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Abstract

Fused deposition modeling (FDM), which is the most
popular additive manufacturing technology, is widely used
in numerous fields of economy and society such as aero-
space, automobile, mechanical and biomedical engineer-
ing, education and sports. As the turbo-expander wheel is
one of the major components of a large oxygen plant and
has the enclosed structure with 20 streamline blade
grooves, they are made with plaster casting process. As its
efficiency is seriously affected by the profile of blade
grooves, it is important to design the optimal profile and
make plaster core precisely for the enhancement of the

quality of products. In this paper, we designed the optimal
profile by using the fluid analysis simulation tool and
showed how the mold for making the plaster core mold
according to this profile could be manufactured by using
FDM equipment and so product manufacture period
reduced and it resulted in the cost saving.

Keywords: large oxygen plant, turbo-expander wheel,
FDM, plaster core

Introduction

The critical and main component of devices that manufacture
commercial gases, like oxygen, is the turbo-expander which
is a centrifugal or axial-flow turbine, through which the high-
pressure gas is expanded to produce work that is often used to
drive a compressor or generator. Because work is extracted
from the expanding high-pressure gas, the expansion is
approximated by an isentropic process (i.e., a constant-en-
tropy process), and the low-pressure exhaust gas from the
turbine is at an exceptionally low temperature. It accounts for
80~90% in the entire process of producing the cold tem-
peratures. The turbo-expander wheel of the large oxygen
plant must have high dimensional accuracy and good
dynamic stability. Because it transfers external work to the
rotating shaft, it also must have enough strength and plas-
ticity for operating at room or cryogenic temperature.

In general, there are three types of turbo-expanders for
oxygen plants; semi-open, enclosed and open type
(Figure 1).
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The advantage of a semi-open type and an open type is that
their manufacturing process is comparatively simple and
are light. However, their efficiency is lower than that of an
enclosed type design, which is higher, but its manufactur-
ing process is rather complicated.'

However, there is strong demand to increase the efficiency
and quality of the wheel and reduce the time and cost of its
manufacture by looking at new production approaches.

Additive manufacturing (AM) technology, often referred to
3D printing or rapid prototyping (RP), directly fabricates the
complex geometrical part (concept models, functional pro-
totypes and final products) by layer-by-layer deposition of the
materials from CAD 3D model. There are many kinds of
AM technology, such as stereo lithography apparatus (SLA),
FDM, selective laser sintering (SLS), selective laser melting
(SLM) and electron beam melting (EBM).* Among these AM
technologies, FDM technology, which was developed in
1989, is the simplest and cheapest RP method. Unlike con-
ventional manufacturing, FDM technology is widely being
developed in many countries of the world taking advantage of
less raw material waste, low cost of manufacturing, high
reliability, simple operation and increased freedom of design.
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Figure 1. Types of turbo-expander wheel: (a) semi-open type, (b) enclosed type,
(c) open type.

And now it has become of particular interest due to its asso-
ciation with desktop 3D printers.”™ It uses thermoplastic resin
filaments, such as acrylonitrile butadiene styrene (ABS),
polylactic acid (PLA) and polyvinyl alcohol (PVA). The resin
filament is semi-molten in the print head and extruded out of
the nozzle and then deposited layer by layer on the build plate,
fabricating the 3D object.®’

The quality of the printed parts depends on the process
parameters of the FDM such as raster angle, layer thickness
and temperature of nozzle and build plate.'® Thus, it is
difficult to get the good-quality products using FDM
without a deep knowledge of the process parameter.'’

Many researchers investigated the relationship between FDM
process parameters and mechanical properties of printed part.
Mst Faujiya Afrose el al.'? studied the fatigue behavior for
several build orientations of PLA parts fabricated by FDM.
Lee, Huang'® and Ziemian et al'* determined the optimal
build orientation to improve the mechanical properties of ABS
parts. Lu Wang el al'® evaluated the effect of layer height,
extrusion temperature and printing speed on the mechanical
properties of polypropylene homo-polymer (PP) parts.

Those studies'®!” focused on the surface finishing and
dimensional accuracy via different process parameters and

(a) (b) (c)

defined the main factors that affect the dimensional accu-
racy are layer thickness, build orientation and filled den-
sity. Liu Xinhua et al.'® constructed the theory model of the
process of distortion of thin plate made by PLA and
determined the reasonable process factors to minimize its
distortion through actual experiments.

In the present work, we have designed the optimal profile
of blade grooves using finite element analysis and estab-
lished the process of manufacturing the wheel by the
plaster casting process using FDM (Figure 2).

As shown in Figure 2, we make the plaster mold; its material
is PLA, using FDM machine. And then, we manufacture the
plaster cores by the plaster mold setup and assemble the
plaster cores in the casting mold. Lastly, molten aluminum
alloy is poured into the casting mold and the turbo-expander
wheel is finished through the machine process.

Experimental
3D Model of the Wheel

The wheel’s 3D model which was designed with Solid-
Works is shown in Figure 3.
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Figure 2. Manufacturing process of enclosed wheel: (a) manufacturing the plaster core molds using FDM
equipment, (b) manufacturing the plaster cores, (c) assembling the plaster cores, (d) casting, (e) finish.
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There are 20 blade grooves in the wheel and seal thresholds
for air tightness. And in the center there is a hole connected
to the rotating shaft. When made of aluminum alloy
(A387.0), it weighs 4.4 ~ 4.6 kg.

Optimal Structure Design
Experimental Plan

To improve the efficiency of the wheel, the temperature
difference between the air which flows into the input
(— 145 to — 149 °C) and the air which flows out of the
output (— 175 to — 186 °C) must be maximum. So the
streamline profile of the output must be optimized.

In the present work, as shown in Figure 4, five main
dimensional parameters for determining streamline type at
the output are selected and simulation analysis is carried
out changing these parameters as shown in Table 1.

Output

Seal Threshold \

Input

Figure 3. The 3D model of turbo-expander wheel.

Section 1
Section 2
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Figure 4. Main factors of the wheel.
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Simulation Experiment

If we use the traditional experimental method, we have to
make 3° = 243 experiments. Thus, in this work we made
27 simulation experiments using Lj; (3" orthogonal
table as shown in Table 2'°. At this time simulation
experiments were made in SolidWorks Flow Simulation.

As shown in Table 2, S/N ratio was calculated by the
following equation because the lower the temperature is at
the output, the better the characteristic is.

n=—10-ig(y*) Eqn. 1

Figure 5 shows the result of simulation experiments No. 1,
10, 20 and 27. As shown in Table 2, in No.17 experiment
the lowest temperature at the output is — 189.26 °C, which
is the best.

Reasonable Structure Design Using Simulation
Annealing Method

Based on the result of simulation experiments, we do
optimization using simulation annealing.

First, a prediction model is made using secondary multiple
regression analysis. The model which predicts minimum
temperature at the output is as follows:

y = —1.4965x; — 2.4922x, + 0.027447x;

— 0.0004113x1x, — 0.0016444x,x3 — 0.00048333x x4

+0.059556x1x5 + 0.0037906x3 — 0.01938 Lxx3

+ 0.01541x2x4 + 0.25794x,x5 + 0.052841x3

4 0.0097348x3x4 — 0.0029764x7 — 0.59321x,x5

Eqn. 2

where y denotes the minimum temperature at the output,
°C; x; up-profile radius 1, mm; x, up-profile radius 2, mm;

x3 down-profile radius 1, mm; x4 down-profile radius 2,
mm; x5 thickness, mm.

Table 1. Experimental Parameters and Their Levels

Parameter Label Level

1 2 3
Up-profile radius 1 (mm) A 20 275 35
Up-profile radius 2 (mm) B 120 147 155
Down-profile radius 1 (mm) C 15 25 35
Down-profile radius 2 (mm) D 40 60 80
Thickness (mm) E 3 3.5 4
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Table 2. L,,(3'"%) Orthogonal Table and Experiment

Results
No. Factor Trmin (°C) SIN (dB)
A B C D E

1 1 1 1 1 1 — 187.81 — 45.474
2 1 1 2 2 2 — 188.18 — 45.491
3 1 1 3 3 3 — 188.19 — 45.492
4 1 2 1 2 3 — 188.66 — 45.514
5 1 2 2 3 1 — 187.98 — 45.482
6 1 2 3 1 2 — 187.83 — 45.475
7 1 3 1 3 2 — 188.11 — 45.488
8 1 3 2 1 3 — 188.28 — 45.496
9 1 3 3 2 1 — 187.74 — 45471
10 2 1 1 1 1 — 189.15 — 45.536
11 2 1 2 2 2 — 188.81 — 45.520
12 2 1 3 3 3 — 188.69 — 45515
13 2 2 1 2 3 — 188.84 — 45.522
14 2 2 2 3 1 — 188.89 — 45.524
15 2 2 3 1 2 — 188.88 — 45.524
16 2 3 1 3 2 — 188.89 — 45.524
17 2 3 2 1 3 — 189.26 — 45.541
18 2 3 3 2 1 — 188.95 — 45.527
19 3 1 1 1 1 — 186.36 — 45.407
20 3 1 2 2 2 — 186.75 — 45.425
21 3 1 3 3 3 — 186.63 — 45.420
22 3 2 1 2 3 — 186.43 —45.410
23 3 2 2 3 1 — 186.90 — 45432
24 3 2 3 1 2 — 186.38 — 45.408
25 3 3 1 3 2 — 186.90 — 45.432
26 3 3 2 1 3 — 186.46 — 45412
27 3 3 3 2 1 — 187.34 — 45.453

The absolute error average value of this model is
0.12765 °C, and its relative error average value is
— 0.067878%.

Simulation annealing is applied to this model for opti-
mization. The execution result shows the minimum tem-
perature at the output is — 208.75 °C when A is 22.5, B is
122, Cis 16, D is 79, and E is 4.

Results

The setup for manufacturing the plaster core is shown in
Figure 6.

As shown in Figure 6, the plaster molding setup is
designed as a separation type so that only this part can be
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Figure 5. Temperature field result of fluid: a No. 1, b No.
10, ¢ No. 20, d No. 27.

replaced when the type of wheel is updated. By the way, it
is very difficult to make the top diel, top die2 and lower die
by traditional methods. So in this work, these parts are
manufactured using FDM equipment. The material of the
part is PLA resin. The thermodynamic properties of PLA
resin are shown in Table 3.
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Top Diel

Lower Die
Frame

Top Die2

Figure 6. Plaster molding setup.

Table 3. Thermodynamic Properties of PLA Resin

Density (g/cm®) 1.24
Elongation (%) 5.0
Tensile strength (MPa) 45
Impact value (J/cm?) 0.5
Elastic coefficient (GPa) 3.0

Melting point (°C) 190-220

Figure 7a shows the FDM equipment (Ultimaker 2) for
mold manufacturing.

Through the base experiments, the effects on mold forming
of parameters have been studied as follows.

The plaster core mold is shown in Figure 7b. FDM process
parameters are set as above (Table 4).

The manufacturing process of the plaster cores is shown in
Figure 8 and its chemical composition in Table 5.

(@) (b)
/ Plaster core
Top Diel model
= Ultimaker b 2 .'-.

g /Top Die2

Lower Die

Figure 7. FDM Equipment and Its Product: a Ultimaker 2,
b Plaster Core Mold.
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Table 4. FDM Process Parameters

Nozzle temperature Tnozze (°C) 220
Bed temperature Tpeq (°C) 65
Layer thickness L (mm) 0.1
Feed rate E (mm/min) 120
Hatch spacing H (mm) 0.4
Print speed V (mm/min) 100

After the drying process, the 20 number of the plaster cores
are assembled into the casting mold (Figure 9a). And then,
the turbo-expander wheel is finished through the casting
and machine process.

Conclusion

In the current paper, a geometrically complex turbo-ex-
pander wheel was successfully developed by combining
FDM and traditional plaster casting process. Compared
with the conventional investment or plaster casting, the
new process has a shorter process, a lower product cost and
an appropriate production yield. It is more suitable for new
product development and single-piece or small-batch pro-
duction. The main contributions of this paper are as
follows:

In order to increase the efficiency of the turbo-expander
wheel, we considered the profile type of blade grooves of
the wheel to change as orthogonal array. In general, the
greater the temperature difference between the air which
flows into the input and the air which flows out of the
output, the higher the efficiency of the wheel.

The lowest temperature at the output of turbo-expander
wheel can be simulated by SolidWorks Flow Simulation
tools changing the 5 number of main dimensional param-
eters following the orthogonal table. And then, the optimal
dimensional parameters and profile type of blade grooves
are determined using the FEM results and simulation
annealing method as mentioned above in this work and
according to this manufactured plaster core mold (PLA)
with FDM equipment.

So the period of production of the turbo-expander wheel
was reduced to 1/3, and the cost was decreased to 1/2.

We should study further the generalized theory model and
experimental method to determine the optimal FDM pro-
cess parameters for products of various types precisely.
And then, a more effective method is needed to manufac-
ture the geometrical complex parts (supercharger wheel,
enclosed impeller, etc.), that is the rapid casting using the
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Figure 8. Manufacturing process of plaster cores: a manufacturing, b plaster cores.

Table 5. Chemical Composition of the Plaster Core(%)

S|02 A|203 FeZO3 CaO MgO 803 NaZO

50.29 17.88 0.03 11.87 0.01 17.10 0.88

e Rl e

Figure 9. Manufacturing of turbo-expander wheel, a plaster core assembly, b casting product, ¢ final product.
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