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Abstract: In industrial sites, the movement and contact behaviors of workers are random, but their
frequency and statistical characteristics can be determined. Particularly in machining workshops,
metalworking fluids (MWFs) cause liquid oil contamination on the processed workpieces, and the
contamination spreads to the entire workshop given the random contact of workers or the handling
of workpieces. This study proposes a contact transmission model based on the Markov chain to
quantify oil contamination transfer. First, the transfer efficiency between the glove and the workpiece,
which is regarded as a key model parameter in this research, was determined through experiments.
The model was used to characterize and predict the spread of oil contamination across different
regions, including production and assembly areas. Specifically, the oil contamination concentrations
on workbench surfaces in seven locations of a machining workshop in Shanghai GKN HUAYU
Driveline Systems Co., Ltd. (SDS) were measured on-site. Findings showed that the model could
feasibly depict the transfer process of oil contamination across different surfaces. Then, the variation
law of oil contamination concentration on the workbench surfaces over time was analyzed, the oil
contamination distribution map of the entire workshop plane was drawn, and the effectiveness of two
cleaning measures to reduce oil contamination concentrations was compared. The proposed contact
transmission model offers a basis for identifying highly polluted surfaces in machining workshops
and controlling the spread of liquid oil contamination.

Keywords: liquid oil contamination; dynamic transfer characteristics; random contact; machining
workshop; on-site measurement

1. Introduction

The development of the machining industry has led to the massive use of metalwork-
ing fluids (MWFs). When machine parts collide strongly, MWFs atomize or evaporate,
generating numerous solid particles and oil mist droplets. Then, these pollutants spread to
the entire workshop environment along with the airflow in the machining workshop [1-3].
Particles with a diameter of fewer than 10 um can stay in the air for a long time and thus are
regarded as suspended particles; these pollutants easily enter the respiratory system and
seriously endanger human health [4,5]. Studies have shown that suspended oil droplets can
pass through the respiratory tract to reach and be deposited in the lungs [6,7]. Long-term
exposure to suspended particles can cause respiratory diseases, such as sinusitis, asthma,
and hoarseness of the throat [8,9], and it may even lead to kidney cancer [10]. Meanwhile,
anatomized MWFs are thrown off the inner wall of machines along with the rotation of
turning tools to form surface-adhering oil contamination. Large-size droplets in the air also
settle on surfaces in the workshop to form sedimentary contamination [7]. This kind of
surface oil contamination presents challenges to the normal operation of machines [11,12].
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A study has shown that 60% to 80% of the hydraulic system’s failure events of computer
numerical control turning tools are caused by oil contamination on surfaces [13].

Most of the existing research focuses on suspended particles in workshops, particularly
the emission mechanism of oil mist droplets during cutting and their transfer process in the
air. The three generally recognized emission mechanisms are evaporation-condensation,
impact-induced splashing, and fall-off [14,15]. MWFs are emitted into the air through
the abovementioned three ways to form suspended particles. Thus, the concentration
of suspended particles in the air should be measured, and the movement of suspended
particles based on indoor airflows should be predicted. Long et al. [16] developed an
online monitoring system to monitor the dynamic concentration of oil mist in the air in
a workshop in real-time. Their results showed that the oil mist concentration seriously
exceeded the limit of the machining workshop. Wang et al. [17,18] studied the movement of
indoor oil mist droplets in two forms; namely, upper-receiving and push—pull ventilation,
through computational fluid dynamics (CFD) simulation. They also studied the oil mist
diffusion between two adjacent workshops.

The abovementioned findings demonstrated the spread of oil mist droplets in work-
shop environments and their distribution characteristics. Numerical simulation is a com-
monly used research method because it can effectively reproduce the dynamic movement
of oil mist. However, few studies focused on the spread of liquid oil contamination on
workshop surfaces. As the oil mist itself undergoes sedimentation, it forms deposited
liquid oil contamination on surfaces. In addition, MWFs adhere to workpieces during
machining. Similarly, oil contamination on workbenches cannot be ignored. Figure 1 shows
the distribution of oil contamination on different workbenches in a workshop in Shanghai
GKN HUAYU Driveline Systems Co., Ltd. (SDS). Given the contact behavior of workers,
the oil contamination on the surface is transferred through workers” hands (active media)
and workpieces (passive media), and it alters the quality of various surfaces in the work-
shop, including the production and assembly areas. Furthermore, as the contact behaviors
between people and surfaces are extremely random, the Markov chain is introduced in
this study to describe the process. The Markov chain is a commonly used mathematical
model for describing random processes, and it can represent the transition process of
discrete random states in the state space. In particular, for any moment, the state transition
probabilities before and after this moment are independent of each other. The Markov
chain was widely used for solving various pollutant transmission problems [19,20].

Figure 1. Distribution of o0il contamination on workbench surfaces in the SDS workshop.

In fact, most existing studies have directly used the Markov chain [21,22] or com-
bined it with CFD [23-25] to predict the spread process and distribution of bacteria and
viruses in indoor environments. Nicas et al. [26] used the Markov chain to predict the
number of pathogens in air, human hands, and surfaces of textiles and non-textiles in
a room. They found that the number of pathogens on textile surfaces accounted for a
large proportion. Consequently, they proposed that regular cleaning of textile surfaces
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can effectively reduce the risk of virus infection. For the spread of pathogens caused by
contact behavior, notable results were also obtained [27-30]. Furthermore, Hao et al. [31]
established a surface contamination transmission network based on the Markov chain and
reproduced two norovirus outbreaks on passenger planes. They found that passengers in
the aisle are at greater risk of contracting the virus. Xiao et al. [32] simulated the dynamic
spread of Staphylococcus in a ward by using a Markov chain model. After obtaining the
temporal and spatial patterns of bacterial distribution, they analyzed the effectiveness of
two interventions in inhibiting the spread of bacteria on surfaces. The abovementioned re-
search results indicate that the Markov chain can be used to describe the spread of pollution
caused by contact behavior.

Offices and hospitals, and even airplane cabins, have narrow spaces. Their indoor
layouts are compact, and the distance between their surfaces is extremely close. From a
contact behavior standpoint, contamination can easily spread to any surface in the entire
space of such sites. By contrast, the span of industrial sites is large, and the layout of
machining workshops is usually divided into multiple areas with varying functions, such
as production and assembly areas, with each area divided into multiple units. These factors
cause the spread of oil contamination in industrial sites to be more complicated than those
in civil buildings. Another consideration is that the workbenches of different units are
far apart in industrial sites. In addition to activities in one’s own working area, workers
rarely move to other areas during working hours. In other words, the workpieces are the
dominant carrier for the spread of oil contamination across regions in workshops.

Different from the research about civil sites, this study uses the Markov chain to
investigate the spread of oil contamination across different areas in workshops. For a
production area, oil pollution is spread in each production unit, but this is not the case
between adjacent production units. For an assembly area, the source of 0il contamination is
the workpiece, and then the transportation of the workpiece interlinks the spread of oil
contamination between two areas. Here, the proposed contact transmission model based on
the Markov chain is used to quantify the transfer of oil contamination. The feasibility of the
proposed model is verified via on-site measurement. On the basis of the proposed model,
the variation law of oil contamination concentration on workbench surfaces in different
areas over time is analyzed, the oil contamination distribution map of the entire workshop
plane is drawn, and the effectiveness of different cleaning measures to reduce the overall
concentration of oil contamination in the workshop is compared.

2. Method
2.1. Contact Transmission Model for Oil Contamination

Workers’ processing, handling, and assembling of workpieces cause the spread of oil
contamination. The transfer process of oil contamination occurs in three states, namely,
by means of workers’ gloves, workbench surfaces, and workpiece surfaces. The transfer
process follows the principle of mass conservation. Here, the Markovian process was
introduced to analyze the transfer of oil contamination on various surfaces in a workshop.
The workbench surfaces were numbered continuously from 1 to m. Then, the gloves were
numbered continuously from m + 1 to m + g, where g represents the number of workers.
A state space S was formulated according to Equation (1). Oil contamination carried by
the workpieces can be regarded as a process parameter in which oil contamination is
transferred between the glove and the workbench. Thus, in this study, the state space S did
not consider the state of oil contamination carried by the workpieces.

S={1,2,...,m m+1, m+2, ..., m+q} )

The modeling process of the contact transmission model can be described as follows.
According to the actual layout of the SDS workshop, the workshop is divided into two
main areas: the production area and the assembly area. The production area is composed of
I production units. Assume that each production unit has @ machines and b workbenches,
and each machine can produce ¢ workpieces per minute. Each workpiece carries d mg
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of liquid oil contamination after a cutting is completed. Meanwhile, the assembly area is
composed of | assembly units. In general, an assembly worker oversees each assembly
unit to complete the subsequent manipulation. For the production area, although each
production unit is adjacent to each other, the workers only move to their own production
unit. In other words, oil contamination is not transferred between the adjacent production
units. For a single production unit, the worker puts the unprocessed workpiece into a
machine. After waiting for the production to be completed, the worker takes out the
workpiece and puts it on a workbench. Then, the worker puts in a new workpiece and
repeats the process. Workers place the workpiece on the workbench to mark and lubricate it.
When the number of workpieces loaded on each workbench reaches ¢, they are transported
to the assembly area. Usually, automatic transport vehicles are used in the workshop to
transport workpieces from the production area to the assembly area, forming a connection
between the two areas. However, the automatic vehicles transport the workpieces from the
workbench in the production area to the assembly unit in the assembly area in a random
manner. After the workers in the assembly unit perform secondary processing, such as
assembling and wiping, the workpieces are put into a new transport vehicle and sent to
the warehouse. The surface of the warehouse represents the terminated state of the oil
contamination, and the transfer process inside the workshop is unaffected; thus, this state
is also not included in the state space S.

On the basis of the assumed scenario, the oil contamination concentrations of work-
pieces, workbenches (or assembly tables), and workers’ gloves at a certain time interval ¢
were calculated. The workpiece was regarded as the medium through which oil contami-
nation spreads across regions, and its concentration was considered to be the main factor
affecting the distribution of oil contamination in the assembly area. The calculation of oil
contamination concentration is described in the next subsections.

2.2. Transfer of Oil Contamination

The concentration of oil contamination for each state in state space S at different
times is calculated according to the principle of mass conservation. The transfer of oil
contamination can be described using the discrete-time Markov chain following the research
on the transmission of the SARS virus in a hospital by Xiao et al. [28]. The quantity of oil
contamination on workbenches and gloves is calculated according to Equations (2) and (3).
Here, the transfer process does not consider the influence of MWEF type and other factors.

N, N, A A

N; = TthZAC - TsthAc +Ns = T;ThsNh + (1 - A:Tsh)Ns ()
N, Ny, A A

N}/L = TsthAc - ThsThAc + Ny = X:Tsth + (1 - A;Ths>Nh 3)

In the contact transmission model, oil contamination is considered to be evenly dis-
tributed on the surface. Equations (4) and (5) are used to calculate the oil contamination
concentration in various states.

A A
Ac gy CpAp + (1 — A1) CoA
;o [A,,Ths eV A, Tsh)Ls s} 7 _AC A,
s — As - (1 As Tsh)cs + AAs Thsch (4)
A A
T TnCsAs + (1 — 255 ) Cr A A A
C, = { : } = “215,Cs + (1 — =215)C 5)
Ap Ay Ay

By using matrix notations, Equations (4) and (5) can be written in compact form as
follows: . M
1- TZTSh /T;Tsh

C. ¢ |=|C C
[cGl=le al| AT A

(6)
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where C{ and Cj, represent the oil contamination concentration on workbenches and gloves
after one touching behavior, and C; and Cj, represent the oil contamination concentration
before touching.

According to Equations (2)—(5), oil contamination on surfaces after one touching action
only depends on the state before the action rather than the sequence of states that precede
it, which conforms to the definition of Markov chains. Therefore, each behavior consisting
of a series of touching actions can be regarded as a discrete-time Markov chain, while the
surfaces of workbenches and gloves can be regarded as different states in the Markov chain.
The square matrix in Equation (6) can be regarded as a simple transition matrix for the
Markov chain.

For the entire workshop, we assume the presence of m + g representative surfaces,
including the workbench and glove surfaces. For one type of behavior, including n touching
actions, the final conditions can be obtained as follows:

cn) — cr-1)pn)g ?)
with Cc® = [Cgk), Cék), el C,Sflq , k numbers from 0 to =,
Ac i,j Ac i,j
1— z‘i'/) T e Iéif) T
P = : : , i and j represent any two contacting surfaces,
A A
c(ij) c(if)
AT 1=t

—biAT ,—byAT
7 7"

and E = diag (e .. ,e’b’"“?AT), where C indicates a row vector of m + q

elements representing the oil contamination concentration on surfaces after the nth contact;
C l«(k) refers to the oil contamination concentration on the ith surface after the kth contact;
P(") is the transition matrix with a dimension of (11 + q) x (m + q) in the nth contact when
the ith surface comes in contact with the jth surface, and the remaining elements in the
transition matrix are all 1; E is a diagonal matrix with the dimension of (m + q) x (m + q)
to indicate the effect of evaporation of liquid oil contamination on the surfaces; b; is the
evaporation rate of the liquid o0il contamination on the ith surface (this work does not
consider evaporation, so b; equals zero); and AT is the time duration between the prior
behavior and the present one.

3. Experiments for Transfer Efficiency

As an input of the model, transfer efficiency is an important parameter in ensuring
the accuracy of the simulation result. Different types of materials and the magnitude of
contact force may lead to varying transfer efficiencies. Furthermore, other influencing
factors, such as contact time and effective contact area, should be considered. Most of the
workbench surfaces in the workshop are made of iron sheets. Here, the transfer efficiencies
of oil contamination from the iron piece to the glove and from the glove to the iron piece
were determined through experiments.

The measurements of transfer efficiencies from the iron pieces to the gloves were
used to describe the transfer process. Different masses of weights were selected for the
rubber gloves to replace the different contact forces. First, an analytical balance (ME104/02,
METTLER TOLEDO, Shanghai, China) was used to weigh the clean iron piece, denoted as
m1. Second, a certain amount of MWFs was uniformly applied to the iron piece, and then
the piece was weighed again with an analytical balance, with the reading denoted as m,.
Third, a pair of tweezers was used to put a glove with a certain mass of weight on the iron
piece for 10 s without initial velocity, and then the piece was weighed with the reading and
denoted as m3. After collecting the data, the transfer efficiency was calculated as Z;:fg [28].
The measurement method of the transfer efficiency from the gloves to the iron pieces was
the same. Each contact time was guaranteed to be 10 s, and other influencing factors were
the same in the experiment.
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The contact force was reflected by controlling the mass of the weight from 50 to 500 g
at an equal interval of 50 g. The transfer efficiency experiment was repeated three times
for each contact force, and then the corresponding transfer efficiency was calculated. The
results showed that the transfer efficiency of oil contamination from the rubber glove to the
iron piece fluctuates between 0.3 and 0.4, and the transfer efficiency from the iron piece to
the rubber glove is generally stable at 0.5. Therefore, in this model, the transfer efficiency of
oil contamination from the glove to the workbench (or workpiece) and from the workbench
(or workpiece) to the glove was set to 0.35 and 0.5, respectively.

4. On-Site Measurement

In the SDS A3 workshop, the oil contamination concentration on the workbench in
seven positions was measured on-site. Figure 2 shows the internal layout of the SDS A3
workshop. The solid numbered circle with a red ellipse shows the position of the measured
workbench. The red dashed box shows three different types of production units. The red
dotted arrow indicates the delivery route of the workpiece from the production area to the
assembly area.
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Figure 2. Internal layout of the SDS A3 workshop.

The SDS A3 workshop has different production units, such as the solid axle, internal
and external transfer wheels, and three-pin shaft joint. Assume that the production area has
24 production units, and each production unit is equipped with two workbenches. A total
of 24 workbenches are in the assembly area, and different types of workpieces are delivered
to the corresponding assembly area. The solid axles, internal and external transfer wheels,
and three-pin shaft joints are delivered to assembly areas 1, 2, and 3, respectively. Seven
workbenches were selected from each production area or assembly area and numbered
from 1 to 7. The oil contamination concentrations on surfaces were measured. The steps
of the measurement method can be described as follows: arrange the measuring points
on the workbench, clean the workbench at the initial moment, cover more than 50% of
the surface with several clean filter papers as much as possible, use an electronic balance
to weigh all of the filter papers, and record the initial weight as x; (mg). All clean filter
papers were placed on the surface of the measuring point, as shown in Figure 3. After four
hours, the contaminated filter papers were retrieved and weighed again with an analytical
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balance, and the weight was recorded as x; (mg). The mass of oil stains deposited on the
surface of the measuring point is given by x;—x, (mg). The surface area of a single piece of
filter paper is approximately 0.01 m?, and the surface oil concentration of the measuring
point represents the weight of the oil deposited on the surface of all filter papers at a single
measuring point divided by the total area of the filter paper.

Figure 3. Schematic diagram of measuring points.

Table 1 shows the masses (in g) of oil contamination on the seven surfaces and the
initial mass of oil contamination (in mg/m?) carried by each workpiece from different
production units. The mass of oil contamination on the surface is the total mass of oil
contamination deposited in four hours.

Table 1. On-site measurement results of the three experiments.

Measuring Point

Mass of the Filter Paper/g

Mass of Oil Contamination Mass of Oil Deposited on the

Carried by the Workpiece/g Surface/mg/m?
1 6.7500/6.7681/6.7290 6.7514/6.7693/6.7302 14.00/12.00/12.00
2 6.7030/6.6930/6.7070 6.7042/6.6931/6.7083 12.00/12.00/13.00
3 6.8495/6.8335/6.7311 6.8510/6.8346/6.7326 15.00/11.00/15.00
4 6.6901/6.8192/6.7564 6.6908/6.8215/6.7575 7.00/23.00/11.00
5 6.7000/6.8235/6.8477 6.7014/6.8255/6.8493 14.00/20.00/16.00
6 6.8063/6.8187/6.7260 6.8076/6.8201/6.7275 13.00/14.00/15.00
7 6.7410/6.6866/6.7751 6.7416/6.6873/6.7762 6.00/7.00/11.00

5. Results and Discussion
5.1. Model Validation

MWFs are widely used in machining workshops as they can lubricate and cool turning
tools and flush metal chips produced by cutting [33]. During the machining process, a large
number of oil mist particles are generated, most of which are exhausted to the outdoors
through local exhaust hoods [34,35], but a small part can still leak through the gaps of the
machine and diffuse into the workshop area. Then, part of the MWFs is directly thrown
onto the inner surface of the machine by the rotating tool, thereby attaching it to the
workpieces. Thus, in this work, we only consider the transfer process of the liquid oil
contamination on the workpiece in the workshop.

Figure 4 shows the accumulation of oil contamination on each workbench in the SDS
workshop after four hours. The oil contamination concentration on the workbench in the
solid axle production unit and its corresponding assembly area is higher than that of the
internal and external transfer wheels and the three-pin shaft joint. Table 2 compares the
deviations between the measured and predicted values of oil contamination concentration
on the surfaces of the seven selected workbenches in the workshop. The results show
that the deviation of surface 6 is the largest (20.40%), whereas the smallest deviation is for
surface 7 (14.26%). The average deviation of the seven surfaces is 17.58%. As the contact
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behavior of workers and the transportation of workpieces from the production area to the
assembly area by the automatic vehicles are both random, the deviation in the prediction
results of oil contamination concentration is reasonable. Table 2 also shows that, except
for surface 3, the predicted values of oil contamination concentration on the remaining
surfaces are greater than the measured values. This phenomenon may be explained by the
actual situation in which workers take cleaning measures during operation, which inhibits
the accumulation of oil contamination to a certain extent. In general, the proposed contact
transmission model can reflect the real situation of liquid oil contamination transfer in
workshops.

Concentration/(mg/m?)

25.00
@ 20.00

[
- -

Figure 4. Prediction of oil contamination concentrations of each surface.

Table 2. Comparison of predicted and measured values.

Surface Number Predicted Value/ Measured Value/ Relative Average Relative
(mg/m?) (mg/m?) Deviation/(%) Deviation/(%)
1 20.51 12.67 38.23
2 15.76 12.33 21.76
3 17.51 13.67 21.93
4 9.82 13.67 39.21 23.57
5 18.75 16.67 11.09
6 17.12 14.00 18.22
7 9.36 8.00 14.53

5.2. Concentration of Oil Contamination on the Workbench in the Production Area

The dynamic process of the spread of liquid oil contamination across the areas in
the SDS A3 workshop was simulated for four hours. Figure 5 shows the accumulation
process of o0il contamination concentration on the workbench in the production area within
four hours(as well as 8 h for the solid axle area). Given the same production process,
the concentration of o0il contamination in each production unit is generally the same over
time, which conforms to the law of power function growth. The industrial factory is
wet processing, but there are still differences in workers’ operation and equipment in the
production process. It is considered that it is the same in the model simulation of these
production lines. The final stable value of the concentration has a significant relationship
with the initial mass of oil contamination carried by the workpiece. Table 1 shows the initial
mass of oil contamination carried by the solid axle, in which 1.02 mg is the largest. The rank
of the internal and external transfer wheels is the second-highest, and the initial masses
of oil contamination of the two parts are extremely close. The three-pin shaft joint has the
lowest rank, with an initial mass of almost one-third of the solid axle. Figure 5 also shows



Appl. Sci. 2022,12, 4765

9o0f 16

that the initial mass of oil contamination carried by the workpiece directly determines
the stability of the oil contamination concentration on the workbenches in the different
production units. The ranks in terms of the concentrations for the workbenches of the solid
axle, internal and external transfer wheels, and three-pin shaft joint production units are
generally stabilized at 8.5, 15, and 20 mg/ m? after four hours.

— " T T T T T T T T T T 1T T T

5 I

% —— Solid axles =i @ :

,—‘:’ External transfer wheels! _;_1 |

2 20 Internal transfer wheels 2 _ !

L Three-pin shaft joints 5_’ ;; 20

Za gs !

=S 15 @ 2 l

£3 £8 15 :

g 8 58 I

$2 10 4 228 I

T B 8% 10 I

S & = I

% = SE "

8" o 2 I

g0 5 L 4 & I

E g 0 .

o f O :

0 | Fr,.J 1 1 1 . 1 N 1 N 1 . 1 0 f ! I : 1 I 1
0 2000 4000 6000 8000 10000 12,000 14,000 0 5000 10000 15000 20000  25.000
Time/s Time/s

Figure 5. Changes in oil concentrations of the workbenches.

5.3. Oil Contamination Concentrations of the Workbench in the Assembly Area

Figure 6 shows the accumulation process of oil contamination on the workbench in
the assembly area within four hours. Given the same assembly unit, the sequence of oil
contamination concentration on the workbench changes over time, which conforms to the
law of step-growth. The sequence of changes in the oil contamination concentration can
be attributed to the workpieces in the production area being randomly transported by
the automatic vehicles to the assembly unit, and some assembly units needed to wait for
the supply of workpieces from the automatic vehicles to start working. Meanwhile, the
step-growth in the concentration can be explained by the supply rate of the workpieces
from the automatic vehicles not matching the assembly rate of the workers, i.e., the latter is
faster than the former. The final stability value of the oil contamination concentration of
the workbench has a significant relationship with the production unit corresponding to the
workpiece. Assembly area 1 is responsible for the assembly and wiping of the solid axle,
so the oil contamination concentration in this area is highest. After partially magnifying
the growth section of the concentration curve in assembly area 1, the concentration does
not only increase linearly but also increases in a stepwise manner. The oil contamination
carried by the workpiece can be regarded as the source of oil contamination diffusion in the
assembly area. As mentioned previously, a worker removes a workpiece from the automatic
vehicles and transfers it to the workbench. After completing a series of operations, the
worker transfers the workpiece to a new transporter for delivery to the warehouse. Each
contact made by the gloves, workbenches, and workpieces causes the oil contamination to
be transferred. At the beginning of the assembly, the workbench can be regarded as having
a clean surface. As the workpiece assembly progresses, the oil contamination concentration
on the workbench gradually increases and eventually reaches a stable value. In general,
the trend of oil contamination concentration on the workbench in the assembly area is
consistent with that in the production area.
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Figure 6. Changes in oil concentration on assembly tables in the three assembly areas.

5.4. Statistical Analysis of Oil Pollution Transmission

The initial source of oil pollution comes from the workpiece processed by the machine
tool, so the initial concentration can be represented by the oil pollution concentration of
the workpiece. Different production units are involved in the spread of oil pollution. Take
production unit 1 (Figure 2) as an example of the effects of different initial concentrations on
the oil pollution distribution in the production area and assembly area. The corresponding
results are shown in Figure 7. The initial oil pollution concentration of production unit 1,
from 100 to 1000 pg/ m2, is selected. With the increase in the initial oil pollution concentra-
tion, the oil pollution in the production area and assembly area per unit time changes faster.
The smaller the initial oil concentration, the earlier the oil concentration change curve
reaches the equilibrium in both the production area and assembly area. Under different ini-
tial oil concentrations, each oil concentration change curve has a proportional relationship
with the oil concentration reaching the final time of the simulation. This trend is consistent
with the proportion of initial oil concentration. Moreover, in the oil pollution concentration
change curve of the assembly table, the greater the initial oil pollution concentration, the
shorter the interval time of the curve in the short-equilibrium period, and the greater the
slope of the rising section between the different equilibrium periods.

The different production rates of workpieces in the production area inevitably affect
the oil concentration distribution in the production area and the change in oil concentration
in the assembly area. Production units 1 and 2 are then subjected to characteristic analysis
and production rate comparison. In the case of selecting different production units, the size
of the production rate is changed, and the range of variation is 60 to 360 s/ piece. For each
production rate, the model is randomly calculated 100 times. The results of each simulation
calculation are averaged to obtain the oil pollution changes in the production area and
assembly area.

As shown in Figure 8, when the production rate of a production unit slows down, the
accumulated oil pollution per unit time in the production area and assembly area decreases.
As for the oil pollution change curve of the assembly area, the speed of the production
rate affects the oil pollution of the workbench in this area. As for the starting point of the
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concentration profile, the faster the production rate, the earlier the contamination. Second,
the interval time of the oil pollution concentration to reach the temporary equilibrium
has become obvious. The faster the production rate, the shorter the time of temporary
equilibrium. Meanwhile, under different production rates, the balance period of each
temporary balance has the same oil pollution concentration value because the initial oil pol-
lution concentration and assembly rate have not changed. As shown in Figures 7a and 8c,
under the same production rate, the cumulative oil pollution quality per unit time signifi-
cantly differs. Given the different initial oil pollution concentrations of the two production
units, the concentration ratio of each curve is approximately equal to the initial workpiece
concentration ratio. This law is similarly reflected in the assembly area.
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Figure 7. Influence of initial oil contamination concentration on the change in oil contamination
concentration. (a) workbenches in the production area; (b) assembly tables in the assembly area.
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Figure 8. Influence of workpiece production rate on oil pollution concentration on the worktable in the
production area and assembly table in the assembly area. (a) production unit 1 in the production area;
(b) production unit 1 in the assembly area; (c) production unit 2 in the production area; (d) production
unit 2 in the assembly area.
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5.5. Two Cleaning Measures

On the basis of the proposed contact transmission model, the effectiveness of the
two cleaning measures was analyzed with respect to the reduction in oil concentration on
various surfaces in the workshop. The two cleaning measures were cleaning the workbench
and cleaning the gloves of workers. As the workpieces produced by the production area
are the source of oil contamination, the spread of oil contamination in the assembly area
depends on that attached to the workpieces produced in the production area. Therefore,
these two cleaning measures are more effective for surfaces in the production area.

Figure 9 shows the relationship between the oil contamination reduction rate on all
surfaces and different cleaning rates under different cleaning frequencies after adopting the
two cleaning measures. The results show that regardless of the cleaning measure, under the
same cleaning frequency, the cleaning effect of all surfaces is positively correlated with the
cleaning rate. Cleaning the workbench is more effective than cleaning the gloves of workers
in terms of reducing the oil concentration on all surfaces. This finding can be attributed
to the wide gap in the area ratio between the workbench and the gloves of workers. In
this study, the area of the workbench is 0.5 m?, whereas the area of the glove is only
0.02 m2. Assuming the oil contamination concentration on the workbench is equivalent to
that of the gloves, the difference is apparent. Furthermore, although cleaning the gloves
can greatly reduce their amount of oil contamination, when these gloves come in contact
with the workbench, the amount of oil contamination transferred from the workbench
to the gloves accounts for a relatively small proportion of the total oil contamination on
the workbench. When the frequency of cleaning gloves reaches once every 10 min and
the cleaning efficiency reaches 90%, the reduction rate of all surfaces is approximately
20%, which is much lower than the reduction rate that can be achieved when cleaning the
workbench (approximately 65%).
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Figure 9. Relationship between oil contamination reduction rate on all surfaces and different cleaning
rates under different cleaning frequencies: (a) cleaning the worker’s gloves and (b) cleaning the
workbench in the production area.

Figure 10 shows the oil contamination reduction rate of the workbench in the pro-
duction area, which is significantly greater than that in the assembly area. At the fastest
cleaning frequency (every 10 min) and the highest cleaning efficiency (90%), the oil con-
tamination reduction rate can reach approximately 85%. However, the oil contamination
reduction rate in the assembly area is generally low, and when the cleaning frequency is
constant, the reduction rate fluctuates with the cleaning efficiency. This finding may be
explained by the automatic transport vehicles being randomly sent to the assembly unit
when transporting the workpieces. Sometimes, the workpieces with low oil contamination
are evenly distributed to the assembly station; at other times, the workpieces with low
oil contamination are only distributed to certain assembly tables, and the other assembly
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tables are assigned to workpieces with high oil contamination. At these times, the average
oil contamination reduction rate of the assembly tables is lower than that under even
distribution. In general, cleaning the workbenches in the production area can meet the goal
of reducing the oil contamination concentration in various areas of the workshop.
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Figure 10. Relationship between oil contamination reduction rate on different surfaces and different
cleaning rates under different cleaning frequencies: (a) workbenches in the production area and
(b) assembly tables in the assembly area.

The above analysis suggests a functional relationship between the reduction rate of oil
contamination concentration on different surfaces and the cleaning frequency and cleaning
efficiency, especially in the production area. Subsequently, the change in oil contamination
concentration of the workbench in the production area is fitted. A power function rela-
tionship also exists between the oil contamination concentration of the workbench in the
production area and the cleaning efficiency. Assuming the oil contamination reduction rate
is y, and the cleaning rate is x, the oil contamination reduction rate can be determined by
Equation (8). Table 3 shows the fitted values of a and b and the corresponding R? under
different cleaning frequencies.

y=ax’ ®)

Table 3. 4, b, and R? under different cleaning frequencies.

Cleaning Frequency/(Times/h) a b R?
6 0.4522 0.3191 0.9462
3 0.2645 0.5132 0.9686
2 0.1798 0.6325 0.984
1 0.0712 0.8592 0.9965
0.5 0.015 1.1445 0.9961

Table 3 shows that the fitted values of a and b are not fixed values at different clean-
ing frequencies, and they vary with the cleaning frequency. Therefore, the relationship
between a and b and the cleaning frequency is further fitted. The fitting results are
a=02Inp+0.0908 and b = —0.3011n p + 0.8791. The cleaning frequency has a greater
impact on the oil contamination reduction rate than the cleaning rate, so the cleaning
strategy should be formulated from the perspective of increasing the cleaning frequency.

6. Conclusions

In this study, a contact transmission model was established to describe the transfer
process of liquid oil contamination on various surfaces in different areas of a machin-
ing workshop. The contact transmission model was based on the Markov chain, which
considers the different contact behaviors of workers in different functional areas. The
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transfer efficiencies of oil contamination from the workpiece to the glove and from the
glove to the workpiece were determined through experiments, and the results are 0.5 and
0.35, respectively. The on-site measurement of oil contamination concentrations on seven
workbench surfaces in the actual workshop was performed, and the deviation between the
predicted and measured values of oil contamination concentrations was compared, with
values within 14.26% to 20.40%. The proposed contact transmission model can reflect the
transfer process of liquid oil contamination across the regions in the workshop. The model
can predict the changes in oil contamination concentration on the workbenches in the
production area and assembly area within four hours. The oil contamination concentration
on the workbenches in the production area increases with a power function. In this area,
the concentration in the solid axle production unit is the highest. The oil contamination
concentration on the workbenches in the assembly area increases in a stepwise manner.
This finding can be explained by the mismatch between the assembly speed and supply
speed of workpiece transportation. Cleaning the workbench is more effective than cleaning
the workers’ gloves in reducing the overall concentration of 0il contamination in the work-
shop. In general, the model proposed in this study can identify the highly polluted areas of
the machining workshop and reveal the dynamic transfer process of liquid oil contamina-
tion on the surface of the workshop. On the basis of this model, measures to control the
spread of oil contamination can be further studied, and effective cleaning strategies can be
formulated for machining workshops.
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Nomenclature

N;  The quality of oil contamination on workbenches before touching, kg

Nj,  The quality of oil contamination on gloves before touching, kg

N/  The quality of o0il contamination on workbenches after touching, kg

N;  The quality of oil contamination on gloves after touching, kg

Cs  The concentration of oil contamination on workbenches before touching, kg/m?

C,  The concentration of oil contamination on gloves before touching, kg/ m?

CL  The concentration of oil contamination on workbenches after one touching behavior, kg/m?
C,  The concentration of oil contamination on gloves after one touching behavior, kg/m?
Tps  The transfer efficiency from gloves to workbenches

T, The transfer efficiency from workbenches to gloves

As  The area of workbench, m?2

Ay The area of glove, m?

A, Effective contact area, m?
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