contact area, obtained by the nu-
merical simulation of Mixed-EHL, is caused by the boundary friction in
dry contact area and lubricant shear stress. The expression is as follows:

Fo=Fi+Fe
i (o)

where, F, is the friction at the contact area; y is the friction coefficient;
Q is the normal force at the contact interface; F;. and F, are lubricant
shear stress and the friction at the boundary lubrication area respec-
tively.

Commonly, the constant value of boundary friction coefficient is
between 0.07 and 0.15(film thickness is O or close to 0). For the fluid
lubrication area, the oil film shear stress is calculated by the Bair-winer
non-Newtonian rheological method. The expression is as follows:
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j/:i—T—Lln(l —l> h> 0.5nm
G, n L

t=0.15p h<0.5nm

a7

Where, the ultimate shear stress 7; and ultimate shear elastic modulus Gy,
are obtained by experiments.

4. Results and discussion
4.1. Basic parameters

The design parameters of PRSM calculated by numerical simulation
of this model are shown in Table 1(Material parameters see Table 2). The
solution domain[—2.0ap< x < 2.0ap , —1.5ap< y < 1.5a9] and the grid
density (256 x256) are used. The roughness of the actual machined
surface, measured with an optical profilometer, is employed in this
paper (The numerical simulation cases with the actual machined surface
will be marked with Rough). The surface roughness of screw and roller
are set to be 0.4 um indicated by Rq, and the corresponding root mean
square (RMS) roughness is equal to 4 ym. The 3D morphology of rough
surface is illustrated in Fig. 5.

4.2. Effect of helix angle on lubrication

The helix angle has a crucial influence on the bearing characteristics,
transmission accuracy and efficiency. However, few people have studied
the effect of helix angle on the lubrication performance of the screw-
roller interface. In order to illustrate the effect of the helix angle on
lubrication clearly, the helix angle of screw (1deg < a5 < 23.5deg) that
can change the entrainment velocity vector and the equivalent radii of
curvature are selected for numerical simulation with and without
considering the rough surface.

The differential geometry method is used to calculate the equivalent
radius of curvature of the contact surfaces between the screw and the
roller here [16]. Ry and Ry are the equivalent radii of curvature for roller
and screw, respectively. Moreover, the velocity vectors of two contact
surfaces in the directions of ellipse axes can be calculated as:

Uiy = |p,|cosO, + |u,|cosO;
Uiy = |p, [sing, — |p,|sinf;
Uy = |1, |cosO,

U, = [t fine,

18

Among them, the subscripts 1 and 2 represent the contact surfaces of
roller and screw respectively.

The variations of equivalent radii of curvature and entraining ve-
locity with different helix angle are shown in Fig. 6. The helix angle
would change, leading to the variations of several parameters, including
equivalent radius of curvature in contact surface, the magnitude and
direction of entrainment velocity.

The screw speed w; = 40rad/s, the normal force Q = 43 N, the helix
angle a; = {1.5,7.5,13.5,19.5,23.5}deg is calculated in Fig. 7. The film
distributions will form a "horseshoe" shape due to the joint action of the
entrainment angle and the extrusion effect. It is illustrated in Fig. 7 that

Tablel
Basic structure parameters of PRS.
Parameters Values
Nominal radius of screw, rso 12 mm
Nominal radius of roller, rro 4 mm
Nominal radius of nut, rxo 20 mm
Pitch, P 1.5 mm
Number of contacts at each side, n, 30
Pressure angle, f 45 deg
Number of rollers, n 8

Number of starts, z 3
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Table2

material parameters of PRS.
Parameter Value
Young’s modulus of body 1/2, E 212 GPa
Poisson’s ratio of body 1/2, v 0.29
Lubricant viscosity, 7o 0.169(Pa-s)
pressure viscosity coefficient, a 34.016 Pa~!

bl U

Fig. 5. 3D rough surface morphology.
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the direction of "horseshoe" film distribution area changes with the in-
crease of helix angle.

Generally, the magnitude of film thickness is close to roughness of
contact area, even less than the roughness. Therefore, it is necessary to
consider the influence of roughness in EHL simulation. Fig. 8 shows the
lubrication properties of contact area with different helix angle, which
considers real 3D machined roughness. From the cloud image of film
thickness distribution, the bright yellow areas that indicate the asperity
contacts or dry contact rise with the increment of helix angle. Besides,
the peak pressure in the pressure contours increases with the increment
of helix angle, which causes large plastic deformation and pitting on the
contact surface.

Film thickness ratio A, is the average film thickness divided by the
composite RMS roughness of two contact surfaces. The expression is as
follows:

hﬂ

A =4
Or

19

Where, h, is the average film thickness, or is the composite RMS
roughness. In fact, the lubricating properties in the contact interface is
usually measured by film thickness ratio. Besides, the contact load ratio
W, is the ratio of the load carried by dry contacts over the total load in
the contact area. More details can be found in Refs [41].

Other parameters remain unchanged. Fig. 9 shows that the film
thickness ratio A has a declining trend at first and then it rises very gently
as the helix angle increases. Conversely, the friction coefficient p and
contact load ratio W, increase at the beginning and then drop in small

22
/..—I—I—I—l—l—l—l—. 4-0.0
21 F T, 1-10
= N 120 _
= N 5
E 20} * 130 =
= 20 \.\ -
Qéi .\ T -40 Q{«
—e—R, ..
19 R X Ne.  1-50
——
: » ™ 1o
18 L 1 1 1 _70
0 5 10 15 20 25
Helix Angle o/(deg)
(d)
0.35
030
0.25F
Z 020f
B
= 0.15F
= 0.15
0.10
0.05F
0.00— L . .

10 15 20
Helix Angle o/(deg)

0 5 25

Fig. 6. Variations of equivalent radii of curvature and entraining velocity. (a) Equivalent curvature radius of roller (b) Equivalent curvature radius of screw (c)
entraining velocity for roller and (d) entraining velocity for screw.
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h/a /Py
- 0.015 1.10
§ 0.014 . 1.00
=
=) 0.012 0.90
z
I 0.011 0.80
]
0.009 0.70
0.008 0.60
0.006 0.50
- 0.005 0.40
g
4 0.003 0.30
£
o . 0.002 0.20
5.000E-06 0.10

Fig. 7. Film thickness and pressure contours for different helix angle (Smooth, w; = 40rad/s). (a) a,= 1.5 deg (b) a;= 7.5 deg (c) a;= 13.5 deg (d) a,= 19.5 deg and

(e) a;= 23.5 deg.

h/a P/py
- 0.015 . 2.50
g 0.014 2.26
=
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o
= 0.011 1.78
v
« 0.009 1.54
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-
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w
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5.000E-06 0.10
20 4 =15° 7 2.0F 7 2.0
218t a=1.5 {6 ~1sf, a=13.5° 16 -18
S16f 1oz 16} .=z E 16 =
< 1.4f & = 14F a4 &
% 12k 1,82 02 g
g1 435 g1af 142 812 <
Z 1.0 15 2 2 10fF 1, 2£810 5
o 323 3373 2
= 0.8 2 = 0.8f 2208 %
E 0.6} 12 2 Eos6f 122F06 &
E 04} 1 Eosf 11 Eo4
= 0.2F = 0.2} = 0.2
0.0, . . . 10 0.0F; ! - - .10 0.0
2 -1 0 1 2 2 -1 0 1 2
(ﬂ xla xla X/a

Fig. 8. Film thickness and pressure for different helix angle (Rough, w; = 40rad/s). (a) a,= 1.5 deg (b) a,= 7.5 deg (c) a;= 13.5 deg (d) a,= 19.5 deg (e) a,= 23.5 deg

and (f) film thickness and pressure in the X rolling direction.

degree with the increment of the helix angle. The increment of contact
load ratio will inevitably lead to the increment of boundary lubrication
area. Therefore, the coefficient of friction will have the same variation
trend compared with contact load ratio.

The results of the ref [6] show that when the helix angle is beyond
10 deg, the PRSM has outstanding transmission efficiency. But the small
helix angle can make the contact interface have a good lubrication
performance. Reasonable selection of the helix angle, the design pa-
rameters, can optimize the comprehensive performance of the PRSM.

4.3. The uneven distribution of friction between threads
The uneven load distribution between threads is a common phe-

nomenon in all threaded components, and PRSM is inevitable. The un-
even load distribution will lead to the difference of lubrication and

friction heat generation at each contact point unavoidably.

It is assumed that the axial force between all rollers are uniform and
the geometry of each thread is the same. Fig. 10 shows the uneven
friction distribution with the axial load Fa = 12 kN, screw speed w; =
10rad/s and the pitch error ( + 8 um) that obey normal distribution N
(0, 2.25), which is generated by random function. It is worth noting that
the distribution of friction is consistent with that of load distribution
considering pitch deviations. Generally, the larger the load, the more
serious the wear of contact area. As ref [11] said, the load distribution
with pith deviations and wearing volume of screw threads are in good
agreement.

Moreover, the uneven friction distribution with different working
condition are studied. The distribution of friction coefficient at all
contact points is illustrated in Fig. 11. Friction coefficient decreases as
the screw speed increases, and when the screw speed goes beyond
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Fig. 9. Effect of helix angle on the film thickness ratio, contact load ratio and
coefficient of friction.

60 rad/s, the friction coefficient gradually decreases.

The uneven friction distribution of threads may lead to the inclina-
tion of the roller motion to deviate from the own axis. However, the spur
ring gear at both ends of the roller will limit this movement, thus
aggravating the load bearing of the spur ring gear. The torque caused by
the uneven friction distribution at all threads is defined as My and its
calculation expression is as follows:

. V5 r — .
My = <f.yri—' c ) (l - _>P
X ; |vs—r‘ 2

(20)

Where, ¢ = {0,1,1}. The Zs; component of the friction force acting on
all threads is consistent with the direction of the roller axis, so it has no
effect on the roller motion offset. In order to illustrate the offset ten-
dency of roller caused by the uneven friction distribution intuitively, the
direction and magnitude of friction and torque are exaggerated in
Fig. 12. Actually, the larger dynamic friction offset moment may cause
the inclination of roller motion and overload of spur ring gear.

Fig. 13 shows the dynamic friction offset moment of a single roller
under different speeds and axial force. For a given screw speed, the roller
with the lager axial force can possess a bigger offset moment than that
with smaller axial force. And the offset moment also decreases with
increasing rolling speed. As the axial load decreases, the change range of
the offset moment declines as well. Besides, when the rotation speed is
faster than 240 rad/s, the downward trend of My becomes slower.
Therefore, the increment of the screw speed is not only conducive to the
lubrication of the screw-roller contact interface, but also beneficial to
reduce the load of the spur ring gear. And the reduction of axial load is
vital in improving the dynamics of roller and loading state of spur ring
gear as well.
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4.4. Transient behaviors in start up and shut down process

PRSM always operates in start-up and shut down process due to
frequent linear feed conditions of back-and-forth motion. Therefore, it is
necessary to discuss the pressure and film thickness distributions of
screw-roller interface in the transient process.

The acceleration and deceleration rate of the screw are assumed to be
constant during start up and shut down process. The variation of roller
revolution speed wg, screw rotation speed ws and entraining velocity
during two start up and shut down processes are shown in the Fig. 14.

The dynamic entraining velocity as input parameters is used in the
numerical simulation of PRSM during start up and shut down process
from the newly developed transient EHL. model [31]. The normal load
remains constant (Q=35N). Fig. 15 shows the film thickness and
pressure contours with smooth surface. The film thickness will thicken at
first, followed by a downward trend during one start up and shut down
period.

The film thickness-time curves (average film thickness hg, central
film thickness h, and minimum film thickness h;,) during start up and
shut down process are shown in Fig. 16. It can be seen that the variation
trend in film thickness almost coincided with entraining velocity. The
lubricant is trapped in the rough surface when entraining velocity is
dropped to near zero, which is beneficial for the creation of lubrication
film and separation of two contact surfaces. Therefore, the h. of P¢
(minimum value) in rough surfaces is higher than that in smooth sur-
faces during one start up and shut down process, as shown in Fig. 16.

Besides, Ps (t=5ms), Pg (t=10ms), Pc (t = 11.2 ms, minimum
value of h;) and Pp (t = 15 ms) are selected for four special points, as
demonstrated in Fig. 17. It was observed that the film thickness curve of
P, coincided well with the curve of Pp. It is noted that film thickness
drops as entraining velocity decreases to zero at P, but does not
decrease to the minimum value. Film thickness would continue to fall to
P¢ with entraining velocity rises after 10 ms, which may be caused by
the viscous effect of lubricants.
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Fig. 11. Friction distribution in different screw speed.
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The effect of 3D machined roughness is also analyzed. The film
thickness and pressure contours using rough surface are plotted in
Fig. 18. The lubrication regime seems to be enlarged during the start up

120
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process, and appears to be shrunken in time of shut down process.

In addition, the start up and shut down process with different angular
acceleration are calculated. Fig. 19 shows the variations in rolling speed
of screw (a), average film thickness (b), contact load ratio (c) and fric-
tion coefficient (d) during two start up and shut down process. The
purple circles indicate the shut down status of back-and-forth motion.
The lubrication at the shut down status varies considerably among
different angular acceleration. The average film thickness at shut down
status is smaller for smaller angular acceleration. In contrast, the smaller
the angular acceleration, the higher the contact load ratio and friction
coefficient. Therefore, larger angular acceleration is beneficial to
improve the lubrication performance at contact area during the start up
and shut down process.

Actually, the process of start up and shut down are two typical
operating conditions in engineering inevitably, which means the PRSM
undergoes the transformation of low-speed and heavy-load working
conditions frequently. The results of numerical simulation predict the
transient lubrication behavior of PRSM, which are beneficial for the
following study of failure and efficiency loss.
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Fig. 14. Angular velocity of roller revolution and screw rotation (a) and entraining velocity (b) during start up and shut down process.
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5. Conclusion

In this paper, taking the contact geometry, kinematics, load distri-
bution, 3D machined roughness and entrainment angle into consider-
ation, a mixed-EHL model of PRSM was developed. A comprehensive
analysis of the effect of different helix angle on lubrication has been
explained. The uneven friction between threads and transient behaviors
of the start up and shut down process has been executed. The main
conclusions of this paper are as follows:

(1) The helix angle that can change the entrainment velocity vector
and the equivalent radii of curvature is a key factor of lubrication
in the screw-roller interface. And the small helix angle can make
the contact interface have an excellent lubrication.

(2) Considering the pitch deviation, the uneven friction distribution
that may cause roller axis offset movement is analyzed.
Increasing the rotational speed and reducing axial force can
decrease the dynamic friction offset moment, thus alleviate the
uneven friction distribution and load of the spur ring gear.

10
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Fig. 19. Effects of angular acceleration on the lubrication during the start up and shut down process.

(3) The lubrication of roller-screw interface during two start up and
shut down process is emulated, which shows that larger angular
acceleration is beneficial to improve the lubrication at screw-
roller interface during the shut down status of back-and-forth
motion.
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