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ABSTRACT

Oak Ridge National Laboratory (ORNL) worked with GE Renewable Energy to develop additive
manufacturing capabilities that enable the manufacture of large cement structures on-site. This project
resulted in the testing and definition of the materials and deposition functions necessary for an on-site
additive manufacturing system. Test articles were manufactured using a medium-scale prototype system,
and mechanical testing of the samples was performed.

1. ON-SITE MANUFACTURE OF LARGE CEMENT STRUCUTRES

This Phase 1 technical collaboration project (MDF-TC-2018-150) began on October 30", 2018 and
ended September 16™, 2019. The collaboration partner, GE Renewable Energy, is a large business. This
project resulted in concrete components fabricated using a new additive manufacturing system and a path
forward for further development.

1.1 BACKGROUND

Wind turbines are growing larger and larger to service greater power demands. As the wind turbines
grow larger, it becomes more difficult to transport their large components. Currently, tower sections that
exceed 4.3 meters cannot be feasibly transported from the factory to the field, so conventional wind
turbine towers are less than 134 meters in height and 4.3 meters in diameter. However, the need to
manufacture larger wind turbines continues to grow. The objective of this project was to explore the
direct manufacture of wind turbine towers in the field. There are two fundamental issues that block the
development of this technology. The first is the deposition of a tower material at a rate that is sufficient
for economic viability. To address this issue, a material must meet be:

1) strong enough to accommodate high loads

2) available worldwide

3) suitable for high deposition rates (exceeding 0.7 m/hr enabling a 165 m tower to be manufactured

in under 10 days).

The second issue is the need to accurately position the deposition head and control its position and
velocity over a very large area (6-meter diameter cylinder 165 m tall).

The first phase of this project aimed to lay the groundwork for addressing both of these issues.
1.2 TECHNICAL RESULTS

The project began with GE providing material specifications, such as environmental conditions and
mechanical properties, for the tower’s construction. They are as follows:
Wall thickness (bead width) is between 64mm (2.5”) and 120mm (4.8”)
The finished wall thickness (Inner wall + Poured + outer wall) between 600mm and 1000mm
The desired print envelope is 5.75m in diameter and 10m in height at full scale
The overhang target is 1.0-2.0 deg
Print rate of ~2.5 m3/hr which would allow a 10m pedestal structure in a single day
Material Properties:
a. Youngs Modulus: > 49.5 GPa
b. Poisson: 0.2

ocoukrwbdE



c. Compressive strength: > 36 Mpa
d. Tensile strength: > 3Mpa
7. Environmental Factors:
a. Temperature for field installation: 2-30°C
b. Wind speed: < 9m/s

After GE provided the material specifications, ORNL began to identify and evaluate cement-based
materials that would be suitable for 3D printing. ORNL concrete researchers explored many mixes and
performed slump tests on various specimens to determine the best mixture for this application. Research
included adding a variety of materials to the concrete mixture, such as Poraver recycled glass aggregate
and metal reinforcement fibers, as seen in Figure 1.

Figure 1. Concrete with fiber reinforcement, tested for strength

Because of extruder capability limitations, it was ultimately decided that a fiber-reinforced concrete
mixture was not feasible at this time. Therefore, ORNL settled on the following mix to use for the
fabrication of a large test article:

Table 1. Composition of the concrete material used to print test articles.
Material

Sand Mixture
Type 111 Cement
Blast Furnace Slag
Silica Fume
Water
Glenium 7920

GE provided the desired geometry for the test article. The part that was chosen was a cylinder 3
meters in diameter that was printed as tall as possible. Since the ultimate goal of this collaboration is to
enable large wind turbine parts to be manufactured on-site, it made sense to test a part that was similar to
the pedestal of a wind turbine. Figure 2 shows an example of a concrete pedestal for a wind turbine tower.



Figure 2. Concrete pedestal of a wind tower

The test article printed is the largest concrete structure printed to-date on the SkyBAAM system. The
structure consists of a two-bead base that was filled with solid concrete to provide a stable foundation
capable of supporting the weight of the printed structure. Then, the remaining structure was printed on
top of the base, also with two beads: One outer bead and one inner bead that created the geometry shown
in Figure 3. The part was printed at a speed of 1 in/s with a bead geometry of 2 x 1.5 in. The final part
was 4 ft tall with a diameter of 8ft 6in. The weight of the final part was approximately 7,000 Ibs.
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Figure 3. Test article with geometry similar to wind turbine pedestal

GE performed layer to layer mechanical testing of smaller cylindrical test articles that were 3” in
diameter x 6” long, with the material composition outlined in Table 1. These samples were prepared by
pouring %2 of the concrete mixture into the mold, waiting 3 minutes, and then adding the rest of the
mixture. Maximum load and bond stress tests were performed after 4, 7, 11 and 28 days of curing. The
results of these mechanical tests are presented in Figures 4 and 5.
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Figure 4. Maximum bond strength after various curing times.
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Figure 5. Maximum load after various curing times.

Mechanical tests revealed that the concrete material met all material requirements except for tensile

strength. Steel fiber or rebar reinforcement will be necessary to meet that objective.

As a result of this Phase 1 project, we have proposed the following specifications for a prototype

system:

Deposition rate of 2.5m%hr
Print speed of 5.3 in/s
Accuracy of +/- 0.25 in.

metering pump on the end effector of the manipulation system

4

Pump mechanism consisting of a concrete pump with an on-demand delivery system to a



o Fiber (steel, glass or polymer) reinforcements added to the material mix
o Rebar and other reinforcements will be emplaced after the printed forms are complete.

1.3 IMPACTS

With the development of the printed wind turbine tower, large-scale additive manufacturing
technology will expand from prototyping and tooling to the manufacture of structural elements. Specific
technologies that were explored and demonstrated in this project include printed concrete structures and
large-scale site manufacturing. If these technologies can be commercialized, especially together, this
could revolutionize the U.S. wind industry.

1.3.1 SUBJECT INVENTIONS

There were no subject inventions as a result of this project.

1.4 CONCLUSIONS

ORNL was able to print a large test article that was a little under half of the size required by GE for
their wind turbine application (2.6 m (8.5 ft) in diameter vs required 5.75m, 1.2m (4 ft) tall vs. required
10 m (32.8 ft)). ORNL and GE have worked together to identify a basic concrete mix that meets most of
the material requirements but will need fiber reinforcement to meet the tensile strength specification.

Additionally, the specifications for a prototype system have been identified.

Based on the success of this Phase 1 project, ORNL and GE aim to continue their collaboration in the
form of a Phase 2 technical collaboration to advance the development of this technology. The next step is
to create the prototype system and demonstrate its feasibility at the ORNL facility. This will involve
successfully printing a test article with a fiber-reinforced material using a system that meets the
specifications identified in this Phase 1 report.






2. GE RENEWABLE ENERGY BACKGROUND

GE Renewable Energy is a division of General Electric that focuses on producing energy using
renewable resources such as wind, water, and solar. GE Renewable Energy is headquartered in Paris,
France and was created in 2015. GE Renewable Energy has 35,000 wind turbines installed globally, 25%
of global hydropower installations, the largest clean energy footprint of 400GW, 22,000 employees, and a
presence in more than 80 countries.



