{m BILINGUAL

™ PUBLISHING GROUP
Volume 6 - Issue 1 - March 2023 | ISSN 2810-935X (Online)  WEH/ oo ince 1984

Journal of

Mechanical Materials
and Mechanics Research




BILINGUAL
PUBLISHING GROUP

Pioneer of Global Academics Since 1984

Editor-in-Chief

Jan - Awrejcewicz

Associate Editor

Kong Fah Tee

Editorial Board Members

Xikun Wang

Hongping Hu

Samad Nadimi Bavil Oliaei
Mohamed Kamal Ahmed Ali
Khalil Ur Rehman

Ahmad Jahanbakhshi
Ravindra Jilte

Ravinder Kumar

Humaira Yasmin

Lyudmila Ivanovna Gracheva
Ahmed A. Hamoud

Sedat Yayla

Artur Portela

Pawet Grzegorz Kossakowski
Daniele Cafolla

Mohamed El wazziki
Samuel Filgueiras Rodrigues
Jiusheng Bao

Dignesh Thesiya

Farshad Abbasi

Wuyi Wan

Alper Uysal

Wei Cao

Yuan Kang

Kutsl Savas Erduran
Gadang Priyotomo

Salah Aguib

Lodz university of technology, Poland

University of Greenwich, United Kingdom

Jiangsu University, China

Huazhong University of Science and Technology, China
ATILIM University, Turkey

Minia University, Egypt

Air University, Pakistan

University of Mohaghegh Ardabili, Iran

Lovely Professional University, India

Lovely Professional University, India

King Faisal University, Saudi Arabia

G.S.Pisarenko Institute for Problems of Strength, Ukraine
Taiz University, Yemen

Van Yuzuncu Yil University, Turkey

University of Brasilia, Brazil

Kielce University of Technology, Poland

Istituto Neurologico Mediterraneo Neuromed, Italy
Ecole de Technologie Supérieure, Canada

Federal Institute of Education,Brazil

China University of Mining and Technology (CUMT), China

Central Institute of Petrochemicals Engineering & Technology, India

Independent Researcher, Iran

Zhejiang University, China

Yildiz Technical University, Turkey
Zhengzhou University, China

Chung Yuan Christian Universit, China
Nigde Omer Halisdemir, Turkey
Indonesian Institute of Sciences, Indonesia

Boumerdes University, Algeria



XinJiang Lu Central South University, China

Venanzio Giannella University of Salerno, Italy

Nima Ahmadi Urmia University of Technology, Iran

Mohamed El-Amine Slimani University of Science and Technology Houari Boumediene, Algeria
Ahmad Mahdian Parrany Sharif University of Technology, Iran

Jinglun Fu Chinese Academy of Sciences, China

Ali Abd El-Aty Seoul National University, Korea

Zichen Deng Northwestern Polytechnical University, China
Vinothkumar Sivalingam Shandong University, India

Yu-Chun Kung NantWorks LLC, United States

Mohammad Nimafar Islamic Azad University, Iran

Kishore Debnath NIT Meghalaya, India

Shahriar - Dastjerdi Islamic Azad University of Shahrood, Iran

Abdelkader Doudou Mohammed First University, Morocco

Hao Yi Chongqing University, China

Arash Reza Islamic Azad University of Ahvaz, Iran

Ambreen Afsar Khan International Islamic University Islamabad, Pakistan
Afshin --- Zeinedini Kermanshah Branch, Islamic Azad University, [ran

Saad AbdelHameed EL-Sayed Zagazig University-Faculty of Engineering, Egypt

Xuejun Jason Liu University of Wisconsin-Stout, United States

Marcos Rodriguez Millan Carlos III University of Madrid, Spain

Milon Selvam Dennison Karpagam Academy of Higher Education, India
Elammaran Jayamani Swinburne University of Technology Sarawak campus, Malaysia
Matteo Strozzi Department of Sciences and Methods for Engineering, Italy
Rongyun Zhang Anhui Polytechnic University, China

Mehdi Safari Arak University of Technology, Iran

Asim Mukhopadhyay University of Burdwan, India

Chew Kuew Wai Universiti Tunku Abdul Rahman (UTAR), Malaysia

Bing Yang Southwest Jiaotong University, China



Volume 6 Issue 1 « March 2023 ¢ ISSN 2810-935X (Online)

Journal of Mechanical
Materials and Mechanics
Research

Editor-in-Chief

Dr. Jan Awrejcewicz

{m BILINGUAL
W PUBLISHING GROUP
(1 vioneer of Global Academics Since 1984



=

BILINGUAL
PUBLISHING GROUP

Pioneer of Global Academics Since 1984

Volume 6 | Issue 1 | March 2023 | Pagel-53
Journal of Mechanical Materials and Mechanics Research

Contents

Articles

16

22

36

41

Estimation and Analysis of Structural Responses of Asphalt Pavement Using Interlayer Contact Bonding
Model

Xuntao Wang, Hu Wang

Design and Implementation of a Control System to Mitigate Osteonecrosis in Orthopedic Bone Drilling
Procedures

Kadir Gok, Yasin Kisioglu, Arif Gok

Numerical Solution for Thermal Elastohydrodynamic Lubrication of Line Contact with Couple Stress
Fluid as Lubricant

Vishwanath B. Awati, Mahesh Kumar N, N.M. Bujurke

The Correlation of Gyroscope Axial Velocities

Ryspek Usubamatov

Smart Elevator Systems

Kheir Al-Kodmany



Journal of Mechanical Materials and Mechanics Research | Volume 06 | Issue 01 | March 2023

PUBLISHING GROUP

ARTICLE

BILINGUAL Journal of Mechanical Materials and Mechanics Research
Since 1984 https://journals.bilpubgroup.com/index.php/jmmmr

Estimation and Analysis of Structural Responses of Asphalt Pavement
Using Interlayer Contact Bonding Model

Xuntao Wang", Hu Wang’

"Xi’an Shiyou University, Xi’an, Shaanxi, 710065, China
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ABSTRACT

The interlayer contact condition of asphalt pavement has a significant impact on stress transfer and energy dissipation

with adjacent layers, so a model considering the bonding condition of adjacent layers is introduced for evaluating the

structural response of asphalt pavement. The pavement structure, the material characterization with temperature, the

interlayer contact bonding model, the types of bond failure, and the prediction method of pavement life are described

in detail. Results show that the transversely tensile strains at the top of asphalt pavement under the condition of high

temperature were easy to cause the top-down cracking outside the edge of the dual tire. The bonding failure has a

significant influence on strains at the bottom of the surface course with the condition of high temperature, especially,

the longitudinally tensile strains would increase obviously as the disengaging area between the surface course of asphalt

pavement and the base layer increases. Finally, it is proved that the surface course is vulnerable to form deformations and

cause damage under the combined action of low speed and high temperature

Keywords: Asphalt pavement; Interlayer contact; Bonding condition; Structural response; Strain

1. Introduction

Asphalt pavement is widely used in pavement de-
sign and actual engineering due to the effectiveness

of distributing and transferring the vehicle load to

*CORRESPONDING AUTHOR:

the subgrade layers. Up to now the evaluation model
of the structural response of asphalt pavement is still
a crucial part of pavement design and performance
prediction. Asphalt pavement is routinely described
as a multi-layer composite structure, and the structur-
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al responses of this system are significantly affected
by the interlayer condition between adjacent layers "',
A good interlayer condition between adjacent layers
will increase the strength at the contact interface and
make different layers of pavement form a monolithic
structure to resist the action from the environment
and traffic. In contrast, the shear strength between
pavement layers will be reduced, and it will be easy
to cause pavement distresses and shorten the service
life of the asphalt pavement.

There are two common assumptions of interlayer
condition between adjacent layers in some previous
research ™, one is full-bond condition and the other
is no-bond condition. However, this is an impracti-
cal assumption and an extreme condition to the real
pavement structure. BISAR software was usually
used to simulate the pavement structure and compute
the response of asphalt pavement ™. The model in
BISAR generally uses some possible values of the
sliding coefficient to simulate the interface condi-
tion. Nevertheless, it is difficult to obtain the real
value of the sliding coefficient and can’t simulate the
actual interlayer contact condition of adjacent layers.
Some researchers """ held the interlayer condition
of pavement structure lies in someplace between
the bonded condition and the unbonded condition.
In this research, the contact element and target ele-
ment are applied to simulate the function of bonding
material between adjacent layers, and this is differ-
ent from the finite element calculation of previous
studies. Otherwise, the model used in this paper is
the interlayer contact bonding model, and it will be
explained and illustrated in the following text.

Previous research has shown that the interlayer
bonding condition plays an important role in accu-
rately calculating and predicting the responses of
asphalt pavement “"'"). So this paper will investigate
the structural responses of asphalt pavement with
the interlayer contact bonding model and analyze the
pavement performance. The Modified Havriliak—
Negami model is utilized to describe material char-
acteristics of asphalt mixtures at different frequen-
cies and temperatures, and construct the dynamic
modulus master curve of asphalt mixtures according

to the datum from the citation. The detailed calcu-
lations for the structural responses of the typical
asphalt pavement were executed under vehicle load
and different temperatures.

2. Methodology

2.1 Pavement structure and vehicle loading

The road structure is comprised of four different

21 which includes the

layers from top to bottom
asphalt concrete layer, semi-rigid base, subbase, and
subgrade. Meanwhile, the asphalt concrete layer (the
surface course) is divided into three sublayers, the
upper layer (ACUL for short), middle layer (ACML
for short) and lower layer (ACLL for short). The
pavement structure is shown in Figure 1, which is
symmetric along the Y axis. For the purpose of min-
imizing the effect of boundary condition and mesh
size on finite element calculation in ANSYS, the
final structure size of asphalt pavement is 305 cm in
width and 720 cm in length, and this is gotten by a
large number of numerical tests and previous experi-
ences. The structural responses at different locations
of asphalt pavement are monitored by using the three
points shown in Figure 1, and these responses are
the displacement of point A, which locates at the sur-
face of ACUL along the Y direction (U,, for short),
the strains of point B, which locates at the bottom of
ACLL along the X direction and the Z direction ( €z
and &z for short), and the strain of point C, which
locates at the top of subgrade along the Y direction
(€éyc for short), respectively. In this study, these re-
sponses will be applied to predict the behaviors of
asphalt pavement and analyse the performance of the
pavement structure (3141

The mesh size near the loading area is relatively
fine, and the meshing is 5 cm along X direction and
4.5 cm along Z direction, respectively. The mesh size
in other areas is relatively coarser, and the meshing
is 10 cm along X direction and 9 cm along Z direc-
tion, respectively. The finite element model of the
pavement structure is shown in Figure 2. There is a
vehicle load with a single tire, which is applied on
the surface of ACUL, and the tire load is 0.7 MPa. It
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is assumed that the loading footprint is a rectangle,
which is 20 cm long and 18 cm wide "*'7. In addi-
tion, considering the action of rolling friction be-
tween the tire and ACUL in the horizontal, the force
of rolling friction f between them is determined by
Equation (1):

S =wup (M
in which # is the coefficient of rolling friction, and
it equals 0.012 in this study. P represents pressure.

X
Loadin
v 9

5(cm) {Illl

L e
Bl 4 4
A e e

Pl

a ey ACUL

ACML

Sl Al

Semi-rigid base

Axis of symmetry

Subbase

Subgrade

- 305(cm)

Figure 1. Mesh of pavement structure and monitoring points (Not
to scale).
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Figure 2. The finite element model of the pavement structure.

2.2 Material characterization

Asphalt mixture has the characteristics of viscoe-
lastic material, and its responses are mainly affected
by two factors. One is environment temperature, and
the other is loading frequency. Therefore, the dynam-
ic modulus master curve can be utilized for the char-
acterization of the behavior of viscoelastic material,
and also used to reflect the performance and behav-
iors of asphalt concrete. Generally, dynamic modulus

|E| and phase angle ¢ are measured by test '¥, and
they satisfy the following equations:
E"=E'+iE"
E* — (E;)z +(En)2 ( )
2

E’:|E*|cos¢>, E”:|E*|sin(p

tanp =E"/E'
where i=~1= unit imaginary number. £’ is storage
modulus, and E” is loss modulus. In this research,
the dynamic modulus master curve of the asphalt
mixtures is constructed by the Modified Havriliak—
Negami (MHN) model "®"! where the loading fre-
quency and environment temperature are taken into
account, and it has the following form:

0 {H(Z‘;ja:lﬁ ®

where @ means angular frequency. E, is complex
modulus when @ approaches 0, and £, is complex
modulus when @ approaches «. @, is related to the
time-temperature shifting and controls the horizontal
position of the master curve. ¢ and A are all param-
eters of the MHN model. Based on the time-temper-
ature superposition principle (TTSP), the influences
of loading frequency and environment temperature
can be merged into one variable, and this is reduced
frequency o, , which is defined as follows:

0, =oxa; @

where a; is time-temperature shift factor. The Wil-
liams-Landel-Ferry (WLF) equation is the most
common model for the time-temperature shift factor
of asphalt concrete, where o, is a function of tem-
perature 7, as follows:
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:_CI(T_]Z)) 5
C,+(T-T,) ©)

T

C, and C, are two parameters of the equation. T,
denotes reference temperature. Then the dynamic
modulus of material at different temperatures can be
obtained from the equation of the master curve by
replacing the physical frequency with the reduced
frequency at the reference temperature, as follows:

E'(0,T)=E" (0,.T;) ©)

The MHN model coefficients of three kinds of
asphalt mixture used in this paper are presented in
Table 1, and the datum is from the reference ™. It
chooses 25 °C as the reference temperature, and the
reduced frequency is 5 Hz, which is the typical fre-
quency induced by a truck travelling at 80 km/h on
asphalt pavement """

Compared with the normal temperature, asphalt
pavement is more prone to form deformation and
damage with the high temperature. Because the ma-
terial properties of asphalt concrete are related to the
environmental temperature. Therefore, the responses
of the asphalt pavement structure will be considered
at the normal and high temperatures in this research
respectively. To obtain the dynamic modulus of
each sublayer of asphalt concrete layer at different
temperatures, the temperature of each sublayer must
be determined first. It is assumed that the tempera-
ture of each sublayer of the asphalt concrete layer is
changing with the depth of the pavement, and then
the empirical formula (7) is used to estimate the tem-
perature of three sublayers of asphalt concrete layer
at the high temperature '*:

T =54.32+0.78T,

T, —0.0025Lat® —15.141g(H +25)  (7)
where T means the estimated value of the temper-
ature of each structural layer (°C). 7. denotes the
mean value of maximum temperature within one
week (°C). Lat represents the latitude of the area
where the asphalt pavement is located (°), and H
means the depth of the sublayer from the top of the

surface course (mm). Take Xi’an city (in China) as an

example, then 7, =36 (°C, in Summer), Lat =34 (°).
Now the temperature of the three sublayers of the
asphalt concrete layer in Summer can be determined
according to Equation (7). In Table 2, the related
material parameters of asphalt pavement structure
are listed, and the responses of the pavement will
be computed at the normal temperature and the high
temperature for analyzing the performance of the as-

phalt pavement.

2.3 Bonding model between adjacent layers

The bonding condition between adjacent layers
of asphalt pavement has an obvious influence on the
stress transmission and energy dissipation of pavement
structure ', and also affects the prediction of structural
responses of asphalt pavement. Therefore, the interlay-
er condition between adjacent layers is considered to
be the interlayer contact bonding condition (ICB con-
dition) in the study, and the interlayer contact bonding
model (ICB model) is introduced to simulate realistic
interface behavior '”. The ICB model can be illustrated
in Figure 3, where the bottom of ACUL cover with
contact elements, and the top of ACML is covered with
target elements. Spring elements are used to connect the
contact elements and the target elements by the corre-
sponding nodes. Meanwhile, other contact interfaces of
adjacent layers are all connected in the same way, and
then there are totally five contact interfaces as shown in
Figure 3.

In the ICB condition, the stress is calculated by
the contact algorithm according to the length of com-
pression or tension of springs at the corresponding
nodes **. Each spring has three characteristic param-
eters, and these parameters are usually created auto-
matically with a contact algorithm on the basis of the
mesh size of the finite element and the relevant pa-
rameters of material characteristics. But sometimes
these parameters need to be adjusted to get a better

and convergent solution.
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Table 1. The model coefficients of asphalt mixture.

Type E, MPa) E_(vipa) a p , G C,
SMAI13 51.1 26317 0.266 1.693 657.1 21.7 183.5
Sup20 104.8 32128 0.257 1.733 407.9 15.3 139.0
Sup25 359 24558 0.296 1.504 612.0 23.1 191.4
Table 2. Material parameters of asphalt pavement structure.
Laver Normal High temperature Modulus Poisson’s Density Thickness
Y temperature (°C) (°C) (MPa) ratio (kg/m®) (cm)

ACUL(SMA13) 20 54(H=20) . 0.30 2350 4

Determined from
ACML(Sup20) 20 49(H=70) master 0.30 2360 6

curve
ACLL(Sup25) 20 46(H=140) 0.30 2370 8
Base - - 1200 0.25 2300 40
Subbase - - 300 0.35 1932 20
Subgrade - - 50 0.40 1926 200
ot the adhesion stress of the contact interface; 7 is the
T - - ACUL hear stress in the tangential direction. In Equation
Jurget % % shear stress in the tangential direction. quatio

> ACML

Spring=——

" ACLL

> Base

> Subbase

> Subgrade

Figure 3. Schematic of ICB model.

In the ICB model, the augmented Lagrangian

method is used to calculate the contact stress in the

[22]

normal and tangential direction ', and the tangential

stress at the contact interface satisfies the following

relation:
T = UP +D ®)
7| < 7 ©)

where 7, is ultimate stress in a tangential direc-
tion, # denotes the coefficient of sliding friction, P

means the normal compressive stress, b represents

(8), if u equals zero or P equals zero, b is not zero,
adjacent layers may keep sticking state and no slid-
ing. If b equals zero, this means that there is no bond
stress between adjacent layers or adjacent layers
appear bond failure. If inequality (9) holds, namely
|| is less than or equals 7,,, the adjacent layers still
keep sticking state. Otherwise, there will be relative
sliding between adjacent layers. Five contact inter-
faces are created in Figure 3, where the adhesion
stress is 0.45 MPa in the three upper interfaces ),
and the adhesion stress is all 0.01 MPa in the other
two lower interfaces.

Due to constructional deficiency or the chronic and
repeated action of environment and traffic, bond failure
between adjacent layers may occur during the service
life of asphalt pavement and form the disengaging area.
The ICB model can simulate the variation of interlayer
bonding conditions by adjusting the value of b. If the
bond failure occurs somewhere between the adjacent
layers, b in Equation (8) is 0 in disengaging area and
unchanged in other areas. In order to facilitate the sim-
ulation and calculation, there are five types of disengag-
ing areas to imitate the phenomenon of bond failure,
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and they were shown in Figure 4. The dashed box in
Figure 4 all means the load region on the surface of
ACUL. The shaded area denotes the disengaging area
under the load region, and it means that the phenom-
enon of the local bond failure occurs at the contact
interface. In type “T0”, the disengaging area is 0, and
this means that the adjacent layers keep good bonding
condition and no disengaging area appear between the
two adjacent layers. In type “T1”, the disengaging area
is 10x9 cm’ under the load region, and this denotes
that the disengaging area between two adjacent layers
is 10 cm in length and 9 cm in width. In type “T2”, the
disengaging area is 20x18 cm’ under the load region,
and it is the same size as the load region on the surface
of ACUL. Besides, types “T3” and “T4” have a similar
meaning to the type “T2”, but the size of the disengag-
ing area is bigger than the size of the type “T2”.

2cm

18cm

J [ _

T4 Disengaging area:35X 36

T2 Disengaging area:20 X 18
Figure 4. Type of disengaging area under loading area (Not to
scale, Unit: cm?).

2.4 Pavement life prediction method

For the purpose of discussing the effect of inter-
layer conditions of adjacent layers and temperature
on the responses of the asphalt pavement structure,
four cases are considered as follows:

Case 1: the interlayer conditions of adjacent lay-
ers are the full-bonded condition at the normal tem-

perature.

Case 2: the interlayer conditions of adjacent lay-
ers are the full-bonded condition at the high temper-
ature.

Case 3: the interlayer conditions of adjacent lay-
ers are the ICB condition at the normal temperature.

Case 4: the interlayer conditions of adjacent lay-
ers are the ICB condition at the high temperature.

The axle load number and the rut depth will be
predicted to reflect the performance of asphalt pave-
ment. Firstly, assuming that the calculated deflection
is equal to the designed deflection, the axle load
number of the asphalt pavement within the design
service life can be calculated according to the fol-

lowing equation ***;

5
N, = 600
kxl,

where ¥, is the cumulative equivalent single axle
loads number of a lane within design service life; &

(10)

is a coefficient, and the recommended value for it is
1.0; £, is the designed deflection (0.01 mm).

In order to get the deformation of the pavement
structure, the accumulated rut depth (RD) in the en-
tire asphalt pavement can be expressed in the follow-

ing equation "%

N
RD=Yh'¢! 1
i=1

where RD means the permanent deformation of the
asphalt pavement; N denotes the number of sublay-
ers; 5 is the thickness of sublayer ;; ¢, is the plas-
tic strain in sublayer ;. The strain €, in each of the
pavement sublayers can be calculated by the vertical

strain ¢., and the relationship is as follows:

i

&

81; — kl x 10k2 T1'5606Ng,4791 (12)
k, = (C, + C, x dh)x 0.328196" (13)
C,=-0.1039x > +2.4868x h, —17.342 (14)
C,=0.0172x k> —1.7332x h, +27.428 (15)

where k, is the function of %, and dn; 4, is the
thickness of the total asphalt layers (in); d& is the
depth from the surface (in); k, is calibration factor,
and the recommended value for it is —3.79016; T
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and N, are the temperature ( °F ) and the axle loads
number respectively.

3. Response results and analysis

The responses of the pavement structure are com-
puted by the different interlayer conditions and two
kinds of temperature conditions, and these responses
are applied to forecast the structural performance of
asphalt pavement.

3.1 Structural responses with different inter-
layer condition

The structural responses are computed with the
four cases mentioned before, and the results are list-
ed in Table 3. The negative value denotes compres-
sive response, and the positive value indicates tensile
response. The responses of the three monitoring
points with the full-bond condition are smaller than
their responses with the ICB condition whether it is
normal temperature or high temperature. Compared

the responses in case 1 with the responses in case 3
(at the normal temperature), the U,,, &€y and &4 in
case 1 are all a little greater than them in case 3, but
the ¢,. in case 1 is obviously greater than it in case 3.
Compared the responses in case 2 with the responses

in case 4 (at the high temperature), the U,, in case 2
is a little bigger than it in case 4, but the strain &,;,

£, and &y in case 2 are obviously bigger than them
in case 4. Regardless of whether it is the normal
temperature or the high temperature, the strain &
at the top of the subgrade with the full-bond condi-
tion is significantly smaller than it is with the ICB
condition. It may imply that the way of calculating
the responses of asphalt pavement applying with the
full-bond condition is possible to underrate the real
responses of the asphalt pavement. In addition, the
strain &,, and the strain &,. in case 2 are compa-
rable with the results obtained by Xue Z. et al. 7,
which indicate that the responses calculated by the
ICB condition are basically reasonable and accept-
able.

Table 3. Responses under different interlayer condition.

Case U YA gXB SZB gYC
(mm) 10 10 a0
Case 17 -0.1669 18.802 |39.101 |-82.186
Case2? —0.4894 40310 |55.016 |—124.430
Case 3¥ —0.1691 19.656 |40.342 |-101.056
Case 4% -0.5068 87.771 |106.547 |-153.511
Ratio ((((® — o . o o
DYDY 100%) 1.36% 455% |3.17% | 22.96%
Ratio (((@ — o o 0 o
@YD 100%) 3.56% 117.74% | 93.66% |23.37%

Assuming that the designed deflection equals the
calculated deflection, then the cumulative numbers
of the equivalent axle load at the normal temperature
can be calculated by Equation (10), and the results
are shown in Figure 5(a). The cumulative numbers
of the equivalent axle load in case 3 are smaller
than those in case 1. It means that the ICB condition
reaches the calculated deflection in advance com-
pared with the full-bond condition. The predicted
rut depth at the high temperature with one million
of the equivalent axle load is shown in Figure 5(b),
and the rut depth in case 4 is greater than it in case
2. This denotes that the deformation of asphalt pave-
ment with the ICB condition is more serious than
it with the full-bond condition. Based on the above
results, it’s easy to know that by contrast with the
structural responses under the ICB condition, the
structural responses of the asphalt pavement with
the full-bond condition are relatively small, or the
real structure responses of the asphalt pavement are
underestimated with the full-bond condition. It may
be a good and proper cause to explain the reason for
the early diseases of the asphalt pavement structure.
Therefore, in the following sections, the ICB model
will be applied to estimate the structural responses of
the asphalt pavement with different conditions.
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9.00x10

Predicted rut depth(cm)

Axle loads number by calculated deflection

Figure 5. (a) Axle load numbers at the normal temperature and
(b) rut depth of asphalt pavement at the high temperature.

3.2 Strains of the asphalt pavement structure
under the ICB condition

The strain profile of the asphalt pavement struc-
ture is plotted by 56 points at the top of each struc-
ture layer, which ranges from 0 m to 0.55 m along
the X-axis direction. Because the asphalt pavement
structure is symmetrical about the Y axis, the struc-
tural responses of asphalt pavement on both sides
can be plotted. Figures 6(a) and (b) present the
strains of the asphalt pavement at the normal tem-
perature, where ¢, is the transverse strain and &,
is the longitudinal strain. The longitudinal strains
are in compression at the top of the surface course,
and the transverse strains under the load position are
also in compression. The transverse strains in other
positions are very small and approach 0, and this re-
flects that the semi-rigid base has a strong supporting
role in the asphalt concrete surface. The longitudinal
strains are in tension at the bottom of the surface
course, and the transverse strains under the load po-
sition are also in tension. The transverse strains in
other positions are in compression. As shown in Fig-
ure 6(b), the longitudinal strain &, and transverse
strain ¢, at the bottom of the semi-rigid base are all
in tension, and the longitudinal strain &; is less than
the transverse strain &, at the same nodes. €y is the
vertical strain at the top of the subgrade, which is all

negative, and this means that the subgrade is under
pressure.

Figure 6. Strains of asphalt pavement at the normal temperature.

Figures 7(a) and (b) present the strains of the
asphalt pavement at high temperatures. At the top
of the surface course, the longitudinal strains are in
compression, and the transverse strains under the
loading position are also in compression. However,
compared with the normal temperature, the trans-
versely tensile strains at the top of the surface course
change remarkably outside the edges of the dual tire,
which are bigger than the transversely tensile strain
at the bottom of the surface course. At the bottom
of the surface course, the longitudinal strains are in
tension, and the transverse strains under the loading
position are also in tension, but the transverse strains
in other positions are in compression. In Figure
7(a), the transversely tensile strain at the top of the
ACUL is greater than the strains at the bottom of the
ACLL, which is similar to the trend obtained by Alae

1. " and the maximum of it reaches almost 460

eta
micro strains.

From Figures 6(b) and 7(b), the strains at normal
and high temperatures have a similar trend. In Fig-
ure 7(b), the transverse strains €, and the longitudi-

nal strains &, at the bottom of the semi-rigid base are
almost in tension, and they are slightly larger than

that at the normal temperature. The vertical strains

&, at the top of the subgrade are all in compression,
which has an obvious increase compared with the
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normal temperature. According to these results, it is
easy to understand that the tensile strains at the top
of the surface course with the high temperature may
be the main reason for the top-down cracking, and
this implies that the transversely tensile strains will
be prone to cause the surface course to crack in the
traffic direction (longitudinal direction) at the high
temperature. This keeps consistent with the research
results of Alae et al. """, and is also basically the
same as the conclusion of the classic model of top-
down cracking.

e )

Transiere Disance ()

Figure 7. Strains of asphalt pavement at the high temperature.

3.3 Structural responses of asphalt pavement
with local bond failure

For purpose of imitating the phenomenon of the
local bond failure between two adjacent layers, two
cases of bond failure are considered as follows:

Case 1: The local bond failure happens between
the ACUL and ACML.

Case 2: The local bond failure happens between
the ACLL and the semi-rigid base.

The disengaging area is used to denote the re-
gion of the local bond failure, and the five types of
the disengaging area as shown in Figure 4 are con-
sidered in this research. The responses of the three

monitoring points as shown in Figure 1 are comput-
ed when the different types of the disengaging area
happened in Case 1 and Case 2. The results at the
normal and high temperatures are listed in Table 4
and Table 5 respectively.

In Table 4, the responses have an obvious differ-
ence in Case 1 and Case 2, and they all keep rising
when the disengaging area increases. From type “T0”
to type “T4”, the increment of the displacement Uy,
in Case 1 is a little bigger than it is in Case 2, and the
strain &y has a slight increase in Case 1 and Case 2.
However, the increment of the strain £y; in Case 2 is
greater than it in Case 1, and the strain €, have the

same trend as the strain €.
Although the responses in Table 5 are larger than

the responses in Table 4 in the corresponding cases,
they have a similar trend. From Table 4 and Table

5, the variation of the displacement Uy, in case 1 is

greater than that of the displacement U,, in Case 2
at the normal temperature or the high temperature,

which means that the influence of Case 1 on the
displacement U,, is relatively obvious compared

with that of Case 2. The strain &, has little change
at the normal or high temperature, and this means

the local bond failure has a little effect on it. But the
strain €y; and the strain &, all increase observably
in Case 1 and Case 2 as the size of disengaging area
enlarges, especially in Case 2. It indicates the local
bond failure between the bottom of the ACLL and
the top of the semi-rigid base has a significantly
negative impact on the tensile strains at the bottom
of the ACLL, and this will be more serious with the
high temperature. Hence, bottom-up cracking may
be easy to form when the phenomenon of bond fail-
ure occurred between the ACLL and the semi-rigid
base. In addition, compared with the interlayer bond
failure between the ACUL and the ACML, it is easy
to know that the influence of the local bond failure
between the ACLL and the semi-rigid base on the
strains at the bottom of the surface course is more
obvious.
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Table 4. Responses with bond failure at the normal temperature.

Type U,, (mm) Eyp (107) £,5 (107 Eye (107°)
T0Y —0.1691 19.656 40.342 ~101.056
Tl —0.1692 19.668 40.360 ~101.057
Case 1 T2 —0.1709 20.890 41.669 ~101.074
T3 —0.1723 22.852 44312 ~101.147
4% -0.1727 23.049 45.198 ~101.267
Ratio (@ - @ Y @D )*100%) 2.13% 17.26% 12.04% 0.21%
TO® —0.1691 19.656 40.342 ~101.056
Tl -0.1691 19.952 41.055 ~101.053
Case 2 T2 —0.1693 24.844 49.339 ~101.090
T3 —0.1697 27.151 54.195 ~101.556
T4% —0.1706 29.219 58.047 ~102.014
Ratio (@D - ® ) 3 )*100%) 0.89% 48.65% 43.89% 0.95%
Table 5. Responses with bond failure at the high temperature.
Type U,, (mm) Eyy (10°) £, (10°) Eye (10
TO" —0.5068 87.771 106.547 ~153.511
Tl —0.5074 87.930 106.702 ~153.511
Case 1 T2 —0.5308 97.610 116.280 ~153.530
T3 —0.5445 112.435 131.298 ~153.652
T4% —0.5461 112.826 131.784 ~153.838
Ratio (((2-1)/1)*¥100%) 7.75% 28.55% 23.69% 0.21%
TO® —0.5068 87.771 106.547 -153.511
Tl —0.5068 92.260 115.710 ~153.515
Case 2 T2 -0.5077 171.619 243.444 ~153.580
T3 -0.5112 202.647 307.269 —154.251
T4® —0.5158 223.442 351.672 ~155.061
Ratio (@ - @ ) 3 )*100%) 1.78% 154.57% 230.06% 1.01%

3.4 Structural responses of asphalt pavement
under moving loads

To estimate the performance of the pavement
structure with the moving loads, the structural re-
sponses of the three monitoring points as shown in
Figure 1 are computed with vehicle load passing
through the surface of ACUL under different speeds.
The path length of the moving loads is 720 cm in
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total, and the moving loads will go 9 cm forward in
every iteration. When the moving loads along the
traffic direction complete the load path, the iterative
process ends. The responses of the three monitoring
points are computed at the normal and high tem-
peratures respectively, and the speed of the moving
loads is assumed at 30 km/h, 60 km/h, 90 km/h and
120 km/h respectively.

The structural responses shown in Figures 8(a)-
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(d) are under the condition of normal temperature,
and the structural responses shown in Figures 9(a)-
(d) are under the condition of high temperature. The
extremums of the displacement U,, decrease with
the increase of vehicle speed whether it is the normal
temperature or the high temperature. Furthermore,
the value of the displacement under a moving load is

U at diffenent vehicle speed
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0.02

0.02

-0.04
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01
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014

0.16
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£y V=120mi
02 1 1 1 L L L

0.1 0.2 03 04 05 0.6 0.7 08
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Time (sec)

(a)

at diffenent vehicle speed

o V=30km/h
* V=60km/h
2 E V=90km/h
e V=120kmih

(10

€zp

Time (sec)

(©)

281 in amount

basically consistent with Zhao Y. et al.
and magnitude, which shows that the response with
the ICB model under the moving load is credible.
The strain €y and the strain €z all have a course of
compression, tension and compression, meanwhile,
the maximum of the strain €y; and the strain &z all
decrease with the vehicle speed increasing.
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Figure 8. Response due to moving loads at the normal temperature.
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Figure 9. Response due to moving loads at the high temperature.

As vehicle speed increases from 30 km/h to
90 km/h at the normal temperature, the maximum of

the strain &,; and the strain &, decrease by 12.46%

and 21.70% respectively. As vehicle speed increases
from 30 km/h to 90 km/h at a high temperature, the

extreme the strain &,; and the strain &, decrease

by 29.29% and 30.54% respectively. It may indi-
cate that the deformation of asphalt pavement has a
strong relationship with the loading time. The strain

&y under different speeds keeps almost same in the
magnitude and trend at normal or high temperatures,
and the extreme of the strain &y, is nearly the same
under different speeds in Figure 8(d) or Figure 9(d).
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It indicates that the vehicle load can be effectively
transferred to the subgrade by the semi-rigid base.
Furthermore, the structural responses of the surface
course with the high temperature are significant-
ly bigger than those with the normal temperature,
which implies that the structural responses of as-
phalt pavement also have a strong relationship with
the temperature of structural layers. In addition, the
trends of structural responses at different vehicle
speeds keep in correspondence with that obtained by
Alae et al. ", So the material performance of asphalt
concrete needs to be improved to resist the deforma-
tion at high temperatures.
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4. Conclusions

The interlayer condition of structural layers of
asphalt pavement not only has an effect on the ab-
sorption and dispersion of the external loads, but
also is of great significance for accurately estimating
the structural responses and performance of asphalt
pavement. For simulating the interface condition of
adjacent layers, the interlayer contact bonding mod-
el is applied to achieve the connection mode at the
contact interface. To predict the structural behaviors
of asphalt pavement with vehicle loads and consider
the materials characteristics of asphalt pavement, the
structural responses of asphalt pavement are comput-
ed with the interlayer contact bonding model at two
different temperatures in this research. Furthermore,
the structure responses to the local bond failure of
the adjacent layer are also studied and the responses
of pavement structure with the moving loads are also
analyzed. Finally, some conclusions are presented as
follows:

(1) Compared with the normal temperature the
transversely tensile strains at the top of the surface
course are easy to cause top-down cracking at the
high temperature outside the edges of the dual tire.
Because the influence range of vehicle loads is fi-
nite, a critical location for the formation of top-down
cracking is the vicinity of the tire edge.

(2) The occurrence of the local bond failure be-
tween the ACLL and semi-rigid base breaks the in-
tegrality of the pavement structure and weakens the
bonding strength between the ACLL and semi-rigid
base, which makes the strains at the bottom of the
ACLL increase with the increase of the disengaging
area, especially at the high temperature. This may
promote the chance of the initiation of the down-top
cracking, hence, a strong bonding condition between
the ACLL and the base needs to be constructed to
restrain the occurrence of bond failure and resist the
external loads together.

(3) The structural responses have a similar trend
with the different vehicle speeds at normal or high
temperatures. Although the extreme responses of the
pavement structure decrease with the vehicle speed
increasing, the asphalt pavement is still vulnerable
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to form deformation and damage at the interaction of
lower speed and higher temperature. Therefore, it is
necessary to reasonably limit the vehicle speed and
further improve the material performance of asphalt
concrete at high temperature.
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ABSTRACT

The drilling process in orthopedic surgery can sometimes lead to an undesired increase in temperature, which can
cause serious damage to bones and soft tissues. This overheating is typically identified as a temperature above 47 °C,
known as the critical limit, and can result in the condition known as osteonecrosis. This study aims to develop a new
control system, using a proportional-integral-derivative (PID) controller, to prevent overheating and the resulting
osteonecrosis. The bone temperature is constantly measured using a thermocouple and, when it reaches the critical
temperature of 47 °C, the cooling device is activated by the PID-controlled system. This new control system makes the
drill machine with cooling device more user-friendly and allows surgeons to set a desired temperature level manually.
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damage the bone and soft tissue in the bone drilling
process. This can lead to osteonecrosis, a condition
where bones and soft tissue remain anemic due to the
failure caused by overheating "'\ There are several
studies available in the current literature about the
critical value of temperature. Hillery and Shuaib !
studied and found that bones are seriously damaged
when the temperature rises above 55 °C in 30 seconds.
Eriksson et al. ™' studied in vivo and presented that the
cortical bone of a rabbit exhibited thermal necrosis
above 47 °C in 60 seconds. Augustin et al. ™ also re-
ported that the temperature can increase above 47 °C,
which can cause irreversible osteonecrosis during the
bone drilling process.

Biocompatible medical components are common-
ly used in orthopedic surgery to heal broken bones.
To fix fractures, surgeons use a surgical drill to se-
cure plates with screws, as shown in Figure 1. In
bone drilling procedures, there is often overheating
between the drill and the base material due to high
friction, which can cause failures. When the unde-
sired temperature increase exceeds a critical value, it
can seriously damage the bone and soft tissue in the
bone drilling process. This can lead to osteonecrosis,
a condition where bones and soft tissue remain ane-
mic due to the failure caused by overheating. There
are several studies in the current literature that ex-
amine the critical value of temperature during bone
drilling procedures. Hillery and Shuaib ' found that
bones can be seriously damaged when the tempera-
ture exceeds 55 °C in 30 seconds. Eriksson et al. ©*
studied the effects in vivo and discovered that the
cortical bone of a rabbit suffered thermal necrosis
when the temperature exceeded 47 °C in 60 seconds.
Augustin et al. ¥ also reported that temperatures
above 47 °C during bone drilling can cause irreversi-
ble osteonecrosis.

There are many papers available on bone drilling
processes. Papers related to bone structures *** and
the effects of processing parameters, such as spindle
speed and feed rate, drill geometry, have been stud-
ied ®'"*% The processing parameters are extremely
important and should be selected at an optimal level
because the selection of improper parameters can
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cause tissue damage *'”. The most important of
these parameters is the temperature in terms of bone
and soft tissues. Many different types of studies are
available in the literature to control bone temperature
rise. Augustin et al. "'® designed a two-step cooled-
drill internally and investigated the increasing bone
temperature value.

Screw

Plate

Femur bone

Hand drill

Surgical drill

Figure 1. Surgical bone drilling process .

The aim of this study is to develop a new control
system to control and prevent the undesired temper-
ature rise during the bone drilling process. The new
system is developed to control the bone driller mech-
anism developed in the previous study ™. The bone
driller mechanism that was explored previously is
having a coolant device that works in a closed-loop to
cool the drill bit and bone. The developed new control
system is working with Proportional-Integral-Deriva-
tive (PID) controller system. The PID system, a kind
of sensor or control loop mechanism, is widely used
in industrial applications to control the mechanism.
The developed PID controller system controls and
activates the coolant device of the driller mechanism
when the bone temperature rises undesirably. The PID
control system is a user-friendly mechanism and sur-
geons are also able to set up the critical temperature
level or desired temperature limit manually. The bone
temperature level has been controlled to prevent bone
damage caused by overheating.

2. Materials and methods

2.1 Development of PID controller system

The drilling mechanism is composed of three
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main components, the drill bit, drill chuck, and
closed-loop cooling device, as shown schematically
in Figure 2. As seen, the drill and drill chuck work
together as a combined drilling tool that has cooling
devices designed internally in both the drill and drill
chuck through hidden cooling slots. The drill bit is
mounted on the drill chuck, which is compatible
with different diameters of drill bits ™'\

Inlet nozzle

1
Drill bit Py ————— jl» === Drill handle
— T
< | 1]
~ = =
Drill chuck

Cooling slots

Outletnozzle Bearing

Figure 2. The schematic view of the surgical driller system ™.

The PID control system is developed and insert-
ed into the experimental set to control the coolant
device in the case of the bone temperature level rise
during the drilling. The developed controller sys-
tem is mounted to a mini-CNC milling machine for
the drilling experiments as seen in Figure 3. In the
experiments, a thermocouple for temperature meas-
urement and a cooling motor, were switched with
a PID controller system to keep the desired bone
temperature level. To measure the bone temperature
values during the drilling, a thermocouple device has
been. These values are saved in the PID controller
device as in analog data. During the drilling process,
when the bone temperature level reaches the critical
temperature value of 47 °C, the cooling system is
activated by the controller system. In literature, the
critical values of the bone temperatures are variable
based on the bone structures but, it is commonly
selected as 47 °C, mentioned above. The tissues sur-
rounding the drilled bone are affected when the bone
temperature exceeds the critical value so that the
desired temperature level can be selected lower by
surgeons using the controller system.

The measured temperature value is defined as the
peak value (PV) and the desired temperature value is
called the set point (SP). When these two values (SP
and PV) are compared to each other, the difference
between them is called a temperature-error, calcu-
lated with Equation (1). Compensating the error is

18

provided by the PID controller equation as given in
Equation (2). In order to compensate for the temper-
ature differences, a required Pulse Width Modulation
(PWM) is generated by the PID controller system
and then the cooling motor is activated instantly. The
coolant will be transferred into the chuck and it will
circulate through the cooling channels of the surgery
drill. The PID controller device will continuously
generate the PWM by calculating the error rate. The
working system of the PID control system is shown
in Figure 3. The flowchart of the PID control system

is shown in Figure 4.
e=SP-PV (1)

de
Upp =K, e+ K, [edt+ Kd (Ej

@

where, K,: Proportion gain, K;: Integral time con-
stant, K;: Derivative controller.

Upip = Kye + K, [ edt+ Kd (%)

[PWM|

Set Value

Auf\v,\vn
b Ts
e

. ] Settling Time
PID Control Device

Figure 3. The working system of the PID controller.

Measured Value

t (Time)

Desired value True value

System by Controlled
(Process)

Control Unit H Power Unit }—p

Measured value

Measurement Setup

Figure 4. The flowchart of the PID controller system.

3. Results and discussions

The drill bit and cooling system were mounted
and fixed on a desktop-type mini CNC milling ma-
chine as seen in Figure 4. The thermocouple and
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cooling motor were clamped and connected to the
PID device. The bone drilling processes were per-
formed using the desktop-type mini CNC milling
machine. In order to perform the drilling process, a
fresh calf femur, a 3-year-old, was used in the mini
CNC machine after completing the necessary all
samples, tools and equipment. The fresh bone was
obtained from a butcher. The bone drilling experi-
ments were performed at a spindle speed (n) of 800
rpm and a feed rate (Vf) of 25 mm/min. When the
bone temperature reaches 47 °C, the PID control sys-
tem will be activating the cooling motor and system
as seen in Figure 5. The coolant water is circulated
inside the drill bit to cool.

In the drilling experiment of the fresh bovine
bone (femur) samples, the drill bit is cutting (drilling)
the cortical-cancellous-cortical bones, respectively.
The drilling experiments were performed at room
temperature conditions using/without the PID con-
troller. During both drilling experiments, the bone
temperatures were measured instantly and the re-
sults were saved in the computer as in two different
curves based on the critical temperature value of
47 °C. The bone-measured temperatures were plot-
ted as a function of time (sec) shown in Figure 5.
As seen, the curves are labelled as “No control” and
“PID control”. Both cortical and cancellous bone
temperatures were generally measured lower than
47 °C when using the PID controller since the cool-
ing system is activated, if necessary, during the drill-
ing process. These measured bone temperatures were
shown with the curve named “PID control”. As can
be seen from the figure, the cancellous and cortical
bone temperature was measured after 8.1 seconds
slightly higher than the 47 °C but it is not disturbing.

The spindle speed (n) and feed rate (V) are the most
important drilling processing parameters to affect bone
necrosis. The bone temperature levels that occurred
during the drilling can be controlled by the “n” and “Vf”.
Several papers presented that “rpm” is increasing, and
bone temperature is increasing due to overheating on
the surgical drill bit or cutting tool "'"'”, The overheat-
ing results the bone tissue necrosis. However, the most
amount of heat is absorbed by the bone chips that are
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removed away from the drilling zone. Increasing the
“rpm” of the process is accelerating the chip removal
from the drilling zone which reduces the bone tem-
perature levels »***”, Therefore, it is realized that
the bone temperature levels during the drilling are
depending on the drilling process conditions. The
temperatures that occurred in the bone during the
drilling can easily be controlled using the developed
PID control system.

75

Critical Value

Temperature (°C)

- Regular Drilling
- PID Control

5

2

0 46 8 10 12 14 16 18 20

Time (sec)

22 24 26

Figure 5. Bone temperatures during bone drilling.

4. Conclusions

In this study, a PID control device/system is
developed to control the new driller system devel-
oped previous study °'. The PID control system is
controlling and activates the cooling system device
and motor of the new driller system when the bone
temperatures reach 47 °C during the bone drilling
process. In addition, the developed PID controller
system is user-friendly since surgeons are also able
to set up a critical or desired temperature level man-
ually during the drilling operations. Based on the re-
sults obtained in this study, the developed PID con-
troller device is providing a valuable result without
osteonecrosis during the bone drilling process at low
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ABSTRACT

In this paper, the detailed analysis of the influence of thermal and non-Newtonian aspects of lubricant (couple stress
fluid) on EHL line contact as a function of slide-roll ratio is presented. The novel low complexity FAS (full approximation
scheme), of the multigrid scheme, with Jacobi dipole and Gauss Seidel relaxation is used for the solution of coupled
equations viz. modified Reynolds equation, film thickness equation and energy equation satisfying appropriate boundary
conditions. The analysis reveals the combined influence of non-Newtonian, thermal and slide-roll ratio (of bearing moving
with different speeds) on pressure, film thickness and pressure spike covering a wide range of physical parameters of
interest. Results show that pressure spike is strongly influenced by thermal, slide-roll ratio and non-Newtonian character
of lubricant with negligible effect on the overall pressure distribution. Also, the minimum film thickness is slightly altered
and it increases with the increase in the couple stress parameter. These findings confirm the importance of non-Newtonian
and thermal effects in the study of EHL.

Keywords: Thermal EHL; Slide-roll ratio; Couple stress fluid; Multigrid FAS; Non-Newtonian

1. Introduction generated, due to high load and speed, in the cavity
results in the deformation of (contacting) surfaces.

Elastohydrodynamic lubrication (EHL) is pri-  Thjg in turn causes changes in pressure developed
marily concerned with the lubrication of contacting  and in this process the basic properties of the lubri-
surfaces (machine elements) where the high pressure  cant are affected. The viscosity and density of the
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lubricant are functions of pressure and temperature.
Due to the high speed of contacting surfaces thermal
effects will have a considerable influence on EHL lu-
brication. In the contact region the pressure becomes
very large (0.5 GPs to 3 GPs). With large speed film
thicknesses reduces to some micrometers and as such
wide range of scales is involved in EHL. Dowson
and Higginson ! and periodical review on EHL viz
Hamrock and Tripp !, Dowson and Ehrel ', Schli-
jper et al. !, Spikes ', Lugt and Morales-Espejel !
and others provide comprehensive developments
(both theoretical schemes and experimental findings)
in EHL line as well as point contact problems. Dis-
sertations of Venner " and Goodyer * and others
present many salient features of EHL problems.

The numerical investigation of EHL line contact
problems, with Barus viscosity-pressure relation
by Petrusevich ! predicts a second pressure spike
near the exit, which is one of the important features
of EHL. In the inlet region (considering lubricant
flow from left to right) the lubricant is fully flood-
ed, the center (Hertzian contact) is a high-pressure
region and again at the exit (out flow) the pressure
is zero (cavitation region). Finite difference and
finite element methods are commonly used in the
EHL investigation. The studies pertaining to a wide
range of parameters involved (especially those of
high load cases) with algorithms of lower complex-
ity could overcome the limitations of conventional

[10]

numerical schemes. Okamura " presents the nu-

merical solution of isothermal EHL by using the

1 ysed a

Newton-Raphson method. Lubrecht et al.
multigrid method introduced by Brandt '?, to solve
EHL problems. Later, Brandt and Lubrecht "* devel-
oped MLMI method for the fast evaluation of elastic
deformation integral. Full approximation schemes
(with Jacobi dipole relaxation) and others played a
significant role in easing numerical studies of EHL
problems by Venner "*, further details and finer as-
pects can be found in Venner . Recently, Bujurke
et al. """ used the wavelet preconditioned New-
ton-GMRES method for the solution of EHL line
contact analysis and demonstrate the efficiency of

the solver in overcoming the limitations of conven-

23

tional numerical schemes.

For the pressure and effective modeling of EHL,
especially in predicting minimum film thickness, in
knowing the spread and height aspects of Petrusevich
pressure spike, resulting surface stresses and other
aspects of bearing lubrication, it is essential to in-
corporate the influence of rheology (non-Newtonian
nature) of lubricants and thermal effects. Bell "' was
the earliest investigator to predict the importance
of lubricant rheology on film thickness using Gru-
bin type method. Houpert and Hamrock ", Conry

etal. '

solve isothermal EHL equation with Ree-Ey-
ring type lubricant using Newton-Raphson method
and cover a wide range of parameters of interest.
Jacobson and Hamrock """ use simplified limiting
shear stress model lubricant and find a reduction
in film thickness by solving the modified Reynolds
equation and film thickness equation simultaneously.
Zhu and Neng *” present theoretical and experimen-
tal work on EHL with grease as a lubricant. Bujurke
et al. " use Jacobian free Netwon-GMRES solver
for the solution of EHL line contact problem with
grease as a lubricant and present spread and height of
Petrusevich pressure spike as a function of a parame-
ter characterizing grease lubricant. Wang et al. ' use
the power law rheological model for the line contact
EHL studies under pure rolling and find the location
of the cavitation point as a function of the power law

exponent. Chippa and Sarangi >

consider the couple
stress fluid model in finite line contact EHL problem
and observe that, the increase in film thickness is due

. . 24
to an increase in the couple stress parameter. Das 4

and Saini et al. !

also use a couple of stress fluid
models in their EHL line contact analysis using the
conventional finite difference method. Kantli et al.
and Shettar et al. *”' use a couple of stress fluid
models in their detailed investigation of the second
pressure spike and use Jacobian-free Newton-GM-
RES and Newton-MG schemes respectively. It is of
interest to find the entry of bio-based lubricants in
EHL™ which are later also used by Awati et al. *”,
Awati and Shankar "% to find its novel features in
tribology. Sternicht et al. *'" were one of the earliest

investigators to incorporate thermal effects in EHL
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rolling/sliding line contact problem. Later by as-
suming mean viscosity across the fluid film region,
Cheng and Sternicht ** and Dowson and Whitaker **'
investigate thermal EHL line contact problems
for finding minimum film thickness. Murch and
Wilson %, Ghosh and Hamrock * attempt in ana-
lyzing thermal effects on EHL, which are accurate
for moderate parameters (weight and speed). Sade-

[36]

ghi and Sui ©™ solve thermal EHL rolling/sliding line
contact using a system approach, developed earlier
by Houpert and Hamrock ®” and derived accurate
film thickness formula. Yang and Wen "* Wolff

et al. ¥

analyzed the lubrication problem based
on thermal EHL rolling/sliding line contact model
and obtained the tapered wedge shape of oil film
under high rolling speed and slip conditions. Wolff
and Kubo " presented the applications of New-
ton-Raphson method for the solution of thermal EHL
line contacts. Hsiao and Hamrock Y, Yang et al. **
use the combined influence of non-Newtonian and
thermal effects on film thickness and surface stresses
in EHL line contact problems. Other important stud-
ies on this aspect are due to Salahizadeh and Saka *,
over rolling aspects, and recently more effective/
detail analysis by Liu et al. **. In most of the EHL
papers, the solutions of EHL-line contact problems
were solved by using Newton-Raphson method.
The demerits of Newton-Raphson method are that,
the computational complexity of the method is of
order O(n’), n is the number of calculation points
in the calculation domain. The elastic deformations
term is the Jacobian matrix which is a X7 matrix
and obtaining its inverse requires O(n’) operations.
Also, for high load and high speed the Jacobian
becomes singular for a finer grid in employing the
Newton-Raphson method. This difficulty can be
overcome by using much lower complexity schemes
for the solution. In this respect the computation
complexity of the FAS method is of order O(nlogn)
which is a more efficient method compared to New-
ton-Raphson.
Multigrid FAS method '

The nonlinear system of algebraic equations can

be written as 7"(u")= f", where [ is the nonlinear

24

operator, u is the exact solution, f is the right hand
side and h is the mesh size of a uniform finer grid.
Let v be an approximation to the exact solution then
¢" =u" —v" denotes the error and " = /" - L' (v") rep-
resents the residue. In FAS, instead of solving the er-
ror in the next coarser grid by restricting the residue,
the system of nonlinear equations is solved with a
modified right-hand side, i.e. f =1"r"+L"(1]"V").
Continuing this process till the coarsest level H is
reached and error is computed as ¢ =4 -y . This
error is added to the solution obtained in the next
fine grid by interpolation and relaxation to get a new
solution. Error is computed and this process is re-
peated until the finest level is reached.

The schematic representation of two grid FAS cy-
cle is as follows:

1)
fine grid with an initial value u, to get y".

2)
residue ,* and V" to a coarser grid.

3) Compute modified RHS as /™
rNI'y and relax 2wy = £ with the initial

2h_2h
=1"v",

Relax L'(u")= f" with a few relaxations on a

Compute residue " = /" —L'(v") and restrict

Sy

guess v
4)
to finer grids and add to v".
5)
proximate solution.

2h 2h

Calculate error ¢* =4 —v*" and interpolate

Again relax L'(u")=f" with »" to get an ap-

2. Mathematical formulation

Consider two infinitely long cylinders that are
rolling at speeds % and u,, separated by a lubricant
(here couple stress fluid) and supporting a load W
per/unit axial length. The elastic cylinders are of

radius R, and R, with elastic moduli E,, £, and of

Poisson’s ratio v, and v, respectively. As rollers sup-
port high loads they experience elastic deformation

in the central or Hertz contact region. With usual
assumptions ' the lubricant film thickness in dimen-
sionless form is:

2

H(X):H0+—‘; +V o)
BmR 1 1 1 . .
Hy="2- —=_4—
where H, bR R +R2, p is the half width of
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hR . .
Hertz contact zone, H = # 1s the film thickness

and #, is offset film thickness.

— Ko 5
V=—1 P(X)L X-S)°dS
- j (X)Log(X~S) )

P is dimensionless pressure buildup in the lubri-

X, , X,, are inlet and outlet boundary

cant cavity,
co-ordinates (location) and X :%.

The dimensionless steady-state Reynolds equa-
tion for compressible couple stress fluid as a lubri-

cant is given by Saini et al. **\.
o ( pH® dpP d —
| 2| K (pH) =0 3)
X\ né&dx dx
-1
where &= 1—122+123tanh[gj ,Lm=£QQ:8VV7H5
o0 2 R 7L,
U’ . . .
K:W’ L, is a dimensionless couple stress pa-

rameter and 4, is the molecular length of additive.
The dimensionless load balance equation is:

X,

e T
| PCxyax = >

Xm

@

46 . . . .
The Roelands * relation, in dimensionless form,
connecting viscosity-pressure-temperature is:

n= exp[{ln(fyo)+9.67}[—1+(1+5.1x10*9PHP)1+7T0(1—T)} (5)

. . . D . .
where 77, is the absolute viscosity, £ :?h is ambient

o
pressure and = is a constant characteristic of the
liquid (pressure-viscosity index). The modified form
of Dowson-Higginson "' relation about density-pres-
sure-temperature in dimensionless form is:

[H

The boundary conditions for the pressure distri-

e 0.6x10° P, P

MWI,HP}{I—[J’%(T—D} (©)

bution are:

dpP
P(X )=0; and P(X )=— t X=X 7
(X,,) (Xu)=92=0  a ™

out

Energy equation

Assume the lubricant properties such as thermal
conductivity, specific heat and thermal expansivity
to be constants with respect to pressure and tempera-
ture than the energy equation in dimensionless form

25

is 7.

T . — o(~0T ) (—apj n-{oU

LK, pH| U= |-K,HT| U= |-K,L7| ==

22 3P [ aXJ 2 ox 1¢T e (8)
(E'RU)’ E'RVU (WY

where, K, :T—k , K, _PERU (*) , Ky=

o'l 4nok T
. 3/2 — _
cpoE R2U[8L’Vj and o= zUn , u:ua+L Ua Z+16p{22_
nk 7z SWH h 21 ox

h(2z—h) /22 . - 7

hz+222| 1= SOSMEEZ 24 L ) _ T

z { cosh(h/21,) from Siani et al . ¢ '

and 7 is shear stress of the couple stress fluid and is
> 22)
0z 0z

The associated boundary conditions for the ener-
gy equation becomes:
T(X,0)=T,; T(X,H)=T,

given by r= 77[

©)

where T, and T, are the lower and upper surface tem-
peratures of bearing surfaces and are given by "

ke (ny) " (m18)" e [8Tj dx’
T(X)=1+—L2 = 10
() \/ﬂplclkl[E'U(l—s/Z)]R'L('H oz ;:0\/)(—)('( )

ky(ny) " (/8W)" 1 (ar] dx’

T(X)=1 Al Bl Rl
»() +\/7rp2czk2[E'U(1+s/2)]RJXrH 0Z ) NX-Xx (1)

The mean dimensionless temperature 7/, is ob-
tained as follows:

7, = [raz (12)
0

In fact, the surface temperatures 7, and 7, (men-
tioned above) are not known in advance. The heat
generated in the lubricant is due to roller surfaces
experiencing continuous heat flux from the lubricant
film as it moves through the contact area. This tem-
perature rise at the surface of rollers is equivalent to
a stationary semi-infinite solid subjected to a moving
heat source on its surface which is an elegant work-

8] and this solu-

out problem in Carslaw and Jaeger
tion is the notation of our boundary conditions on 7,

and 7, mentioned above.

3. Discretization of governing equations

The Equations (1)-(3) and (8) are discretized
using second-order finite difference approximation
with grid size (with a number of grid points N)
N =512 in the spatial domain of computation i.e.
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[X.. X..]=[-4 15] and X, the cavitation point to be
determined during the solution process. The discre-
tized form of the Reynolds equation and relevant
boundary conditions are:

gt 1/2 (gl 1/2 +gt+1/2)P +gl+l/2PI+l/2 KptHi _p[*lHl*l (13)
AX? AX
o H? o+
where, Ax =x, - X, ¢ =22 and ;= JELIN
nié:i ) 2
P(X )—-P(X
P(Xin):() and M:O' (14)

AX

The film thickness equation in discretized form
as:

2

H, = H+X’
2

(15)

ISRl

1
i—j—zAXJ—l} for i=0,1,2,..., N,

1
+72 ij /’

i—j+

|
where, D, :_El_ﬁszX[h(

s

J=0L2,.,n. The force balance equation in discre-

tized form as:

N(P+P
Mz(#)l =0 (16)

i=1 2 2

The energy equation in discretized form as:

(T, =21, +T,) = K, p 2T | T
(AE)Z ) =K p H U NG
(17)
—K,HUT, ‘lP_K e [5UJ
ox ¢ \0Z

The convergence criteria for pressure and temper-
ature becomes:

(Rkﬂ _};;k)

where, ¢ =1E -4 is error tolerance.

4. Numerical method

We use Multigrid Full Approximation Scheme
(FAS) for the solution of a nonlinear system of alge-
braic equations i.e. Equations (13) to (16) with rela-
tions Equations (5) and (6). The geometry and materi-
al parameters used are the ones given in Saini et al. *”
which pertain to broad aspects of (EHL line contact)
bearing in use. The relaxation process in FAS is fol-
lowed as described by Venner '*. The coefficient ¢
in Equation (13) varies several orders of magnitude
over the computational domain. The inlet and outlet

26

regions ¢>>1 (7 and H” are large), whereas in con-
tact regions ¢ <<1 (7 and H*are relatively small). For
& >>1, Gauss-Seidel relaxation and for £<<1, Jacobi
dipole relaxation is applied with an under-relaxation
factor of 0.3~0.6; and 0.1~0.3 respectively.

The procedure of FAS for EHL problem requires
pressure correction in every grid but A, in load bal-
ance is corrected only on the coarsest grid. Let us as-
sume that an approximate solution P, A, is obtained
from Equation (15). The Gauss-Seidel relaxation
process is applied in obtaining new approximation P

in the region of large ¢/h° and is given by:

{

where, 7 is the residual of the discrete Reynolds
equation at i,

oL

-1
i
j }/;,
i

OP,

PP

n==(&,F. (&, +5,+1/2)P +E&n z+1)/h2
+(pin _pi—lHi—l)/ha

An

h

Khh

(gz ]/2+gz+l/2)/h2+ (pthhh_pz i) ll)/h'

6P

The Jacobi dipole relaxation process is applied in the

region of small &/4* and pressure is updated as P = P+,
and P, =P, -5, . For the calculation &, we use:

0 = (aLh 6Lh J_l 7
' OP. OP_ '
where,
B=—(6 B (6 + Ep) P+, P I
+(p,H, —pHHH)/h
and,
gip _% <262+ ) (R K )

The cavitation condition is obtained by replacing
negative P values (in the calculation) with zero.
There satisfy the load balance equation and H, is

)

where c is a suitably chosen constant and P, denotes

corrected as:

n-l

205(P,

J=0

P+P

J+l

T
HO :HO—C[z—h

the current approximation to P,.. The algorithm for
the solution of the thermal EHL problem:
1) Solve the Reynolds equation by the FAS
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method and apply MLMI method to solve elastic
deformation with initial pressure and temperature.

2)
equation by finite difference with the Gauss-Seidel

Obtained pressure is used to solve energy

iteration method.
3)
solve the Reynolds equation for pressure and thermal

The temperature in step 2) is again used to

equation.
4)
achieved.

This process is repeated till convergence is

5. Result and discussion

Computations are performed using FAS with Jac-
obi dipole relaxation (Reynolds equation), MLMI
(film thickness equation) and Gauss-Seidel (Tem-
perature/heat equation) for various parameters and
obtain pressure, film thickness and temperature
distributions and details of a pressure spike. By us-
ing double precision arithmetic and confining to the
stopping criterion of iteration as mentioned above.
Profiles of p and H for various £, with sliding ra-
tio s=0.5 and s=0.1 are given in Figure 1(a, b) for
the isothermal case and those in Figure 2(a, b) with
thermal effect. Pressure in the inlet and Hertz contact
region is not much affected by either couple stress or
thermal effect. However, the pressure spike with the

——Lm=0

——Lm=1E-05
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——Lm=1E-03

0.8

0.6 1

pressure

0.4

0.2 1

N

0.0 ' I ' I N T

2 . -1
X-axis

film thickness

isothermal case and its influence is found that shift
towards centre of the contact region with increasing
L, . These are shown with moderate load and speed
for both s=0.5 and s=0.1. However, film thickness
increases with increasing values of £, for both iso-
thermal and thermal cases. Profiles in Figure 3(a, b)
are pressure and film thickness for varying load and
moderate value of U and L, with s=0.5 and s=0.1
respectively. Pressure spike has a noticeable sharp in-
crease in height for s=0.5 compared with s=0.1. Not
much change in other parts of P but there is a slight
variation in minimum film thickness with increasing
w . Profiles in Figure 4(a, b) are again for P and H
with varying speed and fixed values of w and L, for
s=0.5 and s=0.1 respectively. Pressure spike has a
marginal effect but film thickness decreases consid-
erably for increasing values of U in both the cases
of slide/rolling ratio. A similar observation is made
with earlier theoretical models on EHL line contact

[47]

by Wang and Zhang """ using different rheological

models and Saini et al. >

a compressible couple
stress fluid model. They employ Newton-Raphson
method for their analysis of moderate load and mod-
erate speed. The present solver overcomes these lim-
itations and it enables to analyze of the problem by
incorporating moderate to high load and high speed.
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Figure 1a. Isothermal Pressure and film thickness profiles for varying £ —at U=2E-11, W=2E-04 and s=0.5.

27



Journal of Mechanical Materials and Mechanics Research | Volume 06 | Issue 01 | March 2023

pressure

1.0+
0.8+
——Lm=0
—— Lm=1E-05
0.6 —— Lm=1E-04
—— Lm=1E-03
0.4
024
00 T i T T k
4 3 2 -1 0

Figure 1b. Isothermal Pressure and film thickness profiles for varying L, at U=2E-11, W=2E-04 and s=0.1.
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Figure 2a. Thermal pressure and film thickness profiles for varying L, at U=2E-11,W=2E-04 and s=0.5.
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Figure 2b. Thermal pressure and film thickness profiles for varying L at U=2E-11,W=2E-04 and s=0.1.
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Figure 3a. Thermal pressure and film thickness profiles for varying W at U=2E-11, L =1E-04 and s=0.5.
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Figure 3b. Thermal pressure and film thickness profiles for varying W at U=2E-11, L =1E-04 and s=0.1.
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Figure 4a. Thermal pressure and film thickness profiles for varying U at W=2E-04, L =1E-04 and s=0.5.
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Figure 4b. Thermal pressure and film thickness profiles for varying U at W=2E-04, L =1E-04 and s=0.1.

The detailed analysis of pressure spikes is of
much importance in bearing design. Earlier attempts
on this topic are by Bisset and Glander “”, Venner
and Napel " 31 using different
methods. Here, we present the pressure spike in an
enlarged region to elucidate its details. In Figure
5(a, b) details of pressure spike (height, spread, lo-

and Bujurke et al.

cation) with varying load and prescribed v and Z,
are shown for s=0.5 and s=0.1 respectively. In Iso-
thermal, case pressure spike decreases for increasing
load but using thermal effect it has noticeable height
and spread but shifts towards exit region. Much
sharper profiles are observed for s=0.5 and com-
pared with that of s=0.1. In Figure 6(a, b) profiles
of pressure spikes are shown for varying £, and
fixed moderate W and U for both s=0.5 and s=0.1
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Pressure

04

02 T T T
0.92

T
094
X-axis

(a)

0.96

respectively. Spike is spread in a larger region with
greater height and it shifts slightly towards the center
of the contact for increasing slide/rolling ratio with
thermal effect. Spike structure analysis is a delicate
issue but we just present our findings, which are
qualitative. There is an increase in minimum film
thickness with an increase in s compared with vis-
cous lubricant. However, for both viscous and couple
stress fluids there is a marginal decrease in minimum
film thickness due to thermal effects. From profiles
in Figure 7(a, b), it is clear that, the pressure spike
increases slightly whereas film thickness decreases
considerably for the increase in slide-roll ratio. In
Figure 8 pressure spike in the enlarged region (of
Figure 7a) is shown. Profiles in Figure 8 show these
assertions clearly.
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Figure 5. Thermal pressure spike for varying W at U=2E-11, L =1E-04, s=0.5(a) and s=0.1(b).
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Figure 6. Thermal pressure spike for varying L, at U=2E-11, W=2E-04, s=0.5(a) and s=0.1(b).
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Figure 7(a, b). Thermal pressure and film thickness profile for varying s at U=2E-11,W=2E-04, Lm=1E-4.
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Figure 8. Thermal pressure spike profile for varying s, at U=2E-11, W=2E-04 and Lm=1E-04.
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6. Conclusions

FAS is one of the most efficient algorithms of low

E’

o

—_
[

I

[\

1-v;

effective elastic modulus of roller and disc,

1-v;
1"
El EZ

complexity for the analysis of more involved EHL E, elastic modulus of solids
problems, which overcomes the limitation of con- h  film thickness
ventional numerical schemes. The observations such #  dimensionless film thickness
as a decrease in height and spread of pressure spike L, couple stress parameter
and shift of its location (or maximum value) towards G material parameter, G =a £
. . . . . p
the center of the contact region for an increase in S, P dimensionless pressure, ~—
the slide-roll ratio (or moving bearing surfaces), is H
a useful prediction in design of bearings. Pressure P pressure
spike increases with increase s, the slide-roll ratio. Py maximumHertzian pressure, p, =2w/zb
The rise in temperature decreases with increasing R reduced radius of curvature in the x-direction
§ with couple stress fluid as a lubricant (compared ! temperature
with viscous cases), whereas the pressure spike shifts T,  inlet temperature of the lubricant
towards exit for the increase in load and speed and is T dimensionless temperature, 7 = -
. . . . . g
alr'no'st dlmensmn.less in height as wel'l as in spread. U dimensionless speed parameter U = nu_ / (E'R)
Minimum film thickness decreases with thermal ef- .
. . ) u, average entrainment speed u,, =(u, +u,)/2
fects but with non-Newtonian aspect of the lubricant,
.. . . . . u
minimum film thickness increases with an increase « lower and upper surface speed.
in L, the couple stress parameter. These predictors s Shdipgd/ rlollhng ratlo' length
. . . w  applied load per unit lengt
can serve as a sort of input information for the bear- p p i p &
, : W dimensionless load parameter W =w/(E'R)
ing designers. . .
£  pressure viscosity parameter
X dimensionless-ordinate, X = d
Nomenclature ‘ b
AX space increment
b half width of the Hertzian contact zone, Z  dimensionless coordinate, 22%’
n112 — . .
b=[8wR/(xE")] AZ increment along z axis
Greek symbols
& pressure viscosity index I viscosity of lubricant
S thermal—density coefficient 1], Viscosity at ambient pressure
Y thermal-viscosity coefficient of lubricant 5 dimensionless viscosity
k1,2 thermal conductivity of rollers P density of lubricant
k + thermal conductivity of lubricant Po  inlet density of pressure
P, density of solids ; dimensionless density
U, Poisson’s ratio of solids ¢, specific heat of lubricant
T  shear stress A, molecular length of additive.
€, specific heat of solids z =7
o
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ABSTRACT

In engineering, all movable expanse revolving objects manifest gyroscopic effects. These effects are created by the

action of the outer load on the revolving items whose rotating mass originates eight inertial torques about two axes. Two

torques of centrifugal forces, one torque of the Coriolis force originated by the rotating distributed mass, and the torque

of the change in the angular momentum of the center mass act about each axis. The inertial torques activate rotations

of the gyroscope by the determined correlation. Inertial torques depend on their geometry and orientation at the spatial

coordinate system. The known analytical model for the rotation of the revolving disc about axes contains a mechanical

error. This error was obtained by the incorrect integration of the centrifugal inertial torque. The corrected inertial torque

yields the accurate expression for the interacted rotations of the revolving disc about axes.

Keywords: Gyroscope theory; Inertial torque; Correlation of angular velocities

1. Introduction

Physicists and mathematicians started studying
the gyroscopic effects of the revolving disc, begin-
ning from the time of intensive applications of en-
gineering discoveries for human economics. They
developed only one part of the mathematical model
which is the inertial torque presented by the change
in the angular momentum (L. Euler). The physics of
other gyroscopic effects were explained intuitive-

*CORRESPONDING AUTHOR:

ly as the operation of the inertial torques that are
unacceptable for the analytical modelling of their
processes . The analytical formulation of the gy-
roscopic effects remained unsolved until our time ™.

The studies of gyroscopic effects show their foun-
dation is based on several principles of classical me-
chanics that were developed over three centuries ™.
One of the physical principles of gyroscopic effects

is the mechanical energy conservation law was for-
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mulated at the beginning of the 20 century. Over
the last hundred years, researchers had the time and
opportunities to derive mathematical models for the
gyroscope theory but did not do it "*!. Gyroscopic
effects were resolved finally in our time and pub-
lished in several manuscripts and one book.

The gyroscope theory shows sophisticated rota-
tions of the revolving disc based on several princi-
ples of physics mechanics. These principles are the
centrifugal, and Coriolis forces, the change in the
angular momentum, and kinetic energy conservation
which were developed over three hundred years. The
gyroscopic effects are the manifestation of the oper-
ation of principles pointed out above that is present-
ed by the action of the sets of inertial torques and
correlated rotations of the revolving disc "*. One set
presents four inertial torques operating about one
axis, which are generated by two centrifugal and one
Coriolis force, and the torque of the change in the
angular momentum. One torque of centrifugal force
act on two axes and the other torques act on one axis.
The expressions of the gyroscopic inertial torques
and their operations are shown in Table 1 ">,

Table 1. Inertial torques operating on the revolving disc with the

angle y=0.
Inertial torques generated by | Operation | Expression
. Opposition s
Centrifugal forces T, =4r’19)Joo,
Precession
Coriolis forces Opposition |7, =(8/9)Jww,
Change in angular momentum | Precession |7, =Jow,

Table 1 contains expressions ® and w; which are
the velocity of the revolving disc about axis oz and i,
accordingly; J is the moment of inertia of the revolv-
ing disc. The operation of the inertial torques and ro-
tations of the revolving disc about axes of the spatial
coordinates system are shown in Figure 1%,

Figure 1 contains the following expressions: 7,
Liis Tovis T

torque, and the torque of the change in the angular

are the external, centrifugal, Coriolis

momentum, accordingly, v is the angle of the revolv-
ing disc tilt, and other components are as specified
above.

The mechanical energy conservation law for re-
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volving items maintains the equality of the potential
and kinetic energies about axes of rotation " This
canon enables defining the dependency for the cor-
related action of the inertial torques of the revolving
disc and its rotations about two axes. The known
analytical model for the correlation of the revolving
disc rotations around axes contains errors "*). The
presented manuscript shows the origin of the incor-
rect solution of the correlation of the angular veloci-
ties for the revolving disc about axes of rotation.

17 vk
| Doy 1 Do,
- ;)Tnx C_,_)Tm

Figure 1. Outer and inertial torques operating on the revolving
disc and its rotations.

2. Methodology

The mechanical energy of the body remains con-
stant in any of its locations in the expanse by the
mechanical energy conservation law. The gyroscopic
effects express the operation of inertial torques of
the revolving disc that contains the kinetic energies
of their axial rotations. These energies are equal and
express the canon of the mechanical energy conser-
vation law """, The expressions of inertial torques
operating on the revolving disc of the inclined axis
on the angle y reflect its kinetic energies about axes
which are shown below and in Figure 1:

-T

ct.x

-T

cr.x

-T

ety

T

am.y

=T

ct.x

cosy+1,

am.x

CoOsy — T;t.y - Tcr.y (1)

where the expression of the torques is as specified in
Table 1 and Figure 1.

Equation (1) expresses torques operating about
axes in the spatial coordinate system and differs
from similar ones in publications "*. The method of
the causal investigatory correlation enables defin-
ing of the looped operation of the inertial torques.
The revolving disc tilts on the angle y in the counter
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clockwise direction by the operation of the outer
torque 7. The external torque 7 activates the inertial
opposition torque 7, = 7,,. + T,
and Coriolis forces of the left side of Equation (1)

originating from the rotating mass of the revolving

of the centrifugal

disc. The opposition torque 7,, of axis ox originates
the precession torques T, of the centrifugal force
and the change in the angular momentum of axis oy.
The torques T, of the right side of Equation (1) is
multiplied by cosy, T,, =T,
originates the opposition torques
centrifugal and Coriolis forces without cosy. The
opposition torques 7,,, and T,,, are produced by the
torque T, operating on axis oy. The resulting torque
T.,=T,. cosy-T,,~T,, of the right
side of Equation (1) operating on axis oy originates
the precession torque 7, =T, +T,, , of the centrif-

ugal force and the change in the angular momentum

.. cosy which
T,, and T, of the

cty cry

cosy+T

cosy+T

am.x

of axis ox. The torques 7,, is combined with the
=T,.+ T,. Then the result-

ct.x cr.x*

opposition torque 7,
ing torque of axis ox is presented by the expression
T, =T +T +T. +T

res.x ct.x am.x ct.y cr.y ?

the external torque 7, the opposition torque

which formulates with
7., and
precession torques 7, of axes ox and oy, according-
ly. The looped system of the inertial torques of the
revolving item shows the equality of its kinetic ener-
gies of axis ox and oy. The expressions of the inertial
torques of each axis contain the velocities o, and o,
of two axes ox and oy that demonstrate their correla-
tions. The expressions of the inertial torques (Table

1) are substituted into Equation (1) that yields:

2 2
4z Jow, —§Ja)a)x— Jow,-Jow, =
9 9 ! !
@
47° ’ 8
Jow, cosy +Jow, cosy— Joo, —;Ja)a)y
Simplification of Equation (2) yields:
o, = 4% +8+(47° +9)cos y]w, 3)

where the sign (-) is removed because shows the
direction of the inertial torque and does not relate to
the rotations of the revolving disc.
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Equation (3) is the correlation of the velocities for
the revolving disc as a function of the angle y of the
inclined disposition about axis ox. For the angle y =0,
Equation (3) is @, = (87 +17)w,. The correlation of
the disc velocities /o, of two axes by Equation (3)
is shown in Figure 2.

wy g
Lhx

120

o _—‘"""m.
/#" a0 ‘\\
AL 1 1 P L LN
40
-80  -40 0 40 80 ye

Figure 2. The correlation of the disc axial velocities o/o, as a
function of the angle y.

Equation (3) does not maintain when the revolv-
ing disc axis has a vertical disposition (y = + 90°)
that gives w, = 0 because inertial precession torques
act about axis oy. The small tilt of the revolving disc
of horizontal disposition on axis ox yields the turn on
90° about axis oy. The expression ¢ =—(877+17)y
yields y = 0.938° = 58°22”. This correlation is vali-
dated in the rotations of the gyroscopic frames that
call gimbals. The small swing of the gyroscope’s
outer frame on y = 0.938° yields the high rotation
on ¢ = 90° of the inner frame which measurement
is problematic on the movable parts. The laborato-
ry gyroscope can validate the rotation of the inner
frames from ¢ = -90° to ¢ = 90° and the rotation on
the angle y = 1,876° = 1°52°33” of the outer frames.
The rotations of the gyroscope frames confirm the
correctness of Equations (2) and (3).

Figure 3 shows the change in the angular dispo-
sitions of the inner and the outer gyroscope frames.
The theoretical and practical tests discover the nature
of gyroscopic frame rotations that were one in the
series of former unsolved gyroscopic effects.
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Figure 3. The turn of the outer frame to y versus the inner one
on ¢ for the revolving disc.

3. Results and discussion

The first publications related to gyroscopic effects
contain unpleasant mistakes of the pioneering work
for complex problems. The mistakes are presented
by the incorrect mathematical processing of a com-
plex integral equation for the inertial torque origi-
nated by the centrifugal forces of the rotating mass
of the revolving disc "'*. This mathematical mistake
yielded the incorrect solution for the correlation of
gyroscope axial rotations. The exact expression for
inertial centrifugal torque gives the twice value for
the published incorrect expression. The exact centrif-
ugal torque decreases twice the velocity of the gyro-
scope about axis ox and increases twice the velocity
about axis oy. The recorded tests of the gyroscope
rotation about axis oy give the same result as for the
test with the incorrect expression of the centrifugal
torque. The gyroscope angular velocity about axis ox
did not measure because of the too-small turn which
was problematic technically for the movable parts.
The correction of the theory of gyroscopic effects
enables avoiding criticism from readers.

4. Conclusions

The breakthrough theory of gyroscopic effects
for revolving items can solve all problems for gy-
roscopic devices. This theory yields a new chapter
in the mechanics of dynamics for rotating bodies
and closes one gap in science. Engineering science
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received a new method for an analysis of the inertial
torques originated by the rotating items and comput-
ing dynamical parameters of gyroscopic effects. The
first publications of the theory of gyroscopic effects
contain the incorrect expressions for the centrifugal
torque and the related correlations. The corrected
expressions will be positively used in practice and
educational processes.
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ABSTRACT

Effective vertical mobility is a crucial element in the design and construction of tall buildings. This paper reviews

recent “smart” developments in elevator technologies and analyzes how they affect the construction and operation of
tall buildings. In an approachable and non-technical discourse, it maps out, arranges, and compiles complicated and

dispersed information on various elements of elevator design. It discusses hardware-based innovations, such as AC and

gearless motors, machine-room-less (MRL) elevators, regenerative drives, elevator ropes, and LED lighting, as well as

software-based solutions, such as destination dispatching systems, people flow solutions, standby mode, and predictive

maintenance applications. Future vertical transportation models are also discussed, including multi-directional elevators

and circulating multi-car elevators. Lastly, the paper suggests fruitful avenues for further studies on the subject, such as

robotics, 3D printing, and the impact of the COVID-19 pandemic on elevator design.
Keywords: Energy efficiency; Energy conservation; Long distances; Hardware; Software; Applications

1. introduction

1.1 Overview

Cities all over are expanding vertically. The main
forces behind building upward are population ex-
pansion (driven by natural population growth and
major rural-to-urban migration), rapid urban regen-
eration, soaring land costs, active agglomeration,

*CORRESPONDING AUTHOR:

and globalization. Project owners have even pur-
chased excess development rights from surrounding
structures to build a taller structure. Some builders,
building owners, and tenants may have personalities
that push them to build taller than their competitors
or have their condo or business address in a supertall
structure. Many consider cities with skylines com-
prised of tall structures to be progressive and suc-
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cessful. Moreover, tall buildings have shown to be
magnets for new growth, attracting additional firms
and boosting the local economy. After completion,
several tall buildings find up in the portfolios of in-
vestment and insurance companies, giving economic
rewards for more than just the developer.

At any rate, according to the United Nations, 70%
of the world’s 9.7 billion people will live in cities
by 2050, up from 51% in 2010 "*. To accommodate
our expanding population, buildings are multiplying
and rising higher. Thus, we need to start considering
the most effective strategies to reduce consumption
and the urban energy footprint. Buildings use 40% of
the energy in the world; and therefore, they should
be given priority in cities’ efforts to minimize their
carbon footprints as the fight against climate change
gains steam .

As tall buildings proliferate in cities and test the
limits of height, elevator design faces new challeng-
es. Architects, engineers, and developers prioritize
elevators throughout the phases of building design.
The building’s core, or “the backbone of a tall build-
ing”, is made up of the elevator and stairs. This core
determines the construction of the building and the
floor layouts of the surrounding units. Simultane-
ously, engineers are working diligently to reduce
the required space and energy to operate elevators,
decrease the environmental impact, while improving
safety, and comfort .

1.2 Goals and objectives

In tall or supertall buildings, any improvement
in elevator design and manufacturing will have
far-reaching effects on the costs, user comfort, and
the environment. This paper traces recent devel-
opments in the elevator industry with the purpose
of educating masses of architects and engineers. It
delves into the “smart” evolution of elevator tech-
nology and examines its implications for the build-
ing and maintenance of skyscrapers. It organizes
and gathers complex and dispersed knowledge on
numerous areas of elevator design in a comprehensi-
ble and non-technical manner. Recent technological
breakthroughs are put into perspective by analyzing
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their implementation in large-scale undertakings.
The concept of “smart” is increasingly being used
as a benchmark for modern engineering. Therefore,
the discussion gives helpful information for choos-
ing “smart” decisions when it comes to including
elevators in high-rise buildings. Overall, the paper
intends to provide an educational coverage of smart
technologies, energy-efficient, space -saving elevator
systems, and new elevators that generate “clean en-

ergy”.

2. Energy-efficient hardware

2.1 DC and AC motors

The switch from traditional brushed DC (direct
current) motors to more efficient AC (alternating cur-
rent) motors is one of the most significant advance-
ments in elevator technology. Before the 1990s,
elevator systems relied on DC motors because it was
easier to control elevator acceleration, deceleration,
and stopping with this form of power. AC power was
usually only used in freight elevators, where speed
and comfort are less critical than in passenger ele-
vators. By the late 1990s, however, more elevators
had moved to AC machines because motor controller
technology had advanced enough to regulate AC
power, enabling smooth stopping, acceleration, and
deceleration. DC motors were great when they first
came out. Still, newer AC gearless motors are better
in terms of performance, energy efficiency, and the
ability to send extra power back into the building’s

electrical system .

2.2 Geared and gearless motors

Elevators in high-rise buildings are primarily
traction elevators, which can either be geared or
gearless. Because they lack gears, gearless eleva-
tor motors can be up to fifty percent more compact
than their geared counterparts. As a result of the
engine being scaled down, all of the other compo-
nents will likewise be reduced in size. In machines
that use gears, the electric traction motor rotates a
reduction gearbox, and the gearbox’s output rotates
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a sheave that serves as a passageway for the rope
that connects the car to the counterweights. Gearless
elevators, on the other hand, do not have a gear train
since the drive sheave is instead directly connected
to the motor. This eliminates the requirement for
a gear train as well as the energy losses that come
along with it. Therefore, one of the primary benefits
of gearless motors is that they are approximately
25 percent more efficient than geared motors. Be-
cause of their higher torque and lower revolutions
per minute (RPM), gearless engines are able to run
more quickly and have a longer lifespan than their
conventional counterparts. The cost of gearless ele-
vators, including the cost of materials, installation,
and maintenance, is often higher than that of geared
elevators. This is the most significant disadvantage
of gearless elevators. AC gearless motor machines
are used in more elevators today despite that they are
more expensive. This is because they have higher
overall efficiency and may be utilized for a greater

. 5,7.8
amount of time P,

2.3 Machine-Room-Less (MRL) technology

Elevator equipment used to be so big that it need-
ed its own room, usually placed above the hoistway
on the roof of a building and at least 8 feet tall. The
machine room was costly because it was needed to
support heavy machinery. Introduced in the mid-
1990s, MRL technology was one of the enormous
advances in elevator design since elevators became
electric a century before. Elevators without a ma-
chine room employ a gearless traction machine po-
sitioned in the hoistway. Utilizing a counterweight
aids the machine in spinning the elevator sheave,
which propels the cab through the hoistway. As a re-
sult, manufacturers reconfigured the motors and any
other equipment that would normally be placed in a
machine room to fit inside the hoistway, which erad-
icated the need to construct a machine room (Figure
1). The reduced starting current needed for the MRL
also contributes to its energy efficiency. The MRL
uses only 30 to 40 percent of the energy used by
comparable traction and hydraulic motors. The MRL
is a high-performance, space-saving, and energy-ef-
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ficient elevator as a result '’ It becomes even more
energy-efficient if it is combined with regenerative
drives (see next section). Today, MRL elevators are
increasingly common.
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Figure 1. Gearless machine-roomless revolution.

Source: Adapted from otisworldwide.com.

2.4 Regenerative drives

Another significant development in energy-effi-
cient elevator technology is the use of regenerative
drives, which allow energy to be recycled rather than
wasted as heat. They function by accumulating and
transforming the energy expended during braking to
keep the elevator’s speed constant. In order to bal-
ance the weight of the elevator vehicle and the pas-
sengers, traction elevators employ a counterweight.
The counterweight is optimally sized, roughly equiv-
alent to a car loaded at 40%-50% of capacity. The
elevator will perhaps overtax the motor and brake
system if the counterweight is too heavy or too light.
Instead, a midway weight works well to balance
energy consumption in both upward and downward
motions. The elevator uses brakes to maintain its rat-
ed speed when the elevator car is loaded less than or
more than 50% of its maximum capacity (cars mov-
ing up are light or heavy, respectively). When ap-
plying breaks, the AC motor functions as an energy
generator by converting mechanical “heat” energy
into electrical energy and channeling it back into the
facility’s electrical grid "', Further, because there
is no longer a requirement to cool equipment that is
subjected to the excessive heat generated by tradi-
tional motors, this results in an extra reduction in the
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amount of energy consumed (Figure 2). The length
of travel, frequency, pattern of use, and device age
affect energy savings. Longer distances and more
trips generate more energy ''"'*' (Figure 3).
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Figure 2. The regenerative drive system.
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Source: Adapted from otisworldwide.com.
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2.5 Elevator rope

Because it links the elevator engine with the cab,
sheaves, and counterweight, the elevator rope is a
crucial part of traction elevators. Steel ropes hold
cabins. However, in very tall buildings, the rope gets
too long and too heavy to the point that it cannot
support its own weight. As height increases, starting
currents and energy usage rise, increasing energy
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consumption. In other words, the combined weight
of the steel ropes required to operate elevators to su-
pertall heights is the largest obstacle. Each elevator
requires four to eight ropes, and at a certain height,
it becomes impractical to utilize them for single runs
on supertall structures, forcing builders to incorpo-
rate one or more transfer levels, or “sky lobbies”. In
response to this challenge, elevator manufacturers
have been strengthening cables. The Schindler’s ar-
amid fiber rope is more robust and lighter than the
steel one. Otis’ tiny Gen2 elevators use ultra-thin
wires encased in polyurethane instead of steel ropes.
Mitsubishi produced a more potent, denser string
with concentric steel wire (Figure 4). These more

robust, lighter cords move elevator cabs more effi-
[11,13,14]

ciently, conserving energy
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Figure 4. Diagram of OTIS GeN2 lift.

Source: Adapted from otisworldwide.com.

The KONE “UltraRope” is the most significant
breakthrough. It has a carbon fiber core and a unique
high-friction coating, allowing cars to travel up to
1,000 m (3,280 ft). This is twice the current 500 m
(1,640 ft) limit. A 1000-m UltraRope weighs 10% of
steel ropes. The 90% reduction in rope mass saves
considerable energy. The 1-kilometer, 3,281-foot-tall
Jeddah Tower in Saudi Arabia (construction on hold)
plans to install the super-light KONE UltraRope ele-
vators, reducing the number of required sky lobbies.
Using UltraRope, an elevator can travel the 653 me-
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ters from the Jeddah Tower’s base to the observation
deck in just one trip. In South Quay Plaza, one of the
highest residential buildings in Europe and the first
to be outfitted with KONE UltraRope, eight of these
elevators were built "', In the future, technology such
as UltraRope will enable elevators to ascend higher
and reduce the need for sky lobbies. During the next
iteration, KONE plans to devise methods for moving
people that high and quickly while ensuring their safe-
ty and well-being particularly related to variations in
pressure and temperature at high altitudes.

2.6 Double-deck elevators

A double-deck elevator consists of two stacked cabs
where one serves floors with even numbers, and the
other serves floors with odd numbers. As skyscrapers
get higher, reducing the number of shafts needed be-
comes more important because they eat up valuable
interior space on every floor (Figure 5). Double-deck
elevators are most useful for applications in very tall
buildings, particularly for shuttle services ""*'*. How-
ever, the double-deck elevators suffer from some op-
erational challenges. Equal floor rise could present a
limitation; i.e., for local service, double-deck elevators
must load and unload two decks simultaneously. Even
though traffic is reduced during off-peak hours, both

decks will be operating "',

Increase in net
area

S
A L

Single-Deck Elevator Double-Deck Elevator

Figure 5. Double-deck elevators save on the number of shafts

needed to serve a building.

Source: Adapted from hyundaielevator.com.

2.7 The TWIN systems

Sharing similar characteristics with double deck

systems, TWIN is an elevator system in which two
standard cabs are installed within the same shaft
but operate independently. A device that monitors
the distance between two elevators prevents them
from collisions (Figure 6). A computerized system
optimizes travel for both cabins by assigning passen-
gers to cabs most efficiently, reducing wait time and
empty journeys, and saving energy "*'*. Simply, the
system enables more elevators with fewer shafts —
it is estimated to require one-third fewer shafts than
conventional elevators, saving core space. In addi-
tion to freeing up valuable space, the TWIN system
reduces the required building materials for shafts,
decreasing embodied energy. Because there is just
one control machine for both elevators in the same
shaft, significant space and energy are saved as a re-

sult of this design decision """,
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Figure 6. In the TWIN system, each shaft holds two cars that
operate independently. A computerized system and sensors coor-

dinate their movements and ensure no collisions.

Source: Adapted from youtube.com/watch?v=DMfqwhj S3U.

2.8 LED lighting

Energy-efficient light-emitting diode (LED) cab
lights within an elevator car and their adjustment to
motion detectors are among the most critical factors
in a building’s efficient power consumption. LEDs
are significantly more energy efficient than incandes-
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cent, halogen, and fluorescent light bulbs. LEDs emit
less heat, which reduces the energy required to cool
the cab. Numerous new structures currently incorpo-
rate LED lighting. Often, building owners are replac-
ing conventional elevator lighting systems with LED

. . . 12,20,21
illumination "****!,

2.9 Computerized roller guides

Moving an elevator quickly and over great dis-
tances requires more than just strong motors and cur-
rent. Fast-moving elevators, like bullet trains, need
exceptionally smooth rails and rail joints to travel
quickly. Any skyscraper will undoubtedly need a lot
of rail joints because the vertical arrangement of ele-
vator rails restricts their length to roughly 4.9 m (16
ft) due to alignment precision constraints. Elevators
must also consider minute variations in the spacing
between guide rails that result from temperature
changes (contraction and expansion), wind forces,
and other factors that cause skyscrapers to sway
slightly during the day and night ****. In response
to these problems, ThyssenKrupp created automated
roller guides. These guides exert forces in the oppo-
site direction from the guide rails’ normal direction
of travel, reducing the effects of the bumps. While
the elevator car ascends and falls, roller guides main-
tain contact between the rollers and the guide rails.
They are also managed by a mechanism that pushes
and pulls against the rails to avoid any misalign-
ments or imperfections from generating tremors and
rattle. These active roller guide systems serve this
purpose as clever real-time shock absorbers. They
mimic how a motorist may act if they knew of a siz-
able pothole in the road and swerved a little to avoid
it. When a pothole is on the right side of the road, the
driver will turn slightly to the left, and vice versa ***’!
(Figure 7).

2.10 Braking system

Mitsubishi developed a new braking system to
ensure safety at higher speeds and longer distances.
Safety mechanisms will immediately engage the
brakes if “cables become transected”, grabbing the

Rubber
Mounts
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guide rails. A revolutionary two-tier braking system
that employs ceramic brake shoes can withstand
shocks and extreme heat over 1,000 degrees Celsi-
us (1,800 degrees Fahrenheit). Hence, a disc brake
stops the primary pulley system in regular operation.
In the event that the system detects a train going at
an unsafe rate of speed, it will activate a mechanism
at the train’s undercarriage to grab the rails and bring
the train to a stop within 15 meters (50 ft) ****.

Roller Guides

Frame

R
3 Controller
[ 1 - Control Electric Current
Acceleration Signal

Accelerometer

Actuator

Guide Rail
Figure 7. Illustration of the computerized roller guides system.

Source: Adapted from mitsubishielectric.com/.

2.11 Air pressure differential

When designing and constructing high-speed el-
evator systems that travel great distances, such as in
supertall and megatall skyscrapers, the air pressure
differential is a consideration. The first difficulty
with air pressure is related to the elevators’ rapid
passage between floors, which causes air resist-
ance in the elevator shaft. The air-pressure effect is
comparable to that of a subway: as a train pulls into
the station, it pushes a wall of air ahead of it. Sim-
ilarly, when a standard 4,500-kilogram car with a
7,300-kilogram counterweight ascends or descends
rapidly in an elevator shaft, it causes a tremendous
amount of air displacement. With a high-pressure
zone above the car and a low-pressure zone below
it, the hoistway doors above the car are forced into
the hallway, while the hoistway doors below the car
are sucked into the hoistway. As a solution, Thyssen-
Krupp affixed wedge-shaped aluminum shrouds to
the top and bottom of the cabs to make them more


https://www.mitsubishielectric.com/
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aerodynamic as they ascend and descend the shafts.
The cab’s resulting aerodynamic shape reduces air
resistance, minimizes air displacement, diminishes
door rattling, and lessens wind noise ***.

The second air-pressure problem is connected to
the safety and comfort of the passengers, especially
concerning the “ear-popping” effect when the cle-
vator goes at a higher speed. This problem is more
noticeable in the descending sequence, but it occurs
because of the rapid and abrupt shift in air pressure
that happens as the elevator ascends and falls. It’s vi-
tal to remember that elevators in super and megatall
buildings descend faster than a descending commer-
cial flight. An airplane’s landing procedure may take
around 30 minutes, giving plenty of time to regulate
the air pressure within the aircraft. In contrast, the
amount of time elevators have to change the air pres-
sure or depressurize might be as short as 30 seconds.
This limits the time passengers in elevators have to
adjust. In response, ThyssenKrupp developed a strat-
egy that involves pressurizing vehicles (adding extra
air pressure within the cars to make up for pressure
drops) and then gradually releasing it to prevent
passengers’ ears from popping. Nonetheless, in all
instances, because of the air-pressure issue, elevators
continue to descend at a maximum rate of 10 m per
second (33 ft/s) 7>,

3. Energy-efficient software

Studies of elevator traffic have revealed that the
elevator’s cycle significantly impacts energy con-
sumption. The operation of an elevator, the number
of levels visited, peak load, low load, and empty trips
may all be analyzed to develop energy consumption
models. These models help to formulate practical
management suggestions and control tactics. New
software is empowering this endeavor ">,

3.1 Destination dispatching systems

Elevators answer calls when users press the up
and down buttons. This technique works fine in
buildings with limited “vertical ridership” and does
not experience “rush hour” traffic. In heavy traffic,
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many buttons are pressed, causing elevator stops and
longer travel times. Each stop in a high-speed eleva-
tor at six m/s may take 10-13 s. Elevator designers
created the destination dispatching system (DDS)
to address this problem. It was initially developed
in the 1990s following the boom in more excellent
microprocessor capability throughout the 1980s. A
DDS is an optimization strategy for multi-elevator
systems, which puts passengers for the same des-
tinations into the same elevators. The technology
analyzes passengers’ data in real-time and efficiently
groups destinations, reducing elevator stops. When
entering a destination using keypads or touch screens
on the Destination Operation Panel (DOP), which is
often strategically located in the lobby, the system
indicates and directs each passenger to the allotted
elevator to board '’ (Figure 8).

3.2 People flow solutions

People Flow Solutions, much like the DDS, are
intended to regulate demand on elevators and improve
the flow of foot traffic, but primarily in more extreme
circumstances. For example, KONE’s Advanced
People Flow Systems provide enhanced safety, con-
venience, and comfort. They integrate access and
destination control, communication, and equipment
monitoring to provide a seamless experience for users
moving between facilities "***. A solution that is both
modular and linked, enabling tailored user experienc-
es and touchless access that can be adapted to meet
the specific requirements of a building.

3.3 Standby mode

Standby mode puts elevators in “hibernation” or
“sleep” mode. At certain hours of the day, there isn’t
enough demand to warrant the use of all elevators—
the majority of elevators operate between 20 and
30 percent of the time. Contrary to popular belief,
elevators need power even when they are not in use.
When cabs are idle, elevator systems must be kept
powered, so they are prepared for the next passen-
ger call. As such, the standby solution shuts down
elevator machinery when not in use, conserving en-



Journal of Mechanical Materials and Mechanics Research | Volume 06 | Issue 01 | March 2023

ergy. When the car is vacant, the in-cab sensors and
software put the elevator in a state known as “sleep
mode”, which turns off the lights, fans, music, and
television screens. Depending on the control system,
lighting style, floor displays, and operating consoles
in each level and elevator cabin, the standby solution
can save anywhere from 25% to 80% of the eleva-

tor’s total energy consumption >,

3.4 Predictive maintenance Apps

The creation of artificial intelligence- and ma-
chine learning-based algorithms have led to getting

Conventional dispatching svstem

Call system in the lobby

Destination dispatching system

real-time updates on the status of an elevator. As
such, new apps enable predictive maintenance. They
empower building owners to use elevator data to
diagnose, analyze, and notify them of maintenance
needs and possibly automatically resolve service is-
sues before they arise. With an [oT device connected
to the elevator controller, the owner can gather pre-
cise information about the elevator’s parts, identify
flaws and weak signals before a failure, and offer
repair assistance to specialists. Apps give build-

ing owners real-time insights from their phones or

mobile devices to operate better and manage their
[20,34]

buildings

Call system in the lobby

Figure 8. Conventional (top) versus destination dispatching system (bottom).

Source: Adapted from ThyssenKrupp.com.

4. Future developments

Since long before the concept of “smart” became
popular, the elevator business has been actively seeking
to improve elevator performance, including speed (Ta-
ble 1), comfort, and those related to space and energy
efficiency. The “positive-energy” elevator is the hoped-
for culmination of the elevator industry’s significant
experience and ambition. Elevators that conserve en-
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ergy and space, have motors that are not prohibitively
expensive, are made of long-lasting materials, and
have smart dispatching systems are still a primary fo-
cus of research. Solar elevators, in which solar panels
are mounted on the hoistway to create power that may
then be used to drive the elevator as well as contribute
additional power to the city’s power grid, are currently
being developed by a few different firms.
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Table 1. Skyscrapers with the fastest elevators (compiled by author).

. Speed in Seconds | Year of Building’s Height .
Rank Building m/ft Completion | m/ft Elevator Supplier
1 CTF Finance Center, Guangzhou, 1, ¢ 2016 530 (1,739) Hitachi
China
2 Shanghai Tower, Shanghai, China 18 (59) 2015 632 (2,074) Mitsubishi
3 Taipei 101, Taipei, Taiwan 16.8 (55) 2004 509 (1,670) Toshiba
Yokohama Landmark Tower, . L
4 Yokohama, Japan 12.5 (41) 1993 296 (971) Mitsubishi
One World Trade Center, New York
5 City, US.A. 10.16 (33.33) 2014 541 (1,776) Thyssenkrupp
6 Burj Khalifa, Dubai, U.A.E. 10 (33) 2010 828 (2,717) Otis
7 Sunshine 60 Building, Tokyo, Japan |10 (33) 1978 240 (787) Mitsubishi
Shanghai World Financial Center,
8 Shanghai, China 10 (33) 2008 492 (1,614) Thyssenkrupp
9 China World Trade Center Tower 1L, |15 33, 2010 330 (1,083) Schindler
Beijing, China
10 {;’gﬂ fanc‘”k Center, Chicago, 9.1 (30) 1969 344 (1,129) Otis

4.1 Net-zero solar energy elevator

Solar electricity is becoming increasingly popular, so
an elevator that runs on solar energy could be a plausible
solution to save energy. A net-zero elevator system produc-
es at least as much energy as it consumes over a year. Ger-
man elevator manufacturer ThyssenKrupp is working on a
net-zero solar energy elevator prototype called the Synergy
Elevator. It incorporates state-of-the-art energy-saving fea-
tures, including a regenerative drive and LED cab lighting,
a more efficient controller capable of a deep-sleep standby
mode, and an auto-power-down feature that shuts off the
cab lights and fan when the elevator is not in use. These
features reduce the total standby power draw by about
75%. The prototype integrates a rooftop solar photovoltaic
(PV) array to offset the elevator’s energy consumption.
The 3.75 kW solar PV system was designed to produce
about 4,000 kWh per year in a climate similar to that of
Boston—this prototype was tested in USA CSE’s Boston
Headquarters ™%,

Similarly, Schindler Elevator Corp. introduced a
solar-powered elevator prototype. The Schindler Solar
Elevator uses rooftop solar panels and a Hybrid Ener-
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gy Manager (HEM) to store solar energy in batteries
to power up to 100% of the elevator. Schindler claims
the solar elevator saves energy, avoids power peaks
when elevators start each journey and can operate in-
dependently of the power grid during power outages.
The new solar elevator employs a regular Schindler
3,300 gearless machine room-less elevator, which is up
to 60% more energy efficient than hydraulic elevators.
Overall, this elevator system incorporates several en-
ergy-saving features, including a stable start, LED car
lights, a frequency converter with an energy-efficient
standby power mode, and control devices that automat-

ically switch car lights to standby mode "’

4.2 Circulating multi-car elevator system

In the case of conventional elevators, one car moves
up and down the same elevator shaft. However, in a
circulating multi-car elevator system, multiple cars
(each equipped with a rotating magnetic array propul-
sion wheel) travel in the space of two conventional
elevator shafts in a circulatory movement (Figure 9).
This system is like a Ferris wheel, except instead of
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having counterweights, each vehicle has its own mo-
tor. Hitachi was able to effectively verify this elevator
system by using a replica that was only one-tenth of the
actual size. Its prototype for circulating multi-care ele-
vators uses the steel rope drive method. That is, in this
system, two cars are connected to two steel circulating
ropes making up one unit while the cars are placed in a
diametrically opposite positions and driven by motors
installed in the upper section of the building. The two
cars are used as a mutual virtual counterweight and they
achieve an energy saving of one-third compared to a
system in which they are not counterweighted. Several
sets of this circulating steel rope system with attached
cars are combined and a motor controls the movement
of each circulating rope set. Another feature of this ele-
vator is the support rail system installed throughout the
elevator shaft to guide the movement of the cars and
prevent lateral sway motion. The revolving multi-car
elevator is expected to not only enhance capacity but
also decrease the required number of shafts and cut
down on the amount of waiting time. Unfortunately, the
current prototypes will need more safety improvement

to meet international standards °™*"

Circulating Elevators

Conventional Elevators

Figure 9. One car travels up and down the same elevator shaft
in a traditional elevator system (left). In contrast, numerous cars
in a circulating multi-car elevator system circulate between two
conventional elevator shafts, each powered by a spinning mag-
netic array propulsion wheel (right).

Source: Adapted from youtube.com/watch?v=ESo0-0KXeCFo.

4.3 Multi-directional elevators

Traditional elevators utilize cables to move a cabin
strictly up and down. The MULT]I, on the other hand,

handles elevators more like a subway system. The
cabins move sideways, frontways, and backways as
well as up and down (Figure 10). Each system con-
sists of numerous cabins individually powered by lin-
ear induction motors. Inspired by the TWIN concept,
ThyssenKrupp created the first multi-car ropeless
elevator system in 2017. Each car is propelled around
a looping shaft by a motor system rather than ropes.
As there are no ropes required to move the cars, this
system is no longer height restricted. As such, MULTI
offers a solution that allows increasing elevator height
much above the KONE’s 650-meter steel rope restric-
tion. Because the MULTTI uses many cars, it assures to
reduce wait time. Finally, it promises to minimize en-
ergy use by integrating a “smart” device that reduces
peak power demand by up to 60 percent, reducing the

overall structure’s carbon footprint "*".

Tracks rotate clockwise

Car moves right

Tracks rotate counter-clockwise

Car moves downward

Figure 10. In a multi-directional elevator system, tracks rotate to

allow cars change their directions.

Source: Adapted from youtube.com/watch?v=NBv1bkuj0Ac.

4.4 Robotization

Certainly, robotics technology will impact the
construction of elevators and their shafts. Using ro-
botics technology instead of humans will improve
multiple prime areas, increase construction speed,
reduce the energy used for construction and involved
costs, enhance precision, and improve safety. Schin-
dler has created a robot for the safe and exact instal-
lation of cabins using artificial intelligence and tech-
nology, paving the way for increased automation.
This robot is fully autonomous and self-climbing,
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and it moves through the elevator shaft to precisely —mitigate the possible spread of the coronavirus by

measure and place the anchor bolts required for the

installation of the elevator rails **.

4.5 Drones

Similarly, drones are becoming more prevalent in
the industrial and construction sectors and will have
significant roles in constructing elevators. The installa-
tion of a new elevator entails numerous tedious, com-
plicated, and costly activities, including the geometric
measurements of wells to the certification checklists of
field processes and inspection activities. Due to their
mobility and ability to take photographs, drones can
assist construction personnel. Drones might cut instal-
lation time by 21% to 26% and costs by 11% “**1,

5. Conclusions

This article discusses the current technological
advancements that help to make elevators “smart-
er”. The concept of energy-generating elevators is
gaining traction as a result of recent technological
advancements *’. The success of the communal
environment in the vertical city depends on careful
planning of the vertical transportation system. The
planning team must have a thorough understanding
of the varied demands that a mixed-use skyscraper
will face due to its diverse purposes. Planning well
can increase the transparency of logistical operations
to the general public, renters, and inhabitants. The
smoothest and least noticeable logistics operations
are the best. If “smart” designs are used to inte-
grate cutting-edge elevator technologies, they could
lead to “greener” skyscrapers. Early cooperation
among elevator manufacturers, builders, architects,
urban designers, interior designers, and computer
scientists may result in efficient solutions that fur-
ther save costs, boost performance, and encourage

. . [4344
efficiencies .

6. Future research

With the advent of COVID-19, elevator makers,
engineers, and architects need to research ways to
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elevators. Undoubtedly, applying social distancing
within elevators is difficult because that reduces
their effective capacity significantly. Alternatively,
engineers may need to reconfigure the design of the
elevators’ air circulation system so that it prevents

contamination and the spread of the virus "*>*.
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