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Abstract: Deep lean is a novel approach that is concerned with the profound analysis for waste’s
behavior at hidden layers in manufacturing processes to enhance processes’ reliability level at the
upstream. Ideal Standard Co. for bathtubs suffered from defects and cost losses in the spraying section,
due to differences in the painting cover thickness due to bubbles, caused by eddies, which move
toward the bathtubs through hoses. These bubbles and their movement are considered as a form
of lean’s waste. The spraying liquid inside the tanks and hoses must move with uniform velocity,
viscosity, pressure, feed rate and suitable Reynolds circulation values to eliminate the eddy causes.
These factors are tackled through the adoption Internet of Things (IoT) technologies that are aided
by neural networks (NN) when an abnormal flow rate is detected using sensor data in real-time
that can reduce the defects. The NN aimed at forecasting eddies’ movement lines that carry bubbles
and works on being blasted before entering the hoses through using Design of Experiment (DOE).
This paper illustrates a deep lean perspective as driven by the define, measure, analysis, improvement
and control (DMAIC) methodology to improve reliability. The eddy moves downstream slowly
with an anti-clockwise flow for some of the optimal values for the influencing factors, whereas the
circulation of Ω increases, whether for vertical or horizontal travel.

Keywords: deep learning; DMAIC; eddy waste control; circulation number; Reynolds number

1. Introduction

In recent years, great interest has emerged in the use of deep learning, especially for tackling
problems at the sub-cause level, as the lean approach recommends [1]. The convolutional neural
network (CNN) has become well-known among various types of deep analyses since its results
first appeared in the Image Net Large Scale Visual Recognition Competition (ILSVRC) in 2012 [2,3].
The deep lean emulated by deep learning provides the opportunity to analyse the data regarding the
sub-causes to improve the analysis and control phases in the define, measure, analysis, improvement
and control (DMAIC) methodology, and create the new perception of “deep lean”, which is important
for providing an interdisciplinary overview for tackling various challenges of manufacturing processes,
such as productivity, environmental impact, reliability and sustainability [4,5]. Maria Joao Félix et al.,
2019 [6], contributed to finding an innovative approach to simplifies, enhances and improves the
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reliability level of mechanical processes. The result is that processes will have a high reliability level,
which will contribute to lower the defects and losses. Society and technology are evolving and the
outputs’ quality level has a top priority in the improvement agenda, so there is the need to reach a smart
design that reduces the lack of processes’ performance. These ideas elevate the design challenges to a
new dimension of controlling as a poka-yoke recommended by M. Rükmann et al., 2015 [7]. The current
study focuses on processes’ improvement, viewing the resolution of the fluid mixture movement for
the spraying process, which is one of six main processes of bathtubs production, while coating the
bathtubs, seeking to demonstrate the ability of a spraying device in the improvement of processes’
outputs in a way to solve the problems, managing to create a correct balance between the productivity
goals, product and user, as claimed by G. Ringen et al., 2018 [8]. The spraying process is one of the
main processes used for multiple industries such as automotive, surfaces painting and kids’ toys,
among others.

Emerging ICT technologies relevant for understanding manufacturing sub-processes via sensing
problems upstream from the waste’s occurrence [9] using the Internet of Things (IoT) to detect defects
and enable rapid decision making for continuing or stopping the process [10], cloud computing [11]
and big data analysis [12,13] and offer the abilities to tackle the minor details to revamp a lean concept
to become deep lean. The traditional lean philosophy aimed at eliminating the famous eight forms of
waste in the visible manufacturing processes layer caused by one of eight fish-bone skeleton causes
(4′M, 2′P, 2′E), which is considered as a seed of improvement for process reliability as claimed by
M. Gregor (2017) [14], via simulation tackling. The disturbance of paint’s liquid during its movement
trip between the upstream station (paint’s tank) and its downstream destination (the spraying hoses) is
widespread in processes for stressors due to the uncontrolled of influencing factors [15].

In contrast, deep lean is implemented into invisible layers, such as data transfer, data store,
equipment over-processing or use, and so on, in which the lean waste can be seen according to
another deeper point of view. The fish-bone is transformed into a Pareto chart, which illustrates the
cumulative weights of every sub-cause in descending order [16]. This study aimed at monitoring
the “eddy bursting” occurrences that have maximum movement of waste, to indicate the sudden
disorganization of a slim swirl that occurs when the characteristic ratio of azimuthal to axial velocity
components is varied in a common manufacturing sector, which is “painting” [17,18]. The axial flow
slope designates an internal stagnancy point on the vortex/eddy axis, followed by backward flow in
an area of limited axial extent [19]. The possibility of collapse is a characteristic behavior of eddy
cores. Within many eddy flows, a core of high vortices can be found that is almost minimal at the
symmetric axis. There is a characteristically ratable axial component of movement in the increments of
the eddy, or azimuthal component. Such an eddy pulp core is easily nominated by crossing a fluid via
a hosepipe and picking up the eddy with a set of vanes at the entrance. The original sin is of critical
importance in various devices of technological significance, like delta wings (aircraft) [20–22], the draft
hose of hydraulic turbines [23,24] and swirling combustors [16,25]. Similarly, Aksel and Kaya [26]
and Jochmann et al. [27] carried out numerical computations of the eddy collapsing phenomenon in
a cylinder section. Under controlled phenomenon circumstances, experiments on vortices confined
in hoses were devised by R. Ruith et. al., 2003 [28] and Abed and Farag [17], and many others.
Most investigators used a horizontal divergent hose as a test section to study the different shapes of the
eddy collapse phenomena. In previous studies, the hose length was fixed, there was a steady diameter
for the vertical cylindrical hose which was not changed and some of them used only one direction of
flow. Moreover, despite empirical, numeral and theoretical research, the vortex waste, that builds on its
frame, which leftover a debatable and commonly rejected caption has stood out. The goal of the sitting
realization is to research the reliance of the core eddy disruption shapes. The resultant waste was on
some of the influencing factors (including flow rate, feed rate, pressure, viscosity, nozzle diameter,
liquid temperature, Reynolds number (Re) and circulation number (Ω)) in both a vertical and horizontal
cylindrical hose with a fixed diameter, for two hose lengths (of Lv = 40 cm and Lh = 150 cm/Ø 0.6”),
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as well as for an anti-clockwise flow direction. A mixture liquid was used as the working fluid and the
flow visualization technique used was dye injection.

The fluid mechanism movement is subject to random disturbances and has pushed researchers to
evolve their monitoring from a 2D, which is based on monocular vision, to a 3D analysis via a binocular
stereovision [29]. This work-based analysis on two cameras, GS3-U-123s6m, offers a 4096 × 3000-pixel
resolution at a maximum speed of 28 frames per second to achieve 3.45 µm resolutions per 1pixel.
Three-dimensional monitoring requires identifying the intersection of two optical rays formulated in a
gradual coordinate system, which is calibrated with a special target that undergoes arbitrary motions
for resulting bubbles [30]. This work aims at controlling deployed bubbles via monitoring and chases
them to achieve burst, through evolving the sensors of the proposed device to control some of the
significant factors, which maintain the match stationary case for spraying liquids [31]. It is vital to
understand the characteristics of the studied liquid to allow for discovering the possible reanimation
defects in shape for the crucial error types. This work investigates and analyzes the resulting bubbles’
geometric errors (i.e., liquid characteristic waste). Therefore, this work resorts to deep imaging for
the studied liquid to monitor the resulting waste such as the bubbles and monitor its movement to
eliminate it before reaches to hoses.

Accurate prediction of such failures in the existence of the Internet of Things (IoT) technologies
using sensor data in real-time that can reduce the defects. Deep Learning (DL) algorithms useful
in predicting the equipment function failure. Srikanth Namuduri et al., 2019 [32] review the DL
algorithms used for predictive maintenance and presents a case study of engine failure prediction.
This paper discusses the current use of sensors that aided with neural networks in the industry and
future opportunities for electrochemical sensors in predictive performance for a specific process and
presents a case study in an international firm for bathtubs.

2. Main Objective

The factory aims to achieve its maximum productivity in 2019, up to 93–98%, via competitiveness
in reducing the defective outputs, with monetary saving value. The proposed flowchart mentioned
in Figure 1A clarifies the sequential stages of tackling the problem through a DMIAC roadmap to
eliminate the movement of undesirable waste using the Deep-lean level algorithm via imaging [33].
While Figure 1B describes the relation between IoT and other tools used to accurate its results via
DMAIC phases. The paper concentrates on highlighting the integration of NN with the IoT. The IoT
considered a database saves many big data for specific processes to support the NN in its forecasting
process with minimum errors to draw the preferred eddy’s paths to face it and eliminate.
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3. The “Define” Phase (DOE Setup and Test Procedures)

A.G. Arteaga (2019) [33] advocated mass quality customization based on flexible manufacturing
processes [34]. Flexibility makes resource utilization, rate of production, and cost subject to
experimentation and analysis based on performance indicators. A.G. Arteaga (2019) also reported
conditions of a push/pull system (i.e., Kanban) used to control bubbles distributed throughout layers
of a liquid due to its circulation, where the bubbles affected the output quality.

The objectives of this experimental work were to study the effects of interaction between significant
factors relating to the chemical liquid used to coat bathtub surfaces and eddies created that cause
bubbles therein, and to study their direction of movement (e.g., downstream) during motion through
the hoses. Figure 2 illustrates the “cause and effect” diagram for coat thickness that suffers shrinkage
due to eddy effects (i.e., bubbles), which are created due to disturbance of the chemical coating while it
is being distributed. This problem causes downtime of more than 18,400 s/week, which represents 70
bathtubs scrapped/week. Bubbles are created and move undesirable distances, and must be minimized
to avoid producing defective bathtubs. Thus, the process must be controlled, as illustrated in Figure 3,
and the significant factors must be analyzed to determine which are significant, as illustrated in
Figures 4–6.
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4. Measurement Phase (Device Description)

This phase is based on waste detection, which is a core aspect of lean philosophy wherein the
waste is identified prior to its elimination. Therefore, the researcher’s purpose is to detect the waste,
via waste-detection classification, and identify its effect. However, it is considered difficult to apply
this phase in manufacturing where processes are based on concealed or deep areas such as the mixed
liquid tank, and while high variability occurs from one form of waste to another due to process
characteristics [35]. Lean processes involve layers of implementation to eliminate waste using many
ideas and algorithms. This work highlighted the potential of implementing deep-lean thinking in
hidden layers of processes with the assistance of imaging techniques, as Reference [36] recommended,
detecting waste in order to improve the robustness of waste detection in industrial processes [37].
The present work followed the example of Su J. et al., 2018 [38], who classified a proactive alarm
into two levels according to the position threshold (i.e., Level 1: low-severity threshold, in which
bubble waste is far away from hose entrance; Level 2: high risk, with bubble waste entering the
hose). Relevant influence variables were chosen as the minimum-verbosity–maximum relationship
standard of the Level 2 alert, in order to only keep variables with high variance relative to the level of
liquid disturbance, as discussed by Yuchun Fang [39]. This research highlighted the use of a flow-rate
measurement that maintains an accurate and stable output value to reduce bubble creation, which is
considered a main waste in liquid. In some device types based on single-code pumps, significant
stream-rate turns happen due to rotor–stator interaction. Therefore, the research advocates building
smart devices to control the fluctuations by controlling some of significant factors [40]. In order to
test the effect of the key factors illustrated in Figure 1 on eddy creation, the researchers designed
and constructed a special prototype test device in the Ideal-Standard fluid mechanics laboratory in
the 10th of Ramadan City (Egypt). The measurement stage depended on the observed and collected
factors, which were manipulated via the prototype device shown in Figure 7, which illustrates a
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schematic diagram of the prototype device diagram (front view) and its device size description beside
the figure. The prototype cistern head distributed its chemical liquid throughout the rig to tackle
bubble movement through two coaxial triangular sections. The outer cistern was designed as a jacket
with three sides (60 × 60 × 60 cm) made of transparent acrylic sheets 0.15 cm thick. A part of the
base was made of a transparent acrylic sheet, 38 cm × 38 cm, to facilitate the visualization of the
vane-setting angle. The inner cistern was also made of acrylic sheet with dimensions of 28 × 28 × 60 cm,
fixed coaxially with the inner cistern diameter. This device was designed to measure the result of
changes in the interactions of the significant factors illustrated in Figures 4–6. The three sides of the
inner jacket cistern had 132 holes, ranging from 0.03 cm to 0.1 cm diameter, and located 10 cm below
the nozzle hose. Holes were divided axially and wrapped by tight plastic mesh. The swirled entrance
was created using two hoses with lengths of 40 cm (vertically) and 150 cm (horizontally), which were
used to determine effects on the eddy phenomena. The two hoses had a constant inner diameter of
1.5 cm. The vanes were fixed axially at a radius of 3 cm. The number of swirls transported on the
fluid was influenced by the vane-angle tuning, Φ, and the feed rate. It was necessary to design a
precise pictorial deep-lean experiment to study the movement of the bubbles (created by the eddies)
and the sequential changes for the vane angles, as a prelude to eliminating the traveling distance of
the eddies and achieving the lean objective. The hose was fixed vertically with the lower plate of the
eddy during two verges, and equipped with a holder with 15 orifices with bore diameters ranging
from 0.03 to 0.5 cm. Because of fluctuate (Re) numbers from 690 to 7312 (vertical hose) and 885 to
10,837 (horizontal hose), the swirl vane-angle distribution (i.e., circulation number Ω) was controlled
for counter-clockwise flow directions, as clarified in Figure 8, because this has a direct effect on the
waste caused by eddy collapse in the zone ahead of the collapse. A scale was glued to the hose surface
to monitor and measure the location of the eddies as they were created and collapsed.
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5. Analysis Phase

Classification methods for the waste measurements were chosen based on historical wastes of the
same type. In practice, industrial systems for the measurement of a given class of waste are subject to
variance from one waste incident to another [41]. Two incidents of each type of waste with various
ranges were generated (one for training the classifier and other for testing) and considered as input W
of the system. The waste types were:

• Waste 1 (W1): W is the gradual response to a second-order system G(s) = 1/(20 Sˆ(2 + 0.5 S + 1))
with a step of range 20, and the test occurrence was generated with a step of range 15.

• Waste 2 (W2): W is a step of range 3 for the training occurrence, and range 2 for the test occurrence.
• Normal operation (N0): all samples before the waste constituted the normal operation data.

This stage focused on imaging the moment of eddy creation and its evolution until the bubble shape
was formed (waste case), and analyzing the sub-causal factors using a neural network (NN) model [42]
to clarify the modification process until the eddy decayed (i.e., the minimum time and distance of
movement, in order to increase the process reliability) as illustrated in Table 1. These standards were
entered into Minitab software to detect the significance of the nozzle diameter. The intention was to
identify the significant factors (including max flow, feed rate, pressure, Re, viscosity, kinetic viscosity,
liquid temperature, and hose and nozzle diameter). As shown in Figure 9, a NN was connected with a
sensor to calculate the (Re), based on Equation (1) [43], to support the deep-lean control system.

(Re) = ρ ∗ v ∗ DH
µ = Q ∗ DH

vA =
internal f orce
viscocity f orce

=
(mass×acceleration)

dynamic viscosity×area× velocity
distance

=
ρ∗ L

τ ∗L
µ = vL

V

(1)

hm
i(t) =

Nm−1
h∑

j=1

Wm
i, j.y

m−1
j + bm

j (2)

while
ym

i = A(hm
i

)
(3)

where

DH Hydraulic inner diameter of hose A Hose cross section area (m2)
ρ Density of the fluid (kg/m3) v Kinematic viscosity (m2/s)
V Velocity of the liquid (m/s) µ Dynamic viscosity of paint liquid (N.s/m2)
L Linear dimension (m) y The output prediction for deviation

Table 1. The effect factors in the deep-lean painting process.

Effect Factors
Levels Effect Factors

Low High Low High

1. Liquid temperature 19 ◦C 47.41 ◦C 5. Circulation number (Ω) 1.135 1.286

2. Ambient temperature 5 ◦C 50.56 ◦C 5.1.Vane angle, anti-CW −7.4◦ −2◦

3. Nozzle diameter 4 mm 9 mm 5.2. Vane angle, CW +2.5◦ +12◦

4. Reynolds number Re 662 3312 6. Kinematic viscosity (m2/s) 40 50

Initial range 4.1. Vertical hose 662 7305 7. Pressure 200 Pascal 300 Pascal

4.2. Horizontal hose 872 10737 8. Kinematic viscosity 40 50

9. Viscosity 100 486.67
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Equation (2) describes the NN structure as illustrated in Figure 3, where h(t) is the output at time
t, and depends on the input x(t) for significant factors inferred from Figures 4–6, and also depends
on learned weight W, while b refers to bias or errors. In Equation (3), the function A represents the
activation function. In this section, we examined several waste types applied to describe liquid flow in
vertical and horizontal hoses. The liquid flow in a spraying system is, in general, unsteady. In most
regions, the disturbance is due to the systolic or diastolic pumping [44] used to suction the spraying
liquid from intermediate tanks, as cited by S. Melzer et al., 2019. The pressure, viscosity, and velocity
variables vary periodically with time and have direct impacts on process efficiency. A dimensionless
parameter exists called the Womersley number, α, where β is the radius of the hose, ω is the frequency
of the suction wave in radians/s, and v is the kinematic viscosity. α = β

√
ω
v . This definition shows that

the Womersley number [45] is a composite parameter of the Reynolds number, Re = 2βu/v, and the
Strouhal number St = 2βω/u. The square of the Womersley number is called the Stokes number.
The Womersley number denotes the ratio of unsteady inertial pressure to viscous forces in the hose
flow. The cylindrical coordinates are r, θ, and x, where x is the axial coordinate, r is the radial distance
from the x-axis, and θ is the circumferential (azimuthal) angle. The axial flow velocity in a hose of

a given radius is u = u(r) = r2
−β2

4µ

(
dp
dx

)
, where dp

dx is a constant pressure gradient, and equals
[
(p1−p2

L

]
,

where L is the length of the hose. Therefore, u(r) =
(
β2∆p
4µL

)(
1− r2

β2

)
, the maximum velocity occurs at the

center of the hose, r = 0, and is given by umax =
(

∆pβ2

4µL

)
, according to J. Steinbock et al., 2019 [46] as

illustrated in Figure 9.
Velocity measurement is used for flow-rate control in various industries, wherein a fully turbulent

flow rate is derived via analytical formulation for the Reynolds number dependent on the profile.
The turbulent flow of a studied liquid in a hose with an inner diameter D = 48 mm was considered.
The straight horizontal hose downstream of the double elbow had a length of 60D, as shown in
Figures 4–6. The volumetric velocity was fixed at u = 4.19 ms−1, which corresponded to a Reynolds
number of about Re = 0.3103. This setup was used to perform numerical simulations, and the
results appear. The Reynolds-averaged equations were solved using the closure model κ-ω from
Wilcox [43], which was reported to show the best results among eddy-viscosity models in a hose flow
by A. Weissenbrunne et al. [45].

5.1. Experimental Results and Discussion

The analysis revealed that bubbles could be grouped into three waste-creating types:
“wide-spiraled”, “smooth-flattened”, or “axis-symmetric”. The (Re) and Ω have a direct influence on
bubble creation, as illustrated in Figure 10, and were set at 1600 < (Re) < 1800 and 1.15 < Ω < 1.18 other
significant effects were set separately, as illustrated in the box in the figure). As shown in Figure 11,
we increased the feed rate to 170 with a low viscosity of 127 MPa, with the other factors kept the same,
as illustrated in the right box in the figure. The vane angle was set as anti-clockwise, between [10◦:12◦].
The kinetic viscosity was fixed at 55.5 MPa for all factors, and the process interacted with its pressure
and robot arm angle, as illustrated in Figure 12, where the contour illustrated in Figure 13 was with the
vane angle set at 10◦ and 1400 < (Re) < 1800.
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5.1.1. Eddy-Collapse Waste Shapes

Figure 14 illustrates the optimal influencing values of controlling the liquid flow in the hoses
illustrated in Figure 15. The shapes of the reviewed eddies were classified and described by injecting
red dye ink into the fluid in the tank and hoses, as illustrated in Figure 15, to monitor their movement
and analyze the created waste type, as follows.
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Figure 15. A hose with an elbow, and distance to the two nearest points.

Type 1—Wide-Spiral-Shaped Waste

The wide-spiral waste was classified into two subsidiary shapes (disturbance and double helix).
The central dye filament moved axially in the hose without deviation if, for the vane, radially, Φ = 0.
Since the eddy was transported gradually to the fluid, the focal dye filament showed a small pulse in
the filament within its end as illustrated in Figure 16a. Whereas, if the swirl increased further than the
reference value, the behavior of the central filament as illustrated in Figure 16b (waste shape) moved
gently and distinctly off-axis at the azimuthal axis [46].

According to the recorded observations, wide-spiral waste (Type 1) was controlled at (Re) values
ranging from 1308 to 1954 for all hoses, which is illustrated in dashboards (1) a & b and dashboard (2),
where the maximum direct flow was proportional to Ω. In both Type 1 cases illustrated in dashboards
(1, 2), the flow abruptly began to roll up back toward the initial point of deviation, into a spiral. As this
occurred, the filament downstream totally disappeared, where (Re) = 670 with Ω = 1.1800, causing this
waste shape to decay.



Processes 2020, 8, 729 11 of 25

Processes 2020, 8, x FOR PEER REVIEW 10 of 24 

 

Figure 14 illustrates the optimal influencing values of controlling the liquid flow in the hoses 
illustrated in Figure 15. The shapes of the reviewed eddies were classified and described by injecting 
red dye ink into the fluid in the tank and hoses, as illustrated in Figure 15, to monitor their movement 
and analyze the created waste type, as follows. 

 

. 

Figure 15. A hose with an elbow, and distance to the two nearest points. 

Type 1—Wide-Spiral-Shaped Waste 

The wide-spiral waste was classified into two subsidiary shapes (disturbance and double helix). 
The central dye filament moved axially in the hose without deviation if, for the vane, radially, Φ = 0. 
Since the eddy was transported gradually to the fluid, the focal dye filament showed a small pulse in 
the filament within its end, whereas, if the swirl increased further than the reference value, as 
illustrated in Figure 16, the central filament (waste shape) moved gently and was distinctly off-axis 
at the azimuthal axis [46]. 

 
Figure 16. Type 1, Disturbance and double helix waste. 

Figure 14. The optimization values for all factors in order to reduce bathtub defects. 

Figure 16. (a) Type 1, The Db (1, a) and the Db (2, b) for the Disturbance and double helix waste
respectively; (b) Type 1, The Db (1, a) and the Db (2, b) Disturbance and double helix waste behavior.

Type 2.1. Flattened-Bubble Waste

The flattened-bubble waste originated from Type 1 disturbances occasionally and spontaneously.
The relationship between circulation and Reynolds numbers was analyzed to control the bubbles
as illustrated in Figure 17. This transformation occurred according to either fixed flow conditions,
or corresponding to a slight increase in the swirl. The target in this case was to prevent a transformation
process in order to eliminate waste propagation during fluid flow toward its destination. Figure 18a, Db.
(3) illustrates the birth of the flattened-bubble waste, which moved toward the destination, and within
a few seconds, the flattened-bubble waste was fully formed as the dye began to exit from its tornado
zone. The dye left its tornado zone randomly; several empty paths were formed, as illustrated in
Figure 18b, Dbs. (4 a & b).
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Figure 18. (a) Type 2, The Db (3) and the Db (4a & 4b) of Flattened bubble waste shape; (b) Type 2,
The Db (3) and the Db (4a & 4b) of Flattened bubble waste behavior.

Type 2.2. Bubble Axially Waste

This waste had an axial shape because it was characterized by a stagnation point, but the dye
filament soon expanded to form the envelope of a bubble of the tornado.

Axial shapes appeared intensively over the length of Db. (5), illustrated in Figure 19, with an open
and asymmetric rear, but had a short lifetime (i.e., traveling distance). The shapes were approximately
one bubble in length, and then a newly generated core was deflected due to an abrupt kink leading to a
loosely spiraled waste, which increased the likelihood of instabilities, especially if another bubble was
formed due to uncontrollable turbulence). Indeed, the bubbles were observed to fill and pass through
the route in two ways: occurring at the fully obverse location near the backward of the bubble at one
azimuthal axis, and emptying at the azimuthal axis on the other side, 180 degrees away, as illustrated
in Db. (6 a) for 1600 < (Re) < 1885 and Ω = 1.17 at Figure 19. However, with its destination being filled
and tilted toward the collapse at the point farthest from its source and near the farthest destination
point (i.e., the hose nozzle), the discharge trail of the collapse tended to revert to the hose axis, Db.
(6 b) for (Re) = 1500 and Ω = 1.26. This waste of filling and discharging was the most commonly
observed type. The second type of was waste was observed as illustrated in Db. (6 c), for (Re) = 1954
and Ω = 2.25, when the bubble had the tentative occurrence of a string on the axis inside it. A bolt
worm string would then appear and be preserved until the tank was exhausted. Therefore, the tank
must have dispersed via a route far from the related Reynolds (Re) = 1615 and circulation Ω = 1.375,
as implied by Figure 20.
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5.2. Eddy Waste Analysis

Eddies create bubble waste that moves some distance from the vertical hose entrance around the
horizontal hose to the destination point (i.e., the spray-gun nozzle) via some elbows, at which point the
bubble should be burst before moving towards the gun nozzle. It was shown that the burst movement
in the direction of the current and direction of flow occurs in an unpredictable manner without any
noticeable change in the external state. The eddy waste was considered the mean value of the minimal
and the maximal movement of the eddy bubble. As clarified previously, the present experiments were
conducted with two eddy flow directions, and applied for the two hoses (L/R = 45 for horizontal hose,
or 12 for vertical hose). The values of Ω for both hoses ranged from 1.386 to 2.58 in the clockwise
flow direction, and from 1.286 to 1.800 in the counter-clockwise flow direction. The value of Reynolds
number (Re) was adjusted in both directions to [670: 1954] for L/R = 12, as shown in Figure 20.

6. Improvement Phase

In this phase, we concentrated on constructing a new paradigm, using the neural network [32]
to profoundly understand the hidden messages within the collected data of the significant factors
illustrated in Figure 14. This enabled us to make intelligent equipment or machines have high
performance [47] (i.e., deep-lean technology), that functioned prior to the control phase, where the
machine amended the entries via using machine learning features [48] (i.e., input significant factors)
and adjusted the component values to eliminate the studied waste (e.g., eddy creation, eddy movement,
underutilization).

6.1. Neural-Network Model (Deep-Lean Model)

The data input for the bubble-creating significant factors were feed rate, viscosity, (Re), Ω, Ø
nozzle, and liquid temperature, had correlations of 0.94 with the significant factors in causing defective
behavior (which included pressure, Ø nozzle, (Re), Ω, kinetic viscosity, and vane angle), and considered
the inputs of neural structure, as illustrated in Figure 21. The NN model consisted of 713 observations,
72 of which were used to train the proposed model using the following code.

Figure 22 clarifies the actual value vs. output plot for the trained ANN simulated using the entire
training dataset. The performance of the network could be improved if the amount of training data
were increased; in this case, it was difficult to collect data effectively [49], as it was collected in a
manufacturing environment rather than a laboratory environment

� load Minitab_Input.mat
� whos
� figure
� plot(Distance(find(target==1),:)’,’b’)
� grid on, hold on
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� plot(Distance(find(target>1),:)’,’r’)
� xabel(‘Time’)
� ylabel(‘Distance’)
� [pn,ps1] = mapstd(Distance’);
� FP.maxfrac = 0.05;
� [ptrans,ps2] = processpca(pn, FP);
� ps2
� Distance2 = ptrans’;
� whosDistance Distance2
� figure
� plot(distance2(:,1),distance2(:,2),’.’)%OK
� grid on, hold on
� plot(Distance2(find(target>1),1),Distance2 . . .
� (find(target>1),2),’r.’) % NOT_OK xlabel(‘pca1’)
� xlabel(‘TypeI’)
� ylabel(‘TypeII’)
� legend(‘OK’,’NOT OK’,’location’,’nw’)
� target = double (target > 1);
� net = feedforwardnet([64]);
� net.divideParam.trainRatio = 0.70;
� net.divideParam.valRatio = 0.15;
� net.divideParam.testRatio = 0.15;
� [net,tr,Y,E] = train(net,distance2’,target’);
� threshold = 0.5;
Y = double(Y > threshold)’;
cc = 100*length(find(Y==target))/length(target);
fprintf(‘Correct classifications: %.1f [%%]\n’, cc)
figure(21)
a = axis;
xspan = a(1)-10 : .1 : a(2)+10;
yspan = a(3)-10 : .1 : a(4)+10;
[P1,P2] = meshgrid(xspan,yspan);
pp = [P1(:) P2(:)]’;
aa = sim(net,pp);
aa = double(aa > threshold);
ma = mesh(P1,P2,reshape(-aa,length(yspan),length(xspan))-4);
mb = mesh(P1,P2,reshape( aa,length(yspan),length(xspan))-5);
set(ma,’facecolor’,[.7 1.0 1],’linestyle’,’none’); set(mb,’facecolor’,[1 0.7 1],’linestyle’,’none’);view(2)

This code’s statements are based on Neural-Network algorithm via back-propagation as shown in
Figure 22, while Figure 23 illustrates the blocs of different types of waste according to influence of Re
and viscosity interaction to reset all influencing inputs’ data, as shown in Figures 24–27. The code
optimizes the output of limited defects to gain six sigma standard values.
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The results of testing for the ANN used in this work using unseen data are shown in Figure 28.
The convergence condition was considered when the range between actual values and predicted output
was greater than 0.55, referred to as the limitation of the training dataset.
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6.2. Pre-Processing of the Eddy Images

Imaging of eddies was done in greyscale after dye injection (i.e., each grayscale pixel value was
divided by 256 to convert it to a value ranging from 0 to1 so that it could be fed into the neural network);
subsequently, shrinking the original image to 50 × 50 pixels drastically reduced the number of input
neurons to about 2, as shown in Table 2. This also reduced the complexity and features that the neural
network needed to analyze in the next piece of code. This approach can be scaled to any number
of classifications.

Table 2. Limits of input variables in the neural network model.

Parameters Down Up

X1 Neuron number 2 16

X2 Learning rate 0.01 0.4

X3 Training epoch 200 2500

X4 Momentum constant 0.1 0.9

X5 Number of training runs 3 7
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public static EddyImage<Gray, Byte>

ConvertOriginalEddyImageToGrayScaleAndProcess(EddyImage<Bgr, Byte> orginalEddyImage)
{

var grayScale = orginalEddyImage.Convert<Gray, Byte>( );
return grayScale.Resize(50,50, Emgu.CV.CvEnum.Inter.Cubic, false);

}
public static double[ ] GetNetworkFeedArray(EddyImage<Gray, Byte> EddyImage)
{

var EddyImageBytes = EddyImage.Bytes;
double[ ] networkFeed = new double[EddyImageBytes.Count( )];
for (int i = 0; i < EddyImageBytes.Length; i++)
{

networkFeed[i] = ((double)EddyImageBytes[i] / 256);
}
return networkFeed;

}
public (double[ ][ ], double[ ][ ]) GetBatchDataFromEddyImages(IPagedList<LocalEddyImage>

localEddyImages)
{

var numberOfEddyImages = localEddyImages.Count;
double[ ][ ] batchInputs = new double[numberOfEddyImages][ ];
double[ ][ ] batchOutputs = new double[numberOfEddyImages][ ];
foreach (int i in Enumerable.Range(0, numberOfEddyImages))
{

var currentLocalEddyImage = localEddyImages[i];
(double[ ] normalizedEddyImageData, EddyImageType EddyImageType) =

LocalEddyImage.GetImageInformationForNeuralNetwork(currentLocalEddyImage);
batchInputs[i] = normalizedEddyImageData;
batchOutputs[i] = new double[ ]

{ currentLocalEddyImage.EddyImageType == EddyImageType.Eddy ? 1 : 0,
currentLocalEddyImage.EddyImageType == EddyImageType.Eddy ? 0 : 1 };

}
return (batchInputs, batchOutputs);

}
private static bool DetectEddy(INeuralNetwork neuralNetwork, EddyImage<Gray, Byte> EddyImage)
{

double[ ] networkFeed = LocalEddyImage.GetNetworkFeedArray(EddyImage);
var networkOutput = neuralNetwork.GenerateOutput(networkFeed);
var outputValue = networkOutput[0];
var complementaryOutputValue = networkOutput[1];
return outputValue > 0.98 && complementaryOutputValue < 0.02;

}
It is important to remember that the inputs to the neural-network model were floating-point

numbers, which are represented as C# double type. The output layer of the NN is what actually
presented a pattern to the next mechanism stage. The number of output neurons is related to the
type of work that the NN is to perform. There are really two decisions to be made regarding the
hidden layers, which mimic the proposed mechanism: how many hidden layers to actually have in the
network, and how many neurons will be in each of these layers. The answer is based on the number of
impact factors that must be tackled in parallel.
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public static IncubatorSize GenerateNew( )
{

double x = (random.NextDouble( )) / (double)1.1;
double y = (random.NextDouble( )) / (double)1.1;
var smallerValue = x > y ? x : y;
double width = random.Next(1000000, (int)(((double)1 - smallerValue) * 10000000))/(double)10000000;
double height = width;
return new IncubatorSize( )
{

X = x,
Y = y,
Width = width,
Height = height};

}
public static List<IncubatorSize > GenerateRandomIncubatorSizees( )
{

var IncubatorSizeList = new List<IncubatorSize>( ) { new IncubatorSize( )
{ Height = 1, Width = 1, X = 0, Y = 0 } };

foreach (int i in Enumerable.Range(0, 1000))
{

IncubatorSizeList.Add(IncubatorSize.GenerateNew( ));
}
return IncubatorSizeList;

}
private static (EddyImage<Gray, Byte>, System.Drawing.Rectangle)

GetAreaUnderIncubatorSize(EddyImage<Bgr, Byte> originalEddyImage, IncubatorSize IncubatorSize)
{
var originalEddyImageCopy = originalEddyImage.Copy( );
var rectangle = GetRectangleFromAnchroBox(originalEddyImageCopy, IncubatorSize);
originalEddyImageCopy.ROI = rectangle;
var croppedEddyImage = LocalEddyImage.ConvertOriginalEddyImageToGrayScaleAndProcess

(originalEddyImageCopy.Copy( ));
originalEddyImageCopy.ROI = System.Drawing.Rectangle.Empty;
return (croppedEddyImage, rectangle);

}
private CPAPBeliveNetworkLearning GetUnsupervisedTeacherForNetwork(CPAPBeliveNetwork
CPAPNetwork)
{

var teacher = new CPAPBeliveNetworkLearning(CPAPNetwork)
{

Algorithm = (hiddenLayer, visibleLayer, i) => new ContrastiveDivergenceLearning(hiddenLayer,
visibleLayer)

{
LearningRate = 0.1,
Momentum = 0.5

}
};
return teacher;

}
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private ResilientBackpropagationLearning GetSupervisedTeacherForNetwork (CPAPBeliveNetwork
CPAPNetwork)
{

var teacher = new ResilientBackpropagationLearning(CPAPNetwork)
{

LearningRate = 0.1 //Momentum = 0.5
};
return teacher;

}

6.3. Preliminary Results of Eddy Waste with L/R = 12

The outcomes of the dimensionless eddy waste (i.e., traveling distance) were normalized according
to hose radius, whether vertical or horizontal (e.g., in vertical hose ψ+ = ψ/R = 0.6”). The data were
fitted via NN to reduce the prediction errors, as shown in Figure 29 and as discussed by Radosław et al.,
2018. The hose L/R = 12 was tested and is plotted in Figure 30 vs. (Re), and eight different values of Ω,
in the clockwise (because counter-clockwise was optimized, as illustrated in Figure 28) flow direction
(because it was significant).
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The original disturbance locations for all types of bubble waste (i.e., movement) were based on
(Re) and Ω together. The disturbance shape moved upstream as (Re) was increased and fixed (Ω),
but, if the imparted swirl was increased, then the flow moved at a fixed rate. Figure 30 illustrates
that at Ω = 1.6 and (Re) = 1384, the disturbances were found to be wide spirals (Type 1) at a distance
of about ψ+ = 10.5, point (a). When (Re) was increased to 1888, Type 1 disturbances still occurred,
but the disturbances moved upward to a new waste of ψ+ = 9.6 point (b). The reliability of the process
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increased with NN intervention, reducing the defective output by 92.8%, thus reducing the number of
defective bathtubs from 70/week to 5/week.

7. Control Phase

In the final phase, it should be borne in mind that a wide variation in viscosity value may lead to
serious consequences, despite viscosity not being one of the significant factors according to the analysis
shown in Figures 26–28. Therefore, it is recommended to fix it at 126.56 MPa throughout the analysis.
The results of the experimental study were drawn from a swirled flow through circular straight hoses
as follows.

The analysis phase revealed that there were three distinct bubble wastes moving through hoses,
affected by significant factors such as Re, feed rate, viscosity, pressure, and Ω, which were varied as
illustrated in Figure 31 (observation order). Two of these waste types (wide-spiral and flattened-bubble)
occurred at (Re) values from 670 to 1954 for L/R = 12. Therefore, the NN was used to avoid the
occurrence of these types by controlling the optimized values.
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The other type of waste occurred at the highest values of (Re) and was defined by axial bubble
waste based on circulation, Ω. The bubbles appeared occasionally in the hysteresis zone, shriveling in
size (both diameter and length) as the (Re) or Ω values were increased. The liquid temperature was set
at 19.12 H

◦C or 47 V
◦C, whereas the ambient temperature adapted to room temperature.

(1) The bubble waste movement directions were based on both the (Re) and Ω of the liquid flow.
However, for some (Re) values, increasing Ω always led to pushing the bubbles downstream
toward the destination point. In contrast, an increase in Ω led to a transformation to another of
the waste shape types. Bubble collapse was also a general result when Re increased at a constant
value of Ω.

(2) The eddy creation wastes were smaller for the anti-clockwise flow direction under controlled
conditions, especially in the vertical hose (L/R = 12). Therefore, to control the output of process
performance, the recommendations of Figure 30 must be followed.

(3) In state of Ω = 1.186, a small influence of the eddy waste was noted for the vertical hose with
anti-clockwise flow direction and the vane set at approximately 12◦.

(4) On the other hand, in the clockwise flow direction case, a dead eddy of waste occurred at the
destination in the vertical hose rather than that in horizontal hose at Ω =1.28, but the results
changed when Ω was increased to 1.6, at which point the dead eddy waste occurred earlier in the
horizontal hose than in the vertical hose.
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(5) In case of counter-clockwise flow direction, the dead eddy waste always occurred at the destination
in the vertical hose rather than in the horizontal hose for all values of Ω, except when Ω ≥ 1.6,
where the dead eddy waste had a small effect.

(6) The eddy moves slowly toward the downstream path at the anti-clockwise flow case for some of
the optimal values for the influencing factors, whereas the circulation of Ω increases, whether for
a cone or cylindrical orifice travel as illustrates in Figure 31 (Fitted value).

(7) The reliability of the process increases with NN intervention, reducing the defective output by
92.8%, by reducing the number of defective bathtubs (i.e., outputs) from 70/week to 5/week as
shown in Figure 31 (observation order).

8. Conclusions

The proposed NN model was based on IoT data and generated predictions for process deviation
from optimum local values, reviewed in Figure 14, for the significant factors generated by DOE.
This model achieved an approximate accuracy of 99.3%. This work was based on image-processing
techniques in monitoring the bubble waste that occurs out of sight in the hidden layers of specific
manufacturing processes, in order to profoundly understand its behavior. Therefore, this work
proposed a novel approach called a deep lean, which was derived from and mimics the DMAIC
road map. This work included a case study implemented in the spraying sector of Ideal-Standard
International Co., which has defects up to 7%, due to disturbances in the liquid mixture, of painting on
a product surface (bathtub back) during the suction process. This work considered the liquid to be a
manufacturing environment that has many processes in the hidden layer, and this process has some
waste aspects, such as bubble movements (which generate undesirable results). This approach began
with determining all impact factors (i.e., variables) that affect the output quality and illustrated these
variables using a fish-bone diagram, then collected the statistical data for the waste types by imaging
and followed their paths in order to eliminate them. The deep lean was based on optimization models
to control the waste’s path. This work adopted a neural network based on IoT data sensors to predict the
optimum values for the significant variables, as shown in Figure 28, which were selected after applying
full factorial DOE. For more details about IoT and ensemble models, refer to References [47] and [48],
respectively. If these values are controlled via machine (e.g., a device or equipment), which may
mean giving it a new name (e.g., smart machine), it can resist waste causes to eliminate losses, costs,
and defects. All setting variables for the specific processes in this case study are listed in Section 7.
The rate of defective bathtubs was reduced to less than 0.08% by the smart machine that controlled all
of its impact input variables xi.
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